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BIOMASS FLY ASH FROM MULTIPLE SOURCES AND THE
COMPOSITION OF INTERTIDAL MANGROVE SOIL:
A SYSTEMATIC REVIEW
Siriphat Sirikunpitak1, Apichat Choomkong2, Shahariar Chowdhury1,3, Chia Chin Hua4,
Mohammad Shah Jamal5, Rungnapa Kaewthongrach6, Kuaanan Techato1,3,*, Suwat Sreesawet6
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3

a soil improvement agent [10] and fertiliser [11] As
agriculture and agricultural products are one of the
primary sectors of Thailand’s economy, biomass
fuel is ideal for the country. The Thai agriculture industry produces approximately 80 million tons of biomass waste annually [12]. This makes it the perfect
fuel for electricity production in the country. As
such, there are approximately 150 biomass power
plants in Thailand alone [13]. However, for every
100 million tons of biomass used in Thailand annually, 20 # America, and, finally, Oceania and South
America [18]. The distribution of mangrove forests
is influenced by intertidal or tidal zones [19], which
at one time covered 60% to 75% of the tropical
coastlines [20]. Apart from storing massive amounts
of carbon [21], mangrove forests also support
aquatic and coastal food chains [22]. They also
lessen the impact of natural disasters; such as storms,
tsunamis, and coastal erosion [23]. Unfortunately,
mangrove forests currently face significant degradation [24] by both natural and human activities [25];
such as shrimp farming, logging, charcoal production, oil exploration and extraction, tourism, and
land-use change [26]. In Thailand, mangrove forests
are mainly concentrated along the Gulf of Thailand
and the Andaman coastline [27]. The southern province of Phang Nga has the largest mangrove forest
while the western province of Prachuap Khiri Khan
has the smallest [27]. The country had approximately
320,000 ha of mangroves in 1975, but this number
decreased to half within 20 years [28]. It had, however, risen marginally, to 168,910 ha, by 2005 [29].
An increase in shrimp farming in the 1980s is the
primary cause of the decline in the density of Thai
mangrove forests [30].Although several studies have
investigated using fly ash in the agriculture and cement production industries, its use as a soil improvement agent with which to restore intertidal forests is
still being explored. This present study views fly ash
as a valuable soil improvement agent with which to

ABSTRACT
One of the downsides of using biomass to generate electricity is the vast quantity of fly ash produced in the process. Recent studies have found that
fly ash can potentially be used as a soil improvement
agent in the agricultural sector. Therefore, this present study: 1) characterised biomass fly ash (BFA)
from multiple fuel sources, 2) characterised mangrove soil from multiple Thai provinces, 3) reviewed
the current status of mangrove forests throughout
Thailand, and 4) investigated the viability and efficacy of using BFA as a soil improvement agent in
the hopes of simultaneously discovering a solution
for both BFA and mangrove degradation.

KEYWORDS:
Fly ash, mangrove, sustainability, soil amelioration

INTRODUCTION
Ash is the by-product of fuel combustion in the
electricity industry. An alternative source of energy,
biomass supplies 15% of the world's energy [1] and
can significantly reduce CO2 emissions; a significant
contributor of greenhouse gasses [2]. However, the
efficacy of using biomass for electricity generation
varies across the globe. For instance, biomass only
satisfies 2% to 3% of the energy needs of Europe,
North America, and the Middle East but satisfies
80% to 90% of the energy requirements of Africa,
South Asia, East Asia, China, and Latin America [3].
There are two types of ash: fly ash and bottom ash
[4], with 80% fly ash and 20% bottom ash [5]. Due
to its alkaline properties, fly ash is commercially
used in cement production [6]. However, it can also
be utilised in agriculture [7-8], cement production,
construction, and the ceramics industry [9] as well as
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aid intertidal forest restoration. Therefore, the literature review of this present study focused on fly ash
characterisation, the status of mangrove forests, the
characterisation of mangrove soil, and the use of fly
ash as a soil improvement agent.
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and morphologically adapt their reproductive structures to survive and develop in saline environments
[42]. Therefore, geography and climate significantly
influence the distribution of mangrove species. The
two largest mangrove forests in Thailand are located
in the Gulf of Thailand and on the Andaman coastline, which are on the east and west of the peninsular,
respectively [43]. A biodiversity study of Thai mangrove forests by Jintana )1996( [44] discovered 74
species of trees and shrubs as well as 18 species of
epiphytes. These species were predominantly from
the Rhizophora, Avicennia, Xylocarpus, Ceriopa,
and Bruguiera genera [45]. A joint 2011 report by
the Department of Marine and Coastal Resources
(DMCR) and Mangroves for the Future (MFF) concluded that land-use change, shrimp farming, and
continual overuse by humans led to the 1996 decrease of Thai mangrove forests. Figure 1shows
mangrove areas and their distribution in Thailand between 1961 to 2014. There was 2.33 million rai
(372,800 ha) of mangroves in 1961. However, this
had declined to 1.04 million rai (166,400 ha) by 1996
but increased slightly, to 1.53 million rai (244,800
ha), by 2014.

RESULTS AND DISCUSSION
Characterisation of Fly Ash. There are two
types of ash: fly ash and bottom ash [4]. Fly ash has
DPRUHDFFHSWDEOHWH[WXUHUDQJHVEHWZHHQȝP
WR  ȝP LQ VL]H DQG YDULHV LQ FRORXU IURP WDQ
grey, and black. Meanwhile, bottom ash has a coarse
WH[WXUH PHDVXUHV OHVV WKDQ  ȝP LQ VL]H DQG LV
black in colour [31]. BFA contains various inorganic
[32] and some organic compounds [33]. Its properties largely depend on the physical, chemical, and
mineral composition of its fuel source [34]. Most
BFAs contain silicon )Si(, calcium) Ca(, potassium
)K(, aluminium) Al(, iron) Fe(, magnesium) Mg(, titanium) Ti(, sodium) Na(, phosphorus) P(, and sulphur) S ([35-36]. Table 1 provides the chemical
composition of BFAs from varying fuel sources.
As seen in Table 1, BFA is chemically composed of silica (SiO2 alumina (Al2O(3, iron oxide
(Fe2O3, calcium oxide (CaO) ,magnesium oxide
(MgO),manganese oxide (MnO) ,sodium oxide
(Na2O) ,potassium oxide (K2O) ,titanium dioxide
(TiO(2, phosphorous pentaoxide (P2O(5, sulphur trioxide (SO3, zinc oxide (ZnO) strontium oxide (SrO) ,
chlorine (Cl) ,and loss on ignition (LOI).

Characterisation of Mangrove Soil. Soil pH,
salinity, nutrients, cation exchange capacity, carbon,
and organic matter content are integral to the growth
of mangrove forests [46]. In 2017, the DMCR analysed the texture (Figure 2( and chemical properties
(Table 2( of mangrove soil from multiple Thai provinces while Chaikaew and Chavanich (2017) [47]
analysed mangrove soil from the Chon Buri province
only. Both analyses concluded that, at a depth of 0
cm to 5 cm, the pH of the soil was approximately
7.38, the total carbon content was 3.09%, the organic
carbon content was 3.08%, the inorganic carbon content was 0.01%, and the salinity was 2.04 parts per
thousand.

Current Status of Mangrove Forests. Mangrove forests mainly flourish in intertidal zones [40].
Their distribution largely depends on climate, salinity, tidal range, and soil composition [41]. Mangrove
forests also need to biochemically, physiologically,

TABLE 1
Chemical compositions of BFA according to fuel source [37-39].
Ash
Rice Husk
Wood
Palm Oil
SiO2
Al2O3
Fe2O3
CaO
MgO
MnO
Na2O
K 2O
TiO2
P2O5
SO3
ZnO
SrO
Cl
LOI

76.7
0.183
0.233
0.821
0.654
2.03
1.62
0.035
17.78

48.6
5.94
3.26
18.1
3.2
0.051
0.92
1.85
1.39
0.52
0.14
0.281
0.0434
0.064
15.62
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52.63
8.991
1.059
3.211
1.459
0.564
3.133
0.310
27.7

Sugarcane
91.3
2.3
3.0
0.4
0.2
0.5
0.9
-
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Central Region

Eastern Region
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West coast of Southern
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1.000.000
500.000
0

FIGURE 1
Mangrove forest distribution by area in Thailand between 1961 to 2014 1 Rai = 0.16 hectare [48]

Province in Thailand
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Clay
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Chanthaburi
0%

20%
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60%

80%

100%

Soil texture (%)
FIGURE 2
Texture of mangrove soil from multiple Thai provinces [48]
TABLE 2
Chemical properties of mangrove soil from multiple Thai provinces [48]
Province
Chanthaburi
Phang Nga
Ranong
Rayong
Satun
Trang
Trat

Temperature
°C
30.8
27.1
28.1
30.8
27.9
27.9
28.7

pH

Total Carbon Content
%

Nitrogen Content

Phosphorus Content

6.1-6.59
6.10-6.59
6.60-7.39
9.01
6.60-7.39
6.10-6.59
6.60-7.39

0.39-29.00
0.41-8.02
0.31-5.59
0.11-11.25
0.36-15.08
0.12-14.8
0.57-18.50

0.03-1.39
0.03-0.28
0.05-0.34
0.01-0.84
0.02-0.82
0.02-0.79
10.0-27.7

0.050-0.489
0.001-0.062
0.003-0.069
0.030-0.218
0.006-0.114
0.000-0.135
0.003-0.362

wood ash as well as [49]. Numerous studies have
shown that BFA can assist in maintaining the P and
nutrients levels in soil; both of which are essential
for plant growth. Furthermore, BFA has been found
to contain most of the nutrients that plants require to

Biomass Fly Ash as a Soil Improvement
Agent. In southern Thailand, Pará rubber trees are an
integral part of the economy. The burning of wood
from Pará rubber trees not only generates massive
amounts of electricity but large quantities of Pará
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grow [50]; such as K, P, Ca, and Mg to name a few
[51]. Therefore, there are numerous benefits to using
BFA as a fertiliser [52] or soil improvement agent
[53]. However, the BFA to soil ratio depends on the
fuel source of the BFA, the type of soil and plant,
and the nutrient requirements of the plant in question. As BFA contains relatively high concentrations
of calcium carbonate (CaCO3) and CaO, it is ideal
for use as a control agent for soil pH and bacterial
growth [54]. Therefore, the benefits and effects of
using BFA as a soil improvement agent warrants further investigation [54].
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CONCLUSION
This present study reviewed biomass fly ash
(BFA) derived from multiple fuel sources and characterised it as well mangrove soil from intertidal
zones in Thailand. The status of mangrove forests as
well as the potential of using BFA as a soil improvement agent was also reviewed. This present study
concluded that BFA can be used as an effective soil
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does not change the physicochemical properties of
water, has a broad spectrum and rapid sterilization,
and does not produce harmful chlorination disinfection by-products. Therefore, it is considered an excellent alternative to traditional chlorine disinfection
of sewage—prospects of disinfection technology[58]. However, there are also some deficiencies in ultraviolet disinfection, one of which is the role of photoreactivation[9-11]. The inactivated microorganism
reverses the damage caused by ultraviolet radiation
to deoxyribonucleic acid (DNA) through its damage
repair mechanism, resuscitates its activity, and recovers[12-15]. The photoreactivation phenomenon
causes the water quality after disinfection to be polluted again and may also cause the safety and health
risk of pathogen diffusion, reducing the efficiency of
ultraviolet disinfection[16,17]. Studies by Wen et al.
[18] have shown that although different wavelengths
of ultraviolet rays have inactivation efficiency on
waterborne pathogens, the ultraviolet-induced damage can be repaired by photoactivation and dark repair, and the disinfection effect cannot be sustained.
Water pathogens exposed to UV radiation remain
highly reactivated, increasing the biological risk in
the water supply system. Therefore, this paper summarizes the mechanism of ultraviolet disinfection,
photoreactivation and the effect of reactivation light
intensity on the photoreactivation of Escherichia coli
in water after ultraviolet disinfection. The study provides a reference for the systematic study of the photoreactivation of E. coli and to control the reactivation of E. coli according to the influence of the reactivation light intensity on the photoreactivation. Additional, with regards to the fact that the treated water
is free from secondary pollution.

ABSTRACT
Ultraviolet (UV) disinfection is an increasingly
developed disinfection technology commonly used
to kill pathogens in water by ultraviolet irradiation.
However, in many ultraviolet disinfection applications, the potential repair of microbial ultraviolet
damage is a problem of great concern. Given the
photoreactivation of Escherichia coli (E. coli) after
ultraviolet disinfection, this article reviews the effect
of reactivation light intensity on the photoreactivation of Escherichia coli. The study showed that the
light intensity of reactivation significantly affects the
photoreactivation level of E. coli, and the influence
law varies according to the different ultraviolet doses
used in disinfection treatment. At a low UV dose, the
light intensity does not affect the degree of photoreactivation of E. coli. Nevertheless, somewhat under
a high UV dose, there is a threshold of photoreactivation intensity. When the intensity is lower than this
value, E. coli photoreactivation is generally unnoticeable. However, the reactivation effect is significant when the intensity is higher than this value. It
was also found that E. coli was inhibited when the
photoreactivation intensity was zero (dark treatment), and exposure to high-intensity sunlight also
had a harmful effect on the photoreactivation.

KEYWORDS:
UV disinfection, photoreactivation, reactivation light intensity, UV dose, dark treatment

INTRODUCTION
Generally, when the sewage is directly discharged into the water body or reused without disinfection treatment, the surviving pathogenic microorganisms will spread to humans and livestock through
direct contact, droplets and aerosols, resulting in
health risks[1-4]. Ultraviolet disinfection is a physical instantaneous disinfection technology used to
prevent this phenomenon. The disinfection process

MATERIALS AND METHODS
Ultraviolet disinfection mechanism. Ultraviolet is a part of the electromagnetic spectrum with a
100-400 nm wavelength. According to different
wavelength ranges, it can be divided into four segments: UV-A (315-400 nm), UV-B (280-315 nm),
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UV-C (200-280 nm) and vacuum ultraviolet (100200 nm)[19]. The mechanism of inactivation of microorganisms by ultraviolet rays in different bands is
different, among which short wave ultraviolet rays
are mainly used for sterilization[20].
Short-wave ultraviolet mainly refers to UV-C
and UV-B. Their bactericidal mechanism penetrates
the cell membrane by ultraviolet radiation and directly affects organisms' DNA because DNA has always been considered the most crucial target molecule of ultraviolet radiation. At the same time, DNA
molecules absorb energy from radiation to form ciscyclobutane pyrimidine dimer and a small amount of
(6-4) photochemical products and other photochemical products[21]. Among various photochemical
products, the most important is pyrimidine dimer,
formed between adjacent pyrimidine molecules on
the same DNA chain, as shown in Figure 1. It can
block DNA transcription and replication and eventually lead to microbial death. In addition to the damage to the genome, proteins and enzymes with unsaturated bonds can also absorb UV-C and UV-B,
which may also cause significant damage to organisms[22-24].
Long-wave ultraviolet (UV) is mainly UV-A,
which destroys the genome and other molecules in
the cell by stimulating photosensitive molecules in
microbial cells to produce active substances such as
O2-, H2O2 and OH-. It leads to lethal and sub-lethal
effects such as gene mutation and growth delay[25].
The disinfection effect of vacuum ultraviolet (VUV)
in water and wastewater treatment depends on a series of active oxidation free radicals and other substances produced by water photolysis[26,27]. When
these active substances come into contact with cells,
they will cause surface oxidation on the cell wall and
cell membrane molecules, resulting in cell membrane rupture and subsequent cell disintegration. At
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the same time, when the generated hydroxyl radical
reacts with most biomolecules, it will spread into the
cell to inactivate the enzyme, damage the components in the cell and interfere with the synthesis of
protein to inactivate the microorganism and achieve
the purpose of disinfection[28,29].
Mechanism of photoreactivation. After the
sewage leaves the disinfection reactor, some inactivated microorganisms in the water are irradiated by
visible light. The in vivo photoreactivation enzyme
cleaves the dimer to make it monomeric, restoring
the ability of damaged DNA to replicate, a phenomenon known as photoreactivation. The photoreactivation of enzymes mainly realizes the photoreactivation of microorganisms. It is a single-chain protein
with molecular weight in the range of 55-65 kDal. Its
action follows the classical kinetic model of enzyme
catalytic reaction - Michaelis Menten equation[30].
There are two kinds of non-covalent cofactors (chromophore) in the photoreactivation enzyme; one is
FADH- with catalytic activity, the other is methyltetrahydrofolate (MTHF) or 8-hydroxy-5-azidoflavin
(8-HDF) acts as the "antenna" which can absorb
nearly UV-vis region photons[31]. It is generally
recognized that the occurrence of photoreactivation
includes the following two steps, as shown in Figure
2[32,33]. The first step: the photoreactivation enzyme combines explicitly with the pyrimidine dimer
on the DNA chain without light to form a photoreactive enzyme-pyrimidine dimer complex. The second
step: the second chromophores of the photoreactivation enzyme, folates and deasazaflavins, absorb
long-wavelength UV-A and visible blue light, respectively, and transfer energy to the first chromophores FADH- through dipole-dipole interaction.

FIGURE 1
The adjacent thymine nucleotides on the same chain in DNA produce thymine dimer under the action of
ultraviolet light

FIGURE 2
Two-step reaction mechanism of photoreactivation
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The FADH in the excited state transfers electrons to the cyclobutane pyrimidine dimer in DNA,
which leads to the depolymerization of the pyrimidine dimer to form a pyrimidine monomer, restoring
the DNA double helix structure and completing the
photoreactivation. Finally, the electrons return from
the monomer to prepare for a new catalytic cycle.
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Effects of different UV doses on the photoreactivation of Escherichia coli. After the sewage
was sterilized by ultraviolet radiation, it was placed
under different intensities of reactivation light for the
photoreactivation test of Escherichia coli. The experimental results showed that the light intensity of
resurrection significantly affected the light resurrection level of E. coli, and the influence law was different according to the different dosages of ultraviolet radiation during the disinfection process[36].

RESULTS

Effect of light intensity on photoreactivation
of Escherichia coli at a low ultraviolet dose. Guo
Meiting et al. [37] carried out a photorejuvenation
experiment on sewage treated by ultraviolet disinfection with a dose of 5 mJ/cm2. The light intensity used
in the experiment was 0.00 ȝ:FP2, 7.00 ȝ:FP2,
20.00 ȝ:FP2 and 43.00 ȝ:FP2, respectively, and
the results are shown in Figure 3.
Figure 3 shows that after 2 hours of illumination, E. coli in each water sample had a pronounced
photoreactivation phenomenon. The average photoreactivation rates were 150 CFU·(mL·h)-1, 4850
CFU·(mL·h)-1 and 9850 CFU·(mL·h)-1, respectively.
The results indicated that the higher the light intensity of reactivation, the faster the repair of damaged
DNA, and the higher the average reactivation rate of
E. coli in the initial stage. Quek et al. [38] analyzed
that this is due to the energy required in the process
of photoreactivation coming from the light, and photon absorption was the first step in the process of
light resurrection. With the increase of photoreactivation intensity, the number of photons reaching the
interior of bacteria also increased, making the probability of photons contacting with photoreactive enzyme for the repair process higher.

Through the experimental study, Li et al. [12]
found that the number of E. coli colonies did not
change significantly during the treatment of ultraviolet irradiated water samples in the shading box.
This result was similar to the research results of Hu
et al. [34], who found that the number of bacteria in
water samples did not increase much (less than 1
log10) under dark conditions after medium-pressure
or low-pressure ultraviolet irradiation. This suggests
that the photoreactivation activity of E. coli is limited in the absence of photocatalysis. Thus, a less effective repair mechanism, namely dark repair, may
be performed. The dark repair effect is not significant because, in the dark environment, more enzymes are needed to repair the damaged DNA, and
light cannot be absorbed into energy for repair, so
only a few bacteria can survive after dark repair.
Zimmer et al. [35] discovered that the photoreactivation phenomenon was not observed until more than
three 15W fluorescent lamps were used as the reactivation light source. Thus, proving that light plays
an essential role in the process of photoreactivation,
and the light intensity may directly affect the photoreactivation effect of E. coli.
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FIGURE 3
Effects of different light intensities on the photoreactivation of Escherichia coli at a low
ultraviolet dose (5 mJ/cm2)[39]
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When the UV dose reached 20 mJ/cm2, as commonly
used in water treatment, the photoreactivation degree
of E. coli increased with the increase of the reactivation intensity[37], as shown in Figure 4. However, at
 ȝ:FP2 DQG  ȝ:FP2, the reactivation
light intensity had a negligible effect on the degree
of E. coli reactivation within 72 hours, and the number of bacteria in water was almost the same as that
without light until the reactivation light intensity inFUHDVHGWRȝ:FP2. E. coli, therefore, had obvious photoreactivation. This is the same as the research results of Lamont et al.[42], who found that
bacteria in water photoreactivation when a lamp with
an intensity of about 2920 lux was used, but the degree of reactivation was only 1.1 logarithms at a relatively low level. When the light intensity increased
more than twice (6420 lux), the degree of photoreactivation increased to 1.4 logarithms, but it was still
relatively low. Finally, when the lamp's intensity
reached a maximum of 16700 lux, the high-intensity
light had a significant impact on the level of light
resurrection, and the number of bacteria increased by
2.1 times in 4 hours. Guo et al. [37] also confirmed
that high-intensity visible light irradiation could promote the photoreactivation of E. coli. Therefore, this
indicates that there is a threshold for the intensity of
the reactivation. When the intensity is lower than this
value, the reactivation of E. coli will not occur obviously. Meanwhile, the reactivation effect is significant when the intensity is higher than this value. The
reason may be that a high UV dose can cause severe
damage and high inactivation level to E. coli DNA,
and the energy provided by the minor reactivation
light intensity is not enough to repair the damage of
E. coli, so the effect of photoreactivation is at a low
level.

It can be seen from Figure 3 that, after 8 hours
of illumination, Escherichia coli in all water samples
with different reactivation light intensities reached
the same reactivation maximum value of about
8×104 CFU/mL. It showed that the photoreactivation
degree of E. coli was not affected by the light intensity of reactivation after disinfection of sewage with
a low ultraviolet dose. The reason may be that the
ultraviolet dose was small, and the damage to E. coli
was also small. At this time, E. coli can complete
light reactivation only by using a small reactivation
light intensity. Simultaneously, high-intensity reactivation light cannot improve the reactivation ability
of E. coli but can only accelerate the initial reactivation rate. This is consistent with the early research
conclusions of Liltved et al.[40]. They found that
when the reactivation light intensity was small, the
reactivation delay and maximum reactivation rate of
A. Salmonicida was reduced. However, with the extension of irradiation time, the final reactivation
value as high resurrection light intensity was still
reached. Furthermore, Sanz et al. [41] found that the
maximum survival rate decreased very slightly by a
value of about 0.01% during photoreactivation.
Their analysis suggested that the mortality rate was
due to the residual effect of ultraviolet radiation on
bacterial DNA.
Figure 3 also shows that, under the condition of
ȝ:FP2 light intensity, the number of bacteria
in water did not change obviously, but only slightly.
The results showed that the effect of photoreactivation of E. coli was not significant at this time, and the
metabolism of E. coli mainly caused the fluctuation
of quantity.
Effect of light intensity on photoreactivation
of Escherichia coli at a high ultraviolet dose.
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FIGURE 4
Effects of different light intensities on the photoreactivation of Escherichia coli at a high
ultraviolet dose (20 mJ/cm2)[39]
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can be inhibited by increasing the UV dose or controlling the resurrection light intensity below the
threshold. Secondly, the treated sewage can be discharged away from light or exposed to high-intensity
sunlight, which can also inhibit the occurrence of
light revival and prevent the water quality after disinfection from being polluted again.
The influence of reactivation light intensity on
the light reactivation of Escherichia coli after ultraviolet disinfection of sewage involves many theories,
methods and technologies. There are still many new
problems to be solved, which need to be accumulated and improved in practical application. Further
research and development are needed in the following two aspects: first, considering that ultraviolet ray
does not produce chlorinated disinfection by-products harmful to people in the disinfection process,
the ultraviolet disinfection has become the mainstream sewage disinfection method at this stage.
Thus, future research should focus on ultraviolet disinfection and continue to optimize the disinfection
method to overcome the light resurrection phenomenon of ultraviolet disinfection as the starting point,
considering joint disinfection with other disinfection
methods. The second is to simulate and analyze the
intensity of the reactivation generated by sunlight
and different light sources at various times of the
year based on the actual situation, and then establish
a digital model for the ultraviolet dose required for
disinfection most economical and energy-saving disinfection effect.

Effects of different intensities of sunlight on
photoreactivation of Escherichia coli. Bohrerova
et al. [43] studied the light reactivation of E. coli under the irradiation of four different fluorescent lamps
and sunlight. The results showed that the lamp's light
intensity and spectral range had the most significant
impact on the light reactivation. However, in addition to the fluorescent lamp, the sunlight caused the
E. coli to reactivate, and the effect of the different
intensities of the sunlight on the E. coli reactivation
was different.
Sunlight is divided into visible light and invisible light. The wavelength of visible light is generally
400 ~ 760 nm. The research showed that the most
suitable wavelength for the light resurrection was
330 ~ 480 nm [26], mainly composed of UV-A and
part of visible light radiation. Quek et al. [44] believed that the presence of UV-A and visible radiation in sunlight could promote the photoreactivation
of E. coli on the one hand. Because the wavelength
most suitable for photoreactivation was within this
radiation range, this photoreactivation enzyme absorbed photons near the UV-Vis region, depolymerizing the linked photoproduct cyclobutane pyrimidine dimer to form monomers, restored the replication ability of damaged DNA, and finally restored
the reactivation of E. coli[18].
On the other hand, ultraviolet radiation in sunlight can also inactivate the remaining "live" E. coli
cells in sewage. Therefore, when the sewage treated
by ultraviolet disinfection was exposed to low-intensity sunlight, E. coli restored its activity by photoreactivation and inactivated by radiation. However, the
inactivation level may not be enough to overcome
the degree of photoreactivation, so only the photoreactivation of E. coli was observed. When exposed to
high-intensity sunlight, the bactericidal effect of ultraviolet radiation was high enough to inhibit the effect of light resurrection and reduce the number of
bacteria. The study confirmed that when the sewage
is exposed to sunlight after ultraviolet disinfection, it
will harm the photoreactivation of E. coli under high
light intensity and long enough exposure time[43].

ACKNOWLEDGEMENT
This work was supported by the National Natural Science Foundation of China (No.52070087).

REFERENCES
[1] Li, X.L., Cai, M., Wang, L., Niu, F.F., Yang,
D.G.and Zhang, G.Q. (2019) Evaluation survey
of microbial disinfection methods in UV-LED
water treatment systems. Sci. Total Environ.
659, 1415-1427.
[2] Wang, Y.J., Li, L., Xiong, R., Guo, X.S.and Liu,
J.X. (2019) Effects of aeration on microbes and
intestinal bacteria in bioaerosols from the BRT
of an indoor wastewater treatment facility. Sci.
Total Environ. 648, 1453-1461.
[3] Yang, T., Han, Y.P., Zhang, M.Z., Xue, S., Li,
L., Liu, J.X. and Qiu, Z.P. (2019) Characteristics and exposure risks of potential pathogens
and toxic metal(loid)s in aerosols from
wastewater treatment plants. Ecotoxicol. Environ. Saf. 183, 109543.

CONCLUSIONS
The photoreactivation intensity has a specific
effect on the light reactivation of E. coli, but the influence law varies with the dosage of ultraviolet light
used in disinfection treatment. The maximum photoreactivation value of Escherichia coli in water is not
affected by the intensity of the reactivation, but the
initial reactivation rate is accelerated with the intensity of the light. For high UV doses, there is a threshold of photoreactivation intensity. Below this value,
there will be no obvious photoreactivation. The reactivation effect is significant when it is higher than
this value. Therefore, the photoreactivation of E. coli

10560

© by PSP

Volume 31– No. 11/2022 pages 10556-10562

[4] Chaisar, M. and Garg, S.K. (2021) Selection of
Sewage Treatment Technology using Analytic
Hierarchy Process. Mater. Today Proc. 56,
3433-3440.
[5] Baldasso, V., Lubarsky, H., Pichel, N., Turolla,
A., Antonelli, M., Hincapie, M., Botero, L.,
Reygadas, F., Galdos-Balzategui, A., Byrne,
J.A. and Fernandez-Ibanez, P. (2021) UVC inactivation of MS2-phage in drinking water Modelling and field testing. Water Res. 203,
117496.
[6] Maciel, P.M.F., Fava, N.D.M.N., Lamon, A.W.,
Fernandez-Ibañez, P., Byrne, J.A. and SabogalPaz, L.P. (2021) Household water purification
system comprising cartridge filtration, UVC
disinfection and chlorination to treat turbid raw
water. J. Water Process Eng. 43, 102203.
[7] Chen, J., Loeb, S. and Kim, J. (2017) LED revolution: fundamentals and prospects for UV disinfection applications. Environ Sci: Water Res.
Technol. 3, 188-202.
[8] Ping, Q., Yan, T.T., Wang, L., Li, Y.M. and Lin,
Y.Q. (2022) Insight into using a novel ultraviolet/peracetic acid combination disinfection process to simultaneously remove antibiotics and
antibiotic resistance genes in wastewater: Mechanism and comparison with conventional processes. Water Res. 210, 118019.
[9] Fitzhenry, K., Clifford, E., Rowan, N. and Rio,
A.V.D. (2021) Bacterial inactivation, photoreactivation and dark repair post flow-through
pulsed UV disinfection. J. Water Process Eng.
41, 202070.
[10] Zhou, X.Q., Li, Z.F., Lan, J.R., Yan, Y.C. and
Zhu, N. (2017) Kinetics of inactivation and photoreactivation of Escherichia coli using ultrasound-enhanced UV-C light-emitting diodes
disinfection. Ultrason Sonochem. 35, 471-477.
[11] Wei, F.Q., Lu, Y., Shi, Q., Chen, Z., Li, K.X.,
Zhang, T., Shi, Y.L., Xu, Q. and Hu, H.Y.
(2022) A dose optimization method of disinfection units and synergistic effects of combined
disinfection in pilot tests. Water Res. 211,
118037.
[12] Li, G.Q., Wang, W.L., Huo, Z.Y., Lu, Y. and
Hu, H.Y. (2017) Comparison of UV-LED and
low pressure UV for water disinfection: Photoreactivation and dark repair of Escherichia coli.
Water Res. 126, 134-143.
[13] Wen, G., Wan, Q.Q., Deng, X.L., Cao, R.H.,
Xu, X.Q., Chen, Z.H., Wang, J.Y. and Huang,
T.L. (2019) Reactivation of fungal spores in water following UV disinfection: Effect of temperature, dark delay, and real water matrices.
Chemosphere. 237, 124490.
[14] Nyangaresi, P.O., Qin, Y., Chen, G.L., Zhang,
B.P., Lu, Y.H. and Shen, L. (2018) Effects of
single and combined UV-LEDs on inactivation
and subsequent reactivation of E. coli in water
disinfection. Water Res. 147, 331-341.

Fresenius Environmental Bulletin

[15] Zhu, M., Riederer, M. and Hildebrandt, U.
(2019) UV-C irradiation compromises conidial
germination, formation of appressoria, and induces transcription of three putative photolyase
genes in the barley powdery mildew fungus,
Blumeria graminis f. sp. hordei. Fungal Biol.
123, 218-230.
[16] Wan, Q.Q., Wen, G., Cao, R.H., Zhao, H., Xu,
X.Q., Xia, Y.C., Wu, G.H., Lin, W., Wang, J.Y.
and Huang, T.L. (2020) Simultaneously enhance the inactivation and inhibit the photoreactivation of fungal spores by the combination of
UV-LEDs and chlorine: Kinetics and Mechanisms. Water Res. 184, 116143.
[17] Wan, Q.Q., Wen, G., Cao, R.H., Xu, X.Q.,
Zhao, H., Li, K., Wang, J.Y. and Huang, T.L.
(2020) Comparison of UV-LEDs and LPUV on
inactivation and subsequent reactivation of waterborne fungal spores. Water Res. 173, 115553.
[18] Wen, G., Deng, X.L., Wan, Q.Q., Xu, X.Q. and
Huang, T.L. (2019) Photoreactivation of fungal
spores in water following UV disinfection and
their control using UV-based advanced oxidation processes. Water Res. 148, 1-9.
[19] Hazell, L., Braun, L. and Templeton, M.R.
(2019) Ultraviolet sensitivity of WASH (water,
sanitation, and hygiene) -related helminths: A
systematic review. PLOS Negl. Trop. Dis. 13,
e0007777.
[20] 3áRQND, and Pieczykolan, B. (2020) Thermal
methods, ultraviolet radiation, and ultrasonic
waves for the treatment of waterborne pathogens, in: Waterborne Pathogens. Elsevier, Amsterdam. 143-167.
[21] Hegedus, C., Juhasz, T., Fidrus, E., Janka, E.A.,
Juhasz, G., Boros, G., Paragh, G., Uray, K.,
Emri, G., Remenyik, E. and Bai, P. (2021) Cyclobutane pyrimidine dimers from UVB exposure induce a hypermetabolic state in keratinocytes via mitochondrial oxidative stress. Redox.
Biol. 38, 101808.
[22] Raeiszadeh, M. and Taghipour, F. (2021) Inactivation of microorganisms by newly emerged
microplasma UV lamps. Chem. Eng. J. 413,
127490.
[23] Huo, H., He, Y.H., Chen, W.C., Wu, L., Yi,
X.Y. and Wang, J.X. (2022) Simultaneously
monitoring UVC-induced DNA damage and
photoenzymatic repair of cyclobutane pyrimidine dimers by electrochemical impedance
spectroscopy. Talanta. 239, 123081.
[24] Jiao, C.S., Sun, X.Y. and Deng, G.Z. (2006)
Photoeactivation of BacteriaFollowing UV Disinfectio. Environ Sci. Manage. 31, 125-128 (in
Chinese).
[25] Song, K., Mohseni, M. and Taghipour, F. (2019)
Mechanisms investigation on bacterial inactivation through combinations of UV wavelengths.
Water Res. 163, 114875.

10561

© by PSP

Volume 31– No. 11/2022 pages 10556-10562

[26] Wang, J., Shen, J., Ye, D., Yan, X., Zhang, Y.J.,
Yang, W.J., Li, X.W., Wang, J.Q., Zhang, L.B.
and Pan, L.J. (2020) Disinfection technology of
hospital wastes and wastewater: Suggestions for
disinfection strategy during coronavirus Disease
2019 (COVID-19) pandemic in China. Environ
Pollut. 262, 114665.
[27] Krakko, D., Illes, A., Licul-Kucera, V., David,
B., Dobosy, P., Pogonyi, A., Demeter, A., Mihucz, V.G., Dobe, S. and Zaray, G. (2021) Application of (V)UV/O3 technology for posttreatment of biologically treated wastewater: A
pilot-scale study. Chemosphere. 275, 130080.
[28] Xie, P.C., Yue, S.Y., Ding, J.Q., Wan, Y., Li, X
C., Ma, J. and Wang, Z.P. (2018) Degradation
of organic pollutants by Vacuum-Ultraviolet
(VUV): Kinetic model and efficiency. Water
Res. 133, 69-78.
[29] Nishizawa, S., Matsushita, T., Matsui, Y. and
Shirasaki, N. (2020) Formation of disinfection
by-products from coexisting organic matter during vacuum ultraviolet (VUV) or ultraviolet
(UV) treatment following pre-chlorination and
their fates after post-chlorination. Sci. Total Environ. 737, 140300.
[30] Jørgensen, S.E. (2019) Growth Constraints:
Michaelis–Menten Equation and Liebigʾs Law,
in: Encyclopedia of Ecology. Elsevier, Amsterdam, 384-387.
[31] Kiontke, S., Gnau, P., Haselsberger, R.,
Batschauer, A. and Essen L. (2014) Structural
and evolutionary aspects of antenna chromophore usage by class II photolyases. J. Biol.
Chem. 289, 19659-19669.
[32] Kciuk, M., Marciniak, B., Mojzych, M. and
Kontek, R. (2020) Focus on UV-Induced DNA
Damage and Repair-Disease Relevance and
Protective Strategies. Int. J. Mol. Sci. 21, 7264.
[33] Guo, M.T. and Hu, H.Y. (2009) Photoreactivation Charecteristics and Its Evaluation Method
after UV Disinfection. Environ. Sci. Tech. 32,
77-80 (in Chinese).
[34] Hu, J.Y., Chu, X.N., Quek, P.H., Feng, Y.Y. and
Tan, X.L. (2005) Repair and regrowth of Escherichia coli after low- and medium-pressure ultraviolet disinfection. Water Sci. Tech-W Sup. 5,
101-108.
[35] Zimmer, J.L. and Slawson, R.M. (2002) Potential Repair of Escherichia coli DNA following
Exposure to UV Radiation from Both Mediumand Low-Pressure UV Sources Used in Drinking Water Treatment. Appl. Environ. Microb. 68,
3293-3299.
[36] Sun, W., Zhang, Y.J., Zhou, L.L., Li. G.B. and
Lv, M. (2011) Influence of UV Intensity and
Dose on Escherichia coli Photoreactivation.
China Water Wastewater. 27, 57-59(in Chinese).

Fresenius Environmental Bulletin

[37] Guo, M.T., Huang, J.J., Hu, H.Y. and Liu, W.J.
(2011) Growth and repair potential of three species of bacteria in reclaimed wastewater after
UV disinfection. Biomed Environ Sci. 24, 400407.
[38] Quek, P.H. and Hu, J. (2008) Influence of photoreactivating light intensity and incubation
temperature on photoreactivation of Escherichia coli following LP and MP UV disinfection. J. Appl Microbiol. 105, 124-133.
[39] Guo, M.T., Hu, H.Y. and Liu, W.J. (2008) Effect of Photoreactivatiing Light Intensity on
Photoreactivation of Escherichia coli and Fecal
Coliform in the Tertiary Effluent Disinfected by
UV. Environ Sci. 29, 2576-2579(in Chinese).
[40] Liltved, H. and Landfald, B. (1996) Influence of
liquid holding recovery and photoreactivation
on survival of ultraviolet-irradiated fish pathogenic bacteria. Water Res. 30, 1109-1114.
[41] Nebot Sanz, E., Salcedo Davila, I., Andrade
Balao, J.A. and Quiroga Alonso, J.M. (2007)
Modelling of reactivation after UV disinfection:
Effect of UV-C dose on subsequent photoreactivation and dark repair. Water Res. 41, 31413151.
[42] Lamont, Y., MacGregor, S.J., Anderson, J.G.,
and Fourcre, R.A. (2004) Effect of visible light
exposure on E. coli treated with Pulsed UV-rich
light. International Power Modulator Symposium. 619-622
[43] Bohrerova, Z. and Linden, K.G. (2007) Standardizing photoreactivation: comparison of DNA
photorepair rate in Escherichia coli using four
different fluorescent lamps. Water Res. 41,
2832-2838.
[44] Quek, P.H., Hu, J.Y., Chu, X.N., Feng, Y.Y. and
Tan, X.L. (2006) Photoreactivation of Escherichia coli following medium-pressure ultraviolet disinfection and its control using chloramination. Water Sci. Technol. 53, 123-129.

Received:
Accepted:

11.03.2022
12.09.2022

CORRESPONDING AUTHOR
Bojiao Yan
College of Civil Engineering and Architecture
Changchun Sci-Tech University
Changchun City Jilin Province – China
e-mail: yanbojiao1985@126.com

10562

© by PSP

Volume 31– No. 11/2022 pages 10563-10574

Fresenius Environmental Bulletin

REVIEW

SYNERGISTIC EFFECTS OF PLANT GROWTH
PROMOTING RHIZOBACTERIA IN IMPROVEMENT THE
CROP PRODUCTION AND SUSTAINABLE AGRICULTURE
Ayman F Omar1,2,*, Medhat Rehan1,3, Ahmad Al-Turki1
1

Department of Plant Production and Protection, College of Agriculture and Veterinary Medicine, Qassim University,
Buraydah 51452, Saudi Arabia
2
Department of Plant Pathology, Plant Pathology and Biotechnology Lab. and EPCRS Excellence Center, Faculty of Agriculture,
Kafrelsheikh University, 33516 Kafrelsheikh, Egypt
3
Department of Genetics, College of Agriculture, Kafrelsheikh University, 33516, Kafr El-Sheikh, Egypt

ABSTRACT

INTRODUCTION

The population growth is one of the most important global problems that researchers must overcome. So, application of plant growth promoting rhizobacteria (PGPR) can play a significant role in enhancing the agricultural production through facilitating water and nutrient uptake for plants under various conditions as an important and alternative strategy to overcome overpopulation all over the world.
Plant growth promoting rhizobacteria can used as
low-cost and environmentally safe biofertilizer to
improve crop growth and development by regulating
hormonal balance, maintaining nutrients and producing plant growth regulators, however, the chemical fertilizers can harm the ecosystem and human
health severely. PGPR treatments may positively affect physiological, biochemical and anatomical features resulting in improve various morphological
characters such as number of leaves, leaf area and
stem height. Additionally, chlorophyll a and b, carotenoids, relative water content (RWC), antioxidant
enzymes and plant hormones as well as crop yield
were increased in many plants with the application
of PGPR. Moreover, application of PGPR led to improve the anatomical characters of stems and leaves
such as stem diameter, lamina thickness, phloem
thickness, xylem vessels diameter and number of xylem vessels. Previous studies also reported that
PGPR can mitigate the adverse effects of several biotic and abiotic stresses resulted in improve plant
growth and yield in many stressed plants. This review article gives an overview on the impacts of
PGPR in enhancing morphological, physio-biochemical and anatomical characters through improving the antioxidant enzymes activity, producing plant
hormones and consequently crop production.

PGPRs naturally exist in the rhizosphere soil,
the most characterized PGP genera/species are Rhizobium, Bacillus, Paenibacillus, Azospirillum, Azotobacter, Pseudomonas, and Serratia, these genera
can enhance plant growth and development by nitrogen fixation, amino acids production and improving
plant hormones and nutrient concentration in various
plants [1,2]. PGPR are plant–microbes association,
which lead to improve plant growth and yield production [3]. PGPRs contain two classes, extracellular PGPR (ePGPR) and intracellular (iPGPR),
ePGPR reside in the rhizosphere or between the root
cortex such as Azospirillum, Azotobacter, Arthrobacter, Bacillus, Erwinia, Flavobacterium, Serratia,
Micrococcus, and Pseudomonas [4], whereas iPGPR
reach the nodular structures of roots such as Rhizobia,
Allorhizobium, Bradyrhizobium, Mesorhizobium,
and Frankia [5]. PGPRs have the ability to improve
the soil fertility by production of phytohormones (as
gibberellins and indole-3-acetic acid), siderophores,
1-aminocyclopropane-1-carboxylate (ACC) deaminase, phosphate solubilization, lytic enzymes (proteases, chitinase, B-glucanase), antibiotics and volatile
compounds [6]. PGPRs work as biofertilizers by increasing the availability and uptake of nutrients [7],
help in increasing yield production. Previous studies
confirmed that application of PGPR in crop production led to increase the availability of several nutrients such as nitrogen, phosphorus, calcium, and
magnesium [8], or induce phytohormones production like indole-3-acetic acid [9], production of antibiotics or protective enzymes [7]. Improved growth
and yield of several crops have been showed under
normal and stressful conditions [10], in wheat [11],
sugar beet [12], maize [13], black pepper [14], maize
[1], sweet pepper [2], lettuce [15] and pea plants [16].
PGPRs can increase plant tolerance to several pathogens or suppressing harmful pathogens through induced systemic resistance and promotes plant
growth for sustainable agriculture [17, 18]. Hungria

KEYWORDS:
Plant growth promoting rhizobacteria, drought, salinity,
plant pathogens, antioxidant enzymes, chlorophylls
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et al. [19] reported that the inoculation of Azospirillum brasilense and Pseudomonas fluorescens, into
brachiarias (Urochloa spp.) led to increase shoot biomass and nutritional value of feed for livestock. Application of PGPRs led to improve root yield and
sugar yield of sugar beet plants [20] and the yield of
sorghum plants [21]. The effective role of A. brasilense on shoot dry mass production of rangeland
plants was studied and the results showed that shoot
dry biomass was increased by 13% and 6% in the
two years, respectively [22]. Additionally, PGPRs
can act against plant pathogens by producing siderophores and antibiotics that help in increasing plant
growth and yield [23]. The production of phenazines,
pyoluteorin, and hydrogen cyanide (HCN) as well as
bacteriocins with PGPRs was reported to help in inhibiting the phytopathogens development, and enhance plant tolerance to numerous stresses. Several
reports have shown that PGPR help in growth promotion of plant, enhance root growth and root hairs
as well as produce organic acids which makes release of phosphate compounds and becomes available to the plants. Also, PGPRs have significant roles
in producing many antipathogenic enzymes, such as
glucanases, proteases and chitinases which, damage
the cell walls of pathogens [23], producing antibiotics such as pyoluteorin, phloroglucinols, pyrrolnitrin,
siderophores and cyclic lipopeptides. Generally,
PGPRs as biocontrol agents and biofertilizers provide ecofriendly technique to increase the growth
and yield under normal and stressful conditions. The
objectives of our review were to study the role of
PGPRs as an alternative strategy in biofertilization
to improve growth characters and yield of several
plants and save the environmental system, also evaluate the effect of PGPRs in alleviating the harmful
effects of biotic and abiotic stresses and increase the
yield production.
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PGPRs play a significant role in nutrient management and availability in soil, that improves soil characters, moreover, they are clean and inexpensive
sources of fertilizers, which act as alternative source
for chemical fertilizers. Also, Abdelaal [20] reported
that biofertilizer treatment led to improve the anatomical characters of sugar beet stems and leaves.
Biofertilizers led to improve morpho-physiological
and yield characters of many plants (Table 1),
through nitrogen fixation, phosphate and potassium
solubilization. The fixation of Nitrogen is occurring
by symbiotic or non-symbiotic microbes such as Serratia marcescens [25], Rhizobium spp. [26] and Azoarcus sp. [27].
Phosphorus is one of the major essential macronutrients, soluble P is the limiting nutrient for biomass production [28]. PGPRs can convert the insoluble phosphates into available forms through acidification, exchange reactions and release of organic
acids [29]. An increase in P availability through the
inoculation of phosphate-solubilizing bacteria has
been recorded [30]. The significant role of PGPRs as
biofertilizers in many plants was confirmed with rhizobacteria in N2 fixation, Rhizobium (phosphate solubilization), Bacillus spp. and Pseudomonas (phosphorus-solubilizing bacteria). This role of PGPRs as
environment-friendly biofertilizers which improve
and solubilize free phosphate, enhance the nitrogen
fixation and upsurge Zn and Fe availability in the rhizosphere as well as decrease the application of chemical fertilizers was recorded with Rajawat et al. [31].
The phosphorus solubilizing bacteria can alleviate
the harmful effect of abiotic stress in plants such as
high/low temperatures, drought and salinity stresses.
Potassium is an important macronutrient in plant life,
so, the decrease in potassium contents leads to reduced plant growth and yield [32]. PGPRs such as
Bacillus mucilaginosus, Paenibacillus spp., Ferrooxidans spp. and Pseudomonas sp. can solubilize
potassium from rock and silicate [33]. Atmospheric
nitrogen fixation is supported by symbiotic or nonsymbiotic microbes, these processes are associated
with leguminous crops but developing symbiotic or
non-symbiotic processes in non-leguminous crops
can be applied to improve soil fertility and increase
yield production. Pseudomonas and Bacillus sp. are
important bacteria for Phosphate and phosphorussolubilizing plant nutrition, they play pivotal role in
biofertilization for better growth of crops. Application of these PGPRs is an environment-friendly biofertilizer that helps in increasing the availability of
free phosphate, increasing the efficiency of biological nitrogen fixation and also improve the availability of Zn and Fe in rhizosphere. Many genera of
PGPR act as Potassium-solubilizing such as Bacillus
mucilaginosus, Bacillus edaphicus, Acidithiobacillus sp., Paenibacillus spp., Ferrooxidans sp., and
Pseudomonas sp. and have the ability to solubilize
potassium from the soil minerals [31, 34].
Plant growth promoting rhizobacteria (PGPRs)

EFFECT OF PLANT GROWTH PROMOTING
RHIZOBACTERIA (PGPRS) AS
BIOFERTILIZERS ON GROWTH
CHARACTERS AND YIELD PRODUCTION
Mechanisms and efficiency of Plant growth
promoting rhizobacteria (PGPRs). Plant growth
promoting rhizobacteria (PGPRs) can encourage
plant growth and development by direct or indirect
mechanisms, these mechanisms may occur by solubilization of phosphorus, potassium and nitrogen uptake as well as nutrient availability, modulation of
phytohormones like IAA, GA3, abscisic acid and
ethylene which, maintain root system consequently,
increase water uptake and nutrients availability.
PGPRs are useful for plant growth and development
[24] as they promote plant growth by improving
plant nutrition, and regulation of phytohormones, as
well as inhibition of disease-causing pathogens.
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can produce some compounds like polysaccharides,
proteins, nucleic acids, and lipids that called Exopolysaccharides (EPSs) [35]. These genera include Azotobacter vinelandii, Enterobacter cloacae, and Rhizobium sp. are reported to produce EPS, enhance soil
fertility and help plants’ growth for sustainable agriculture. They can improve water potential, help plant
roots to make contact with rhizobacteria, help plants
to tolerate abiotic stress factors such as drought, salinity and pathogens and improve crop production
[36]. Furthermore, siderophores as important organic compounds are formed by some PGPRs under
Fe-stressed conditions [37], and enhancing Fe concentrations, increasing Fe availability in the soil.
Generally, inoculation with PGPR strains led to increase the nutrient uptake of N, K and P (20-40%, 40%
and 60-75%), respectively, this effect on nutrient uptake is due to the solubilizing power of PGPR in the
soil. Accordingly, there are different types of PGPR,
such as P-solubilizing PGPR, K-solubilizing PGPR,
etc. [38]. Besides functioning as biofertilizers,
PGPRs can also confer tolerance of plants to abiotic
stress [39]. It is well-known that PGPRs are effective
for improving growth of numerous plants such as
legumes, cereals and vegetables under abiotic stressful conditions [9], reduce the damaging effects of environmental stresses on plant growth by improving
nutrient uptake and increasing the stress tolerance
[39].
Effect of Plant growth promoting rhizobacteria (PGPRs) on plants under drought conditions. One of the most harmful abiotic factors is
drought or water deficit which negatively affect morphophysiological characters of many plants such as
faba bean [20], maize [40], wheat [41,42], flax [43],
barley [44,45], and soy bean [46]. Drought might
cause excessive gathering of reactive oxygen species
[superoxide (O2í singlet oxygen (1O2) and hydrogen peroxide (H2O2)] due to perturbations in photosynthesis, resulting in oxidative stress and membrane lipid peroxidation [9]. Plant growth promoting
rhizobacteria (PGPRs) are effective and helpful in
improving plant growth under drought stress such as
Herbaspirillum seropedicae and Azospirillum brasilense improved drought tolerance in maize [9], Bacillus in pea plants [16]. This effective role could be
attributed to the increase in water availability and
improved antioxidant enzymes under drought conditions, also, PGPRs can alleviate drought stress effects due to ABA accumulation, antioxidant activity
and osmoprotectants which, can improve the growth
and development under stress [47]. Application of
Azospirillum in wheat led to improve growth of roots
and increase lateral root formation and improve
physiological characters due to the production of indole acetic acid under drought stress [48]. Furthermore, Bacillus thuringiensis led to increase nutrient
concentrations and enhanced metabolic activity in
Lavandula dentate under drought conditions [49]. In
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another study, inoculation with Pseudomonas increase stem height and fresh weight of soy bean
plants under drought stress, with parallel increases in
concentrations of Chl., SA and ABA [50]. Additionally, application of A. brasilense led to increase relative water contents, improve plasma membrane stability consequently increase drought tolerance in
wheat plants [51]. It has been also stated that the useful effects of PGPRs on plants is mediated by proline
accumulation and several osmolytes formation as
well as increase antioxidant system activity [52].
Effect of Plant growth promoting rhizobacteria (PGPRs) on plants under salinity conditions.
Some genera of PGPRs are known Halotolerant, they
can improve the plant growth and yield production
under salinity conditions by numerous mechanisms
[15]. Salinity stress is a detrimental abiotic factor
that harmfully affect the growth and development of
many economical plants such as cucumber [53],
strawberry [54], faba bean [55, 56], sweet pepper [57]
and mungbean [58]. Salinity stress may damage the
plant in all stages, seed germination, vegetative and
productive stages especially physiological features
such as chlorophyll concentration, relative water
content, enzymes activity and yield of several plants.
Decreased chlorophyll concentration under salinity
conditions may be due to photooxidation process for
chlorophyll [59]. Moreover, it is known that salinity
stress can inhibit carbon fixation and reduce molecular oxygen, resulting in accumulation of superoxide
and hydrogen peroxide as well as malondialdehyde,
consequently damage to photosynthesis and decrease chlorophyll content [60]. In the previous studies, the high levels of malondialdehyde have been
observed in salinity stressed plants [56, 61]. The reduction in relative water content under salinity stress
may be due to the inadequate water for the development process and shows a decrease in cell turbidity.
On the other hand, application of PGPR led to increase potassium content and decreased antioxidant
activity in wheat plants [62]. The inoculation with
bacterial strains caused an increase in relative water
content under salinity conditions, this increase might
be due to the production of hormones such as IAA
which increase the length and weight of roots compared to control [56, 61]. Also, the useful effect of
PGPR may be attributed to increase the production
of abscisic acid [63], which decrease the negative effects on stomatal conductance and photosynthesis
[34]. Moreover, the plants inoculated with bacterial
strains have the capacity to improve the structure of
root system and increase relative water content [64].
The increased in relative water content under salinity
conditions in the plants inoculated with PGPR has
been observed some studies [61, 65].
Effect of Plant growth promoting rhizobacteria (PGPRs) on various plant pathogens. One of
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the biological uses of some PGPRs genera is biological control for pathogens, it is very important strategy for pathogens control, these genera can use to
protect the plants from fungal, bacterial and several
pathogens by several mechanisms (Figure 1). The
success of biocontrol agents depends upon their ability to protect plants against pathogens and pests,
these must be eco-friendly. These mechanisms include the production of antibiotic [85], induction of
systemic resistance in plants [86], the accumulation
of siderophores [87] and increase the enzymes activity [88]. The siderophores are one of the most important products by PGPR that protect plant from
several pathogens by chelating iron in the soil [89].
Some PGPR have the ability to produce some specific enzymes such as chitinase, protease and lipase,
which can lysis the cell wall of fungal pathogens [90].
Also, PGPR can produce various anti-pathogenic
metabolites such as hydrocyanic acid and siderophores in many plants [91]. The antimicrobial metabolites include various antifungal and antibacterial
antibiotics such as iturins, fengycins, and surfactins
were produced with B. subtilis [92] and adjust the
microenvironment conducive for plant growth,
which act as a biocontrol agent (Table 2). Some species of PGPRs are rich in bioactive compounds
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which induce systemic resistance to tolerate biotic
stress factors in several plants. B. subtilis strains are
widely studied as biocontrol agents for sustainable
agriculture according to their bioactive compounds
[93]. Under various pathogens, the formation of reactive oxygen species (ROS) was increased as a result to oxidative stress [94-96], this increase in ROS
can overcome with B. subtilis which can reduce the
accumulation of ROS with antioxidant enzymes.
Previous studies indicated that application of
endophytic bacteria led to control Rhizoctonia solani
in cotton [97]. Also, Bacillus amyloliquefaciens
S13–3 as foliar spray was highly effective in managing anthracnose in strawberry plants [98]. Additionally, PGPRs act as biocontrol agents associated with
plant disease control such as, soft rot of fruits [99],
fusarium wilt of tomato [100], and cucumber root rot
[101]. Moreover, Pseudomonas spp. and Bacillus
spp. can use as biocontrol agents against some pathogens such as Bacteria, fungus and nematode. Many
strains of Pseudomonas can promote plant growth
under stress factors by increasing the availability of
mineral nutrients and enhancing root growth as well
as enhancing tolerance to environmental stresses.

TABLE 1
The mechanisms of PGPRs in improving growth characters and yield in plants
PGPRs
Azospirillum brasilense
Pseudomonas sp.
Bacillus sp.
Pseudomonas aurantiaca
Bacillus cereus
Azospirillum spp.

The mechanism of improving plant growth
Plant
and yield
Root development, improve root dry weight Common bean
Improved water potential, plant growth and yield
maize
Increase nutrient uptake and plant growth
maize
Germination and root elongation, salinity tolerwheat
ance
Improved plant growth and nutrient content, salinity tolerance
Mungbean
wheat
Induces drought resistance, growth performance

Enhanced tolerance to heavy metal, improve
Cress
growth and biomass
Salt tolerance, germination, and growth stimulaRice
Enterobacter sp.
tion
Drought tolerance, improved vegetative growth
wheat
Bacillus sp.
Nitrogen fixation, IAA production and P solubiliRice
Acetobacter pasteurianus
zation
Siderophores and IAA production, tolerance to
Black medic
Pseudomonas brassicacearum
Cu stress
Nitrogenase activity and IAA production
sugarcane
Pseudomonas koreensis
Nitrogen fixation, IAA production
Rice
Enterobacter cloacae
Mesorhizobium, Bradyrhizobium
Production of Siderophore
wheat
sp.
Production
of
Siderophore
and
exo-polysacchaBradyrhizobium sp.
greengram
rides
Significantly increased the biomass of plants
Pepper
Paenibacillus polymyxa
Significantly increased the root length and shoot
wheat
Klebsiella pneumonia
length
Nitrogenase activity, phosphate solubilization,
sugarcane
Stenotrophomonas maltophilia
IAA, ACC deaminase
IAA, phosphate solubilization, siderophores
Pearl millet
Acinetobacter spp
Phosphate solubilization, IAA, ACC deaminase
sugarcane
Rahnella aquatilis
Production of siderophore and HCN
wheat
Pseudomonas putida
Azotobacter sp.
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FIGURE 1
Effect of plant growth promoting rhizobacteria (PGPRs) on various plant pathogens
The most important mechanisms of disease
control by Pseudomonas include antibiosis and induced systemic resistance [102]. Pseudomonas
strains can produce many secondary metabolite and
bioactive compounds such as siderophores and hydrogen cyanide which play important role as biocontrol agents [103]. Pseudomonas fluorescens PICF7
act as an effective biocontrol agent against Verticillium wilt of olive [104]. Also, P. fluorescens (lactis)
SS101 has biocontrol effect against Pythium intermedium root rot of flower bulbs [105] and tomato
late blight caused by Pythium infestans [106]. In previous studies Serratia and Streptomyces spp. were
reported as biocontrol agents for some pathogens
such as Fusarium spp. and Sclerotium spp. (Table 2).
Generally, application of plant growth promoting rhizobacteria in increasing the agricultural production is a promising strategy of safety and efficiency, these bacteria can promote growth characters
of plant under both natural and abnormal conditions
such as drought, salinity, plant pathogens.

CONCLUSIONS AND
FUTURE PERSPECTIVES
This review provides information about the significant role of plant growth promoting rhizobacteria
in improving the growth and development of several
plants under normal conditions and under various
environmental conditions such as salinity, drought
and phytopathogens. This role of plant growth promoting rhizobacteria may be due to the production
of phytohormone, antibiotics and bioactive compounds which help plant to grow well and improve
the yield production even under stress conditions.
Thus, PGPRs can act as alternative technique to
chemical fertilizers and chemical control of pathogens to increase yield production. Additional research still needed to identify the most influential
strains of bacteria and the optimal treatment methods,
to save the environment and achieve agricultural sustainability.
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TABLE 2
Effect of PGPRs in control of various plant pathogens
PGPRs
Bacillus subtilis

The mechanism of control
Pathogen
Production of bioactive compounds
Puccinia striiformis
Enhances activities of defense-related Xanthomonas oryzae pv.
Bacillus spp.
enzymes
Oryzae
Biofilm formation
Verticillium dahlia
Bacillus subtilis
Uses as a new biocontrol product
Plasmopara viticola
Bacillus subtilis
Production of antimicrobial substance
Escherichia coli
Bacillus subtilis
Production of bioactive compounds
Verticillium sp.
Pseudomonas fluorescens
Pythium infestans
Pseudomonas fluorescens Production of antimicrobial substances
Criconemella xenoplax
Pseudomonas aureofaciens Suppression of nematode population
Production of extracellular chitinases
Sclerotium rolfsii
Serratia marcescens
Fusarium oxysporum f. sp.
Production of extracellular chitinases
Streptomyces sp.
cucumerinum
production of siderophore and antibiStreptomyces
F. oxysporum
otic compounds
sp. strain NRRL 30562
Mesorhizobium sp.,
Production of siderophore, antifungal Fusarium and Rhizoctonia
Pseudomonas sp., Bacillus sp.
bataticola
activity, HCN
Paenibacillus polymyxa
Pseudomonas sp.

Significantly induced systemic
Xanthomonas
resistance against bacterial
axonopodis pv. vesicatoria
spot pathogen
higher ability to control bacterial and
Rice
fungal root pathogens

References
[107]
[108]
[76]
[93]
[109]
[104]
[106]
[110]
[111]
[111]
[112]
[113]

[80]
[114]

[4] Martínez-Viveros, O., Jorquera, M.A., Crowley,
D.E., Gajardo, G.M., Mora, M.L. (2010) Mechanisms and practical considerations involved in
plant growth promotion by rhizobacteria. J. Soil
Sci. Plant Nutr. 10, 293–319.
[5] Mondal, S., Halder, S.K., Yadav, A.N., Mondal,
K.C. (2020) Microbial consortium with multifunctional plant growth promoting attributes:
future perspective in agriculture. In: Yadav AN,
Rastegari AA, Yadav N, Kour D (eds) Advances
in plant microbiome and sustainable agriculture,
Functional annotation and future challenges.
Springer, Singapore. 2, 219–254.
[6] Rijavec, T., Lapanje, A. (2016) Hydrogen cyanide in the rhizosphere: not suppressing plant
pathogens, but rather regulating availability of
phosphate. Front. Microbiol. 7, 1785.
[7] Kour, D., Rana, K.L., Yadav, A.N., Yadav, N.,
Kumar, M., Kumar, V. (2020) Microbial biofertilizers: bioresources and eco-friendly technologies for agricultural and environmental sustainability. Biocatal Agric. Biotechnol. 23, 101487.
[8] dDNPDNoL5'|QPH])$\GÕQ$ùDKLQ)
(2006) Growth promotion of plants by plant
growth promoting rhizobacteria under greenhouse and two different field soil conditions.
Soil Biol. Biochem. 38(6), 1482–1487.
[9] Tiwari, P., Bajpai, M., Singh, L.K., Mishra, S.,
Yadav, A.N. (2020) Phytohormones producing
fungal communities: metabolic engineering for
abiotic stress tolerance in crops. In: Yadav AN,
Mishra S, Kour D, Yadav N, Kumar A (eds) Agriculturally important fungi for sustainable agriculture, Perspective for diversity and crop
productivity. Springer, Cham. 1, 56–86.

ACKNOWLEDGEMENTS
The authors extend their appreciation to the
Deputyship for Research & Innovation, Ministry of
Education and, Saudi Arabia for funding this research work through the project number (Qu-IF-1-11). The authors also thank to the technical support of
Qassim University.”

REFERENCES
[1] ALKahtani, M.D.F., Fouda, A., Attia, K., AlOtaibi, F., Eid, A.M., Ewais, E., Hijri, M., StArnaud, M., Hassan, S., Khan, N., Hafez, Y.M.,
Abdelaal, Kh.A.A. (2020a) Isolation and Characterization of Plant Growth Promoting Endophytic Bacteria from Desert Plants and Their
Application as Bioinoculants for Sustainable
Agriculture. Agronomy. 10, 1325.
[2] ALKahtani, M.D.F., Attia, K.A., Hafez, Y.M.,
Khan, N., Eid, A.M., Ali, M.A.M., Abdelaal,
Kh.A.A. (2020b) Chlorophyll Fluorescence Parameters and Antioxidant Defense System Can
Display Salt Tolerance of Salt Acclimated
Sweet Pepper Plants Treated with Chitosan and
Plant Growth Promoting Rhizobacteria. Agronomy. 10, 1180.
[3] Yadav, A.N., Verma, P., Kour, D., Rana, K.L.,
Kumar, V., Singh, B. (2017) Plant microbiomes
and its beneficial multifunctional plant growth
promoting attributes. Int. J. Environ. Sci. Nat.
Resour. 3, 1–8.

10568

© by PSP

Volume 31– No. 11/2022 pages 10563-10574

[10] Abdelaal, Kh.A.A., AlKahtani, M.D.F., Attia,
K., Hafez, Y., Király, L., Künstler, A. (20221a)
The Role of Plant Growth-Promoting Bacteria
in Alleviating the Adverse Effects of Drought
on Plants. Biology. 10(6), 520.
[11] Çakmakçi, R., Erat, M., Erdogan, U., Dönmez,
M.F. (2007) The influence of plant growth–promoting rhizobacteria on growth and enzyme activities in wheat and spinach plants. J. Plant
Nutr. Soil Sci. 170, 288–295.
[12] Abou-Attia, F.A.M., Abdelaal, Kh.A.A. (2007)
Effect of Bio and Mineral fertilization on the
main insect pests and some characters of sugar
beet plants. J. Agric. Sci. Mansoura Univ. 32(2),
1471-1485.
[13] Sandhya, V., Ali, S.Z., Grover, M., Reddy, G.,
Venkateswarlu, B. (2010) Effect of plant growth
promoting Pseudomonas spp. on compatible solutes, antioxidant status and plant growth of
maize under drought stress. Plant Growth
Regul. 62(1), 21–30.
[14] Dastager, S.G., Deepa, C.K., Pandey, A. (2011)
Potential plant growth-promoting activity of
Serratia nematodiphila NII-0928 on black pepper (Piper nigrum L.). World J. Microbiol. Biotech. 27, 259–265.
[15] AlKahtani, M.D.F., Hafez, Y.M., Attia, K., AlAteeq, T., Ali, M.A.M., Hasanuzzaman, M.,
Abdelaal, Kh.A.A. (2021) Bacillus thuringiensis and Silicon Modulate Antioxidant Metabolism and Improve the Physiological Traits
to Confer Salt Tolerance in Lettuce. Plants.
10(5), 1025.
[16] $UDID 6$ $WWLD .$ 1LHGEDáD * 3LHNX
towska, M., Alamery, S., Abdelaal, Kh.,
Alateeq, T.K., Ali, M.A.M., Elkelish, A., Attallah, Sh.Y. (2021) Seed Priming Boost Adaptation in Pea Plants under Drought Stress. Plants.
10, 2201.
[17] Gonzalez, A.M., Victoria, D.E., Merino, F.C.G.
(2015) Efficiency of plant growth promoting
rhizobacteria (PGPR) in sugarcane. Terra Latinoam. 33, 321–330.
[18] Hafez, Y.M., Attia, K.A., Kamel, S., Alamery,
S., El-Gendy, S., Al-Dosse, A., Mehiar, F.,
Ghazy, A. Abdelaal, Kh. A.A. (2020) Bacillus
subtilis as a bio-agent combined with nano molecules can control powdery mildew disease
through histochemical and physiobiochemical
changes in cucumber plants. Physiological and
Molecular Plant Pathology. 111, 101489.
[19] Hungria, M., Rondina, A.B.L., Nunes, A.L.P.,
Araujo, R.S., Nogueira, M.A. (2021) Seed and
leaf-spray inoculation of PGPR in brachiarias
(Urochloa spp.) as an economic and environmental opportunity to improve plant growth,
forage yield and nutrient status. Plant Soil. 463,
171–186.

Fresenius Environmental Bulletin

[20] Abdelaal, Kh. A.A (2015) Pivotal Role of Bio
and Mineral Fertilizer Combinations on Morphological, Anatomical and Yield Characters of
Sugar Beet Plant (Beta vulgaris L.). Middle East
Journal of Agriculture Research. 4(4), 717-734.
[21] Abdelaal, Kh.A.A., Badawy, Sh.A., Abdel Aziz,
R.M., Neana, Sh.M.M. (2015) Effect of mineral
nitrogen levels and biofertilizer on morphophysiological characters of three sweet sorghum varieties (Sorghum bicolor L. Moench). J. Plant
Production, Mansoura Univ., Egypt. 6(2), 189203.
[22] Heinrichs, R., Meirelles, G.C., de Melo Santos,
L.F., da Silva Lira, M.V., de Marcos Lapaz, A.,
Nogueira, M.A., Bonini, Cd.S.B., Soares Filho,
C.V., Moreira, A. (2020) Azospirillum inoculation of’Marandu’palisade grass seeds: effects on
forage production and nutritional status. Semin.
Ciˆencias Agrar. 41, 465–478.
[23] Beneduzi, A., Ambrosini, A., Passaglia, L.M.
(2012) Plant growth-promoting rhizobacteria
(PGPR): their potential as antagonists and biocontrol agents. Genet. Mol. Biol. 35, 1044–
1051.
[24] Venkateshwaran, M., Volkening, J.D., Sussman, M.R., Ané, J.M. (2013) Symbiosis and the
social network of higher plants. Curr. Opin.
Plant Biol. 16, 118–1.
[25] Damam, M., Kaloori, K., Gaddam, B., Kausar,
R. (2016) Plant growth promoting substances
(phytohormones) produced by rhizobacterial
strains isolated from the rhizosphere of medicinal plants. Int. J. Pharm. Sci. Rev. 37, 130–136.
[26] Egener, T., Hurek, T., Reinhold-Hurek, B.
(1999) Endophytic expression of nif genes of
Azoarcus sp. strain BH72 in rice roots. Mol.
Plant Microbe. Interact. 12, 813–819.
[27] Gyaneshwar, P., James, E.K., Mathan, N.,
Reddy, P.M., Reinhold-Hurek, B., Ladha, J.K.
(2001) Endophytic colonization of rice by a diazotrophic strain of Serratia marcescens. J. Bacteriol. 183, 2634–2645.
[28] Glass, A.D.M. (1989) Plant Nutrition: An Introduction to Current Concepts. Boston: Jones and
Bartlett Publishers. 234.
[29] Chung, H., Park, M., Madhaiyan, M., Seshadri,
S., Song, J., Cho, H. (2005) Isolation and characterization of phosphate solubilizing bacteria
from the rhizosphere of crop plants of Korea.
Soil Biol. Biochem. 37, 1970–4.
[30] Zaida, A., Khan, M.S., Amil, M.D. (2003) Interactive effect of rhizotrophic microorganisms on
yield and nutrient uptake of chickpea (Cicer arietinum L.). Eur. J. Agron. 19, 15–21.
[31] Rajawat, M.V.S., Singh, R., Singh, D., Yadav,
A.N., Singh, S., Kumar, M. (2020) Spatial distribution and identification of bacteria in
stressed environments capable to weather potassium aluminosilicate mineral. Braz. J. Microbiol. 51, 751–764.

10569

© by PSP

Volume 31– No. 11/2022 pages 10563-10574

[32] Mayak, S., Tirosh, T., Glick, B.R. (2004) Plant
growth-promoting bacteria confer resistance in
tomato plants to salt stress. Plant Physiol. Biochem. 2, 565–572.
[33] Ali, S.S., Vidhale, N.N. (2013) Bacterial siderophore and their application: a review. Int. J.
Curr. Microbiol. Appl. Sci. 2, 303–312.
[34] Etesami, H., Beattie, G.A. (2017) Plant-microbe
interactions in adaptation of agricultural crops
to abiotic stress conditions. Probiotics and Plant
Health. Springer. 163–200.
[35] Wingender, J., Neu, T.R., Flemming, H.C.
(1999) What are bacterial extracellular polymeric substances? In: Wingender J, Neu TR,
Flemming HC (eds) Microbial extracellular polymeric substances. Springer, Berlin, Heidelberg. 1–19.
[36] Pawar, S.T., Bhosale, A.A., Gawade, T.B.,
Nale, T.R, (2013) Isolation, screening and optimization of exopolysaccharide producing bacterium from saline soil. J. Microbiol. Biotechnol.
Res. 3, 24–31.
[37] Nadeem, S.M., Zahir, Z.A., Naveed, M., Asghar, H.N., Arshad, M. (2010) Rhizobacteria capable of producing ACC-deaminase may mitigate salt stress in wheat. Soil Sci. Soc. Am. J.
74, 533–542.
[38] Zahir, Z.A., Ghani, U., Naveed, M., Nadeem,
S.M., Asghar, H.N. (2009) Comparative effectiveness of Pseudomonas and Serratia sp. containing ACC-deaminase for improving growth
and yield of wheat (Triticum aestivum L.) under
salt-stressed conditions. Arch. Microbiol. 191,
415–424.
[39] Glick, B.R. (2012) Plant growth-promoting bacteria: mechanisms and applications. Scientifica.
963401.
[40] Abdelaal, Kh.A.A., Hafez, Y.M., El Sabagh, A.,
Saneoka, H. (2017) Ameliorative effects of Abscisic acid and yeast on morpho-physiological
and yield characteristics of maize plant (Zea
mays L.) under water deficit conditions. Fresen.
Environ. Bull. 26(12), 7372-7383.
[41] EL Sabagh, A., Hossain, A., Barutcular C., Islam, M.S., Awan, S.I., Galal, A., Iqbal, A.,,
Sytar, O., Yildirim, M., Meena, R.S., Fahad, S.,
Najeeb, U., Konuskan, O., Habib, R.A., Llanes,
A., Hussain, S., Farooq, M., Hasanuzzaman, M.,
Abdelaal, Kh.,A.A., Hafez Y., Cig, F., Saneoka,
H. (2019) Wheat (Triticum aestivum L.) production under drought and heat stress-adverse effects, mechanisms and mitigation: A review,
Applied Ecology and Environmental Research.
17(4), 8307-8332.

Fresenius Environmental Bulletin

[42] Abdelaal, Kh. A.A., Elafry, M., Abdel-Latif, I.,
Elshamy, R., Hassan, M., Hafez, Y. (2021b)
Pivotal role of yeast and ascorbic acid in improvement the morpho-physiological characters
of two wheat cultivars under water deficit stress
in calcareous soil. Fresen. Environ. Bull. 30(3),
2554-2565.
[43] Rashwan, E., Alsohim, A.S., El-Gammaal, A.,
Hafez, Y., Abdelaal, Kh.A.A. (2020) Foliar application of nano zink-oxide can alleviate the
harmful effects of water deficit on some flax
cultivars under drought conditions. Fresen. Environ. Bull. 29(10), 8889-8904.
[44] Abdelaal, Kh.A.A., Hafez, Y.M., El-Afry,
M.M., Tantawy, D.S., Alshaal, T. (2018) Effect
of some osmoregulators on photosynthesis, lipid
peroxidation, antioxidative capacity and
productivity of barley (Hordeum vulgare L.) under water deficit stress. Environmental Science
and Pollution Research. 25, 30199–30211.
[45] Abdelaal, K.A.A., Attia, K.A., Alamery, S.F.,
El-Afry, M.M., Ghazy, A.I., Tantawy, D.S., AlDoss, A.A., El-Shawy, E.S.E., M. Abu-Elsaoud,
A., Hafez, Y.M. (2020a) Exogenous Application of Proline and Salicylic Acid can Mitigate
the Injurious Impacts of Drought Stress on Barley Plants Associated with Physiological and
Histological Characters. Sustainability. 12,
1736.
[46] Khaffagy, A.E., Mazrou, Y.S.A., Morsy, A.R.,
El-Mansoury, M.A.M., El-Tokhy, A.I., Hafez,
Y., Abdelaal, K., Khedr, R.A. (2022) Impact of
Irrigation Levels and Weed Control Treatments
on Annual Weeds, Physiological Traits and
Productivity of Soybean under Clay Soil Conditions. Agronomy. 12(5), 1037.
[47] Sharma, A., Shahzad, B., Kumar, V. (2019)
Phytohormones regulate accumulation of osmolytes under abiotic stress. Biomol. Ther. 9, 285.
[48] Rolli, E., Marasco, R., Vigani, G. (2015) Improved plant resistance to drought is promoted
by the root-associated microbiome as a water
stress-dependent trait. Environ. Microbiol. 17,
316–331.
[49] Liu, F., Xing, S., Ma, H. (2013) Cytokinin-producing, plant growth-promoting rhizobacteria
that confer resistance to drought stress in
Platycladus orientalis container seedlings.
Appl. Microbiol. Biotechnol. 97, 9155–9164.
[50] Furlan, F., Saatkamp, K., Volpiano, C.G.,
Franco, F., Santos, M.F., Vendruscolo, E.C.,
Guimarães, V.F., da Costa, A.C. (2017) Plant
growth-promoting bacteria effect in withstanding drought in wheat cultivars. Scientia agrarian. 18, 104-113.

10570

© by PSP

Volume 31– No. 11/2022 pages 10563-10574

[51] Barnawal, D., Bharti, N., Pandey, S.S., Pandey,
A., Chanotiya, S.C., Kalra, A. (2017) Plant
growth promoting rhizobacteria enhance wheat
salt and drought stress tolerance by altering endogenous phytohormone levels and TaCTR1/
TaDREB2 expression. Physiologia Plantarum.
161(4), 502-514.
[52] Malyan, S.K., Kumar, A., Baram, S., Kumar, J.,
Singh, S. (2019) Role of fungi in climate change
abatement through carbon sequestration. In:
Yadav, A.N., Singh, S., Mishra, S., Gupta, A.
(eds) Recent advancement in white biotechnology through fungi. Perspective for Sustainable
Environments. 3, 283–295.
[53] Helaly, M.N., Mohammed, Z., El-Shaeery, N.I.,
Abdelaal, Kh.A.A., Nofal, I.E. (2017) Cucumber grafting onto pumpkin can represent an interesting tool to minimize salinity stress. Physiological and anatomical studies. Middle East
Journal of Agriculture Research. 6(4), 953-975.
[54] El-Banna, M.F., Abdelaal, Kh.A.A. (2018) Response of Strawberry Plants Grown in the Hydroponic System to Pretreatment with H2O2
Before Exposure to Salinity Stress. J. Plant Production, Mansoura Univ. 9(12), 989-1001.
[55] Abdelaal, Kh.A.A., El-Afry, M., Metwaly M.,
Zidan, M., Rashwan, E. (2021c) Salt tolerance
activation in faba bean plants using proline and
salicylic acid associated with physio-biochemical and yield characters improvement. Fresen.
Environ. Bull. 30(4), 3175-3186.
[56] El-Flaah, R.F., El-Said, R.A.R., Nassar, M.A.,
Hassan, M., Abdelaal, Kh.A.A. (2021) Effect of
Rhizobium, nano silica and ascorbic acid on
morpho-physiological characters and gene expression of POX and PPO in faba bean (Vicia
faba L.) Under salinity stress conditions.
Fresen. Environ. Bull. 30(6), 5751-5764.
[57] Abdelaal, Kh.A.A., EL-Maghraby, L.M., Elansary, H., Hafez, Y.M., Ibrahim, E.I., El-Banna,
M., El-Esawi, M., Elkelish, A. (2020b) Treatment of Sweet Pepper with Stress Tolerance-Inducing Compounds Alleviates Salinity Stress
Oxidative Damage by Mediating the Physio-Biochemical Activities and Antioxidant Systems.
Agronomy. 10, 26.
[58] Hasan, M.K., El Sabagh, A., Sikdar, Md.S.I.,
Alam, Md.J., Ratnasekera, D., Barutcular, C.,
Abdelaal, Kh.A.A., Islam, M.S. (2017) Comparative adaptable agronomic traits of Blackgram
and mungbean for saline lands. Plant Archives.
17(1), 589-593.
[59] Elsawy, H.I.A., Alharbi, K.; Mohamed,
A.M.M., Ueda, A., AlKahtani, M., AlHusnain,
L.; Attia, K.A., Abdelaal, K., Shahein,
A.M.E.A. (2022) Calcium Lignosulfonate Can
Mitigate the Impact of Salt Stress on Growth,
Physiological, and Yield Characteristics of Two
Barley Cultivars (Hordeum vulgare L.). Agriculture, 12, 1459.

Fresenius Environmental Bulletin

[60] Ghanem, A.E.M.F.M., Mohamed, E., Kasem,
A.M.M.A., El-Ghamery, A.A. (2021) Differential salt tolerance strategies in three halophytes
from the same ecological habitat: augmentation
of antioxidant enzymes and compounds. Plants.
10, 1100.
[61] Abdelaal, Kh., Mazrou, Y., Hafez, Y. (2022) Effect of silicon and carrot extract on morphophysiological characters of pea (Pisum sativum
L.) under salinity stress conditions. Fresen. Environ. Bull. 31(1), 608-615.
[62] Upadhyay, S.K., Singh, J.S., Saxena, A.K.,
Singh, D.P. (2012) Impact of PGPR inoculation
on growth and antioxidant status of wheat under
saline conditions. Plant Biol. 14, 605–611.
[63] Naz, I., Bano, A., Ul-Hassan, T. (2009) Isolation
of phytohormones producing plant growth promoting rhizobacteria from weeds growing in
Khewra salt range, Pakistan and their implication in providing salt tolerance to Glycine max
L. Afr. J. Biotechnol. 8.
[64] Shirmohammadi, E., Alikhani, H.A., Pourbabaei, A.A., Etesami, H. (2020) Improved phosphorus (P) uptake and yield of rainfed wheat fed
with P fertilizer by drought tolerant phosphatesolubilizing fluorescent pseudomonads strains:
a field study in drylands. J. Soil Sci. Plant Nutr.
20, 2195–2211.
[65] Shilev, S. (2020) Plant-growth-promoting bacteria mitigating soil salinity stress in plants.
Appl. Sci. 10, 7326.
[66] Remans, R., Beebe, S., Blair, M., Manrique, G.,
Tovar, E., Rao, I., Croonenborghs, A., TorresGutierrez, R., El-Howeity, M., Michiels, J.,
Vanderleyden, J. (2008) Physiological and genetic analysis of root responsiveness to auxinproducing plant growth-promoting bacteria in
common bean (Phaseolus vulgaris L.). Plant
Soil. 302, 149–161.
[67] Adesemoye, A.O., Torbert, H.A., Kloepper,
J.W. (2008) Enhanced plant nutrient use efficiency with PGPR and AMF in an integrated nutrient management system. Can. J. Microbiol.
54, 876–886.
[68] Egamberdieva, D. (2009) Alleviation of salt
stress by plant growth regulators and IAA producing bacteria in wheat. Acta Physiol Plant. 31,
861–864.
[69] Islam, F., Yasmeen, T., Arif, M.S., Riaz, M.,
Shahzad, S.M., Imran, Q., Ali, I. (2016) Combined ability of chromium (Cr) tolerant plant
growth promoting bacteria (PGPR) and salicylic
acid (SA) in attenuation of chromium stress in
maize plants. Plant Physiol. Biochem. 108, 456–
467.

10571

© by PSP

Volume 31– No. 11/2022 pages 10563-10574

[70] García, J.E., Maroniche, G., Creus, C., SuárezRodríguez, R., RamirezTrujillo, J.A., Groppa,
M.D. (2017) In vitro PGPR properties and osmotic tolerance of different Azospirillum native
strains and their effects on growth of maize under drought stress. Microbiol. Res. 202, 21–29.
[71] Sobariu, D.L., Fertu, D.I.T., Diaconu, M., Pavel,
L.V., Hlihor 50 'UăJRL (1 *DYULOHVFX
M. (2017) Rhizobacteria and plant symbiosis in
heavy metal uptake and its implications for soil
bioremediation. New Biotechnol. 39, 125–134.
[72] Sarkar, A., Ghosh, P.K., Pramanik, K., Mitra,
S., Soren, T., Pandey, S., Maiti, T.K. (2018) A
halotolerant Enterobacter sp. displaying ACC
deaminase activity promotes rice seedling
growth under salt stress. Res. Microbiol. 169,
20–32.
[73] Raheem, A., Shaposhnikov, A., Belimov, A.A.,
Dodd, I.C., Ali, B. (2018) Auxin production by
rhizobacteria was associated with improved
yield of wheat (Triticum aestivum L.) under
drought stress. Arch. Agron. Soil Sci. 64, 574–
587.
[74] Majeed, A., Muhammad, Z., Islam, S., Ullah, Z.,
Ullah, R. (2017) Cyanobacterial application as
biofertilizers in rice fields: role in growth promotion and crop productivity. PSM Microbiol.
2, 47–50.
[75] Kong, Z., Deng, Z., Glick, B.R., Wei, G., Chou,
M. (2017) A nodule endophytic plant growthpromoting Pseudomonas and its effects on
growth, nodulation and metal uptake in Medicago lupulina under copper stress. Ann. Microbiol. 67, 49–58.
[76] Li, S., Zhang, N., Zhang, Z., Luo, J., Shen, B.,
Zhang, R., Shen, Q. (2013) Antagonist Bacillus
subtilis HJ5 controls Verticillium wilt of cotton
by root colonization and bioflm formation. Biol.
Fertil. Soils. 49, 295–303.
[77] Defez, R., Andreozzi, A., Bianco, C. (2017) The
overproduction of indole-3-acetic acid (IAA) in
endophytes upregulates nitrogen fixation in both
bacterial cultures and inoculated rice plants. Microb. Ecol. 74, 441–452.
[78] Khan, M.S., Zaidi, A., Aamil, M. (2002) Biocontrol of fungal pathogens by the use of plant
growth promoting rhizobacteria and nitrogen
fixing microorganisms. Ind. J. Bot. Soc. 81,
255–263.
[79] Ahemad, M., Khan, M.S. (2012) Productivity of
greengram in tebuconazole-stressed soil, by using a tolerant and plant growth-promoting Bradyrhizobium sp. MRM6 strain. Acta Physiol.
Plant. 34, 245–254.

Fresenius Environmental Bulletin

[80] Quyet.-Tien, P., Yu-Mi, P., Keyung-Jo, S.,
Choong-Min, R., Seung-Hwan, P., Jong-Guk,
K., Sa-Youl, G. (2010) Assessment of root-associated Paenibacillus polymyxa groups on
growth promotion and induced systemic resistance in pepper. J. Microbiol. Biotechnol. 20,
1605–1613.
[81] Sachdev, D.P., Chaudhari, H.G., Kasure, V.M.,
Dahavale, D.D., Chopade, B.A. (2009) Isolation
and characterization of indole acetic acid (IAA)
producing Klebsiella pneumoniae strains from
rhizosphere of wheat (Triticum aestivum) and
their effect on plant growth. Indian J. Exp. Biol.
47, 993–100.
[82] Mehnaz, S., Baig, D.N., Lazarovits, G. (2010)
Genetic and phenotypic diversity of plant
growth promoting rhizobacteria isolated from
sugarcane plants growing in Pakistan. J. Microbiol. Biotechnol. 20, 1614–1623.
[83] Rokhbakhsh-Zamin, F., Sachdev, D., KazemiPour, N., Engineer, A., Pardesi, K.R., Zinjarde,
S., Dhakephalkar, P.K., Chopade, B.A. (2011)
Characterization of plant-growth-promoting
traits of Acinetobacter species isolated from rhizosphere of Pennisetum glaucum. J. Microbiol.
Biotechnol. 21, 556–566.
[84] Pandey, A., Trivedi, P., Kumar, B., Palni,
L.M.S. (2006) Characterization of a phosphate
solubilizing and antagonistic strain of Pseudomonas putida (B0) isolated from a Sub-Alpine
Location in the Indian Central Himalaya. Curr.
Microbiol. 53, 102–107.
[85] Schouten, A., van der Berg, G., Edel-Hermann,
V., Steinberg, C., Gautheron, N., Alabouvette,
C. (2004) Defense responses of Fusarium oxysporum to 2,4-diacetylphloroglucinol, a broadspectrum antibiotic produced by Pseudomonas
fluorescens. Mol. Plant–microbe Interact. 17,
1201–11.
[86] Kloepper, J.W., Ryu, C.M., Zhang, S. (2004) Induced systemic resistance and promotion of
plant growth by Bacillus species. Phytopathology. 94, 1259–66.
[87] Miethke, M., Marahiel, M.A. (2007) Siderophore-based iron acquisition and pathogen control. Microbiol. Mol. Biol. Rev. 71, 413–51.
[88] Backman, P.A., Sikora, R.A. (2008) Endophytes: an emerging tool for biological control.
Biol. Control. 26, 1–3.
[89] Rajkumar, M., Ae, N., Prasad, M.N.V., Freitas,
H. (2010) Potential of siderophore-producing
bacteria for improving heavy metal phytoextraction. Trends Biotechnol. 28, 142–9.
[90] Van Loon, L.C., Rep, M., Pieterse, C.M.J.
(2006) Significance of inducible defense-related
proteins in infected plants. Annu. Rev. Phytopathol. 44, 1-28.

10572

© by PSP

Volume 31– No. 11/2022 pages 10563-10574

[91] Trivedi, P., Pandey, A., Palni, L.M.S. (2008) In
vitro evaluation of antagonistic properties of
Pseudomonas corrugate. Microbiol. Res. 163,
29-336.
[92] Mnif, I., Ghribi, D. (2015) Review lipopeptides
biosurfactants: mean classes and new insights
for industrial, biomedical, and environmental
applications. J. Pept. Sci. 104(3), 129–147.
[93] Yan, L., Héloir, M.C., Zhang, X., Geissler, M.,
Trouvelot, S., Jacquens, L., Henkel, M., Su, X.,
Fang, X., Wang, Q., Adrian, M. (2019) Surfactin and fengycin contribute to the protection of
a Bacillus subtilis strain against grape downy
mildew by both direct effect and defense stimulation. Mol. Plant Pathol. 20(8), 1037–1050.
[94] Omara, R.I., El-Kot, G., Fadel, F.M., Abdelaal,
Kh.A.A., Saleh, E. (2019) Efficacy of certain bioagents on patho-physiological characters of
wheat plants under wheat leaf rust stress. Physiological and Molecular Plant Pathol. 106, 102108.
[95] Esmail, S.M., Omara, R.I., Abdelaal, Kh.A.A.,
Hafez, Y.M. (2019) Histological and biochemical aspects of compatible and incompatible
wheat-Puccinia striiformis interactions. Physiological and Molecular Plant Pathol. 106, 120128.
[96] Omara, R.I., Abdelaal, Kh.A.A. (2018) Biochemical, histopathological and genetic analysis
associated with leaf rust infection in wheat
plants (Triticum aestivum L.). Physiological and
Molecular Plant Pathology. 104, 48-57.
[97] Selim, M.M., Nafsa, H., Gomaa, M., Essa,
A.M.M. (2017) Application of endophytic bacteria for the biocontrol of Rhizoctonia solani
(Cantharellales: ceratobasidiaceae) damping-off
disease in cotton seedlings. Biocontrol Sci.
Tech. 27(1), 81–95.
[98] Yamamoto, S., Shiraishi, S., Suzuki, S. (2015)
Are cyclic lipopeptides produced by Bacillus
amyloliquefaciens S13–3 responsible for the
plant defence response in strawberry against
Colletotrichum gloeosporioides? Lett. Appl.
Microbiol. 60, 379–386.
[99] Tang, Q., Bie, X., Lu, Z., Lv, F., Yang, T., Qu,
X. (2014) Effects of Fengycin from Bacillus
subtilis fmbJ on apoptosis and necrosis in and
indole-3-acetic acid producing rhizosphere bacteria. J. Environ. Biol. 26, 693–699.
[100]
Akram, W., Anjum, T., Ali, B. (2016)
Phenylacetic acid is ISR determinant produced
by Bacillus fortis IAGS162, which involves extensive re-modulation in metabolomics of tomato to protect against Fusarium wilt. Front.
Plant Sci. 7, 498.

Fresenius Environmental Bulletin

[101]
Senol, M., Nadaroglu, H., Dikbas, N., Kotan, R. (2014) Purifcation of Chitinase enzymes
from Bacillus subtilis bacteria TV-125, investigation of kinetic properties and antifungal activity against Fusarium culmorum. Ann. Clin. Microbiol. Antimicrob. 13, 1–7.
[102]
Raaijmakers, J.M., Mazzola, M. (2012)
Diversity and natural functions of antibiotics
produced by beneficial and plant pathogenic
bacteria. Annu. Rev. Phytopathol. 50, 403–424.
[103]
Pieterse, C.M.J., Zamioudis, C., Berendsen, R.L., Weller, D.M., Van Wees, S.C.M.,
Bakker, P.A.H.M. (2014) Induced systemic resistance by beneficial microbes. Annu. Rev.
Phytopathol. 52, 347–375.
[104]
Hesse, C., Schulz, F., Bull, C.T., Shaffer,
B.T., Yan, Q., Shapiro, N., Hassan, K.A., Varghese, N., Elbourne, L.D.H., Paulsen, I.T.,
Kyrpides, N., Woyke, T., Loper, J.E. (2018) Genome-based evolutionary history of Pseudomonas spp. Environ. Microbiol. 20(6), 2142–2159.
[105]
de Souza, J.T., de Boer, M., de Waard, P.,
van Beek, T.A., Raaijmakers, J.M. (2003) Biochemical, genetic, and zoosporicidal properties
of cyclic lipopeptide surfactants produced by
Pseudomonas fluorescens. Appl. Environ. Microbiol. 69(12), 7161–7172.
[106]
Tran, H., Ficke, A., Asiimwe, T., Höfte,
M., Raaijmakers, J.M. (2007) Role of the cyclic
lipopeptide massetolide a in biological control
of Phytophthora infestans and in colonization of
tomato plants by Pseudomonas fluorescens.
New Phytol. 175(4), 731–742.
[107]
Reiss, A., Jørgensen, L.N. (2017) Biological control of yellow rust of wheat (Puccinia
striiformis) with Serenader ASO (Bacillus subtilis strain QST713) / Reiss, Antje, Jørgensen,
Lise Nistrup I: Crop Protection, Bind.
93(032017), 1–8.
[108]
Elshakh, A.S.A., Anjum, S.I., Qiu, W.,
Almoneafy, A.A,, Li, W., Yang, Z., Cui, Z.Q,,
Li. B., Chang, G., Xie, S.G.L. (2016) Controlling and defense-related mechanisms of Bacillus
strains against bacterial leaf blight of rice. J.
Phytopathol. 164, 534–546.
[109]
Shen, Z., Mustaph, A., Lin, M., Zheng, G.
(2017) Biocontrol of the internalization of Salmonella enterica and Enterohaemorrhagic Escherichia coli in mung bean sprouts with an endophytic Bacillus subtilis. Int. J. Food Microbiol.
250, 37–44.
[110]
Westcott, S.W., Kluepfel, D. (1993) Inhibition of Criconemella xenoplax egg hatch by
Pseudomonas aureofaciens. Phytopathology.
83, 1245-1249.
[111]
Ordentlich, A., Elad, Y., Chet, I. (1988)
The role of chitinase of Serratia marcescens in
biocontrol of Sclerotium rolfsii. Phytopathology. 78, 84–88.

10573

© by PSP

Volume 31– No. 11/2022 pages 10563-10574

[112]
Sessitsch, A., Reiter, B., Berg, G. (2004)
Endophytic bacterial communities of fieldgrown potato plants and their plant growth-promoting and antagonistic abilities. Can. J. Microbiol. 50, 239–249.
[113]
Ahmad, F., Ahmad, I., Khan, M.S. (2008)
Screening of free-living rhizospheric bacteria
for their multiple plant growth promoting activities. Microbiol. Res. 163, 173–181.
[114]
Lawongsa, P., Boonkerd, N., Wongkaew,
S., O’Gara, F., Teaumroong, N., (2008) Molecular and phenotypic characterization of potential
plant growth-promoting Pseudomonas from rice
and maize rhizospheres. World J. Microbiol. Biotechnol. 24, 1877–1884.

Received:
Accepted:

05.07.2022
31.07.2022

CORRESPONDING AUTHOR
Ayman F Omar
Department of Plant Production and Protection,
College of Agriculture and Veterinary Medicine,
Qassim University,
Buraydah 51452 AlဨQassim – Saudi Arabia
e-mail:

a.mohmed@qu.edu.sa

10574

Fresenius Environmental Bulletin

© by PSP

Volume 31– No. 11/2022 pages 10575-10585

Fresenius Environmental Bulletin

PM2.5 LEVELS, CHEMICAL STRUCTURE, AND TEMPORAL
DISTRIBUTION AT URBAN AND SUBURBAN SITES IN A
COASTAL CITY ON THE RED SEA
Mohammad W Kadi1,*, Iqbal M Ismail1, Nadeem Ali2
1
King Abdulaziz University, Faculty of Science, Department of Chemistry, Jeddah, Saudi Arabia
Center of Excellence in Environmental Studies, King Abdulaziz University, Jeddah, Saudi Arabia

2

the most severe harm due to their capability to penetrate deep into the alveolar part of the lung [2]. Evidence connecting PM2.5 to cardiovascular, respiratory, and other diseases is overwhelming and is well
documented in the literature [3,4]. Chemical composition of PM2.5 is very important as many constituents of PM2.5’s complex structure are known carcinogens. For example, Cd, Ni, As, and Cr (VI) belong
to the ‘carcinogenic to humans’ group according to
WHO classification while Pb, Co, and Mn belong to
the ‘probably carcinogenic to humans’ group [5].
Chemical composition and possible sources are aspects of interest in PM research around the world.
Elemental composition, Black carbon, and source
apportionment has been recently reported by many
authors in many countries [6-9]. In Saudi Arabia PM
research is picking up and many authors started to
examine various PM categories, composition,
sources, and effects of PM in the country. Khodair
et. al. studied PM2.5 and PM10 elemental composition and mass concentrations in Jeddah city in which
thy conducted a few weeks sampling campaign [10].
Harrison et. al. measured elemental composition in
Jeddah, relation of levels to local industries and
health effects associated with PM2.5 [11].
PM2.5 and its Association with PM10 and Meteorology in the Arid Climate of Makkah showed the
effects of humidity, temperature, and winds on its
levels [12]. Road dust heavy metals and the associated health risks were reported by shbbaj et. al. [13].
Shaltout et. al. used Synchrotron radiation total reflection X-ray fluorescence and X-ray absorption
near edge structure to study Fractionated atmospheric aerosols with sizes ranged from 0.25 μm to 2
μm and distribution of elements among them [14].
Nayebare et.al. reported a detailed study on the ambient air quality in Makkah city with information on
enrichment factors and factor analysis modeling
[15]. In a different study nayebare et. al. studied the
connection between fine PM exposure and cardiopulmonary morbidity in Jeddah city [16].
In this paper we have reported results of a comprehensive sampling campaign in which PM2.5 samples were collected from three different sites in and
around Jeddah city. Extensive chemical analyses that
include elements, black carbon (BC), ultraviolet par-

ABSTRACT
Air pollution is a major challenge facing many
cities around the world. Particulate matter especially
the inhalable category, PM2.5 is of most concern as
it affects health and the environment gravely. In this
study spatial distribution of PM2.5 in and around
Jeddah city was studied through sampling from three
locations representing an inner-city site, a background site, and an industrial site. Samples were collected using low volume dichotomous samplers and
analyzed for elements water soluble inorganic ions,
and carbonaceous matter. The arithmetic mean of
PM2.5 mass concentrations for samples within the
city was 37.5 Pg/m3 while its value was 26 Pg/m3 at
the site in the suburb reflecting the reduced traffic
density. Black carbon concentrations at the two city
sites averaged 3906 ng/m3 while the suburban site
showed a value of 1387 ng/m3. A similar trend was
observed for ultraviolet absorbing organic compounds (UVPM). Arithmetic means of mass concentrations of water-soluble ions followed the order
NO3-> Cl- > NH4+ > SO42- for all three sites. Traffic,
long range transport, and road dust resuspension
could be the major sources of PM2.5 in the city.

KEYWORDS:
PM2.5, black carbon, elements, water soluble inorganic
ions

INTRODUCTION
According to the world health organization
about 4 million annual premature deaths are attributed to air pollution [1]. Air pollution has become
a pressing issue that demands attention of researchers and regulating bodies in order to understand and
attempt to mitigate pollution and its effects. Particulate matter (PM) is a major part of air pollution
which is connected to severe health and environmental effects. Inhalable PM, i.e., particles with diameters less than 10 Pm, generally referred to as PM10
are most damaging [1]. Of this category, PM2.5 i.e.,
particles with diameters less than 2.5 Pm can cause
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Instrumentation and Analysis. All samples
were analyzed for major and trace elements, water
soluble elements and inorganic ions, black carbon,
and UVPM. An inductively coupled plasma-optical
emission spectrometer manufactured by PerkinElmer (ICP-OES, Optima 4100 DC (Shelton, CT,
USA) was used for analysis of major elements in the
collected air samples at optimum parameters set by
manufacturer. An Agilent (7700 Series) inductively
coupled plasma-mass spectrometry (ICP-MS) was
used for the determination of trace and ultra-trace elements. Both the ICP-OES and ICP-MS instruments
were optimized before measurement and operated
according to manufacturer recommendations. If concentrations of the element of interest fell below 1.0
µg mL-1 then ICP-MS was used otherwise ICP-OES
is used. Multi-element standard solutions were used
for analytical verification employing the standard
addition method. The precision estimated from the
relative standard deviation (RSD, %) of repeat measurements of standards and samples was in the range
between 2 to 4%. NIST standard certified material
(SRM) was also digested and analyzed to verify the
analytical procedure.

ticulate matter (UVPM), inorganic ions were performed. Temporal and spatial trends, correlation to
ambient conditions and comparisons are discussed in
detail.

MATERIALS AND METHODS
Sampling site and sampling. Jeddah is a
coastal city western of Saudi Arabia with a population of about 3.4 million. Located on the shores of
the Red sea and surrounded by mountains three directions east, the north-east, and south-east. With
very sparse precipitation Jeddah has a moderate climate in winter whereas, hot and humid during the
summer. Comprehensive sampling was conducted at
three locations in and around Jeddah city. Two sites
within the city represent an urban site with dense
population and heavy traffic and an urban site with
dense population, heavy traffic, heavy trucking, and
light industry. The third site was a suburban site
about 40 km north of the city and characterized as a
site with limited traffic, sparse population, and is located directly on the Red sea shore.
During the year of sampling the prevailing
winds blew from west (32%) and north–west (40%)
with average temperature of 33°C. Because of the
geographic location of the city in a basin ventilation
is reduced and temperature inversions could result in
periods of high PM levels.
PM2.5 samples were collected using fisher scientific low volume dichotomous partisol-plus sequential air samplers. Three partisol-plus sequential
air samplers were deployed at three locations,
namely King Abdulaziz University main campus
(site1), old Makkah road (site 2), and Durrat Alarous
beach resort (site 3). Figure 1 shows relative positions of the three locations on the map of Jeddah city.
The Partisol-Plus sampler is a multi-filter sequential
sampler that can hold up to 16 filter sets and can be
programmed to automatically change the filters according to pre-set sampling periods. Sampling periods were set to continue for 24 hours. For each sampling period the environmental parameters such as
temperature, relative humidity and weather conditions are registered. Samples were collected for
twelve-month period starting June 2014 through
May 2015. Samples were collected every other day
during the entire sampling period. At a flow rate of
15L/min and sampling for 24 hours, the air volume
that passed through the filter was 21.6 m3. Quartz
microfiber filters (47 mm) were used for sample collection. After sampling, the filters were transferred
to a sealed polyethylene bags and transferred to the
lab for analysis. Filters were weighed before and after sampling to determine the PM2.5 mass concentrations by subtraction. Once the sampling was completed, these samples analyzed together in the lab.

FIGURE 1
Relative locations of the three sampling sites on
the map of Jeddah city, Saudi Arabia.
An ion chromatographic system built from isocratic HPLC pump Waters model 1515 (Mailford,
MA, USA), a Gecko 2000 (Telnpkroma, Barcelona,
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OES as reported earlier. A Perkin-Elmer multi-element standard solution was used for analytical verification and calibration. Quality assurance was also
checked through analysis of the certified reference
material NIST SRM1648a. This SRM is an atmospheric particulate matter collected in an urban area.
The SRM was digested in a fashion similar to that of
the filter samples and analyzed in the same manner.
Recoveries were in agreement with certified values.
Elements observed in this study were Cu, Fe, V, Cr,
Mn, Co, Ni, Zn, Cd, Sn, Sb, and Pb. Other ultra-trace
elements such as Pt, Pd, Rh, As, Se, Ru, Mo, and Te
rendered concentration values near the detection limits of the instrument making them undetectable in
collected samples as relatively low volume of samples was collected.

Spain) and a Waters 432 conductivity detector were
used for analysis of water-soluble inorganic ions in
the collected samples. Calibration of the IC was performed against external standards (BDH, Poole,
England). The limit of detection was equal to 0.15,
0.2, 0.1, and 0.04, µg/mL for NH4+, Cl−, NO3−, SO42−
respectively.
A Magee Scientific SootScan Model OT21
Transmissometer was used for determining Elemental carbon and UV absorbing organic material.
A Milli-Q deionized water (18.2 MΩ.cm at 25 °C)
was produced from Milli-Q Plus system (Millipore,
Bedford, MA, USA) and was used for preparation of
solutions. PM2.5 mass concentrations were determined for all collected samples using a Mittler-Toledo microbalance. Filters were weighed before and
after sampling and the mass concentration of the
sample was calculated by subtraction.

Determination of water-soluble inorganic
ions. Water soluble ions were analyzed utilizing the
Ion chromatographic system described in the instrumentation section. The analysis was performed as
follows: one half of the sample filter was transferred
into a 60 mL polyethylene vial. A 10 mL of ultrapure
water was added. The vial was sealed, and the mixture was left for 24 h after which the vial was placed
on a mechanical shaker for 3 h in order to release the
water-soluble species. The solutions were filtered
using a 0.45 µm cellulose membrane filter and the
filtrate and the washing solutions were transferred to
a volumetric flask. An ion Pac AS9-HC high-capacity anion-exchange column (4×25 mm) was used for
determination of NH4+, Cl−, NO3−, and SO42−.

Determination of black carbon (BC) and
UVPM. Elemental carbon (black carbon) and
UVPM were determined using Magee Scientific
SootScan Model OT21 Transmissometer. This instrument measures absorbance of the material on the
filer directly relative to blank reference filter. The
OT21 records absorbance data at both 370 nm and
880 nm wavelengths. The 880 spectrum is interpreted as black carbon while interpretation of data
resulting from the 370 nm absorbance gives an indication of the concentration of organic compounds
that absorb in the UV region. Quality control of the
analysis method was verified by analyzing the NIST
standard reference material number 8785. This is a
certified black carbon standard. The relationship between the observed optical attenuation and mass of
the deposited black carbon was determined using the
IMPROVE protocol. Observed and certified valued
of black carbon in the 8785 CRM are presented in
Table 1.

RESULTS AND DISCUSSION
Samples were collected from three locations
that represent different environmental conditions in
the city. The King Abdulaziz university main campus site (site 1) represents a heavily populated urban
area with heavy traffic as the university is surrounded by residential area and is a home of about
150,000 students and faculty. Site 2 is also a heavily
populated urban area with heavy traffic. In addition
to that the site 2 is in the region of the industrial part
of the city where many workshops and industrial
warehouses are located. Site 2 is also characterized
by its heavy trucking. In contrast to sites 1 and 2, site
3 is about 40 km north of the city in a suburban area
on the red seashore line with very light traffic and
occasional vacationers with very sparse population
nearby.

Determination of elements in PM2.5 samples. One half of the 47 mm quartz microfiber filter
was acid digested as follows: The filter was transferred into a 50 mL PTFE vial containing 2.5 mL of
conc. HCl, and 4.5 mL of conc. HNO3 at room temperature for gradual and slow digestion of the sample. After 24 hours the solution mixture was heated
in a sand bath. After NO2 fumes had ceased to
evolve, the mixture was evaporated to near dryness
and another portion of conc. HNO3 was added. The
process was repeated thrice. The residue was dissolved in dilute nitric acid (3%v/v)) and transferred
quantitatively to a 25 mL volumetric flask. Trace elements were analyzed using ICP-MS and/or ICP-

TABLE 1
Analytical data of NIST CRM-8785 comparing measured and certified valued of black carbon.
NIST Certified value of Black carbon
UncerObserved value using OT21 and the IMPROVE
g/g of the CRM-8785SRM
tainty
protocol (g/g) of the 8785 SRM
0.111
0.035
0.083
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TABLE 2
observed minimum, maximum, mean, and standard deviations *.
Site 1
Site 2
Site 3
Max Mean
SD
Min
Max Mean
SD
Min Max Mean

SD

Cu
Fe
V
Cr
Mn
Co
Ni
Zn
Cd
Sn
Sb
Pb
NO3SO42NH4+
ClBC
UVPM

0
588
4
7
4
0
0
74
2
4
0
35
0
0
434
104
1524
1619

2194
12917
78
89
169
5
31
1001
267
58
46
4642
181876
16161
16082
222803
7486
6140

423
3023
19
17
35
1
5
216
26
9
2
732
11437
1089
3888
10870
3965
3742

454
1976
10
12
26
1
7
122
40
7
4
801
20392
1947
3060
16821
1255
968

0
495
1
7
4
1
0
76
1
2
0
63
4
4
0
0
40
0

4066
17593
63
98
1519
7
47
1148
439
50
121
5573
116849
29120
17478
33108
56051
53266

394
3671
19
17
56
2
6
234
38
10
3
816
11388
1433
3067
9835
3847
3702

442
3083
10
13
122
1
9
145
56
7
10
962
12828
3860
2584
4892
4433
4139

0
282
2
5
3
0
0
40
1
1
0
38
0
0
0
0
15
39

2176
10278
176
120
362
5
29
700
303
42
203
2552
79098
9713
30165
26959
4127
3637

456
2390
19
18
25
1
5
182
26
6
2
354
10891
617
2709
9757
1324
1387

473
1803
16
15
33
1
7
100
40
4
16
424
11731
1281
3420
4305
762
678

PM2.5

0

361

37

36

0

202

38

28

5

106

26

15

*All

concentrations in ng/m3 except PM2.5 is in Pg/m3.

consistent with the degree of traffic at each location.
An exception occurred during a few-day period early
in September 2014 (Fig 2). In that period site 3
showed higher PM2.5 mass concentrations compared to those in sites 1 and 2. Looking at the data,
one can observe that concentrations of NH4++NO3- at
this seashore site was much higher. This could be explained considering the presence of SO4-- emissions
from shipping activities and the consequent atmospheric photochemical processes of H2SO4 and HNO3
neutralization. Also, dust storms due to high wind
speed are also common in the area during this period
of the year.
At all sites winter and spring PM2.5 mass concentrations were in general higher than those of summers. A large expat community lives in Jeddah metropolitan area, during summer this community go
back home on vacations for couple of months which
results in low traffic density on the roads, which contribute greatly to the low concentrations of PM2.5.
Daytime high temperature in Jeddah also discourages people to go outside during summertime. Site 3
is a resort area with temperature 3-5 °C lower than
main city, as a result during summer-time people
visit that area more often which might explain relatively high PM2.5 levels in site 3 during August. After summer, traffic, and recreational activities pickup
as schools open and during wintertime. The good
weather also encourages people to go out more often.
During wintertime, high traffic density and outdoor
activities such as BBQ parties also contribute in
higher PM2.5 which was evident in Figure 2 that
from December-March PM 2.5 concentration was
more than other months. Another plausible explanation of high levels of PM2.5 in winter could be high

Table 2 lists the minimum, the maximum, the
arithmetic mean, and the standard deviation of observed concentrations for elements, inorganic ions,
organic carbon, and black carbon at the three sampling sites. Measured elements can be categorized
into three groups, elements present in ultra-trace
concentrations: V, Cr, Co, Ni, Cd, Sn, Sb are observed at trace concentrations of less than 1 Pg/m3
i.e. always in the ng/m3 range, Cu, Mn, Zn, and Pb
are present mostly in the ng range but sometimes
reach up to 5 Pg/m3. Fe is present at higher concentrations and reaches 17 Pg/m3 at occasions. All water-soluble inorganic ions are present at higher concentrations than elements usually in the vicinity of
10 Pg/m3 value. Black carbon and UV absorbing organic matter concentrations lie around 1 Pg/m3.
PM2.5 averages were 37 and 38 Pg/m3 at sites 1 and
2 while site 3 showed an average of 26 Pg/m3 for the
PM2.5 mass concentrations.
Spatial and temporal variations of PM2.5.
The arithmetic mean mass concentrations of PM2.5
at sites 1, 2, and 3 was 36±36, 38±28, and 26±15
Pg/m3 respectively. The first striking difference is
that site 3 which is characterized by low population
and low traffic and is directly at the seashore has a
significantly low (p<0.05) PM2.5 mass concentrations compared to mass concentrations in sites 1 and
2. The levels of PM2.5 in sites 1 and 2 were in similar range with no statistical difference (p>0.05). Figure 2 depicts time series of PM2.5 mass concentrations at the three sampling locations. Sites within the
city (sites 1 and 2) show higher PM2.5 mass concentrations. The sites are ordered site 2 > site 1 > site 3
with regards to PM2.5 mass concentrations, this is
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FIGURE 2
PM2.5 mass concentrations time series for the three sampling sites.
TABLE 3
comparison of mean values (µg/m3) of PM2.5 and Black carbon with other studies.
Country
PM2.5
BC
Mean
SD
Mean
Jeddah, Saudi Arabia [site-1]
37
36
3.9
Jeddah, Saudi Arabia [site-2]
38
28
3.8
Jeddah, Saudi Arabia [site-3]
26
15
1.3
Athens, Greece [18]
22
0.7
Barcelona, Spain [18]
17.7
2
London, UK [19]
37.7
16.4
Macau, China [20]
25.7
13.7
4
Minneapolis, USA [21]
9.1
6.3
2.5
New York, USA [22]
9.8
4.8
2.3
Montreal, Canada [23]
14.2
13
1.7
Londrina, Brazil [24]
8.6
19.39
Huancayo, Peru [25]
16.6
6.8
Nairobi, Kenya [26]
69.7
21.6
30
Shanghai, China [27]
144
53.2
5.7
Brisbane, Australia [40]
1.1

SD
1.3
4.4
0.8

2.6
1.4
1.2
1.4

12.7
3.4
3.8

Weekly and monthly averages trends show this
seasonality and also the clear difference in PM2.5
levels between the three sites. The higher PM2.5
concentrations at sites 1 and 2 could be explained by
heavy traffic, road dust resuspension, industrial activities, and occasional southern winds that bring
dust form the south. The mean levels of PM2.5 in
these sites were in similar range (Table 3) to those
reported from Athens (Greece) [18], London (UK)

release of semi volatile compounds from the traffic
and then their less degradation due to low
atmospheric temperature then summer. Depth of the
atmospheric mixing layer also plays a role in PM2.5
levels. In winter the mixing layer is usually smaller
than in hot months as the mixing layes expands due
to higher temperatures. Wider mixing layer help in
vertical despersin of PM2.5 rendering smaller
pollution levels [17].
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20- 40 and EF> 40 indicate very high and extremely
high enrichment respectively [28]. In this study calculated enrichment factors for the measured elements was in the following order Cd> Pb> Sb> Sn>
Cu> Zn> V> Cr> Ni> Co> Mn. EF values for various elements namely, V, Cr, Ni, Co, and Mn were
low (<10) which indicate that these elements show
no to very low enrichment from the anthropogenic
activities. EF value for Cd was the highest indicating
predominant anthropogenic sources of this element.
Cd, a rare element which is present in the earth crust
at 0.2 mg/kg can be added to the soil through natural
sources such as Cd-containing rocks, volcanic activities, and sea spray [29-30]. Along with natural
sources different anthropogenic activities such as
fossil fuel combustion, cadmium-nickel battery manufacture, fertilizer based on rock phosphate, and
waste incineration can load Cd in the surrounding
soil [29-30]. Pb has the second highest enrichment
values despite the discontinuance of the use of
leaded gasoline in the country since 2001. Long
range transport from across the red sea where leaded
gasoline is still in use, production of fly ash from
heavy-crude use in power plants, road dust resuspension, air traffic, and crustal Pb are major sources of
Pb in PM2.5. Zn also has high EF values as it is
closely tied to traffic levels, a major source of Zn in
the atmosphere is tire wear [31]. Representative
trends of enrichment factors are presented in Figure
3.
Water soluble inorganic ions. Water soluble
ions NO3-, SO42-, NH4+, and Cl- were determined in
this study. Minimum, maximum, arithmetic means,
and standard deviations for these ions at the three
sampling sites are listed in table 2. Arithmetic means
of mass concentrations of water-soluble ions
followed the order NO3-> Cl- > NH4+ > SO42- for all
three sites. Concentrations of all studied ions were in
similar range except SO42-, which was significantly
lower (p<0.05) in site 3 than site 1 and 2. Studies
have shown that residential coal combustion and
vehicle exhaust are the main sources of sulfate
emission in the PM2.5, which might be the case in
this study as well [32-33]. NO3- and SO42- are
considered secondary particles that are products of
oxidation of sulfur and nitrogen oxides [34]. The
aerosol sulfate is formed in the gas phase by
chemical reaction of SO2 with OH, this chemical
reaction forms SO3 which instantly changed into the
particulate sulfate SO42-. Cl- and SO42- are considered
as typical tracers of coal combustion in the air and
are major contributor in PM2.5 levels [35]. The ratio
NO3-/ SO42- is usually used to indicate if sources of
these ions are mobile or stationary where NO3-/ SO42>1 indicate mobile sources of the sulfate and nitrate
ions [36] observed NO3-/ SO42- values at site 1, 2 ,
and 3 were 173, 166, and 71 respectively indicating
predominance of vehicular sources of the ions. Sea
salt is also considered as a source of sulfate ions [37].
Average values of the ratios NH4+/(NO3-+ SO42-),

[19], and Macau (China) [20]. However, PM2.5 levels in current study were higher than those reported
(Table S-1) from Barcelona (Spain) [18], Minneapolis and New York [21-22], Montreal (Canada) [23],
Londrina (Brazil) [24] and Huancayo (Peru) [25],
while much lower than found in Nairobi (Kenya)
[26], and Shanghai (China) [27]. These difference in
PM2.5 levels from different cities probably due to
number of samples over the period, time scale for
sampling, site selection for the sampling, geographical locations, population size, climate, traffic density but type of industrial activities.
Eelemental composition of PM2.5. 12 major
and trace elements (table 2) were measured in PM2.5
samples collected during this study. Many sources
contribute to elemental composition of PM2.5, these
include earth’s crust, road dust resuspension,
vehicular emissions, and industrial emissions. Being
part of the arabian penesula the host of the vast
empty quarter desert, Jeddah city experiences
frequent sand storms of various strengths which
contribute to the total atmospheric PM. Fe is usually
considered a crustal element as its concentrations
does not chanage much due to pollution. Its
consestent concentrations among the three sampling
site indicate that its origin is manily mineral dust
from sand storms and soil resuspension. In a
peliminary modelling study employing principal
component analysis six potential sources contribute
to PM2.5 in the city and its compositin. These
sources are fossil fuel related emission (vihecular
and industrial), desert dust, non-fuel related
vehicular emissions such as tire wear and micancal
abrasions, marine sea salt, road dust resuspension,
shipping emissions. A detailed modelling study is in
preparation.
Enrichment factors of measured elements in
PM2.5. Enrichment factors (EF) are often used as an
indication if the element was of natural origin or if
its presence is the result of anthropogenic activity.
EFs are usually calculated for an element of interest
relative to a reference element known to have high
crustal concentration and is not significantly affected
by pollution such as Fe and Al. Here we calculated
EF for measured elements in PM2.5 reference to Fe
observed concentration according to the following
equation
ሾሿ
൘ሾሿ
 ܨܧൌ
ሾሿ 
൘ሾሿ 
Where [X]air and [R]air are the observed concentrations of the elements of interest, X and the reference element, R in air respectively; [X]crust and
[R]crust are the crustal concentrations of both X and R
respectively. Values of EF are indicative of the degree of origin from anthropogenic activities. Low
value of EF <10 indicate no pollution to minimal
pollution whereas higher EF values such as between
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NH4+/SO42-, and NH4+/(NO3-) for site 1 were 0.6, 49,
and 0.8 indicating sufficient neutralization of HNO3and partial neutralization of H2SO4 due the presence
of NH3 [9], Cl- concentrations and trends at all three
sites appear almost similar at all sites except some
spikes in concentrations at occasions.
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higher acceleration needed on inclined surface at the
start of motion. In another study, Hankey and
Marshall [21] reported that BC levels in Minneapolis
decreased by around 20% within a small distance by
moving from the main road to the local road. In this
study, BC levels were significantly lower in site 3, a
holiday resort area, than the other two sites.
Population and traffic densities are higher in site 1
and 2 which probably explain high levels of BC in
these two sites. The BC concentrations in the present
study were in a similar range to those reported from
different cities around the world (Figure 4), except
Nairobi, Kenya [26]. This indicates that trafﬁc
emissions make signiﬁcant contribution to BC levels
along with varied geographical features of the city
which impact the local airflow and consequently the
varied concentrations of pollutants within the urban
canopy layer [41-42].
The UVPM are not specifically a chemical or
compound but the component of PM which based on
the UV absorption and are consist of mixture of organic compounds such as fresh diesel exhaust, tobacco smoke, and polycyclic aromatic hydrocarbons
(PAHs), etc. [43]. In literature UVPM is expressed
in units of BC equivalent, probably this is why data
on UVPM in outdoor PM2.5 is scarce [43]. Lack of
data also showed that scientists have focused on
measuring specific chemicals such as organic carbon, and PAHs etc. in PM2.5. In present study levels
of UVPM were in similar range to BC, the arithmetic

Black carbon (BC) and U.V. absorbing
organic carbon. To study the presence of BC, an air
pollutant emitted from the incomplete combustion
from PM2.5 exposure [38]. The genitive impact of
BC on human health is well recognized by WHO
since the 1980s and recent studies have shown that
BC from diesel fumes has carcinogenic properties.
In present study BC was present at a varied
concentration in three studied locations, the
arithmetic mean ± standard deviation of BC
concentration (ng/m3) in PM2.5 and the range of
observed concentrations for site 1, site 2, and site 3
were 3965±1255 (1524-7486), 3847±4433 (4056051), and 1324±762 (15-4127) respectively.
Studies have shown that BC concentrations varied
greatly within small spaces due to the heterogenicity
of the traffic and various emission factors. For
example, Krecl et al. [39] found 50% less BC (3200
ng/m3) on Stockholm highways than in road tunnels
(7500 ng/m3). Similarly, in a recent study from
Londrina Brazil [25], high concentrations (8100
ng/m3) of BC were recorded near traffic signals on
an inclined street compare to the traffic signal on flat
terrain (6000 ng/m3) which might be connected with

FIGURE 3
Monthly averaged enrichment factors for selected elements.
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Black carbon comparison with other studies (μg/m 3)
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FIGURE 4
Comparison of mean values of BC reported in other studies from different cities around the world.
Values on the Y-axis are in µg/m3.

FIGURE 5
temporal trends of UVPM and black carbon at the three sampling sites.
mean ± standard deviation (range) of UVPM (ng/m3)
in PM2.5 for site 1, site 2, and site 3 were 3742±968
(1619-6140), 3702±4139 (0-53266), 1387±678 (393637) respectively. Temporal trends of these two
components are shown in figure 4. The similar values and trend (figure 5) of both UVPM and BC

showed that main sources of these two are similar in
three studied sites.
Concentrations of UVPM and BC are higher is
winter months (November-February) when compared to hotter months. The higher winter PM concentrations are reported in the literature [44]. This is
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clear in figure 4 for site 3, for site 2 a spike in concentrations appears in February. Along with domestic sources, attention should be paid to long range
transport from countries on the other side of red sea,
Sahara Desert, and shipping lanes connecting Jeddah, the largest seaport in the region.
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,Q WKH WUDQVIRUPDWLRQ DQG UHQHZDO RI SRVW
LQGXVWULDO ODQGVFDSH WKH SUREOHP IDFLQJ LV WKH UHV
WRUDWLRQ RI WKH HFRORJLFDO HQYLURQPHQW :LWK WKH
FRQWLQXRXVGHYHORSPHQWRIVFLHQFHDQGWHFKQRORJ\
LQUHFHQW\HDUVPRUHDQGPRUHDGYDQFHGWHFKQLFDO
PHWKRGV KDYH EHHQ XVHG LQ WKH UHVWRUDWLRQ RI WKH
HFRORJLFDO HQYLURQPHQW )URP WKH SHUVSHFWLYH RI
HFRORJLFDOSODQQLQJWKLVSDSHULQWURGXFHVDFRXSOHG
GHYHORSPHQWPRGHODQGXVHVHFRORJLFDOUHVWRUDWLRQ
WHFKQRORJ\ WR HQDEOH WKH SRVWLQGXVWULDO ODQGVFDSH
WR DFKLHYH VXVWDLQDEOH GHYHORSPHQW LQ WKH SURFHVV
RI JUDGXDO UHVWRUDWLRQ 7KH UHVHDUFK UHVXOWV VKRZ
WKDWWKHUHFRQVWUXFWLRQRISRVWLQGXVWULDOVLWHVKDVD
JUHDW UROH LQ SURPRWLQJ XUEDQ HFRQRPLF GHYHORS
PHQW DQG HFRORJLFDO UHVWRUDWLRQ 7KH VWUDWHJ\ RI
HFRORJLFDO SODQQLQJ DQG GHVLJQ LQQRYDWLRQ RI SRVW
LQGXVWULDOODQGVFDSHZDVDQDO\]HG



LQGXVWULDO DUHDV WKH WHQVLRQ RI ODQG XVH DQG WKH
LQFUHDVLQJHQYLURQPHQWDOSUREOHPVWKHLQFUHDVLQJ
O\ DFXWH FRQWUDGLFWLRQV EHWZHHQ SHRSOH ODQG DQG
WKHHQYLURQPHQWWKHWUDQVIRUPDWLRQRIROGLQGXVWUL
DO DUHDV LV LPPLQHQW >@ $W SUHVHQW WKH ODQG
VFDSHWUDQVIRUPDWLRQRIROGLQGXVWULDODUHDVDWKRPH
DQGDEURDGKDVXQGHUJRQHIRXUSHULRGVRIGHYHORS
PHQWDQGHYROXWLRQIURPWKHLQLWLDOXVHRILQGXVWUL
DO EXLOGLQJV LQ WKH V WR WKH LPSODQWDWLRQ RI
HFRORJLFDO LGHDV DQG WKH GLVFRYHU\ RI LQGXVWULDO
DHVWKHWLF YDOXHV LQ WKH V DQG WR WKH V
)LJXUH ,QWURGXFHGFHUWDLQSULQFLSOHVDQGSULQFL
SOHV >@ 1RZ LQ WKH VW FHQWXU\ WKH ODQG
VFDSH WUDQVIRUPDWLRQ RI ROG LQGXVWULDO DUHDV KDV
EHJXQ WR LQWHJUDWH ZLWK QDWXUH DQG FLWLHV DQG WKH
KHDYLO\ GHYHORSHG FRXQWULHV KDYH EHJXQ WR H[SDQG
WR GHYHORSLQJ FRXQWULHV 'HVLJQ LGHDV DQG GHVLJQ
WHFKQLTXHV KDYH EHFRPH PRUH PDWXUH >@ 'HYHO
RSHG FRXQWULHV DOUHDG\ KDYH PDQ\ PDWXUH GHVLJQ
FRQFHSWV DQG SUDFWLFDO FDVHV DQG ODUJH FLWLHV LQ
GHYHORSLQJ FRXQWULHV KDYH DOVR EHJXQ WR DSSHDU
UHODWHGVXFFHVVIXOFDVHV>@
)URP WKH SHUVSHFWLYH RI ODQGVFDSH HFRORJ\
DQG VXVWDLQDEOH GHYHORSPHQW WKLV DUWLFOH GHILQHV
SRVWLQGXVWULDO ODQGVFDSH DV UHIHUV WR WKH WUDQVIRU
PDWLRQUHRUJDQL]DWLRQDQGUHJHQHUDWLRQRILQGXVWUL
DOHOHPHQWVRQWKHEDVLVRILQGXVWULDOUHPDLQVFRP
ELQLQJ DHVWKHWLFV DQG HFRORJLFDO FRQFHSWV VR WKDW
WKH\ KDYH QHZ IXQFWLRQV DQG WKH PHDQLQJ RI WKH
VXVWDLQDEOH GHYHORSPHQW RI WKH ODQGVFDSH 7KLV
VXVWDLQDELOLW\LVPDLQO\UHIOHFWHGLQHFRQRPLFHFR
ORJLFDODQGVRFLDOHIIHFWV


0$7(5,$/6$1'0(7+2'6

5HVHDUFK PHWKRG %DVLF UHVHDUFK %DVLF UH
VHDUFKLVGLYLGHGLQWRWZRSDUWVWKHRUHWLFDOUHVHDUFK
DQG FDVH UHVHDUFK )LUVW LW VWDUWV ZLWK WKH EDVLF
FRQFHSWV DQG FDVHV UHODWHG WR SRVWLQGXVWULDO ODQG
VFDSHDQGFODULILHVWKHFRQFHSWDQGFRQQRWDWLRQRI
UHODWHG WHUPV VXFK DV SRVWLQGXVWULDO ODQGVFDSH
6HFRQGO\FRQGXFWYLVLWVDQGVXUYH\VRQWKHSURMHFW
FROOHFW DQG VXPPDUL]H SURMHFWUHODWHG GDWD DQG
FRPELQH WKH DQDO\VLV RI FXUUHQW WKHRULHV WR ILQG
DQVZHUVWRTXHVWLRQVVRDVWROD\DVROLGIRXQGDWLRQ

.(<:25'6
(FRORJLFDO SHUVSHFWLYH (FRORJLFDO SODQQLQJ (QYLURQ
PHQWDOSURWHFWLRQ/DQGVFDSH



,1752'8&7,21

3RVW,QGXVWULDO /DQGVFDSH UHIHUV WR WKH ODQG
VFDSH DIWHU LQGXVWU\ DQG LWV EDVLF PHDQLQJ LV WR
WUDQVIRUPUHRUJDQL]HDQGUHJHQHUDWHWKHROGLQGXV
WULDO VLWH ZLWK WKH PHWKRG RI ODQGVFDSH GHVLJQ WR
PDNHLWDQHZODQGVFDSHZLWKEUDQGQHZIXQFWLRQV
DQGSODFHVSLULW>@:KLOHVROYLQJWKHSUREOHPRI
LQGXVWULDOZDVWHODQGSRVWLQGXVWULDOODQGVFDSHSOD\V
DQ LPPHDVXUDEO\ SRVLWLYH UROH LQ WKH HFRORJLFDO
UHVWRUDWLRQRIPRGHUQFLWLHV>@7KHSODQQLQJDQG
GHVLJQ RI SRVWLQGXVWULDO ODQGVFDSH KDV EURNHQ
WKURXJK WKH VFRSH RI WUDGLWLRQDO ODQGVFDSH GHVLJQ
DQG H[SDQGHG WR PDQ\ ILHOGV VXFK DV VRFLRORJ\
HFRORJ\JHRORJ\FRQVWUXFWLRQDQGQHZWHFKQRORJ\
DSSOLFDWLRQ RI HQYLURQPHQWDO SURWHFWLRQ KHULWDJH
SURWHFWLRQXUEDQPHPRU\ODQGDUWSRVWPRGHUQLVP
DQGVRRQ>@
:LWKWKHGHYHORSPHQWRILQGXVWULDOL]DWLRQDQG
XUEDQL]DWLRQ WKH ROG LQGXVWULDO VWUXFWXUH RI ROG
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PHQW UHWULHYDO DQG FODVVLILFDWLRQ DUH IRUPXODWHG
7KH WZR GRPHVWLF DQG IRUHLJQ URXWHV KDYH EHHQ
VRUWHGRXWDQGVWXGLHG


5(68/76$1'',6&866,21

3ULQFLSOHV RI /DQGVFDSH (FRORJLFDO 3ODQ
QLQJ 3ULQFLSOH RI ,QWHJULW\ 7KH ODQGVFDSH LV
FRPSRVHG RI LQWHUDFWLQJ HFRV\VWHPV WHUUHVWULDO
DUHDVZLWKKLJKKHWHURJHQHLW\WKDWUHSHDWLQDVLPL
ODUPDQQHUZLWKLQDFHUWDLQDUHD7KHODQGVFDSHLVD
ZKROH VR ODQGVFDSH HFRORJLFDO SODQQLQJ VKRXOG
WUHDWLWDVDQRYHUDOOXQLWWRDFKLHYHWKHRYHUDOORS
WLPXPZLWKRXWKDYLQJWRGHPDQGDQGOLPLWLWV

IRULQGHSWKWKLQNLQJDQGSURSRVLQJUHODWHGWKHRULHV
LQWKHIXWXUH

/LWHUDWXUH UHYLHZ $OWKRXJK WKHUH DUH PDQ\
UHVHDUFK GRFXPHQWV RQ SRVWLQGXVWULDO ODQGVFDSH
DQG LQGXVWULDO VLWH WUDQVIRUPDWLRQ DW KRPH DQG
DEURDGVLQFHWKHWKHRU\RIHFRORJLFDOXUEDQLVPZDV
SURSRVHG ODWH WKH UHVHDUFK FRQWHQW RI SRVW
LQGXVWULDO ODQGVFDSH WUDQVIRUPDWLRQ EDVHG RQ WKLV
WKHRU\LVYHU\VPDOODQGWKHGHSWKRIUHODWHGWKHR
ULHV LV H[WUHPHO\ KLJK 5HOHYDQW GRFXPHQWV DUH
PRVWO\ VFDWWHUHG LQ GLIIHUHQW GLVFLSOLQHV VXFK DV
DUFKLWHFWXUHODQGVFDSHSODQQLQJHWF7KHGLIILFXOW\
RIFROODWLRQLVUHODWLYHO\KLJKDQGWKHZRUNLVUHOD
WLYHO\ ODUJH 7KHUHIRUH EHIRUH VWDUWLQJ WKH ZULWLQJ
RI WKH SDSHU WKH SUHOLPLQDU\ WDVNV VXFK DV GRFX
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),*85(
7LPH6HULHV3ORWRI&RRUGLQDWHGGHYHORSPHQWGHJUHH

SDUWLDO RSWLPL]DWLRQ 7KURXJK D FRPSUHKHQVLYH
DQDO\VLV RI WKH HQWLUH ODQGVFDSH WKH UHJLRQDO ODQG
VFDSH VWUXFWXUH LV DGDSWHG WR WKH UHJLRQDO QDWXUDO
FKDUDFWHULVWLFVDQGHFRQRPLFGHYHORSPHQWVRDVWR
DFKLHYH WKH RYHUDOO RSWLPL]DWLRQ RI WKH ODQGVFDSH
VWUXFWXUHDQGIXQFWLRQ )LJXUH 

/RFDO SULQFLSOH /DQGVFDSH HFRORJLFDO SODQ
QLQJLVDLPHGDWVSHFLILFDJULFXOWXUDOXUEDQRUQDWX
UDOODQGVFDSHVLQDFHUWDLQDUHD/DQGVFDSHVLQGLI
IHUHQW DUHDV KDYH GLIIHUHQW VWUXFWXUHV SDWWHUQV DQG
HFRORJLFDO SURFHVVHV 7KH SXUSRVH RI SODQQLQJ LV
DOVRGLIIHUHQWVXFKDVWKHGHVLJQRIQDWXUDOUHVHUYHV
IRUWKHSURWHFWLRQRIELRGLYHUVLW\7KHDGMXVWPHQWRI
WKH DJULFXOWXUDO OD\RXW WR VHUYH DJULFXOWXUH DQG WKH
XUEDQ SODQQLQJ WR PDLQWDLQ D JRRG HQYLURQPHQW
)RU ODQGVFDSH SODQQLQJ IRU GLIIHUHQW SODQQLQJ SXU
SRVHV GLIIHUHQW DQDO\VLV LQGLFDWRUV DQG GLIIHUHQW
HYDOXDWLRQDQGSODQQLQJPHWKRGVVKRXOGEHVHOHFWHG
WRPDNHWKHSODQQLQJEHWWHULQWHJUDWHLQWRWKHORFDO
DUHDDQGUHIOHFWORFDOFKDUDFWHULVWLFV

6XVWDLQDELOLW\3ULQFLSOH7KHQHHGVRIDVSH
FLILF DUHD RU JURXS VKRXOGQRW KDUP RUZHDNHQ WKH
LQWHUHVWVRIRWKHUDUHDVRUJURXSV$WWKHVDPHWLPH
WKHQHHGVRIFRQWHPSRUDU\SHRSOHVKRXOGQRWKDUP
RU DIIHFW WKH VXUYLYDO DQG GHYHORSPHQW RI IXWXUH
JHQHUDWLRQV7KLVLVWKHDXWRQRP\RIQDWXUDODFWLRQV
HPSKDVL]HGE\VXVWDLQDEOHGHYHORSPHQW7KHLQWHU
HVWV DQG VXFFHVVLRQ UHTXLUHPHQWV RI WKH HFRV\VWHP
RI WKH ZRUOG VXFK UHTXLUHPHQWV KDYH WKH VDPH
VLJQLILFDQFH DQG YDOXH WR WKH QDWXUDO HQYLURQPHQW
DQGWKHOLYLQJFUHDWXUHVLQLWLWLVXQGHUWKHVHFRQGL
WLRQVWKDWVXVWDLQDEOHGHYHORSPHQWLVIDLUV\QHUJLV



WLF DQG HIILFLHQW $QG RWKHU SUDFWLFDO DWWULEXWHV
6XVWDLQDEOH ODQGVFDSH GHVLJQ DQG SODQQLQJ VHHN WR
UHGXFHWKHLPSDFWRQWKHHQYLURQPHQWE\PLQLPL]
LQJ WKH FRQVXPSWLRQ RI HQHUJ\ DQG RWKHU QDWXUDO
UHVRXUFHV ,Q GHVLJQ DQG SODQQLQJ UHJLRQDO IDFWRUV
KDYH EHFRPH LPSRUWDQW FRQVLGHUDWLRQV LQ WKH FRQ
FHSW RI VXVWDLQDELOLW\ VXFK DV FOLPDWH JHRORJ\
K\GURORJ\ KLVWRU\ HFRQRPLFV DQG FXOWXUDO SUR
FHVVHV )LJXUH 

$UWLVWLFSULQFLSOH/DQGVFDSHLVDV\QWKHVLVRI
WLPHDUWDQGVSDFHDUW7KHSRVWLQGXVWULDOODQGVFDSH
PXVW KDYH WKH H[SUHVVLYHQHVV RI DHVWKHWLFV DQG DUW
RQ WKH EDVLV RI VDWLVI\LQJ LWV EDVLF IXQFWLRQV 7KH
LQWHUQDO ODQGVFDSH HOHPHQWV RI WKH SRVWLQGXVWULDO
ODQGVFDSHVSDFHPXVWEHDEOHWREULQJXVHUVDFRP
IRUWDEOH DQG FRRUGLQDWHG IHHOLQJ DQG HQMR\PHQW RI
EHDXW\ LQ WHUPV RI WKH FRPELQDWLRQ RI IRUP VWUXF
WXUH VFDOH DQG RWKHU IRUPDO ODQJXDJHV 7KLV LV WKH
UHTXLUHPHQWRIWKHDUWLVWLFSULQFLSOHLQWKHODQGVFDSH
VKDSLQJ 8VLQJ WKH PHDQV RIVFLHQFH DQG DUW VWDUW
LQJ IURP WKH VLWH LWVHOI VHHNLQJ WKH EHVW EDODQFH
EHWZHHQQDWXUHDQGDUWLILFLDOODQGVFDSHPDNLQJWKH
VSDFHDQDUWRIRUJDQLFV\PELRVLV

&RPSUHKHQVLYHSULQFLSOH/DQGVFDSHHFRORJ
LFDOSODQQLQJQRWRQO\UHTXLUHVWKHWHFKQLFDOVXSSRUW
RI*,656DQGDYDULHW\RIFRPSXWHUWHFKQRORJLHV
EXW DOVR UHTXLUHV WKH FRPELQDWLRQ RI VSDWLDO LQIRU
PDWLRQ DQDO\VLV PHWKRGV DQG VWDWLVWLFDO PHWKRGV
DQDO\WLF KLHUDUFK\ SURFHVV HWF LQ WKHRU\ ODQG
VFDSHHFRORJLFDOSODQQLQJUHTXLUHVPXOWLGLVFLSOLQDU\
FRPSUHKHQVLYH DSSOLFDWLRQ %DVLF WKHRU\ JXLGHV
SUDFWLFH 7KH GLVFLSOLQHV XVHG LQFOXGH ODQGVFDSH
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,Q WKH LQLWLDO VWDJH RI YHJHWDWLRQ UHFRQVWUXFWLRQ LQ
LQGXVWULDO ZDVWHODQG WKH VHOHFWLRQ RI SODQW VSHFLHV
LV FUXFLDO 7KH VHOHFWLRQ RI JHQHUDO SODQW VSHFLHV
IROORZV WKH IROORZLQJ SULQFLSOHV   &KRRVH SODQWV
WKDW JURZ IDVW KDYH VWURQJ DGDSWDELOLW\ JRRG UH
VLVWDQFHWRVWUHVVDQGKDYHDKLJKVXUYLYDOUDWH 
*LYHSULRULW\WRQLWURJHQIL[LQJSODQWVWKDWKDYHWKH
DELOLW\WRLPSURYHVRLO 7U\WRFKRRVHJRRGORFDO
VRLO 3ODQWV DQG SLRQHHU SODQWV FDQ DOVR LQWURGXFH
H[RWLFIDVWJURZLQJSODQWV :KHQVHOHFWLQJSODQW
VSHFLHVLWLVQRWRQO\KLJKHFRQRPLFYDOXHEXWDOVR
WKH PXOWLSOH EHQHILWV RI SODQWV LQFOXGLQJ GURXJKW
UHVLVWDQFHKXPLGLW\UHVLVWDQFHSROOXWLRQUHVLVWDQFH
ZLQG DQG VDQG UHVLVWDQFH GLVHDVH DQG LQVHFW SHVW
UHVLVWDQFH DQG +LJKHU HFRQRPLF YDOXH 7KRVH
SODQWV WKDW VHWWOH QDWXUDOO\ RQ LQGXVWULDO ZDVWHODQGV
FDQ DGDSW WR WKH H[WUHPH FRQGLWLRQV RQ WKH ZDVWH
ODQGVDQGVKRXOGEHFRQVLGHUHGDVSULRULW\SODQWV

6RLO LPSURYHPHQW WHFKQRORJ\ 7KH ELRUHPH
GLDWLRQRIFRQWDPLQDWHGVRLOLVPDLQO\DSURFHVVRI
XVLQJ PRGHUQ ELRWHFKQRORJ\ SK\VLFDO UHPHGLDWLRQ
DQG FKHPLFDO LPSURYHPHQW WHFKQRORJ\ WR UHPRYH
KDUPIXO SROOXWDQWV LQ WKH VRLO DQG LPSURYH RU LP
SURYHWKHTXDOLW\RIWKHVRLO
%LRUHPHGLDWLRQ KDV WKH DGYDQWDJHV RI ORZ
FRVW QR VHFRQGDU\ SROOXWLRQ DQG JRRG WUHDWPHQW
HIIHFW +RZHYHU WKH SURFHVV RI PLFURRUJDQLVP
GHJUDGDWLRQRIRUJDQLFSROOXWDQWVZLOOSURGXFHVRPH
PRUH KDUPIXO LQWHUPHGLDWH SURGXFWV ZKLFK VKRXOG
EHSDLGDWWHQWLRQWR
3K\VLFDO UHPHGLDWLRQ WHFKQRORJ\ LV PRVW VXLW
DEOH IRU WKH WUHDWPHQW RI FRQWDPLQDWHG VLWHV LQ D
VPDOO DUHD ,W LV PDLQO\ XVHG IRU WKH UHPHGLDWLRQ
WHFKQRORJ\RILQRUJDQLFFRQWDPLQDWHGVRLO,WFOHDQV
WKH VRLO E\ VHSDUDWLQJ KHDY\ PHWDOV IURP WKH FRQ
WDPLQDWHG VRLO DQG UHVWRUHV WKH QRUPDO IXQFWLRQ RI
WKH VRLO 0RVW RI WKH SK\VLFDO VHSDUDWLRQ UHSDLU
WHFKQRORJ\ HTXLSPHQW LV VLPSOH ORZ FRVW DQG VXV
WDLQDEOH KLJK RXWSXW EXW LQ WKH VSHFLILF VHSDUDWLRQ
SURFHVVWKHSROOXWDQWVDUHUHTXLUHGWRKDYHDKLJKHU
FRQFHQWUDWLRQ DQG H[LVW LQ WKH SKDVH PHGLXP ZLWK
GLIIHUHQW SK\VLFDO FKDUDFWHULVWLFV VFUHHQ GU\ SROOX
WDQWV 'XVW ZLOO EH JHQHUDWHG DW WKH WLPH WKH ILQH
SDUWLFOH VL]H SDUW LQ WKH VROLG PDWUL[ DQG WKH SROOX
WDQWVLQWKHZDVWHOLTXLGQHHGWREHUHSURFHVVHGHWF
7KHVHOLPLWDWLRQVPDNHWKLVWHFKQRORJ\FDQRQO\EH
XVHGLQDVPDOODUHD
7KH FKHPLFDO LPSURYHPHQW WHFKQRORJ\ LV
PDLQO\ DLPHG DW WKH SRRU VXEVWUDWH VWUXFWXUH RI
VRPH ZDVWH ODQG DQG WKH TXLFNDFWLQJ FKHPLFDO
IHUWLOL]HUV DUH HDVLO\ OHDFKHG 2QO\ D VPDOO DPRXQW
RI TXLFNDFWLQJ FKHPLFDO IHUWLOL]HUV DUH DSSOLHG
UHSHDWHGO\ RU VRPH ORQJDFWLQJ IHUWLOL]HUV WKDW GH
FRPSRVHVORZO\DUHVHOHFWHG%XWLIWKHUHDUHWR[LF
IDFWRUV WKH ODFN RI SULPDU\ QXWULHQWV LV MXVW D VHF
RQGDU\IDFWRU:KHQWKHS+RIWKHZDVWHODQGLVWRR
ORZDGGELFDUERQDWHDQGOLPHWRWKHVRLOLIWKHS+
LVWRRKLJK\RXFDQDGGVXOIXUJ\SVXPDQGVXOIX
ULFDFLG

HFRORJ\ JHRJUDSK\ HQYLURQPHQWDO VFLHQFH HWF
/DQGVFDSH HFRORJLFDO SODQQLQJ LV D FRPSUHKHQVLYH
SURMHFW LQWHJUDWLQJ QDWXUH HQJLQHHULQJ HFRQRPLFV
DQG WHFKQRORJ\ DQG V\VWHP WKHRU\ ,Q WHUPV RI
UHVHDUFK FRQWHQW ODQGVFDSH HFRORJLFDO SODQQLQJ
PXVWDOVR&RPSUHKHQVLYHFRQVLGHUDWLRQDQGDQDO\
VLV RI YDULRXV HFRORJLFDO IDFWRUV LQ WKH ODQGVFDSH
V\VWHP

(FRORJLFDO GHVLJQ LGHDV DQG HFRORJLFDO UHV
WRUDWLRQWHFKQRORJ\LQSRVWLQGXVWULDOODQGVFDSH
(FRORJLFDOGHVLJQLGHDV3URWHFWLYHGHVLJQ6FLHQ
WLILFUHVHDUFKDQGDQDO\VLVRIWKHHFRORJLFDOIDFWRUV
RI WKH UHJLRQDO ODQGVFDSH DQG WKH HFRORJLFDO UHOD
WLRQVKLS RI VSHFLHV WKURXJK UHDVRQDEOH GHVLJQ DQG
SODQQLQJPLQLPL]HWKHGDPDJHWRWKHRULJLQDOQDWX
UDOHQYLURQPHQWLQRUGHUWRSURWHFWDJRRGHFRV\V
WHP'HVLJQEDVHGRQWKHORFDOELRFOLPDWHWRSRJUD
SK\DQGODQGIRUPVPDNHIXOOXVHRIORFDOEXLOGLQJ
PDWHULDOV DQG SODQW PDWHULDOV FRRUGLQDWH WKH VLWH
HFRV\VWHP HQVXUH WKH VLWH V HQYLURQPHQWDO FKDUDF
WHULVWLFVDQGELRGLYHUVLW\PLQLPL]HKXPDQLQWHUIHU
HQFH DQG GHVLJQ D ODQGVFDSH VXLWDEOH IRU WKH ORFDO
HQYLURQPHQWDQGUHJLRQDOFXOWXUH

(FRORJLFDO UHVWRUDWLRQ DQG SURPRWLRQ (FR
V\VWHP KDV VWURQJ VHOIUHFRYHU\ DELOLW\ DQG UHYHUVH
VXFFHVVLRQ PHFKDQLVP +RZHYHU WRGD\ V HQYLURQ
PHQW LV QRW RQO\ GLVWXUEHG E\ QDWXUDO IDFWRUV EXW
DOVRE\VHYHUHKXPDQIDFWRUV$WSUHVHQWWKHLQWHU
QDWLRQDOO\ UHFRJQL]HG SULQFLSOHV RI ODQGVFDSH HFR
ORJLFDO UHVWRUDWLRQ DUH WKH 5 SULQFLSOHV QDPHO\
5HKDELOLWDWLRQ 5HFODPDWLRQ 5HFUHDWLRQ DQG 5H
FRYHU\ ,W LV SURSRVHG IRU VLWHV WKDW KDYH EHHQ VH
YHUHO\ GDPDJHG E\ KXPDQV 7KHUHIRUH LW KDV EH
FRPHWKHUHVSRQVLELOLW\RIFRQWHPSRUDU\ODQGVFDSH
DUFKLWHFWVWRSURPRWHWKHVRXQGGHYHORSPHQWRIWKH
YDULRXVV\VWHPVRIWKHVLWH

(FRORJLFDOFRPSHQVDWLRQDQGDGDSWDWLRQ,Q
D QDUURZ VHQVH HFRORJLFDO FRPSHQVDWLRQ LV WKH
FRPSHQVDWLRQJLYHQE\WKHSRVLWLYHH[WHUQDOLWLHVRI
WKH HFRORJLFDO HQYLURQPHQW FDXVHG E\ KXPDQ EH
KDYLRU HPSKDVL]LQJ WKDW HFRORJLFDO FRPSHQVDWLRQ
LV D YROXQWDU\ DQG QHJRWLDWHG VWUDWHJ\ WKDW DIIHFWV
WKHODQGXVHRIHFRORJLFDOEHQHILWSURYLGHUV%URDG
O\ VSHDNLQJ HFRORJLFDO FRPSHQVDWLRQ LV DFRPSOH[
RI SD\PHQW WUDQVDFWLRQ UHZDUG RU FRPSHQVDWLRQ
IRU HFRORJLFDO VHUYLFHV DQG LW LV EHOLHYHG WKDW DV
ORQJ DV LW FDQ LQFUHDVH WKH VWRFN RI UHVRXUFHV DQG
LPSURYH WKH HQYLURQPHQWDO TXDOLW\ LW FDQ EH UH
JDUGHGDVFRPSHQVDWLRQ7KHWUDQVIRUPDWLRQRIWKH
SRVWLQGXVWULDOODQGVFDSHLVWRUHVWRUHWKHODQGVFDSH
ZLWK WKH LGHD RI HFRORJLFDO FRPSHQVDWLRQ DQG XVH
HFRORJLFDO FRPSHQVDWLRQ HYDOXDWLRQ DQG HIIHFW
DQDO\VLV WR HQVXUH WKH VXVWDLQDEOH GHYHORSPHQW RI
WKHSRVWLQGXVWULDOODQGVFDSH

(FRORJLFDO UHVWRUDWLRQ WHFKQRORJ\ 9HJHWD
WLRQ UHVWRUDWLRQ DQG UHFRQVWUXFWLRQ WHFKQRORJ\
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WLRQ RQO\ WKURXJK GHVLJQ LQWHUYHQWLRQ FRPELQHG
ZLWK WKH RULJLQDO HFRORJLFDO HQYLURQPHQW )RU WKLV
UHDVRQ HFRORJLFDO FRQVWUXFWLRQ VKRXOG UHVSHFW WKH
QDWXUDOUHJHQHUDWLRQSURFHVVWKHQDWXUDOJURZWKODZ
RI YHJHWDWLRQ RQ WKH VLWH DQG WKH DFWLYLWLHV RI ZLOG
DQLPDOV LQ WKH DUHD VKRXOG EH ZHOO SURWHFWHG DQG
WKH UXEEOH DQG GHEULV LQVLGH WKH VLWH DQG WKH VLWH
LPSULQW OHIW E\ LQGXVWULDO SURGXFWLRQ VKRXOG DOVR
EHFRPH KLVWRULFDO ZLWQHVVHV .HHS LW 3URYLGH D
VHOIRUJDQL]LQJDQGVHOIHYROYLQJVSDFHIRUWKHVLWH
VRWKDWWKHLQWHUQDOVHOIUHQHZDOSURFHVVRIWKHHFR
V\VWHPFDQFRQWLQXH

8VH RI QDWLYH SODQWV 7KH UROH RI SODQWV LQ
HFRORJLFDO UHVWRUDWLRQ LV REYLRXV ,W LV DOVR DQ LP
SRUWDQW FRPSRQHQW RI VLWH VSDFH RUJDQL]DWLRQ 7KH
FKRLFHRISODQWVSHFLHVKDVDQLPSRUWDQWLPSDFWRQ
ODQGVFDSH GHVLJQ +RZHYHU LQ WKH DFWXDO GHVLJQ
DQGFRQVWUXFWLRQRIWKHVLWHGXHWRWKHLQIOXHQFHRI
SROLWLFDO DFKLHYHPHQWV FDSLWDO SXEOLFLW\ DQG RWKHU
IDFWRUV VRPH ODQGVFDSHV RIWHQ SXUVXH QRYHO DQG
YDOXDEOHSODQWYDULHWLHV7KHVHSODQWVKDYHLQFXUUHG
KXJH FRVWV LQ WUDQVSODQWLQJ DQG SRVWPDLQWHQDQFH
:DVWHRIFRQVWUXFWLRQUHVRXUFHV
1DWLYH SODQWV UHIHU WR UHJLRQDO SODQW YDULHWLHV
WKDWDGDSWWRWKHHQYLURQPHQWRIDVSHFLILFVLWH7KLV
NLQGRISODQWKDVDGDSWHGWRWKHKDUVKKDELWDWFRQGL
WLRQVRIWKHVLWHGXULQJWKHORQJHYROXWLRQSURFHVVRI
V\PELRVLV ZLWK WKH VXUURXQGLQJ VLWH HQYLURQPHQW
7KLVVSHFLDOIXQFWLRQDOWUDLWLVLQKHULWHGWRWKHQH[W
JHQHUDWLRQVRLWKDVVWURQJDGDSWDELOLW\WRWKHHQYL
URQPHQW DQG H[WUHPHO\ ORZ PDLQWHQDQFH FRVW ,Q
UHFHQW\HDUVXQGHUWKHLQIOXHQFHRIDJURXSRIQHZ
GHVLJQHUV GHVLJQHUV KDYH EHFRPH PRUH DQG PRUH
UHFRJQL]HG IRU QDWLYH SODQWV DQG H[FHOOHQW GHVLJQ
ZRUNVDUHDOVRJXLGLQJWKHSXEOLF VDHVWKHWLFSHUFHS
WLRQRIWKHEHDXW\RIQDWXUH1DWLYHSODQWVFDQDGDSW
WRSRRUODQGHVSHFLDOO\VRPHQLWURJHQIL[LQJSODQWV
DOVRKDYHWKHHIIHFWRILPSURYLQJVRLOIHUWLOLW\


&21&/86,216

)URP WKH SHUVSHFWLYH RI HFRORJLFDO SODQQLQJ
WKLVSDSHULQWURGXFHVDFRXSOHGGHYHORSPHQWPRGHO
DQGXVHVHFRORJLFDOUHVWRUDWLRQWHFKQRORJ\WRHQDEOH
WKHSRVWLQGXVWULDOODQGVFDSHWRDFKLHYHVXVWDLQDEOH
GHYHORSPHQW LQ WKH SURFHVV RI JUDGXDO UHVWRUDWLRQ
7KHUHVHDUFKUHVXOWVVKRZWKDWWKHUHFRQVWUXFWLRQRI
SRVWLQGXVWULDO VLWHV KDV D JUHDW UROH LQ SURPRWLQJ
XUEDQ HFRQRPLF GHYHORSPHQW DQG HFRORJLFDO UHVWR
UDWLRQ 7KH VWUDWHJ\ RI HFRORJLFDO SODQQLQJ DQG
GHVLJQ LQQRYDWLRQ RI SRVWLQGXVWULDO ODQGVFDSH ZDV
DQDO\]HG


$&.12:/('*(0(17

7KLVUHVHDUFKLVVXSSRUWHGE\WKH1DWLRQDO6R
FLDO6FLHQFH)XQGRI&KLQD *UDQW1R&6+ 

&RPSUHKHQVLYH ZDWHU WUHDWPHQW WHFKQROR
J\ 7KH SXULILFDWLRQ RI ZDWHUV LV DFKLHYHG WKURXJK
WKH HQHUJ\ IORZ DQG PDWHULDO FLUFXODWLRQ RI WKH
HFRV\VWHP 7KHUHIRUH FRPSUHKHQVLYHO\ FRQVLGHU
YDULRXVSK\VLFDOFKHPLFDODQGELRORJLFDOWHFKQROR
JLHV FRPELQH WKHP WR DGDSW WR ORFDO FRQGLWLRQV
IRFXVRQUHVWRULQJDQGLPSURYLQJWKHUHR[\JHQDWLRQ
DQG VHOISXULILFDWLRQ FDSDELOLWLHV RI ZDWHU ERGLHV
SURPRWLQJ D YLUWXRXV F\FOH DQG XOWLPDWHO\ DFKLHY
LQJWKHJRDORIHFRORJLFDOUHVWRUDWLRQ

(FRORJLFDOSODQQLQJDQGGHVLJQVWUDWHJLHVRI
SRVWLQGXVWULDO ODQGVFDSH (FRORJLFDO UHQHZDO
WKH LPSODQWDWLRQ RI HFRORJLFDO LQIUDVWUXFWXUH
6WUHQJWKHQ SROOXWDQW LQYHVWLJDWLRQ DQG WUHDW
PHQW,QGXVWULDOVLWHVRIWHQOHDYHDODUJHDPRXQWRI
LQGXVWULDO SROOXWLRQ LQ WKH ORQJWHUP LQGXVWULDO SUR
GXFWLRQ SURFHVV ,Q WKH LQLWLDO VWDJH RI UHFRQVWUXF
WLRQLWLVQHFHVVDU\WRKLUHDSURIHVVLRQDOLQVSHFWLRQ
WHDP WR GHDO ZLWK WKH SROOXWLRQ VRXUFHV W\SHV GH
JUHHV DQG KDUP WR DQLPDOV DQG SODQWV LQ WKH VLWH
DFFRUGLQJ WR WKH DFWXDO VLWXDWLRQ RI WKH VLWH &DUU\
RXW GHWDLOHG VXUYH\V DQG DVVHVVPHQWV DQG FODVVLI\
DQG PDUN WKH SROOXWLRQ OHYHOV LQ GLIIHUHQW DUHDV RI
WKHSORWVRDVWRSURYLGHGDWDIRUWKHFOHDQXSRIGLUW
LQWKHIXWXUHODQGVFDSHGHVLJQ7KLVSDUWRIWKHZRUN
LV WKH EDVLF OLQN RI WKH HQWLUH VLWH GHVLJQ EXW LWV
LPSRUWDQFHVKRXOGQRWEHXQGHUHVWLPDWHG)RUKHDY
LO\ SROOXWHG VLWHV LQYHVWPHQW LQ SROOXWLRQ FRQWURO
WHFKQRORJ\VKRXOGEHLQFUHDVHGDQGUHOHYDQWWHDPV
VKRXOG EH FRPELQHG ZLWK SK\VLFDO FKHPLFDO ELR
ORJLFDO DQG RWKHU WHFKQLFDO PHDVXUHV WR IRUPXODWH
VSHFLILF UHPHGLDWLRQ VWUDWHJLHV EDVHG RQ WKH DFWXDO
FRQGLWLRQVRIGLIIHUHQWSORWV,QWKHHFRORJLFDOUHVWR
UDWLRQ RI WKH VLWH HIIHFWLYH IDFLOLWLHV DQG PHWKRGV
DUHSURSRVHGIRUWKHGLIIHUHQWOHYHOVRIVRLOV\VWHP
YHJHWDWLRQV\VWHPDQGHFRV\VWHP

7DNH DGYDQWDJH RI WKH QDWXUDO UHVWRUDWLRQ
SURFHVVRIWKHVLWH7KHUHVWRUDWLRQSURFHVVRIFUHD
WXUHV LV VRPHWLPHV VLOHQW DOO WKH WLPH DQG WKH VLWH
QDWXUDOO\EHJDQWRRFFXS\WKLVVLWHEHIRUHWKHUHQR
YDWLRQ7KLVNLQGRIQDWXUDOSRZHUVHHPVVORZEXW
LWLVYHU\HIIHFWLYH7KHSRZHUIXOELRORJLFDOV\VWHP
JUDGXDOO\ HYROYHV DFFRUGLQJ WR WKH ODZV RI QDWXUH
ZKLFK QDWXUDOO\ VHOHFWV WKH SODQWV WKDW DGDSW WR WKH
VLWHIRUXV$WWKHEHJLQQLQJRIODQGVFDSHGHVLJQLW
LVQHFHVVDU\WRFRQGXFWDJHQHUDOVXUYH\DQGUHFRUG
RIWKHQDWXUDOUHVWRUDWLRQRIWKHLQGXVWULDOVLWHVXFK
DV WKH W\SHV VSHFLILFDWLRQV DQG GLVWULEXWLRQ RI WKH
SODQWVRQWKHVLWHDQGGRDJRRGMRERIWH[WUHFRUG
LQJ LPDJH FROOHFWLRQ DQG GUDZLQJ VXUYH\LQJ DQG
PDSSLQJ

0LQLPDOLQWHUYHQWLRQLQWKHHFRORJLFDOHQYL
URQPHQW7KHPLQLPDOLQWHUYHQWLRQRIWKHHFRORJL
FDO HQYLURQPHQW PHDQV WKDW WKH GHVLJQHU VKRXOG
UHVSHFW WKH RULJLQDO ODQGVFDSH FKDUDFWHULVWLFV DQG
HFRORJLFDOSURFHVVDVPXFKDVSRVVLEOHDQGUHDOL]H
WKHUHVWRUDWLRQRIWKHHFRORJLFDOODQGVFDSHFRQVWUXF
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>@%DWDE\DO$$%HODGL+  7KHRSWLPDO
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ABSTRACT

INTRODUCTION

With the acceleration of the urbanization
process, the development of green buildings and
green group fire-fighting pipeline construction
technology has become an urgent need to improve
the fire safety of smart cities. At present, there are
still many weak links in the group fire control at the
level of large-scale green city clusters. In this paper,
the green city building group A is taken as an
example, the group fire water supply system is
constructed, and the EPANET simulation software is
used to optimize the fire water supply measures.
Through this research, the fire water supply system
of green city buildings is divided into regional
constant high pressure and temporary high pressure
fire water supply system according to the pressure.
When a fire occurs, the most unfavorable hydrant
nozzle is simulated with the diffuser of the node in
EPANET, and the optimal value of the diffuser
coefficient is 1.342. In addition, a three-dimensional
topological model of the outdoor fire-fighting pipe
network of the temporary high-pressure fire-fighting
water supply system of a green city building was
established, and the water supply route for the
partition of the indoor fire hydrant system was
formulated. EPANET software is used for the
optimized design of the group fire protection pipe
network. It is feasible to adjust the pressure after the
pressure reduces valve group of the fire pump room
in the southeast area of this study from 0.8 MPa to
0.6 MPa. The optimized scheme in this paper
realizes the sharing of pools, pump rooms, and water
tanks of the three regional fire water supply systems.
Compared with the independent operation of each
system, it improves the fire fighting efficiency and
increases the reliability of fire water supply.

With the acceleration of the urbanization
process, the development of green buildings and
green group fire-fighting pipeline construction
technology has become an urgent need to improve
the fire safety of smart cities [1-3]. Green urban
agglomerations, which are gradually emerging, are
large-scale and composed of several energy-saving
and environmentally-friendly cities and their
suburban edges [3-6]. The green urban
agglomeration centered on the development of
megacities has become the development direction
and form of the main body of China's new
urbanization construction [7-9].
The development of green urban agglomerations faces many new fire protection challenges,
and there are still many weak links in the fire control
of large-scale green urban agglomerations [10-11].
On one hand, urban agglomerations affect the
periphery, and there are many hidden fire hazards in
urban fringes, industrial extensions, areas where
outsiders gather, and group rented houses [12-13].
On the other hand, fire-fighting problems are
prominent in urban border areas, and these areas
usually have many fire-fighting difficulties [14-15].
Many scholars have carried out a lot of research
on the realization of urban fire risk prevention and
control and urban fire safety management, which are
embodied in fire protection planning, fire fighting
and rescue and water supply design [4,16]. Fire
safety is closely related to the production and life of
urban people [17-19]. A major and influential fire
accident in any city in the urban agglomeration will
cause huge damage to people's lives and properties.
In this paper, a green city building group A was taken
as an example, the group fire water supply system is
constructed, and the EPANET simulation software is
used to optimize the fire water supply measures. This
research can provide scientific guidance for the indepth study of group fire protection under the
background of the rise of green buildings.

KEYWORDS:
Green city building group, group fire protection, EPANET
software, three-dimensional topology model, fire water
supply system
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and 0.4 MPa. In addition, the investment in building
high-level fire-fighting pools is large, so highpressure fire-fighting water supply systems
generally exist in low-rise buildings and the indoor
and outdoor fire-fighting systems of a small number
of multi-storey buildings. The design of the firefighting system for over-limit high-rise buildings
adheres to the principles of safety, reliability and
self-rescue. It has extremely high requirements for
the reliability of the fire-fighting system, and its firefighting system generally uses a high-pressure firefighting water supply system.
In this paper, the EPANET simulation software
is used to optimize the fire water supply measures of
the A green city building group. EPANET is a
software package developed by the U.S. Energy
Environmental Protection Agency (EPA) for the
calculation and analysis of urban water supply pipe
network hydraulic water quality. It can easily work
out the operating status of the pipe network based on
the basic data of the pipe network.
The basic principle is: assuming an official
network with N connection points and NF known
head nodes (including pools and reservoirs), the pipe
flow-head loss relationship between nodes i and j,
for the pipe section [20]:

MATERIALS AND METHODS
Considering the pressure of fire-fighting water
supply, the fire-fighting water supply system can be
divided into a high-pressure fire-fighting water
supply system, a temporary high-pressure firefighting water supply system, and a low-pressure
fire-fighting water supply system. "High pressure,
temporary high pressure, low pressure" is a relative
concept, which is based on whether it can maintain
the working pressure and flow for water fire
extinguishing facilities and whether it needs to
pressurize the fire water pump, so there is no fixed
pressure limit.
High-pressure fire-fighting water supply
system is also known as constant high-pressure firefighting water supply system. This system can
always maintain the working pressure and flow for
water fire extinguishing facility, and the water
supply system does not need to be pressurized by the
fire pump in case of a fire, its schematic diagram is
shown in Figure 1.
For low-rise, multi-storey, and high-rise
buildings, there are two forms of high-pressure firefighting water supply systems: (1) The water supply
of the municipal pipe network can meet the demand
for the most unfavorable fire hydrant or sprinkler
outlet pressure and flow in the fire water supply
system at any time; (2) A high-level fire-fighting
pool is set in the system, and its height meets the
demand for the most unfavorable fire hydrant or
sprinkler outlet pressure and flow. Buildings using
this fire-fighting water supply method generally
occupy a natural and advantageous geographical
location, which is often found in higher mountain
cities.
The high-pressure fire-fighting water supply
system is simple in composition and highly reliable.
Considering that the pressure is too high, the leakage
rate of the pipe network will increase. The water
supply pressure of the municipal water supply pipe
network in Chinese cities is generally between 0.2

Hi  H j

hij

rQijn  mQij2

(1)

In the formula, H is the node head, m; h is the
head loss, m; Q is the flow, m/s; r is the drag
coefficient; m is the local loss coefficient; n is the
flow index; i and j are the adjacent node numbers.
For water pumps:

hij

Qij º
ª
Z 2 «h0  r ( ) n »
Z ¼
¬

(2)

In the formula, h0 is the influence of the pump
on the water head; Z is the influence of the relative
flow velocity; r and n are the coefficients of the
pump curve.

FIGURE 1
Schematic diagram of the principle of high-pressure fire-fighting water supply system.
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In addition, Qij must also satisfy Equation 3,
that is, the flow continuity equation of all nodes:

¦Q

ij

 Di

0, i

1,2,3      N

building or construction area through the outdoor
fire-fighting water supply pipe network to meet the
fire-fighting water supply needs. This design method
realizes the sharing of fire-fighting pool, pump
room, and pipe network, which not only reduces the
investment and floor space of the fire-fighting
system, facilitates the unified maintenance and
management of the fire-fighting system, but also
improves the reliability of the fire-fighting system.
In this paper, we divided the fire water supply
system of green city buildings into regional constant
high pressure and temporary high pressure fire water
supply system according to pressure. Their
composition, characteristics and applications are
shown in Table 1.

(3)

j

In each iteration of solving the problem using
the gradient, we find the nodal head by solving the
matrix equation:
(4)
AH F
In the formula, A is the Jacobi matrix (M×N);
H is the vector of the unknown node head (N×1); F
is the right vector (N×1). The flow rate can be
expressed as:

Qij'

Qij  >yij  pij ( H i  H j )@
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(5)

In the formula, yij is the flow correction factor.

Design and optimization of fire pipe
network. The property data of the fire-fighting pipe
network of a green city building is obtained from the
total topographic map of the pipe network CAD,
specific construction drawings, and design
calculations. These data are entered into the excel
table and through the built-in VBA function in
Excel, the pipe diameter, length, roughness
coefficient, node elevation, coordinates and flow of
the school district fire pipe network in the Epanet
topology model are automatically assigned.
The head loss formula of the green building
adopts the commonly used Hezen-William formula,
the flow unit being L/s, the pipe adopting ductile iron
pipe, and the roughness coefficient being 130.
Through optimization, the most unfavorable fire
hydrant when a fire occurs is simulated by the
diffuser of the node in EPANET, and the diffuser
coefficient is 1.342. The flow pressure head curve of
the pump is shown in Figure 2.

RESULTS AND ANALYSIS
Construction of group fire water supply
system. According to the fire-fighting water supply
method classified by the scope of water supply, the
fire-fighting water supply system of a green city
building can be divided into a single fire-fighting
water supply system and a regional fire-fighting
water supply system with the water supply range
being a parameter. A single fire water supply system
refers to a fire water supply system that supplies
water to a single building or structure. The concept
of green building fire water supply system is mainly
aimed at high-rise and super high-rise buildings with
high fire protection requirements.
The fire water supply system refers to the
centralized setting of fire water supply facilities (fire
pools, fire pump houses) in multiple buildings or
building areas where a fire water supply system is
required. It delivers the fire-fighting water to each

TABLE 1
Group fire water supply system.
Group fire water
supply system

System
composition

Regional high
pressure fire
fighting water
supply system

High-rise firefighting pool,
fire-fighting pipe
network

Regional
temporary highpressure firefighting water
supply system

High-rise fire
water tank, fire
pump, fire pipe
network

Features
(1) The pipe network can meet the demand for flow and
pressure of fire-fighting facilities at any location at any
time; (2) There is no need to set up a fire pump, and it
has low power requirements and convenient
management; (3) Large investment in high-rise firefighting pools; (4) The pipeline network is under high
pressure for a long time, and the probability of leakage
increases.
(1) Its management is convenient and the investment is
small; (2) The daily pressure of the pipe network is
small, and the probability of pipe network leakage is
small; (3) The daily pressure of the pipe network cannot
meet the water pressure requirements of the most
unfavorable fire-fighting equipment, and the reliability is
lower than that of the regional high-pressure fire-fighting
water supply system.
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FIGURE 2
Relationship between the flow and pressure head of the fire water pump in the A building group.
Based on the parameters above, a threedimensional topology model of the outdoor firefighting pipe network of the temporary high-pressure
fire-fighting water supply system of a green city
building is established in EPANET. In order to
facilitate the simulation of fire fighting conditions,
the fire hydrants of the most unfavorable buildings
except for the temporary high pressure fire water
supply system in each area are drawn according to
the actual elevation, and the indoor fire water
consumption of the remaining buildings is simplified
to be borne by a single node. The most unfavorable
points of fire hydrants are divided into: the most
unfavorable point of pressure and the most
unfavorable point of flow. When the two operating
conditions do not coincide, the flow at the most
unfavorable point of pressure is set according to the
flow at the most unfavorable point of flow in this
simulation, and the most unfavorable point of
pressure is used as the fire control point in the model.
There are a total of 255 nodes in the model, of
which there are 82 fire-fighting water supply ports,
22 fire hydrant outlets, and the remaining nodes
represent pipeline valve wells or pipeline connection
points. The attribute of the valve is defined as a
conventional valve (GPV), the local loss coefficient

is 0.2, and the local loss at the remaining connection
points is automatically calculated by EPANET
according to the topology of the pipe network.
The fire-fighting pipe network model of Green
City Building Group A is shown in Figure 3. The
building complex as a whole is divided into three
parts, north, southwest and southeast. The firefighting water volume in the north is 20 L/s, the firefighting water volume in the southwest is 30 L/s, and
the fire-fighting water volume in the southeast is 40
L/s.
Analysis of fire water supply for high-rise
green buildings. This research adopts the water
supply method of "temporary high pressure fire
water supply system". Due to the high total building
height, if the upper indoor fire fighting system is
directly supplied by the basement fire pump, the
ZDWHUVXSSO\PHWKRGLVILUHSRROĺEDVHPHQWILUH
K\GUDQW SXPS ĺ KLJK PHGLXP DQG ORZ DUHD ILUH
protection system". Finally, the calculated pressure
head required by the indoor fire hydrant pump is
about 223.2 m (wherein: elevation difference
Hz=149.9 m, pipe network loss Hf=23 m, and the
required water pressure Hx=39 m at the hydrant
port).

FIGURE 3
A hydraulic model of the fire-fighting pipe network of the green building group.
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In this study, the design working pressure of the
pump at zero flow is 140%, and the maximum water
level of the fire pool is 5 m. Therefore, the maximum
working pressure of the indoor fire hydrant system
is: H'=211×1.4+5=300.4 m>2.5 MPa.
Therefore, the unified method is to directly
supply water from the basement fire pump. Due to
the overpressure of the system, which does not meet
the requirements of the specification, water must be
supplied in districts. The fire hydrant system of this
project is planned to be divided into three areas: low,
medium and high. The specific partition forms are as
follows:
Low area (1~15 floors): fire-ILJKWLQJ SRRO ĺ
fire hydrant pump in the basement middle and low
DUHDĺSUHVVXUHUHOLHIYDOYHĺORZDUHDILUHK\GUDQW
V\VWHP0LGGOHDUHD aIORRUV ILUHSRROĺILUH
hydrant pump in the middle and low basement area
ĺILUH hydrant system in the middle area; High area
a IORRUV  ILUH ZDWHU SRRO ĺ EDVHPHQW ILUH
WUDQVIHUZDWHUSXPSĺIORRUWUDQVIHUZDWHUWDQN
 KLJK DUHD ILUH K\GUDQW SXPS ĺ KLJK DUHD ILUH
hydrant system". The result is shown in Figure 4.

Fresenius Environmental Bulletin

water output of the fire hydrant is greater than the
design flow. The flow pressure of the fire control
points in each area meets the requirement that the
dynamic pressure of the indoor fire hydrant mouth is
not less than 0.3 MPa and not more than 0.55 MPa,
and the actual water output of each fire hydrant is
greater than 6 L/s. Therefore, when the three systems
run independently, they meet the requirements of the
specification.
When two fires occur at the same time, in order
to make full use of the existing water supply pumps
in the fire hydrants of the three districts, a pressure
reducing valve group can be added to the pipe
section of the indoor fire hydrant water supply pump
in the southeast district to supply water to the fire
water supply ring network. When the pressure
behind the valve is 0.6 MPa, the pressure distribution
of the fire-fighting system during linkage operation
is shown in Figure 5.
It can be seen from Figure 5 that when the
pressure of the pressure reducing valve group of the
southeast fire pool pump room (pool pump room 1)
is 0.6 MPa, the pressure of the local node exceeds
0.8 MP (the red area in the figure covers the node).
There is a overpressure in the low-level fire hydrant
of the building where the node is located, and a
pressure reducing valve needs to be installed in
accordance with the specification. Therefore, it is
considered to reduce the pressure of the pressure
reducing valve group of the southeast fire pump
room to 0.6 MPa.
On the whole, EPANET software can be used
to optimize the design of the fire pipe network when
designing the fire pipe network. This simulation
method has good guiding significance for pump
selection, pressure reducing valve setting, pipe
diameter selection, node flow rate, pressure, pipeline
flow rate, pool volume check, etc. In this study, it is
feasible to adjust the post-valve pressure of the
pressure reducing valve group of the fire pump room
in the southeast area from 0.8 MPa to 0.6 MPa. The
optimized scheme in this paper realizes the sharing
of pools, pump rooms, and water tanks of the three
regional fire water supply systems. Compared with
the independent operation of each system, it
improves the fire fighting efficiency and increases
the reliability of fire water supply.

Simulation and evaluation of fire fighting
conditions. When a fire occurs, the startup and
operation of the temporary high-pressure firefighting water supply system is a relatively complex
dynamic process. This study only simulates the
hydraulic conditions of the fire-fighting pipeline
network after the main fire-fighting pump starts and
runs normally. Considering that the building had two
fires at the same time, the operation conditions of the
fire protection system when the most unfavorable
fire hydrants in the buildings were located in the
North, Southwest and Southeast areas were
simulated respectively.
When the temporary high-pressure fire-fighting
water supply systems in the three areas of the green
building group A are operating independently, the
water flow and pressure of the fire hydrant water
guns at the fire control points of each system are
different to a certain extent. When the temporary
high-pressure fire-fighting water supply system in
the three areas is operating independently, the
pressure head of each fire-fighting water pump is
lower than the rated pressure head because the actual

FIGURE 4
Schematic diagram of zoning water supply for indoor fire hydrant system.
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FIGURE 5
The pressure distribution of the fire protection system of the green building group A
during the linkage operation.
CONCLUSIONS
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automobile
exhaust,
industrial
emissions,
construction dust, waste incineration and volcanic
eruption can cause haze weather [3]. Foreign
countries paid much more attention to environmental
issues such as haze and air pollution than domestic
countries. The main reason is that the photochemical
smog in Los Angeles and smog in London broke out
in western developed countries in the middle of the
20th century, which had a very far-reaching impact
on all walks of life in western countries [4].
Compared with foreign countries, domestic research
on environmental problems such as heavy fog and
haze is relatively late, which started at the end of last
century, and has been developing slowly due to the
influence of instruments, detection means and other
factors. In the past 20 years, with the rapid
development of science and technology, the research
on environmental problems such as heavy fog and
haze in China is also thorough. A complete physical
and chemical mechanism of haze was proposed in
2006. It was found that the occurrence of haze is
closely related to atmospheric aerosols in the
surrounding environment [5].
In recent years, scholars and experts have found
that meteorological conditions are also related to the
concentration of air pollutants, such as high
humidity, weak wind, stable boundary layer and
inversion [6]. Zhang et al. [7] took the lead in
proposing that the urban industrial area should be
located in the downwind direction of the city to
reduce the harm of pollutants to human body. It is
found that the regional transport of atmospheric
pollutants is mainly affected by the atmospheric
circulation wind field, thermal structure and
atmospheric boundary layer dynamics, which has a
far-reaching impact on local air quality [8].
Therefore, in the study of air pollution, we need to
consider both the emission of pollutants in local
areas and the regional transport of pollutants in
nearby areas.
Lung function is one of the main indicators of
body longevity and cardiopulmonary health, and
also one of the indicators reflecting the early
respiratory injury [9]. Foreign studies have
confirmed that air pollution can significantly reduce
people's lung function, but the respiratory health
survey of European community in 2008 found that

ABSTRACT
According to the data of environmental
meteorological observation station, the paper
consulted the characteristics of air quality and haze
pollution in WuHan from January 1, 2015 to January
1, 2019, analyzed the characteristics of air pollutants
when the typical heavy haze occurred in WuHan in
January 2016 and analyzed the characteristics of
lung function of heavy load athletes in heavy haze
pollution environment. The results showed that the
contents of PM2.5, CO, PM10 and NO2 increased in
the morning and evening, and decreased in the
middle. The highest content of SO2 was at noon, and
the highest content of O3 was at 8 pm. The
concentrations of PM2.5, CO, PM10 and SO2 in the
industrial area were significantly higher than those
in the living area, while the concentration of NO2 in
the living area was significantly higher than that in
the industrial area, and the concentration of O3 in the
suburb was higher than that in the urban area. In
January 2016, there were three severe pollution in
WuHan on January 4th, 10th and 18th. The results of
cardiopulmonary function test showed that the
cardiopulmonary function of high load athletes in
heavy haze environment decreased significantly
(P<0.05). In short, through this study, we have a
clear understanding of the air quality and haze
pollution characteristics of WuHan from January 1,
2015 to January 1, 2019, and analyze the haze
environment on the cardiopulmonary function injury
of heavy load athletes to provide reasonable exercise
guidance for the future haze weather.

KEYWORDS:
WuHan city, heavy haze,
environmental pollution

heavy
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athletes,

INTRODUCTION
Haze weather is usually formed by the mixed
action of multiple pollution sources, mainly
composed of SO2, NO2 and inhalable particulate
matters, which are combined with fog to make the
sky suddenly gloomy and gray [1-2]. It is found that

10599

© by PSP

Volume 31– No. 11/2022 pages 10599-10605

Fresenius Environmental Bulletin

PM2.5 is not associated with lung function injury
[10]. At present, the research on the relationship
between lung function and air pollution mainly
focuses on the high-risk and high-risk groups such as
police, children and the elderly, and the sample size
is small. For many years, the dose-response
relationship between haze and lung function is still
unclear.
In this study, we have a clear understanding of
the air quality and haze pollution characteristics of
WuHan from January 1, 2015 to January 1, 2019,
and analyze the haze environment on the
cardiopulmonary function injury of heavy load
athletes to provide reasonable exercise guidance for
the future haze weather.

potential temperature, wind speed and temperature
in the atmospheric boundary layer.
Research objects. From January 2018 to
January 2021, 100 high load athletes in WuHan were
recruited as the experimental group, and 100
ordinary people as the control group. During the
experiment, the questionnaire survey of the
experimental group and the control group was
completed, blood, urine and other biological samples
were collected, and the physical examination of the
personnel was carried out strictly, and the
cardiopulmonary function of the two groups of
subjects was tested on January 1, 2019.
Questionnaire survey. The content of this
questionnaire is shown in Table 2, which ensures
that there is no difference in the general information
between the selected 100 subjects in the
experimental group and the 100 subjects in the
control group.

MATERIALS AND METHODS
Pollutant observation data. The observation
data of air pollutants in WuHan are from 10 stations
established by national environmental monitoring
network (Table 1), including PM2.5, CO, PM10, NO2,
SO2, O3, etc. The paper analyzed the observation
data released by various stations in WuHan from
January 1, 2015 to January 1, 2019
(http://106.37.208.233 :20035/).

Lung function test. In this study, the
pulmonary function test method was recommended
by the American Thoracic Society. Before the test,
each subject sat for 5 minutes, took a straight and non
back sitting position, connected with a mouthpiece,
inhaled completely after calm breathing, and then
forced and quickly exhaled completely, without any
interruption in the whole process. The whole test was
measured at least three times, and the best result was
the result of lung function. The unit is mL. The
grading criteria of lung function injury could be
displayed: (1) Normal, FVC ı 80, FEV1 ı 80,
FEV1/FVC ı 70; (2) Slight injury, FVC: 60-80,
FEV1: 60-80, FEV1/FVC: 55-70; (3) Moderate
injury, FVC: 40-60, FEV1: 40-60, FEV1/FVC: 3555; (4) Severe injury, FVC<40, FEV1<40,
FEV1/FVC < 35.

Meteorological observation data. The
meteorological observation data of WuHan from
January 1, 2015 to January 1, 2019 are all from
WuHan meteorological observation station (Station
No. 57494, 30e62’N, 114e13’E, 23m), including
visibility, wind direction, wind speed, precipitation,
air pressure, relative humidity and temperature. The
radiosonde data of every day in January at eight
o’clock and twenty o’clock in 2016, collected from
the database website of University of Wyoming
(http: //weather. Uwyo. Edu/upperair/seaside.
HTML) were to detect the vertical variation of

Name
Donghu Liyuan
Hanyang Yuehu
Hankou
Huaqiao
Wuchang
Ziyang
Qinshan
Ganghua
Dunkou Xinqu
Hankou Jianghu
Donghu Xinqu
Wujia mountain
Chenghu Qihao

TABLE 1
Ten national environmental testing sites in WuHan
Number
Latitude
Longitude
Area
1325A
30.5719
114.3672
Urban living area
1326A
30.5514
114.2511
Urban living area
1327A

30.6197

114.2836

Urban living area

1328A

30.5494

114.3006

Urban living area

1329A

30.6103

114.4272

Urban industrial area

1330A
1331A
1332A
1333A
1334A

30.4753
30.5947
30.4822
30.6414
30.2997

114.1525
114.3008
114.3894
114.2131
114.8531

Urban industrial area
Urban industrial area
Urban industrial area
Urban industrial area
Rural background area
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Classification
Basic Information
Life style
Family history of
illness
Environmental
exposure

TABLE 2
Data collection of subjects
Data collection
Gender, age, address, education level, occupation, work status, contact
information, etc.
Smoking, eating, drinking, physical exercise, lunch break, sleep, etc.
Hyperlipidemia, hypertension, diabetes, coronary heart disease, tumor
stroke, chronic bronchitis, emphysema, tuberculosis, wheezing, nephritis,
chronic hepatitis and arthritis, etc.
Number of visits or hospitalization in the last year, illness in the last four
weeks, medication use, allergies or cough in the last weeks
Kitchen ventilation, stove conditions, cooking and heating methods, traffic
exposure time, environment tobacco smoke exposure, occupational
exposure.

Concentration (ȝg/m
ȝg 3)

Disease medication
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FIGURE 1
Seasonal trend of haze pollution.
CO, PM10 and SO2 in the industrial area were
significantly higher than those in the living area,
while the concentration of NO2 in the living area was
significantly higher than that in the industrial area,
and the concentration of O3 in the suburb was higher
than that in the urban area.

Data statistics and analysis. In this study, all
data were entered by EpiData software, and logical
errors were checked by Visual FoxPro software. For
errors or omissions, they were corrected
immediately by modifying or adding, and finally the
database was generated.

Relationship
between
meteorological
elements and haze pollution. Results as shown in
Table 3, there was a negative correlation between
PM2.5 and humidity and temperature in spring,
summer and autumn, and a positive correlation in
winter. There is a positive correlation between
temperature and PM10, and a negative correlation
between humidity and temperature. There is a
negative correlation between wind speed,
precipitation and particulate matter. Humidity is
positively correlated with CO, while wind speed is
negatively correlated; NO2 and SO2 have no
significant correlation with temperature, but have
negative correlation with wind speed, precipitation
and humidity.

RESULTS
Seasonal variation trend of haze pollution.
Results as shown in Figure 1, and PM2.5, CO, PM10,
NO2 and SO2 showed the same seasonal variation
characteristics, with high concentration in winter and
low concentration in summer. The concentrations of
these five pollutants were the highest in January and
the lowest in July.
Daily variation trend of haze pollution.
Results as shown in Figure 2, and the contents of
PM2.5, CO, PM10 and NO2 increased in the morning
and evening, and decreased in the middle. The
highest content of SO2 was at noon, and the highest
content of O3 was at 8 pm.

Pollution characteristics of typical heavy
haze in December 2018. Results as shown in Figure
4, a typical heavy haze weather broke out in January
2016, with 30 days of continuous pollution events
from January 1 to January 30, and three severe

Spatial variation trend of haze pollution.
Results as shown in Figure 3, the contents of PM2.5,
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pollution events on January 4th, 10th and 18th, which
are called P1, P2 and P3 events.

Fresenius Environmental Bulletin

In this study, according to the data of
environmental meteorological stations, the air
quality and haze pollution characteristics of WuHan
from January 1, 2015 to January 1, 2019 were
consulted; This paper focuses on the characteristics
of air pollutants when the typical heavy haze
occurred in WuHan in January 2016. The results
showed that PM2.5, Co, PM10, NO2 and SO2
showed the same seasonal variation characteristics.
The concentrations of PM2.5, Co, PM10, NO2 and
SO2 were higher in winter than in summer. The
concentrations of these five pollutants were the
highest in January and the lowest in July. It is
concluded that it may be related to meteorological
factors such as high air humidity, low temperature
and low wind speed in winter, which makes haze
unable to disperse in time. The results showed that
the contents of PM2.5, CO, PM10 and NO2 increased
in the morning and evening, and decreased in the
middle. The highest content of SO2 was at noon, and
the highest content of O3 was at 8 pm. We think it
may be related to working time generating exhaust
emissions. The results show that the contents of
PM2.5, CO, PM10 and SO2 in the industrial area are
significantly higher than those in the living area,

Lung function. Results as shown in Table 4,
compared with the control group, the lung function
of the experimental group was significantly damaged
(P < 0.05).
Discussion. The essence of haze pollution is
the high concentration accumulation of aerosols in
the atmosphere, resulting in air pollution [11]. It is
found that aerosols are liquid or solid particles
suspended in the atmosphere and are a key
monitoring factor of atmospheric climate, weather
and environment [12]. When there is haze in the
atmosphere, it will not only affect the air quality, but
also affect people's social life and transportation, and
even bring harm to people's health [13-14]. WuHan
is the center of culture, scientific research,
commerce, finance and industry in the center of
China. In recent years, with the rapid development
of urbanization, the problem of air pollution is
becoming more and more serious [15-16]. Therefore,
it is particularly important to study the heavy fog and
haze in WuHan.

FIGURE 2
Daily change trend of haze pollution.
Notes: The abscissa is from 0 o'clock to 24 o'clock, and the ordinate is the haze concentration.
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FIGURE 3
The spatial trend of haze pollution.

Concentration (ȝg/m3)

TABLE 3
The relationship between meteorological elements and haze pollution
Meteorological elements
Season
PM2.5
PM10
CO
NO2
SO2
Spring
0.11
0.05
-0.14
0.08
0.09
Summer
-0.03
-0.05
0.03
0.06
0.1
Air pressure
Autumn
0.13
0.01
0.01
0.08
0.06
Winter
-0.16
-0.09
-0.30
-0.08
-0.03
Spring
-0.10
0.13
0.03
0.01
-0.07
Summer
-0.03
0.17
-0.12
-0.08
-0.16
Temperature
Autumn
-0.10
0.08
0.14
-0.09
-0.03
Winter
-0.20
0.26
0.28
0.18
0.10
Spring
-0.08
-0.37
0.25
-0.20
-0.29
Summer
-0.19
-0.39
0.18
-0.01
-0.18
Humidity
Autumn
-0.13
-0.35
0.28
-0.18
-0.27
Winter
0.18
-0.10
0.23
-0.20
-0.38
Spring
-0.18
-0.27
0.12
-0.25
-0.15
Summer
-0.17
-0.24
-0.08
-0.08
-0.13
Precipitation
Autumn
-0.09
-0.24
0.08
-0.23
-0.10
Winter
-0.20
-0.32
-0.07
-0.30
-0.24
Spring
-0.29
-0.31
-0.30
-0.58
-0.23
Summer
-0.29
-0.30
-0.44
-0.65
-0.20
Wind speed
Autumn
-0.32
-0.42
-0.30
-0.64
-0.33
Winter
-0.10
-0.25
-0.20
-0.61
-0.29

FIGURE 4
Typical characteristics of heavy haze pollution.
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O3
-0.17
0.03
-0.40
0.16
0.45
0.14
0.63
-0.07
-0.43
-0.57
-0.56
-0.50
-0.23
-0.34
-0.21
-0.09
0.01
-0.10
-0.03
-0.20
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Grouping
Experimental group
Control group

n
100
100
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TABLE 4
Lung function of subjects
Normal lung function
Mild injury
93
6
98
2

while the concentration of NO2 in the living area is
significantly higher than that in the industrial area,
and the concentration of O3 in the suburb is higher
than that in the urban area. The results show that
there is a negative correlation between the humidity,
temperature and PM2.5 in spring, summer and
autumn, and a positive correlation in winter. There is
a positive correlation between temperature and
PM10, and a negative correlation between humidity
and temperature. There is a negative correlation
between wind speed, precipitation and particulate
matter; Humidity is positively correlated with CO,
while wind speed is negatively correlated; NO2 and
SO2 have no significant correlation with
temperature, but have negative correlation with wind
speed, precipitation and humidity. In January 2016,
a typical heavy haze weather broke out. There were
30 days of continuous pollution events from January
1 to January 30, and three severe pollution events on
January 4th, 10th and 18th, which were called P1, P2
and P3 events.
Exercise load is one of the contents of sports
measurement (Michaelson et al., 2016). The main
measurement indexes include: (1) external load
index, also known as body load index, that is, the
time, speed, times and weight of completing
exercises [17]. (2) Internal load index, also known as
functional reflection index or physiological index, is
the maximum oxygen uptake, oxygen debt, heart rate
and blood pH [18-19]; (3) Comprehensive load
index is also called relative index [20-21]. In order
to further explore the influence of haze weather on
cardiopulmonary function of athletes in WuHan, we
recruited 100 athletes with heavy load in WuHan as
the experimental group and 100 ordinary people as
the control group. During the experiment, the
questionnaire survey of the experimental group and
the control group was completed, blood, urine and
other biological samples were collected, the physical
examination of the personnel was carried out strictly,
and the general information of the selected 200
subjects was not different. The results showed that
compared with the control group, the
cardiopulmonary function of the high load athletes
was more damaged than that of the control group.

Moderate injury
1
0

haze is high in the morning and evening, and low in
the middle. Spatial change trend is that the pollution
degree of industrial area is higher than that of living
area, and that of living area is better than that of
suburb. The relationship between meteorological
elements and haze pollution: haze pollution is
closely related to general meteorological elements.
Haze pollution environment has obvious damage to
cardiopulmonary function of heavy load athletes.
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RXWWRHYDOXDWHWKHVROLGLILFDWLRQVWDELOL]DWLRQHIIHFW
RIWKHSURGXFWVDQGWRILQGWKHRSWLPDOSURFHVVFRQ
GLWLRQ
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ELOOLRQWRQVRIFRQVWUXFWLRQZDVWHKDYHEHHQJHQHU
DWHGDQQXDOO\LQWKHSDVWGHFDGH7KHDYHUDJHUHFRY
HU\RIFRQVWUXFWLRQZDVWHLQ&KLQDLVRQO\GXHWR
ODFNRIHQYLURQPHQWDODZDUHQHVVDQGORQJWHUPGH
YHORSPHQW>@)RUDORQJWLPHWKHWUHDWPHQWPHWK
RGV RI FRQVWUXFWLRQ ZDVWH DUH PDLQO\ VWDFNLQJ RU
ODQGILOOLQJ,WEULQJVVRPHSUREOHPVVXFKDVUHGXF
LQJ WKH UHVRXUFH XWLOL]DWLRQ UDWH RFFXS\LQJ D ODUJH
DPRXQW RI ODQG DQG FDXVLQJ VHULRXV HQYLURQPHQWDO
SROOXWLRQ>@$WSUHVHQWWKHUHVRXUFHXWLOL]DWLRQRI
FRQVWUXFWLRQZDVWHLVPDLQO\WRFRQYHUWFRQVWUXFWLRQ
ZDVWHLQWRUHF\FOHGSRZGHUUHF\FOHGFRDUVHDJJUH
JDWHDQGUHF\FOHGILQHDJJUHJDWHWKURXJKDGYDQFHG
WHFKQRORJ\DQGWKHQDFKLHYHWKHSXUSRVHRIUHVRXUFH
XWLOL]DWLRQWKURXJKWKHDSSOLFDWLRQRIUHF\FOHGSURG
XFWV>@
*HRSRO\PHULVDFHPHQWELQGHUV\QWKHVL]HGE\
PL[LQJ DOXPLQRVLOLFDWH ZLWK KLJK DONDOL VROXWLRQ
>@,WLVHVVHQWLDOO\GLIIHUHQWIURPRUGLQDU\3RUWODQG
FHPHQWLQUHDFWLRQPHFKDQLVPVWUXFWXUHDQGSURSHU
WLHV,WKDVDWKUHHGLPHQVLRQDOQHWZRUN]HROLWHFDJH
VWUXFWXUHFRPSRVHGRI>6L2@WHWUDKHGURQDQG>$O2@
WHWUDKHGURQ ZKLFK LV EHQHILFLDO WR VROLGLI\ KHDY\
PHWDO LRQV LQ WKH IRUP RI SK\VLFDO DGVRUSWLRQ RU
FKHPLFDOERQG>@,WKDVWKHDGYDQWDJHVRIKLJK
VWUHQJWK UHVLVWDQFH WR DFLG DQG DONDOL VDOW HURVLRQ
JRRG GXUDELOLW\ DQG OHVV SROOXWLRQ >@ 7KH UH
VHDUFKHVRQWKHWUHDWPHQWRI06:,IO\DVKFRDOIO\
DVKDQGRWKHUZDVWHUHVLGXHVE\XVLQJV\QWKHWLFJHR
ORJLFDOSRO\PHUVKDYHDOVREHHQUHSRUWHGLQWKHSUH
YLRXV .D\D=NLSHU HW DO V\QWKHVL]HG DQDWDVH UHG
PXGDQGPHWDNDROLQJHRSRO\PHUVUHDOL]LQJWKHFRQ
YHUVDWLRQ RI KD]DUGRXV LQGXVWULDO ZDVWHV LQWR VHOI
FOHDQLQJ EXLOGLQJ PDWHULDOV >@ &KHQ HW DO
DFKLHYHGWKHFRPELQHGGLVSRVDORIVKHOOFRDOJDVLIL
FDWLRQIO\DVKDQGVWHHOVODJE\V\QWKHVL]LQJJHRSRO
\PHUZKLFKHIIHFWLYHO\IL[HGKHDY\PHWDOV>@<H
HWDOSUHSDUHGJHRSRO\PHUVXVLQJ%D\HUUHGPXGSUH
WUHDWHG E\ DONDOLWKHUPDO DFWLYDWLRQ DQG 06:, IO\
DVKZKLFKLPSURYHGWKHOHDFKLQJDQGFRPSUHVVLYH
VWUHQJWKHIIHFWVDQGPHWWKHFRUUHVSRQGLQJ&KLQHVH
ODQGILOOVWDQGDUGV>@)UHLUHHWDOUHSRUWHGWKHDS
SOLFDWLRQRIJHRORJLFDOSRO\PHUVSURGXFHGE\IO\DVK
DQGULFHKXVNDVKDVDGVRUSWLRQPDWHULDOVWRFDSWXUH
&2DQGIRXQGWKDW&2DWWDFKHGWRWKHVXUIDFHZDV
SK\VLFDODGVRUSWLRQ>@=KDQHWDOV\QWKHVL]HGJH
RSRO\PHUXVLQJ06:,IO\DVKDQGHOHFWURO\WLFPDQ
JDQHVHVODJDVUDZPDWHULDOVZLWK1D2+DVDONDOLDF
WLYDWRU DFKLHYLQJ WKH VWDELOL]DWLRQ RI KHDY\ PHWDOV
>@ &KHQ HW DO SUHSDUHG JHRORJLFDO SRO\PHU ZLWK

)DFWRU
/HYHO
/HYHO
/HYHO
/HYHO

0DWHULDOV7KHFRQVWUXFWLRQZDVWHXVHGLQWKLV
VWXG\ZDVWDNHQIURPDFRQVWUXFWLRQZDVWHGXPS,W
PDLQO\FRQWDLQVFHPHQWEULFNVVDQGVDQGGXVWV7KH
06:,IO\ DVK IURP D PXQLFLSDO VROLGZDVWH LQFLQ
HUDWLRQSODQWLQ=KHQJ]KRX&KLQD$OOUDZPDWHULDOV
DUH FUXVKHG DQG SDVVHG WKURXJK D PHVK VLHYH
GULHG DW  & IRU  KRXUV DQG WKHQ VWRUHG LQ D
GU\LQJGLVK3RWDVVLXPK\GUR[LGH 1D2+ LVXVHGDV
DONDOLQHDFWLYDWRU7KHFKHPLFDOUHDJHQWVXVHGLQWKH
H[SHULPHQWDUHRIDQDO\WLFDOJUDGH

2UWKRJRQDOH[SHULPHQWGHVLJQ ,QWKLVVWXG\
DQRUWKRJRQDOH[SHULPHQWLQFOXGLQJIDFWRUVDQG
OHYHOV ZDV GHVLJQHG ZLWK WKH FRQVWUXFWLRQ
ZDVWH06:,IO\DVKPDVVUDWLRDVIDFWRU$WKHOLT
XLGVROLGUDWLRDVIDFWRU%DQG1D2+FRQFHQWUDWLRQ
DVIDFWRU&7KHGHWDLOHGIDFWRUOHYHODUUDQJHPHQWV
DUHOLVWHGLQ7DEOHDQGWKHRUWKRJRQDOH[SHULPHQW
GHVLJQLVVKRZQLQ7DEOH

6ROLGLILFDWLRQVWDELOL]DWLRQ H[SHULPHQW $F
FRUGLQJWR7DEOHPL[WKHUDZPDWHULDOVLQDFHUWDLQ
UDWLRVWLUWKRURXJKO\IRUPLQXWHVSRXUWKHPL[
WXUHLQWRDPPîPPîPPPROGHYHQO\YL
EUDWHWKHPROGWRUHPRYHH[FHVVEXEEOHVDQGSODFH
WKHPROGLQDFRQVWDQWWHPSHUDWXUHDQGKXPLGLW\LQ
FXEDWRUZLWKDWHPSHUDWXUHRI&DQGDKXPLGLW\
RI  $IWHU  K UHPRYH WKH PL[WXUH IURP WKH
PROGDQGFRQVHUYHLQWKHLQFXEDWRUIRUG



7$%/(
)DFWRUOHYHODUUDQJHPHQWWDEOH
&RQVWUXFWLRQZDVWH 06:,
/LTXLGVROLGUDWLR













1D2+FRQFHQWUDWLRQ
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1XPEHULQJ

















7$%/(
2UWKRJRQDOH[SHULPHQWDOGHVLJQWDEOH
$
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7$%/(
&RPSRVLWLRQRIFRQVWUXFWLRQZDVWHDQG
06:,IO\DVK
0DLQHOHPHQW
3HUFHQWDJH  
&RQVWUXFWLRQ 06:,IO\DVK
ZDVWH
$O2


6L2


&D2


1D2


.2


&O


&U


0Q


&X


=Q


3E



7$%/(
/LPLWVIRUOHDFKLQJFRQFHQWUDWLRQRI
KHDY\PHWDOV 
/HDFKLQJ
FRQFHQ
3E
=Q
&X
0Q
WUDWLRQ
PJO 
/LPLW
YDOXH




PJO 
1RWHV㸸  /LPLW YDOXHV DUH WDNHQ IURP *%
6WDQGDUGIRU3ROOXWLRQ&RQWURORQWKH/DQGILOO6LWHRI0X
QLFLSDO6ROLG:DVWH


&KDUDFWHUL]DWLRQ PHWKRG 7KH FRPSRVLWLRQV
RIUDZPDWHULDOVZHUHGHWHUPLQHGE\;UD\IOXRUHV
FHQFHVSHFWURPHWU\7KHREWDLQHGJHRSRO\PHUVDP
SOHVZHUHWHVWHGIRUWKHLUFRPSUHVVLYHVWUHQJWKXVLQJ
DQHOHFWURQLFSUHFLVLRQPDWHULDOWHVWLQJPDFKLQH7KH
KHDY\PHWDOOHDFKLQJWHVWVIRUWKHVROLGLILFDWLRQVWD
ELOL]DWLRQ VROLGV ZDV EDVHG RQ WKH 86(3$ 7&/3
PHWKRG /HDFKLQJ FRQFHQWUDWLRQ RI KHDY\ PHWDOV
ZDV GHILQHG DV WKH VROLGLILFDWLRQVWDELOL]DWLRQ HIIL
FLHQF\LQWKLVZRUN7KHFRQFHQWUDWLRQVRIWKHOHDFK
LQJ VROXWLRQV ZHUH DQDO\]HG E\ )$$6 6KLPDG]X
$$&-DSDQ 
&KLQHVH 6WDQGDUG *%7  DQG
*% ZHUH XVHG DV D JXLGHOLQH WR FKHFN
FRPSUHVVLYHVWUHQJWKDQGKHDY\PHWDOOHDFKLQJWR[
LFLW\ RI VDPSOHV 7KH OLPLW FRQFHQWUDWLRQ YDOXHV RI
WKHUHOHYDQWKHDY\PHWDOVDUHOLVWHGLQ7DEOH









5(68/76$1'',6&866,21
5DZ PDWHULDO FRPSRVLWLRQ DQDO\VLV ;5)
PHWKRGZDVXVHGWRDQDO\]HWKHFRPSRVLWLRQRIFRQ
VWUXFWLRQ ZDVWH DQG 06:, IO\ DVK 7KH UHVXOWV DUH
VKRZQLQ7DEOH,WFDQEHVHHQWKDWWKHPDLQFRP
SRQHQWV RI FRQVWUXFWLRQ ZDVWH DUH &D2 6L2 DQG
$O2 DFFRXQWLQJ IRU DERXW  IROORZHG E\ D
VPDOODPRXQWRI1D2DQG.2DQGKHDY\ PHWDOV
ZLWK0QDFFRXQWLQJIRUDQGVPDOODPRXQW
RI3E=Q&X06:,IO\DVKDOVRFRQWDLQV&D26L2
DQG$O2DVWKHPDLQFRPSRQHQWVDFFRXQWLQJIRU
DERXWDQGKHDY\PHWDOV3E=Q&XDQG0Q
WKHFRQWHQWRIZKLFKDUHPRUHWKDQWKDWLQFRQVWUXF
WLRQZDVWH0HDQZKLOHWKHKLJKFRQWHQW&ODOVRKDV
DQHJDWLYHHIIHFWRQWKHVROLGLILFDWLRQRIKHDY\PHW
DOV > @ $FFRUGLQJ WR WKH FRPSRVLWLRQ DQDO\VLV
6L2DQG$O2LQFRQVWUXFWLRQZDVWHDUHKHOSIXOWR
SURPRWHWKHIRUPDWLRQRIJHRSRO\PHUJHOQHWZRUN



E\3639ROXPH±1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ


7$%/(
2UWKRJRQDOH[SHULPHQWUHVXOWVDQGDQDO\VLV
)DFWRUOHYHO
5HVXOWV
=Q
&X
0Q
3E
&RPSUHV
/HDFKLQJ /HDFKLQJ /HDFKLQJ /HDFKLQJ
1XPEHULQJ
VLYHVWUHQJWK
FRQFHQ
FRQFHQ
FRQFHQ
FRQFHQ
$
%
&
WUDWLRQ
WUDWLRQ
WUDWLRQ
WUDWLRQ
˄03D˅
˄PJ/˅ ˄PJ/˅ ˄PJ/˅ ˄PJ/˅
















































































































































kj1



&RPSUHVVLYHVWUHQJWK˄03D˅



R&!R$!R%
kj2
kj3



k$!k$!k$!k$
kj4



k%!k%!k%!k%
R



k&!k&!k&!k&



kj1
3E/HDFKLQJFRQFHQWUDWLRQ˄PJO˅



R&!R$!R%
kj2
kj3



k$!k$!k$!k$
kj4



k%!k%!k%!k%
R



k&!k&!k&!k&



kj1
=Q/HDFKLQJFRQFHQWUDWLRQ˄PJO˅



R$!R&!R%
kj2
kj3



k$!k$!k$!k$
kj4



k%!k%!k%!k%
R



k&!k&!k&!k&



kj1
&X/HDFKLQJFRQFHQWUDWLRQ˄PJO˅



R$!R&!R%
kj2
kj3



k$!k$!k$!k$
kj4



k%!k%!k%!k%
R



k&!k&!k&!k&



kj1
0Q/HDFKLQJFRQFHQWUDWLRQ˄PJO˅



R&!R$!R%
kj2
kj3



k$!k$!k$!k$
kj4



k%!k%!k%!k%
R



k&!k&!k&!k&

7KH 6L$O UDWLR LQ FRQVWUXFWLRQ ZDVWH LV 
2UWKRJRQDO H[SHULPHQW DQDO\VLV 7KH FRP
KLJKHUWKDQWKH6L$OUDWLRLQ06:,IO\DVK7KH
SUHVVLYHVWUHQJWKDQGOHDFKLQJWR[LFLW\WHVWUHVXOWVRI
H[LVWHQFHRI6LDQG$OLVKHOSIXOWRIRUPDFRPSDFW
WKHJHRSRO\PHUVREWDLQHGLQWKHH[SHULPHQWDUHGLV
JHRSRO\PHUVWUXFWXUH$ODUJHUYDOXHRIQ 6L Q $O 
SOD\HGLQ7DEOH2UWKRJRQDOH[SHULPHQWVLQFOXGH
LVFRQGXFLYHWRWKHIL[DWLRQRIKHDY\PHWDOLRQVE\
UDQJHDQDO\VLVLQWXLWLYHDQDO\VLVDQGYDULDQFHDQDO
SK\VLFDOFRDWLQJDQGWKHLQFUHDVHRIWKHFRPSUHVVLYH
\VLV7KHRUGHURIWKHLQIOXHQFHRIDIDFWRURQWKHH[
VWUHQJWKRIWKHJHRSRO\PHUV>@7RLQFUHDVHWKH
SHULPHQWVLVHYDOXDWHGE\WKHUDQJHR,QWKLVDQDO\
HIIHFW RI VROLGLILFDWLRQ WKH SURSRUWLRQ RI FRQVWUXF
VLVi and j are XVHGWRLQGLFDWHWKHQXPEHURIURZV
WLRQZDVWHLQWKHUDZPDWHULDOVVKRXOGEHKLJK
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LQWKHFRPSUHVVLYHVWUHQJWKZLWKWKHLQFUHDVHRIFRQ
VWUXFWLRQ ZDVWH06:, IO\ DVK PDVV UDWLR DQG OLT
XLGVROLGUDWLREXWLWLQFUHDVHVVLJQLILFDQWO\ZLWKWKH
LQFUHDVH RI 1D2+ FRQFHQWUDWLRQ 7KLV PD\ EH EH
FDXVH WKDW WKH KLJKHU WKH 2+ FRQFHQWUDWLRQ LV WKH
JUHDWHUWKHEDVLFLW\RIWKHJHRSRO\PHUUHDFWLRQV\V
WHPLVPDNLQJWKHJHOVWUXFWXUHPXFKGHQVHUDQGWKH
SRURVLW\PXFKVPDOOHU>@:KHQ1D2+FRQFHQWUD
WLRQLVPRO/WKHFRPSUHVVLYHVWUHQJWKRIWKHJHR
SRO\PHUVFDQUHDFKDERYH03D(YHQVRWKH
FRPSUHVVLYH VWUHQJWK YDOXH LV VWLOO UHODWLYHO\ ORZ
7KLVLVEHFDXVHWKH6L$OUDWLRRIWKHUDZPDWHULDOV
XVHGLQWKLVVWXG\LVRQO\DERXWDFFRUGLQJWR7D
EOH7KH6L$OUDWLRLVDQLPSRUWDQWIDFWRUDIIHFWLQJ
WKHVWUHQJWKRIWKHSUHVVXUHZKLFKLVIDYRUDEOHIRU
VROLGLILFDWLRQ7KHORZHUFRPSUHVVLYHVWUHQJWKPD\
EHGXHWRWKHORZHU6L$OUDWLR$GGLWLRQDOO\LWFDQ
EHFRQFOXGHGIURP7DEOHWKDW06:,IO\DVKFRQ
WDLQVVROXEOHVDOWVVXFKDVFKORULGHZKLFKFDQLP
SDLUWKHFRPSUHVVLYHVWUHQJWKDQGKDUGHQLQJUHDFWLRQ
RIWKHVROLGLILFDWLRQSURGXFW>@%DVHGRQ7DEOH
LW FDQ EH NQRZQ WKDW IRU FRPSUHVVLYH VWUHQJWK WKH
UDQJHRIWKUHHIDFWRUVIROORZVWKHUXOHRIRC!RA!RB
LPSO\LQJWKDW1D2+FRQFHQWUDWLRQKDVWKHODUJHVWHI
IHFWVRQWKHFRPSUHVVLYHVWUHQJWKIROORZHGE\FRQ
VWUXFWLRQZDVWH06:,IO\DVKPDVVUDWLRDQGWKHP
OLTXLGVROLGUDWLR)URP7DEOHFYDOXHRIIDFWRU$
LVWKDWRI%DQGWKDWRI&7KHF
YDOXHVRIDOOWKUHHIDFWRUVDUHOHVVWKDQDQG
ZKLFKDUHFYDOXHVXQGHUWKHFRQILGHQFHLQWHUYDORI
DQGUHVSHFWLYHO\7KLVLQGLFDWHVWKDWWKH

DQG FROXPQV LQ WKH H[SHULPHQWDO UHVXOWV UHVSHF
WLYHO\ kij UHIHUV WR WKH DYHUDJH YDOXH RI WKH UHVXOWV
FRUUHVSRQGLQJWRDOOH[SHULPHQWVZLWKOHYHO iLQFRO
XPQjRIWKHWDEOH&DOFXODWHWKHUDQJHRDFFRUGLQJ
WR WKH DYHUDJH RI WKH IRXU OHYHOV DV IROORZ
R PD[ kij PLQ kij 7KHQWKHSULPDU\DQGVHFRQGDU\
UHODWLRQVKLSRIWKLVIDFWRURQWKHUHVXOWVFDQEHGHWHU
PLQHGE\FRPSDULQJWKHFRUUHVSRQGLQJUDQJHXQGHU
HDFKIDFWRU7KHJUHDWHUWKHUDQJHLVWKHJUHDWHUWKH
LQIOXHQFHRIWKLVIDFWRURQWKHJHRSRO\PHUKDV,QWX
LWLYHDQDO\VLVKDVFKDUDFWHULVWLFVRIVLPSOHFOHDUDQG
OHVVFDOFXODWLRQZKLOHLWVGLVDGYDQWDJHVLQFOXGHWKDW
LWFDQQRWHVWLPDWHWKHHUURUDQGFDQQRWDFFXUDWHO\HV
WLPDWHWKHLQIOXHQFHRIYDULRXVIDFWRUVRQWKHH[SHUL
PHQWUHVXOWV7KXVIRUH[SHULPHQWVWKDWQHHGWRFRQ
VLGHU WKH LQWHUDFWLRQ RI IDFWRUV YDULDQFH DQDO\VLV
VKRXOGEHSHUIRUPHGWRPDNHXSIRUWKHGHILFLHQF\
7KH EDVLF PHWKRG RI YDULDQFH DQDO\VLV LV ILUVWO\ WR
FDOFXODWH WKH VXP RI VTXDUHV SS  RI GHYLDWLRQV RI
HDFKIDFWRUDQGHUURUWKHQWRFDOFXODWHWKHYDOXHVRI
GHJUHHVRIIUHHGRP DF PHDQVTXDUH MS DQGF
YDOXHDQGILQDOO\WRFDUU\RXWWKHFYDOXHWHVW%DVHG
RQ WKH FDOFXODWLRQ PHWKRGV WKH FRUUHVSRQGLQJ UH
VXOWVDUHOLVWHGLQ7DEOHDQG7DEOH

(IIHFWV RQ FRPSUHVVLYH VWUHQJWK %DVHG RQ
WKHH[SHULPHQWUHVXOWVWKHFRPSUHVVLYHVWUHQJWKYDU
LHVZLWKFRQVWUXFWLRQZDVWH06:,IO\DVKPDVVUDWLR
OLTXLGVROLGUDWLRDQG1D2+FRQFHQWUDWLRQDVVKRZQ
LQ)LJXUH
$VFDQEHVHHQWKHUHLVQRVLJQLILFDQWFKDQJH

3URMHFW
&RPSUHVVLYH
VWUHQJWK


7$%/(
2UWKRJRQDOH[SHULPHQWDOYDULDQFHDQDO\VLV
)DFWRU
SS
DF

$
%
&
HUURUV
VXP
$
3EOHDFKLQJ
%
FRQFHQWUDWLRQ
&
HUURUV
VXP
$
=QOHDFKLQJ
%
FRQFHQWUDWLRQ
&
HUURUV
VXP
$
&XOHDFKLQJ
%
FRQFHQWUDWLRQ
&
HUURUV
VXP
$
0QOHDFKLQJ
%
FRQFHQWUDWLRQ
&
HUURUV
VXP
1RWHV˖F  ˈF  
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&RPSUHVVVWUHQJWK 03D



FRQVWUXFWLRQZDVWH06:,IO\DVKPDVVUDWLR
OLTXLGVROLGUDWLR
1D2+FRQFHQWUDWLRQ
















/HYHO


),*85(
(IIHFWVRIFRQVWUXFWLRQZDVWH06:,IO\DVKPDVVUDWLROLTXLGVROLGUDWLRDQG1D2+FRQFHQWUDWLRQRQWKH
FRPSUHVVLYHVWUHQJWKRIJHRSRO\PHUV


3EOHDFKLQJFRQFHQWUDWLRQ PJ/



FRQVWUXFWLRQZDVWH06:,IO\DVKPDVVUDWLR
OLTXLGVROLGUDWLR
1D2+FRQFHQWUDWLRQ




















/HYHO

),*85(
(IIHFWVRIFRQVWUXFWLRQZDVWH06:,IO\DVKPDVVUDWLROLTXLGVROLGUDWLRDQG1D2+FRQFHQWUDWLRQ
RQ3EOHDFKLQJFRQFHQWUDWLRQ


LQIOXHQFH RI WKHVH WKUHH IDFWRUV RQ FRPSUHVVLYH
VWUHQJWKLVQRWREYLRXV&RQVLGHULQJWKHFRPSUHVVLYH
VWUHQJWKDVWKHPDLQFRQWUROLQGLFDWRUWKHEHVWH[SHU
LPHQWVFKHPHVKRXOGEH$%&8QGHUWKLVFRQ
GLWLRQWKHFRPSUHVVLYHVWUHQJWKRIWKHJHRSRO\PHU
LV03D

(IIHFWVRQKHDY\PHWDOOHDFKLQJWR[LFLW\ķ
3E /HDFKLQJ FRQFHQWUDWLRQ 3E OHDFKLQJ FRQ
FHQWUDWLRQ RI GLIIHUHQW JHRSRO\PHU VDPSOHV XQGHU
GLIIHUHQWFRQGLWLRQVDUHLOOXVWUDWHGLQ)LJXUH
,WFDQEHNQRZQWKDWWKHOHDFKLQJFRQFHQWUDWLRQ
RI3ELQFUHDVHVZLWKWKHGHFUHDVHRIWKHPDVVUDWLR

RI FRQVWUXFWLRQ ZDVWH WR IO\ DVK 7KLV LV PDLQO\
EHFDXVHWKHPDVVSURSRUWLRQRI06:,IO\DVKZKLFK
FRPSRVHPXFK3EWKDQFRQVWUXFWLRQZDVWHLQFUHDVHV
JUDGXDOO\7KXVWKHFRQWHQWRI3ELQWKHJHQHUDWHG
JHRSRO\PHU LQFUHDVHV PDNLQJ WKH LQFUHDVH RI
SRVVLELOLW\ IRU 3E OHDFKLQJ WR VRPH H[WHQW 7KH
OHDFKLQJ FRQFHQWUDWLRQ RI 3E GRHV QRW FKDQJH
REYLRXVO\ZLWKOLTXLGVROLGUDWLRZKLOHLWGHFUHDVHG
ZLWKWKHLQFUHDVHRI1D2+FRQFHQWUDWLRQZKLFKLV
FRQVLVWHQWZLWKWKHUHVXOWREWDLQHGE\=KDQHWDO>@
,W PD\ EH EHFDXVH WKDW D KLJKHU FRQFHQWUDWLRQ RI
1D2+ LV FRQGXFLYH WR WKH VROLGLILFDWLRQ RI 3E LQ
WKHJHRSRO\PHUWKURXJKWKHHQFDSVXODWLRQRIWKHJHO
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>@0RUHRYHU3EFDQDOVRFRPELQHZLWK2+WR
IRUPSUHFLSLWDWHVWREHDGVRUEHGRQWKHVXUIDFHRIWKH
JHO XQGHU DONDOLQH FRQGLWLRQV >@ )URP WKH
FRPSDULVRQRIWKHUHVXOWVRIRUWKRJRQDOH[SHULPHQW
DQGWKHUDQJHDQDO\VLVLQ7DEOHWKHUHVXOWRI RC!
RA!RBLVREWDLQHG7KLVPHDQVWKDWWKHHIIHFWVRI
WKUHHIDFWRUVRQ3EOHDFKLQJFRQFHQWUDWLRQIROORZV
WKH VHTXHQFH WKDW 1D2+ FRQFHQWUDWLRQ !
FRQVWUXFWLRQ ZDVWH 06:, IO\ DVK PDVV UDWLR !
OLTXLGVROLGUDWLR7KHFYDOXHVRIWKHWKUHHIDFWRUV
DUHDQGUHVSHFWLYHO\ZKLFKDUH
DOOEHORZXQGHUWKHFRQILGHQFHLQWHUYDORI
7KLV LQGLFDWHV WKDW WKH WKUHH IDFWRUV KDG QR

VLJQLILFDQW HIIHFW RQ 3E OHDFKLQJ FRQFHQWUDWLRQ
7DNLQJ WKH WR[LFLW\ RI 3E OHDFKLQJ DV WKH PDLQ
FRQWUROLQGH[WKHEHVWH[SHULPHQWDOVFKHPHLV$
%&

ᶆ  =Q OHDFKLQJ FRQFHQWUDWLRQ 7KH
YDULDWLRQVRI=QOHDFKLQJFRQFHQWUDWLRQLQGLIIHUHQW
VFKHPHVDUHVKRZQLQ)LJXUH
,W FDQ EH FRQFOXGHG WKDW WKH OHDFKLQJ
FRQFHQWUDWLRQ RI =Q LQFUHDVHV ZLWK FRQVWUXFWLRQ
ZDVWH06:,IO\DVKPDVVUDWLRDQGOLTXLGVROLGUDWLR
LQFUHDVLQJ7KHIRUPHUPD\EHUHODWHGWRWKH


=QOHDFKLQJFRQFHQWUDWLRQ PJ/





FRQVWUXFWLRQZDVWH06:,IO\DVKPDVVUDWLR
OLTXLGVROLGUDWLR
1D2+FRQFHQWUDWLRQ


















/HYHO

),*85(
,QIOXHQFHRIFRQVWUXFWLRQZDVWH06:,IO\DVKPDVVUDWLROLTXLGVROLGUDWLRDQG1D2+FRQFHQWUDWLRQRQ
=QOHDFKLQJFRQFHQWUDWLRQ


&XOHDFKLQJFRQFHQWUDWLRQ PJ/




FRQVWUXFWLRQZDVWH06:,IO\DVKPDVVUDWLR
OLTXLGVROLGUDWLR
1D2+FRQFHQWUDWLRQ















/HYHO

),*85(
,QIOXHQFHRIFRQVWUXFWLRQZDVWH06:,IO\DVKPDVVUDWLROLTXLGVROLGUDWLR
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+RZHYHU KLJKHU OLTXLGVROLG UDWLR PD\ EH PRUH
FRQGXFLYHWRWKHVROLGLILFDWLRQRI&X7KHLQFUHDVH
RI1D2+FRQFHQWUDWLRQLVDOVRKHOSIXOWRWKHFXULQJ
RI&XZKLFKPD\EHGXHWRWKHIDFWWKDW1D2+FDQ
SURPRWH WKH K\GUDWLRQ UHDFWLRQ DQG VWUHQJWKHQ WKH
FXULQJ HIIHFW RI KHDY\ PHWDOV $FFRUGLQJ WR WKH
UHVXOWV RI RUWKRJRQDO H[SHULPHQW LQ 7DEOH  WKH R
YDOXHVIROORZWKHVHTXHQFHRA!RC !RBVXJJHVWLQJ
WKDWFRQVWUXFWLRQZDVWH06:,IO\DVKPDVVUDWLRKDV
JUHDWHULPSDFWRQ&XOHDFKLQJWR[LFLW\WKDQ1D2+
FRQFHQWUDWLRQDQGOLTXLGVROLGUDWLR7KHREWDLQHG F
YDOXHVRIWKHWKUHHIDFWRUVLQ7DEOHDUH
DQGUHVSHFWLYHO\$OORIWKHPDUHOHVVWKDQWKH
FULWLFDOFYDOXHRIXQGHUWKHFRQILGHQFHLQWHUYDO
RILQGLFDWLQJWKDWWKHHIIHFWRIWKUHHIDFWRUVRQ
&X FRQFHQWUDWLRQ LV QRW REYLRXV 7DNLQJ &X DV
WKH PDLQ FRQWURO LQGH[ WKHEHVW VFKHPH LV $%
&

ᶈ0QOHDFKLQJFRQFHQWUDWLRQ7KHFKDQJH
UDZ RI 0Q OHDFKLQJ FRQFHQWUDWLRQ ZLWK WKH WKUHH
IDFWRUVLVGLVSOD\HGLQ)LJXUH
%DVHG RQ )LJXUH  WKH OHDFKLQJ WR[LFLW\ RI
0QGRHVQRWFKDQJHVLJQLILFDQWO\ZLWKWKHLQFUHDVH
RIFRQVWUXFWLRQZDVWH06:,IO\DVKPDVVUDWLRDQG
OLTXLGVROLG UDWLR+RZHYHU WKHYDOXH LV WKH ORZHVW
ZKHQ WKH FRQVWUXFWLRQ ZDVWH06:, IO\ DVK PDVV
UDWLR LV  DQG OLTXLGVROLG UDWLR LV  7KLV
LQGLFDWHVWKDWWKHUHLVDQDSSURSULDWHUDWLRZKLFKLV
FRQGXFLYHWRWKHVROLGLILFDWLRQRI0Q7KHUHLVDQ
REYLRXVFKDQJHWUHQGEHWZHHQWKHOHDFKLQJWR[LFLW\
RI 0Q DQG 1D2+ FRQFHQWUDWLRQ VXJJHVWLQJ WKDW
KLJK 1D2+ FRQFHQWUDWLRQ LV KHOSIXO WR WKH
VROLGLILFDWLRQRIKHDY\PHWDOV$FFRUGLQJWRWKH

HQODUJLQJ SURSRUWLRQ RI 06:, IO\ DVK LQ WKH UDZ
PDWHULDOVZKLFKFRQWDLQVPXFK=QWKDQFRQVWUXFWLRQ
ZDVWH+RZHYHUWKHODWWHUPD\EHEHFDXVHWKDWWKH
LQFUHDVLQJOLTXLGVROLGUDWLRLVQRWFRQGXFLYHWRWKH
VROLGLILFDWLRQ RI =Q UHVXOWLQJ LQ WKH LQFUHDVH RI
OHDFKLQJ FRQFHQWUDWLRQ 2Q WKH RWKHU KDQG WKH
OHDFKLQJ FRQFHQWUDWLRQ RI =Q GHFUHDVHG ZLWK WKH
LQFUHDVHRI1D2+FRQFHQWUDWLRQZKLFKPD\EHGXH
WR WKH IDFW WKDW 1D2+ FDQ SURPRWH WKH K\GUDWLRQ
UHDFWLRQ DQG VWUHQJWKHQ WKH VROLGLILFDWLRQ HIIHFW RI
KHDY\ PHWDOV 7KH UHVXOW RIRA ! RC ! RB IRU =Q
OHDFKLQJ WR[LFLW\ LQ 7DEOH  VXJJHVWV WKDW
FRQVWUXFWLRQ ZDVWH 06:, IO\ DVK PDVV UDWLR KDV
KLJKHU LPSDFW WKDQ 1D2+ FRQFHQWUDWLRQ DQG
OLTXLGVROLG UDWLR 7KH FYDOXHV RI 1D2+
FRQFHQWUDWLRQ LV  ZKLFK LV KLJKHU WKDQ 
XQGHUWKHFRQILGHQFHLQWHUYDORILQGLFDWLQJWKDW
WKHHIIHFWRI1D2+FRQFHQWUDWLRQRQ=QOHDFKLQJ
WR[LFLW\LVVLJQLILFDQW:KLOHWKHHIIHFWVRIWKHRWKHU
WZR IDFWRUV DUH QRW REYLRXV 7DNLQJ WKH OHDFKLQJ
FRQFHQWUDWLRQ RI =Q DV WKH PDLQ LQGH[ WKH EHVW
VFKHPHLV$%&

ᶇ&XOHDFKLQJFRQFHQWUDWLRQ7KHYDULDWLRQ
RI&XOHDFKLQJFRQFHQWUDWLRQZLWKWKHFRQVWUXFWLRQ
ZDVWH 06:, IO\ DVK PDVV UDWLR OLTXLGVROLG UDWLR
DQG 1D2+ FRQFHQWUDWLRQ RI VRGLXP K\GUR[LGH LV
VKRZQLQ)LJXUH
$FFRUGLQJ WR )LJXUH  &X OHDFKLQJ WR[LFLW\
GHFUHDVHVVOLJKWO\ZLWKWKHLQFUHDVHRIFRQVWUXFWLRQ
ZDVWH06:, IO\ DVK PDVV UDWLR DQG OLTXLGVROLG
UDWLR $V WKH SURSRUWLRQ RI 06:, IO\ DVK LQ UDZ
PDWHULDOV LV KLJK LW PD\ FDXVH SRRU VROLGLILFDWLRQ
HIIHFW DQGUHOHDVH D ODUJHQXPEHU RI KHDY\ PHWDOV


0QOHDFKLQJFRQFHQWUDWLRQ PJ/
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UHVXOWVRIRUWKRJRQDOH[SHULPHQWLQ7DEOHDQGWKH
FRPSDULVRQ RI WKH UDQJH DQDO\VLV WKH LQIOXHQFH
GHJUHHRI1D2+FRQFHQWUDWLRQLVPRUHWKDQWKDWRI
FRQVWUXFWLRQZDVWH06:,IO\DVKPDVVUDWLRDQGRI
OLTXLGVROLGUDWLRRQWKH0QOHDFKLQJWR[LFLW\7KH
FYDOXHV RI WKH WKUHH IDFWRUV ZHUH QRW PRUH WKDQ
 ZKLFK ZHUH   DQG 
UHVSHFWLYHO\ ,W PHDQV WKDW WKH SHUIRUPDQFH RI WKH
WKUHH IDFWRUV ZDV QRW VLJQLILFDQW 7DNLQJ 0Q
OHDFKLQJFRQFHQWUDWLRQDVWKHPDLQFRQWUROLQGH[WKH
EHVWVFKHPHLV$%&

6HOHFWLRQRIWKHEHVWVFKHPH&RPSDULQJWKH
HIIHFWV RI YDULRXV IDFWRUV RQ WKH FRPSUHVVLYH
VWUHQJWK DQG KHDY\ PHWDO OHDFKLQJ WR[LFLW\ RI WKH
VROLGLILHG JHRSRO\PHUV FRQVWUXFWLRQ ZDVWH06:,
IO\ DVK PDVV UDWLR DQG 1D2+ FRQFHQWUDWLRQ KDYH
PRUH LPSDFWV WKDQ OLTXLGVROLG UDWLR $FFRUGLQJ WR
7DEOHZKHQ1D2+FRQFHQWUDWLRQLVPRO/WKH
FRPSUHVVLYH VWUHQJWK RI WKH REWDLQHG JHRSRO\PHUV
ZLWKGLIIHUHQWFRQVWUXFWLRQZDVWH06:,IO\DVKUDWLR
FDQUHDFKDERYH03D7KHUHIRUHWKHRSWLPXP
FRQFHQWUDWLRQRI1D2+LVVHOHFWHGDVPRO/$WWKH
VDPH WLPH LW KDV DOVR DFKLHYHG D FHUWDLQ
VROLGLILFDWLRQ HIIHFW IRU 3E =Q &X DQG 0Q
ZLWKWKHLUOHDFKLQJFRQFHQWUDWLRQOHVVWKDQWKHOLPLW
RI WKH VWDQGDUG *%  ,W FDQ UHDOL]H WKH
SXUSRVHRILPPRELOL]LQJKHDY\PHWDOVLQWKH06:,
IO\ DVK E\ XVLQJ FRQVWUXFWLRQ ZDVWH 8QGHU WKLV
VLWXDWLRQ LQ RUGHU WR XVH OHVV PDWHULDO WR SURFHVV
PRUH06:,IO\DVKWKHFRQVWUXFWLRQZDVWH06:,
IO\DVKPDVVUDWLRLVGHWHUPLQHGWREH%DVHGRQ
WKHH[SHULPHQWLWFDQEHNQRZQWKDWWRRKLJKRUWRR
ORZ OLTXLGVROLG UDWLRV PD\ DIIHFW WKH UHVXOWV 7KH
UDWLRRIOLTXLGWRVROLGLVGHWHUPLQHGWREH
$FFRUGLQJ WR WKH REWDLQHG UHVXOWV WDNLQJ
FRPSUHVVLYH VWUHQJWK DQG KHDY\ PHWDO OHDFKLQJ
WR[LFLW\ LQWR FRQVLGHUDWLRQ FRPSUHVVLYHO\ WKH EHVW
VFKHPH LV WKDW FRQVWUXFWLRQ ZDVWH06:, IO\ DVK
PDVVUDWLRLVOLTXLGVROLGUDWLRLVDQG1D2+
FRQFHQWUDWLRQLVPRO/QDPHO\$%&8QGHU
VXFK FRQGLWLRQV WKH FRPSUHVVLYH VWUHQJWK RI WKH
JHRSRO\PHU LV  03D DQG WKH OHDFKLQJ
FRQFHQWUDWLRQ RI 3E =Q &X DQG 0Q DUH
   DQG  PJ/ UHVSHFWLYHO\
ZKLFKDUHRQO\DQGRIWKH
RULJLQDO06:,IO\DVK7KHVHUHVXOWVDOVRPHHWWKH
UHTXLUHPHQWRISROOXWDQWVLQOHDFKLQJVROXWLRQWKDWLV
OLPLWHG E\ ³6WDQGDUG IRU 3ROOXWLRQ &RQWURO RQ WKH
/DQGILOO6LWHRI0XQLFLSDO6ROLG:DVWH´ *%
  LQ ZKLFK 3E =Q DQG &X DUH  
DQG  PJ/ UHVSHFWLYHO\ 7KH UHVXOWV REWDLQHG LQ
WKLVVWXG\LVFRPSDUDEOHZLWKWKDWLQWKHOLWHUDWXUHV
)RU H[DPSOH =KDQ HW DO XWLOL]HG FRPSOH[ VLOLFDWH
FHPHQW WR WUHDW 06:, IO\ DVK WKH OHDFKLQJ
FRQFHQWUDWLRQ RI 3E =Q &X DQG 0Q RI WKH
REWDLQHGVROLGJHRSRO\PHUZHUHDQG
PJ/UHVSHFWLYHO\>@$GGLWLRQDOO\=KDQHWDO
DOVRXVHGHOHFWURO\WLFPDQJDQHVHUHVLGXHFDOFLQHGDW

VWUHQJWK RI WKH JHRSRO\PHU ZDV  03D DQG WKH
OHDFKLQJFRQFHQWUDWLRQRI3E=Q&XDQG0Q
ZHUH    DQG  PJ/ UHVSHFWLYHO\
>@7KHUHVXOWVIRXQGLQWKLVVWXG\VKRZWKDWLWLV
IHDVLEOHWRXVHFRQVWUXFWLRQZDVWHWRWUHDW06:,IO\
DVKHIILFLHQWO\


&21&/86,21

%DVHG RQ WKH JHRSRO\PHU PHWKRG IRU
V\QHUJLVWLF WUHDWPHQW RI FRQVWUXFWLRQ ZDVWH DQG
06:, IO\ DVK WKH RUWKRJRQDO H[SHULPHQW ZDV
GHVLJQHG LQ WKLV VWXG\ ZLWK WKH IDFWRUV RI
FRQVWUXFWLRQ ZDVWH06:, IO\ DVK PDVV UDWLR
OLTXLGVROLG UDWLR DQG 1D2+ FRQFHQWUDWLRQ 7KH
FRPSUHVVLYHVWUHQJWKWHVWDQGOHDFKLQJWR[LFLW\WHVW
RIKHDY\PHWDOVRIWKHSUHSDUHGJHRSRO\PHUVZHUH
RSHUDWHG 7KH LQIOXHQFH RI YDULRXV IDFWRUV RQ WKH
VROLGLILFDWLRQVWDELOL]DWLRQHIIHFWZDVGLVFXVVHGDQG
WKH VROLGLILFDWLRQVWDELOL]DWLRQ FRQGLWLRQV ZHUH
RSWLPL]HG 7KH UHVXOWV VKRZ WKDW FRQVWUXFWLRQ
ZDVWH06:, IO\ DVK PDVV UDWLR DQG 1D2+
FRQFHQWUDWLRQPDLQO\DIIHFWWKHOHDFKLQJWR[LFLW\RI
3E=Q&X0QDQGWKHFRPSUHVVLYHVWUHQJWK
RI WKH VDPSOHV ,Q D FHUWDLQ UDQJH WKH LQFUHDVH RI
1D2+FRQFHQWUDWLRQLVFRQGXFLYHWRWKHLQFUHDVHRI
FRPSUHVVLYH VWUHQJWK DQG WKH GHFUHDVH RI OHDFKLQJ
WR[LFLW\ RI 3E DQG 0Q &RQVLGHULQJ ERWK
FRPSUHVVLYH VWUHQJWK DQG KHDY\ PHWDO OHDFKLQJ
WR[LFLW\ DW WKH VDPH WLPH WKH RSWLPDO SURFHVV
FRQGLWLRQV IRU WUHDWPHQW RI 06:, IO\ DVK DQG
FRQVWUXFWLRQ ZDVWH DUH GHWHUPLQHG DV IROORZV
FRQVWUXFWLRQZDVWH06:,IO\DVKPDVVUDWLRLV
WKH FRQFHQWUDWLRQ RI 1D2+ LV  PRO/ DQG WKH
OLTXLGVROLGUDWLRLV8QGHUVXFKFRQGLWLRQVWKH
FRPSUHVVLYH VWUHQJWK RI WKH REWDLQHG JHRSRO\PHU
UHDFKHV XS WR  03D DQG WKH OHDFKLQJ
FRQFHQWUDWLRQV RI 3E =Q &X DQG 0Q ZHUH
   DQG  PJ/ UHVSHFWLYHO\
ZKLFKZHUHRQO\DQGRIWKH
RULJLQDO IO\ DVK $QG WKH OHDFKLQJ FRQFHQWUDWLRQV
ZHUHORZHUWKDQWKHYDOXHVOLPLWHGLQWKH³6WDQGDUG
IRU 3ROOXWLRQ &RQWURO RQ WKH /DQGILOO 6LWH RI
0XQLFLSDO 6ROLG :DVWH´ *%   7KH
UHVXOWVIRXQGLQWKLVVWXG\LQGLFDWHWKDWLWLVIHDVLEOH
WR HIIHFWLYHO\ FRGLVSRVH WKH 06:, IO\ DVK DQG
FRQVWUXFWLRQZDVWHEDVHGRQJHRSRO\PHUV\VWHP


$&.12:/('*(0(176

7KLVUHVHDUFKKDVEHHQILQDQFLDOO\VXSSRUWHGE\
WKH +HQDQ 8QLYHUVLW\ RI 7HFKQRORJ\ XQGHU JUDQW
QXPEHU%6
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>@2VVD$*DUFtD-/DQG%RWHUR(  8VH
RI UHF\FOHG FRQVWUXFWLRQ DQG GHPROLWLRQ ZDVWH
&': DJJUHJDWHV$VXVWDLQDEOHDOWHUQDWLYHIRU
WKH SDYHPHQW FRQVWUXFWLRQ LQGXVWU\ -RXUQDO RI
&OHDQHU3URGXFWLRQ
>@=KDQJ - 'LQJ / /L ) DQG 3HQJ -  
5HF\FOHG DJJUHJDWHV IURP FRQVWUXFWLRQ DQG
GHPROLWLRQZDVWHVDVDOWHUQDWLYHILOOLQJPDWHULDOV
IRU KLJKZD\ VXEJUDGHV LQ &KLQD -RXUQDO RI
&OHDQHU3URGXFWLRQ
>@'DYLGRYLWV -   *HRSRO\PHUV LQRUJDQLF
SRO\PHULF QHZ PDWHULDOV -RXUQDO RI 7KHUPDO
$QDO\VLVDQG&DORULPHWU\
>@)HUQDQGH] 3HUHLUD & /XQD < 4XHURO ;
$QWHQXFFL ' DQG 9DOH -   :DVWH
VWDELOL]DWLRQVROLGLILFDWLRQ RI DQ HOHFWULF DUF
IXUQDFH GXVW XVLQJ IO\ DVKEDVHG JHRSRO\PHUV
)XHO
>@/LX6):DQJ30/L=-DQG/R/0&
  $Q )7,5 DQG ;36 VWXG\ RI
LPPRELOL]DWLRQRIFKURPLXPZLWKIO\DVKEDVHG
JHRSRO\PHUV 6SHFWURVFRS\ DQG 6SHFWUDO
$QDO\VLV
>@%RUWQRYVN\ 2 'ČGHþHN - 7YDUĤåNRYi =
6REDOtN = DQG âXEUW -   0HWDO LRQV DV
SUREHV IRU FKDUDFWHUL]DWLRQ RI JHRSRO\PHU
PDWHULDOV -RXUQDO RI WKH $PHULFDQ &HUDPLF
6RFLHW\
>@.D\D=NLSHU.8]XQ$DQG6R\HU8]XQ6
  5HG PXG DQG PHWDNDROLQEDVHG
JHRSRO\PHUV IRU DGVRUSWLRQ DQG SKRWRFDWDO\WLF
GHJUDGDWLRQ RI PHWK\OHQH EOXH 7RZDUGV VHOI
FOHDQLQJ FRQVWUXFWLRQ PDWHULDOV -RXUQDO RI
&OHDQHU3URGXFWLRQ
>@&KHQ<=KRX;:DQ6=KHQJ57RQJ-
+RX + DQG :DQJ 7   6\QWKHVLV DQG
FKDUDFWHUL]DWLRQ RI JHRSRO\PHU FRPSRVLWHV
EDVHGRQJDVLILFDWLRQFRDOIO\DVKDQGVWHHOVODJ
&RQVWUXFWLRQDQG%XLOGLQJ0DWHULDOV

>@<H 1 &KHQ < <DQJ - /LDQJ 6 +X <
;LDR%+XDQJ46KL<+X-DQG:X;
 &RGLVSRVDORI06:,IO\DVKDQG%D\HU
UHGPXGXVLQJDQRQHSDUWJHRSRO\PHULFV\VWHP
-RXUQDORI+D]DUGRXV0DWHULDOV
>@)UHLUH$/ 0RXUD1LFNHO &' 6FDUDWWL *
5RVVL $' DQG 0RUHLUD 50  
*HRSRO\PHUV SURGXFHG ZLWK IO\ DVK DQG ULFH
KXVN DVK DSSOLHG WR &2 FDSWXUH -RXUQDO RI
&OHDQHU3URGXFWLRQ
>@&KHQ 6   ([SHULPHQWDO VWXG\ RQ
SUHSDUDWLRQ RI JHRSRO\PHU PDWHULDOV IURP
FRQVWUXFWLRQZDVWHGXV.XQPLQJ8QLYHUVLW\RI
6FLHQFHDQG7HFKQRORJ\
>@*XR;6KL+DQG+X:  'XUDELOLW\
DQG PLFURVWUXFWXUH RI &6$ FHPHQWEDVHG
PDWHULDOV IURP 06:, IO\ DVK &HPHQW DQG
&RQFUHWH&RPSRVLWHV



5()(5(1&(6

>@ =KHQJ /- 6RQJ -& /L &< *DR <*
*HQJ 3/ 4X %1 DQG /LQ /<  
3UHIHUHQWLDO SROLFLHV SURPRWH PXQLFLSDO VROLG
ZDVWH 06: WRHQHUJ\LQ&KLQDFXUUHQWVWDWXV
DQG SURVSHFWV 5HQHZDEOH DQG 6XVWDLQDEOH
(QHUJ\5HYLHZV
>@ ;XDQ'7DQJ3DQG3RRQ&6  (IIHFW
RIFDVWLQJPHWKRGVDQG6&0VRQSURSHUWLHVRI
PRUWDUV SUHSDUHG ZLWK ILQH 06: LQFLQHUDWLRQ
ERWWRP DVK &RQVWUXFWLRQ DQG %XLOGLQJ
0DWHULDOV
>@ /LX - +X / 7DQJ / DQG 5HQ -  
8WLOLVDWLRQRIPXQLFLSDOVROLGZDVWHLQFLQHUDWRU
06:, IO\DVKZLWKPHWDNDROLQIRUSUHSDUDWLRQ
RI DONDOLDFWLYDWHG FHPHQWLWLRXV PDWHULDO
-RXUQDORI+D]DUGRXV0DWHULDOV
>@ &KLQD6WDWLVWLFDO<HDUERRN1DWLRQDO%XUHDXRI
6WDWLVWLFVRI&KLQD
>@ 6XQ;/L-=KDR;=KX%DQG=KDQJ*
  $ UHYLHZ RQ WKH PDQDJHPHQW RI
PXQLFLSDO VROLG ZDVWH IO\ DVK LQ $PHULFDQ
3URFHGLD(QYLURQPHQWDO6FLHQFHV
>@ =KDQ;:DQJ/$+X&*RQJ-;X7
/L-<DQJ/%DL-DQG=KRQJ6  &R
GLVSRVDO RI 06:, IO\ DVK DQG HOHFWURO\WLF
PDQJDQHVH UHVLGXH EDVHG RQ JHRSRO\PHULF
V\VWHP:DVWH0DQDJHPHQW
>@ ;LDQJ 7 DQG )HQJ 5   &RGLVSRVDO RI
06:, IO\ DVK DQG VSHQW FDXVWLF WKURXJK
DONDOLQHDFWLYDWLRQ ,PPRELOL]DWLRQ RI KHDY\
PHWDOV DQG RUJDQLFV &HPHQW DQG &RQFUHWH
&RPSRVLWHV
>@ +H;=KX6DQG+ZDQJ-<  3K\VLFDO
DQG FKHPLFDO SURSHUWLHV RI 06:, IO\ DVK
&KDUDFWHUL]DWLRQ RI 0LQHUDOV 0HWDOV DQG
0DWHULDOV
>@ 1DJDSDQ65DKPDQ,$DQG$VPL$  
)DFWRUV FRQWULEXWLQJ WR SK\VLFDO DQG QRQ
SK\VLFDO ZDVWH JHQHUDWLRQ LQ FRQVWUXFWLRQ
LQGXVWU\ ,QWHUQDWLRQDO -RXUQDO RI $GYDQFHG
$SSOLHG6FLHQFH
>@'XDQ + :DQJ - DQG +XDQJ 4  
(QFRXUDJLQJ WKH HQYLURQPHQWDOO\ VRXQG
PDQDJHPHQW RI & ' ZDVWH LQ &KLQD$Q
LQWHJUDWLYH UHYLHZ DQG UHVHDUFK DJHQGD
5HQHZDEOHDQG6XVWDLQDEOH(QHUJ\5HYLHZV

>@+XDQJ % :DQJ ; .XD + *HQJ <
%OHLVFKZLW]5DQG5HQ-  &RQVWUXFWLRQ
DQG GHPROLWLRQ ZDVWH PDQDJHPHQW LQ &KLQD
WKURXJK WKH 5 SULQFLSOH 5HVRXUFHV
&RQVHUYDWLRQDQG5HF\FOLQJ
>@=KHQJ/:X+=KDQJ+'XDQ+:DQJ
--LDQJ:'RQJ%/LX*=XR-DQG6RQJ
4   &KDUDFWHUL]LQJ WKH JHQHUDWLRQ DQG
IORZV RI FRQVWUXFWLRQ DQG GHPROLWLRQ ZDVWH LQ
&KLQD &RQVWUXFWLRQ DQG %XLOGLQJ 0DWHULDOV
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>@/L-=KRX65RQJ/;LDR-7LDQ/DQG
&KX/  $UHYLHZRQWUHDWPHQWRIKHDY\
PHWDO XVLQJ JHRSRO\PHU WHFKQLTXH )LQH
&KHPLFDOV
>@:DQJ4:DQJ;<RX;&DR+DQG/L7
  5HVHDUFK VWDWXV DQG GHYHORSPHQW WUHQG
RI VROLGILFDWLRQ RI KHDY\ PHWDOV XVLQJ IO\ DVK
EDVHG JHRSRO\PH %XOOHWLQ RI WKH &KLQHVH
&HUDPLF6RFLHW\
>@=KHQJ / :DQJ : DQG 6KL <   7KH
HIIHFWVRIDONDOLQHGRVDJHDQG6L$OUDWLRRQWKH
LPPRELOL]DWLRQ RI KHDY\ PHWDOV LQ PXQLFLSDO
VROLG ZDVWH LQFLQHUDWLRQ IO\ DVKEDVHG
JHRSRO\PHU&KHPRVSKHUH
>@6LQJK ' DQG .XPDU $   *HR
HQYLURQPHQWDO DSSOLFDWLRQ RI PXQLFLSDO VROLG
ZDVWH LQFLQHUDWRU DVK VWDELOL]HG ZLWK FHPHQW
-RXUQDO RI 5RFN 0HFKDQLFV DQG *HRWHFKQLFDO
(QJLQHHULQJ
>@=KDQJ-3URYLV-/)HQJ''HYHQWHU-6-
 *HRSRO\PHUVIRULPPRELOL]DWLRQRI&U
&GDQG3E-RXUQDORI+D]DUGRXV0DWHULDOV

>@=KDQ;:DQJ/:DQJ/:DQJ;*RQJ
- <DQJ / DQG %DL -   (QKDQFHG
JHRSRO\PHULF FRGLVSRVDO HIILFLHQF\ RI KHDY\
PHWDOV IURP 06:, IO\ DVK DQG HOHFWURO\WLF
PDQJDQHVHUHVLGXHXVLQJFRPSOH[DONDOLQHDQG
FDOFLQLQJSUHWUHDWPHQW:DVWH0DQDJHPHQW
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thetic effective radiation (PAR), potential reference
evapotranspiration (ET0), and soil volume water
content showed a significant positive correlation
relationship, while there was a negative correlation
with relative humidity and average wind velocity,
but the correlation was not strong. Considering the
autocorrelation of environmental variables, the
optimal model was formulated, the main influencing variables were air temperature, VPD, PAR, and
ET0 in the growing season under fitting analysis and
stepwise regression analysis.

ABSTRACT
Populus alba var. pyramidalis Bge. is one of
the most important shelterbelt tree species in northern China. At present, the tree is inability to adapt
to the environment, due to the environmental
changes in this region, and the transpiration and
water consumption of P. bolleana changes accordingly, these phenomena lead to the growth of P.
bolleana declines and even death occur frequently.
To date, knowledge about the dynamics of transpiration of P. bolleana in the eastern Liaoning Province of North China is quite limited. Thus, better
understanding its physical response to environmental factors and exploring the mechanisms of forest
transpiration can offer a theoretical basis for a reasonable tree-planting program in semi-arid regions.
In the present study, a continuous sap flow observation of P. bolleana in eastern Liaoning Province
was carried out by using the thermal dissipation sap
flow probe (TDP) from May to October (the whole
growing season) in 2018, and the microclimate in
the forest was recorded simultaneously, then the
dynamics of sap flow and its respond to the variation change of environmental factors were studied.
The results indicated that the sap flow changes of P.
bolleana were shown as the characteristics of seasonal transition, consistent with the changes of
environmental factors, at the beginning of the growing season, sap flow of P. bolleana was substantial,
the efficiency of water usage was low. Till the middle of the growing season, nocturnal sap flow rate
was increasing, daytime sap flow was decreasing.
The starting time of sap flow became late, transpiration rate rise slowly, and peak of sap flow was
narrow, and duration time was shorter till the late of
the growing season. The water consumption of P.
bolleana fluctuated slightly between months. The
nocturnal sap flow had a good continuity, it was
accounting for about 7% of the total daily water
consumption. The sap flow was greatly affected by
environmental factors, among which, the air temperature, vapour pressure deficit (VPD), photosyn-

KEYWORDS:
Populus alba var. pyramidalis Bge., Plantation forest,
Thermal dissipation probe technique, Transpiration,
Environmental variable

INTRODUCTION
A combination of different types of anthropogenic uses of the land, such as deforestation, overcultivation, and adverse climate variations has resulted in the degradation of semi-arid lands worldwide [1-2]. China has been challenged by desertification over vast areas because of the large human
population and limited natural resources [3–4]. In
the middle of the 20th century, about 70 dust storms
occurred, leading to soil erosion in the desert of
northern China, eventually affecting the lives of the
people in northern China [5]. Desertification developed rapidly in the Horqin desert, while marginal
areas in the east and south were restored to some
extent. The Horqin desert ƕ 35 – ƕ 30 E, ƕ
21 – ƕ 21 N) is a major source of sand drift in
northern China [6]. The major form of sandy desertification in this area is the evolution of shifted
dunes into semi-fixed dunes [7]. Soil degradation
can be explained by vegetation deterioration and
the limitation of water resources [8–12]. In recent
decades, soil restoration and sand transformation
methods, such as mechanical sand barriers [13],
biological soil and afforestation [14–16], have been
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carried out in the Horqin deserts. The latter indicates that afforestation is an effective method of
wind prevention, water conservation, and microclimate adjustment [17]. These artificial plantations
have been successfully established in the interests
of desertification control and to provide timber
production in the Horqin deserts as a feasible method of environmental management [18].
To date, plant transpiration has been measured
by various methods such as radioisotopes [19], and
sap flow [19]. However, most of these techniques
are expensive, impracticable, and may affect plant
growth [20]. Among these, the sap Àow method is
superior to other methods for estimating tree transpiration because it is the most practical, relatively
inexpensive, increasingly robust in features [21].
Recently, thermal diffusion technique has been
widely used for continuous observation in sap flow
studies, and normal tree growth can be maintained
throughout the growing season without damaging
the tree samples [22].
In the present study, Populus alba var. pyramidalis Bge. Lauche (P. bolleana) tree species was
selected due to their typical semi-arid ecological
characteristics, mainly on wind-sheltering and
drought resistance. In history, large area afforestation of P. bolleana was first introduced in this area.
Till 2013, afforestation area was increased to 5000
hectares with the tree species dominate the farmland shelter-belt system in the arid region of northeastern China which has significant benefits to the
environment, economy and society. Previous studies have mainly focused on the effect of environ-
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mental factors on plant physiology separately.
However little is known about the interactions
among these variables [23], and little research has
been carried out on P. bolleana in the semi-arid
area, where determining the impact of sap flow
patterns is much more difficult. With few rainfall
events and abundant sunshine, the weather in
Horqin desert is more dynamic than in other arid
regions which characterized by summers with long
water deficit periods and large amounts of solar
radiation, air temperature, vapor pressure deficit
(VPD), those variables are greatly depend on each
other.

MATERIALS AND METHODS
Introduction to study site. Study site was the
Magu Forestry Station ƕ ƍ N – ƕƍ N, ƕ
ƍ E – ƕ ƍ E), with an altitude of 457 m asl.
The area is dominated by a continental, monsooninfluenced semiarid climate with precipitation (P)
around 500 mm. Most of the P occurs from June to
September, accounting for approximately 70% of
annual P. The annual evaporation is 1078 mm. air
temperature (Ta) averages 7.9 ƕC, the frostless period is 136 d, and wind speed (Ws) averages 2.6 m.s1
. The landscape is characterized by fixed sand
dunes, which are identified as dark brown forest
soil and eolian sandy soil. The existing vegetation
includes P. sylvestris, Pinus tabuliformis Carri`ere,
and Populus L (Figure 1).

FIGURE 1
Location of scientific research area
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respectively, and a copper-constantan thermocouple
was placed and inserted into the sapwood on the
north-facing side of the sampled trees at a height of
1.3m of the stem above the ground [14] (four directions). The upper probe included a heater with a
constant power of 0.15 W and the lower probe was
unheated similar to the reference [17]. The probes
were wrapped in waterproof silicone and covered
with an aluminum box-cover to prevent exposure to
precipitation, thermal influences from radiation,
and to avoid physical damage [13]. The temperature
difference between the upper and lower probes
ǻTa, °C) was measured every 10 s, and 15-min
averages were recorded on a data logger (CR1000;
Campbell Scientific Inc., Logan, UT, USA) with a
multiplexer (AM16/32A; Campbell Scientific). Js
was calculated as

Selection of sampling site and sampling
trees. Sap flow observations were conducted from
May 1st to October 20th (the entire growing season)
of 2018 and the stand density was 300 trees.ha-1.
The sampling area was 100 m×100 m. These stands
were intact and unaffected by human disturbance.
According to the distribution frequency of diameter
at breast height (surveyed in April, before sap flow
measurement) (DBH, cm) (Figure 2), the selection
criteria were tree height, height under living
branches, crown width, and shape. In the early
April of the growing season, the thermal expansion
instrument was set up and tested. There were 3 sets
of TDP501 and TDP502 thermal diffusion probes
respectively in the station, which were used for the
measurement of 6 sample trees (Table 1).

1.231

ª 'TM  T º
Js 119 u «
»
'T
¬
¼

(1)

where ǻTM (°C) is the maximum temperature
difference between the sensors when Js is close to 0
[21].
Individual trees consume water for transpiration (SF, L.s-1)˖

SF =

J S u SA
1000 u U

(2)

The total tree water consumption (kg.d-1) was
estimated directly by multiplying Js with the sapwood area (SA, cm2), ȡ is the density of water liquid (kg.L-1). To avoid damage to the sample trees in
the surveyed plots, another 30 trees of different
diameter classes were surveyed based on the results
from Figure 2 around the plot, and tree core samples were obtained using an increment borer. DBH
was measured 1.3 m above the ground using a DBH
ruler [24]. Here, the relationships between SA and
DBH were analyzed shown in the Figure 3:

FIGURE 2
Frequency distribution of DBH of the Populus
alba var. pyramidalis Bge. tree for plantation
forest
Sap flow measurements and environmental
factors determination. Sap flux densities (Js, g
cm–2.s–1) were measured using Granier-type thermal
dissipation probes [10]. Each sensor consisted of a
pair of probes 20 mm long and 2 mm in diameter,

SA 4.918 DBH 1.403 , R 2

0.913 (3)

TABLE 1
Characteristics of the sampling trees for sap flow measurements in Populus alba var. pyramidalis Bge.
plantation forest
Sapwood
Sapwood
Crown
Height
Clear bole
DBH
Sample
Number
length/cm
area/cm2
diameter
/cm
/m
height
tree
of
/m
/m
probes
1
4
16.0
10.56
1.83
3.10×4.20
6.5
245.007
2
4
17.0
11.53
1.93
4.50×4.50
6.3
263.126
3
4
18.0
11.86
2.13
3.50×3.50
6.2
283.021
4
4
19.0
12.93
2.03
4.89×4.00
6.8
306.032
5
4
20.0
13.21
1.89
3.50×3.10
7.1
332.124
4.30×3.80
7.3
330.056
6
4
20.0
13.59
1.76
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RESULTS
Environmental variables. The daily mean Ta
ranged from ƕ to ƕ& with mean value of
ƕ& The daily mean RH ranged from 20.89%
to 97.41%, with mean value of 69.36%. The daily
mean Ws ranged from 0.16 to 2.13 m.s-1, with mean
value of 0.73 m.s-1. The daily mean VPD ranged
from 0.62 to 1.75 kPa, with mean value of 0.93
kPa. The daily PAR ranged from 22.14 to 341.14
ȝPROP-2.s-1, with mean value of 207.09 ȝPRO m-2.s1
. The accumulated P over the entire study period
was 616.46 mm. The accumulated ET0 over the
entire study period was 802.43mm (Figure 4). All
the environmental factors, such as atmospheric
temperature, relative humidity and potential evapotranspiration, showed a seasonal variation pattern
with a slow increase in May, reached to a peak in
July and August, a gradual decrease after September, and a minimum in October. The average wind
speed was high in the early and late growing season
and fluctuated sharply, but was small in the middle
of the growing season. PAR remained at a certain
level throughout the whole growing season until it
decreased at the end of the growing season. The ĭ
began to increase in the early growing season, and
remained at a high level with the increase of rainfall. The study site had relatively warmer and drier
climates.

FIGURE 3
Relationship between DBH and SA of Populus
alba var. pyramidalis Bge.
The automatic weather station (HOBO, Onset
Inc., USA) was approximately 85.0 m from the
studied plots. The average Ta ƕ&  Ws (m.s-1), P
(mm), relative humidity RH (%), and photosynthetic effective radiation (PAR) (µmol.m-2.s-1) were
measured by the automatic weather station at a
height of 15.0 m in the platform. Data collection
frequency was synchronized with sap flow data,
and meteorological data was collected at the same
time as sap flow data.
VPD was calculated by combining Ta and RH,
as follows:

Variations of sap flow rate. The daily progress curve of sap flow of P. bolleana under 2 d
fine weather per month was drawn. The results
were shown in Figure 5. P. bolleana Js showed
seasonal variation change, this is consistent with the
physical tree growth law of P. bolleana, new leaves
of P. bolleana extraction phase is between May and
June, showed the unimodal curve. Due to the summer solstice approaches, plant physiological activity time was longer, the night flow was still maintained at a rate of about 0.3 L.h-1, from 4:00 am to
8:00 am, the Js decreased slowly. In the morning,
the time of starting and rising of the Js was gradually advanced, and the peak duration was prolonged.
In July and August, meteorological factors such as
Ta and PAR changed strongly and not stable, but the
Js at this time was relatively flat and stable. The
peak value of Js appeared at about 10:00 am in the
daytime and lasted for a short time. From 13:00 am
to 16:00 am in the afternoon, the Js did not rise
again until 18:00 pm to 0:00 pm at night. There
was obvious rapid water replenishing phenomenon
of it. The Js at night remained at about 0.6 l.h-1 until
about 7:00 am in the morning of the next day, and
the Js would gradually increase again. In September, the daytime Js of P. bolleana showed a single
peak curve with a small peak range. Because the
sunrise was delayed in autumn, the Js speed started
to rise from 8:00 to 9:00, and the peak appeared
around 11:00, which lasted for a short time. Then

0.611e>

17.502Ta /(Ta  240.97)@

(1  RH ) (4)
The diurnal reference evapotranspiration (ET0,
mm.d–1) was calculated using the FAO 56 PenmanMonteith equation (Allen et al., 1998):
VPD

900
Ws (es  ea )
(5)
Ta  273
'  b(1  0.34)Ws

0.408'( Rn  G )  b
ET 0

where G is the soil heat flux density (W.m–2),
es is the saturated vapor (kPa), ea is the actual vapor
pressure (kPa), and ᶭ is the vapor pressure slope of
the curves (kPa ႏ–1); Ȗ is the psychrometric constant (65.50 N3Dႏ–1) [25].
Soil profiles (0–100 cm) were dug every 2
days and extra measurements were taken after each
precipitation event. then the volumetric soil water
content (ĭ, cm3.cm–3) can be measured.
Statistical analysis. The test data were preliminarily processed with Excel 2016. We analyzed
the and daily sap flow respond to the meteorological variables by using Pearson correlation matrix
program using version 21.0 of the SPSS software
(IBM Inc., NC, USA). Data processing and plotting were completed with software OriginPro 9.0
(OriginLab Inc., Northampton, MA, USA).
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the Js dropped to the level of 14:00 am and continued at this rate throughout the whole nighttime.
Because of abundant precipitation in the whole
growing season, sufficient soil moisture content,
reduced water absorption resistance of tree roots
and sufficient water storage in plants, plants could
resist cold in winter and reserve water for new bud
breeding in the next spring. At this time, the air
temperature is very low and it is difficult to reach
the summer level. In addition, the solar radiation
rises slowly at noon and is very weak. In the day-
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time, the Js activity still continues to maintain the
survival and growth of plants. At night, the Js activity almost stops. Our study found that at the
beginning of the growing season P. bolleana with
high levels of moisture dissipation capacity, water
use, no constraint to summer, the transpiration
activities strengthen, Js at night proportion increase
gradually until the autumn Js was started late, transpiration rate rise slowly, narrow peak, the peak
duration shorten recovery mechanism of water
saving.

FIGURE 4
The patterns of variation in the environmental variables during the measurement period

10621

© by PSP

Volume 31– No. 11/2022 pages 10617-10628

Fresenius Environmental Bulletin

FIGURE 5
Diurnal sap flow of Populus alba var. pyramidalis Bge. on period of growing season
(The grey shaded part represent the standard deviation)
During the whole growing season, the total
water consumption of P. bolleana was 4383.40 L,
4607.80 L, 4353.40 L, 4627.80 L, 4233.40 L and
4217.80 L, respectively. The monthly water consumption changed slightly. In order to better contrast the monthly Js of P. bolleana plantation day
and night, we chose 3 d fine weather with no precipitation, and soil moisture is sufficient to draw the
Js process curve, as shown in Figure 6. The night Js
existed good continuity to the daytime, in addition
to the end of the growing season (October), Js still
maintained a certain level, and the Js at night accounts for about 7% of the total daily water consumption.

The dependence of sap flow on meteorological variables. The performance of Js of P. bolleana under different weather conditions were different. In this study, we selected Js of P. bolleana
under different weather conditions (light rain, overcast, fly ash, sunny, cloudy, and dust), seen in Figure 7. In rainy days, the RH increased and the Ta
decreased, which inhibited the Js. Under the conditions of overcast, overcast and fine dust, the changes of meteorological factors are complicated, and
the Js showed multiple peak curves under the influence of various driving forces. Under different
weather conditions, the Js of P. bolleana varied as
light rain < overcast day < dust < sandstorm <
cloudy < sunnyday.
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FIGURE 6
Daily cycles of sap flow of Populus alba var. pyramidalis Bge.. Filled area corresponds to
nocturnal sap flow

FIGURE 7
Daily fluctuation of sap flow of Populus alba var. pyramidalis Bge. under different weather conditions
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TABLE 2
Correlation between daily sap flow of Populus alba var. pyramidalis Bge. and
environmental factors (n=160)
SFd
Ta
RH
WS
VPD
PAR
ET0
SFd
Pearson coefficient
1 0.630** -0.073
-0.057 0.394* 0.923** 0.546**
Significance (two-tailed)
0.000
0.009
0.006
0.000
0.000
0.000
Ta
Pearson coefficient
1
0.306*
-0.205 0.325*
0.370*
0.663**
Significance (two-tailed)
0.000
0.009
0.000
0.000
0.000
RH
Pearson coefficient
1
-0.580** -0.709** -0.323* 0.443**
Significance (two-tailed)
0.000
0.000
0.000
0.000
WS
Pearson coefficient
1
0.405**
0.056
-0.210
Significance (two-tailed)
0.000
0.000
0.008
VPD
Pearson coefficient
1
0.486**
-0.074
Significance (two-tailed)
0.000
0.002
PAR
Pearson coefficient
1
0.194
Significance (two-tailed)
0.004
ET0
Pearson coefficient
1
Significance (two-tailed)
** represent

ĭ
0.315*
0.000
0.470**
0.000
0.241
0.002
-0.178
0.024
0.123
0.002
0.182
0.002
0.349**
0.000

significant correlation at the 0.01 level, * represent significant correlation at the 0.05 level.

FIGURE 8
Linear and non-linear relationship between daily of sap flow of Populus alba var. pyramidalis Bge. and air
temperature, vapour pressure deficit, photosynthetically active radiation, potential reference transpiration and soil volumetric water content
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TABLE 3
Regression equation of daily sap flow of of Populus alba var. pyramidalis Bge. and air temperature, vapour
pressure deficit, photosynthetically active radiation and potential reference transpiration
Selected variCorrelation coeffiRegression equation
Time period
ables
cient /R2
Whole growing
ET0, Ta, PAR,
SFd=0.702
season
VPD
51.67+1.42ET0+10.23Ta+26.93PAR+9.80VPD
May
Ta
SFd=51.78+0.91Ta
0.656
June
Ta, PAR, VPD
SFd=49.92+0.80Ta+0.013PAR+3.03VPD
0.681
July
Ta, PAR, VPD
SFd=45.52+0.89Ta+0.042PAR-7.60VPD
0.458
August
Ta, PAR, VPD
SFd=12.90+3.22Ta-0.035PAR-9.64VPD
0.589
September
ET0, PAR
SFd=27.72+0.54ET0+0.012PAR
0.649
SFd=36.08+0.69Ta+0.014PAR-6.37VPD
0.681
October
Ta, PAR, VPD
season, the water use is not absorbed by the temperance. P. bolleanae plants regulate water use
mechanism in July, still had Js at night, proportion
increase, Js decreases, and during the day in the fall
of Js was started late, transpiration rate rise slowly,
narrow peak, peak water conservation mechanisms
such as shorten duration, Similar to the researches
[25–28]. At the same time, the high water consumption of P. bolleanae plantation in the early growing
season was consistent with the research results [29–
30]. The reasons are not only related to the characteristics of tree species, but also the environmental
differences in the study area. The study area is
located in eastern Liaoning province with good
water and heat conditions. The rainfall is more than
600 mm, the rainfall is relatively average in the
growing season, and the soil moisture content is
more than 20 cm3.cm-3. Therefore, the phenomenon
of "photosynthetic nap" does not occur in sunny
days for plants. From the point of start time, in
addition to the end of the growing season external
05:00 am to surf around other Js in the whole period
in maintain a certain level, showed the region within the whole growing season more rain, high temperature, strong light, plant photosynthesis, complete their physiological metabolism, strong transpiration and evaporation intensity is larger, the temperature gradually until October, RH was relatively
large, the growth trend of trees was slow, transpiration intensity gradually weakened. In general, the
variation characteristics of Js of P. bolleanae corresponded to the change trend of environmental factors.

Transpiration (known also as the water consumption, SFd) is subject to various environmental
factors, through the comprehensive analysis, the
response of the Js to environmental factors were
shown in Table 2, the SFd of P. bolleana plantation,
and Ta, VPD, PAR, ET0 and ĭ has significantly
positive correlation, and negatively related to the
RH and Ws, while the correlation is not strong. The
correlation results showed that the correlation between Ta and various environmental factors was
high, while the correlation between Ws and other
factors is not close.
The fitting analysis of SFd with Ta, VPD,
PAR, ET0 and ĭ was further carried out, and the
results were shown in Figure 8. Most of the fitting
results can be explained by polynomial, and the
nonlinear fitting results between SFd and PAR were
better. At the same time, SFd varied along with the
rise of the VPD presents the downward trend after
rising first, namely, the VPD rise when 0 kPa to 1.2
kPa, then declined significantly, visible when the
water pressure difference was bigger, the plant shut
down to prevent excessive water evaporation part
porosity to guarantee the water stored in the body,
maintain the survival and growth of plants.
Multivariate stepwise regression of environmental factors and SFd showed in Table 3, the results showed that the model simulation were good.
The environmental control variables in June, July,
August, and October were Ta, PAR and VPD. The
environmental control variable in May was Ta. The
environmental control variables in September were
ET0 and PAR. Considering that the optimal model
simulation relation of environmental variables is:
SFd 51.67  1.42 ET0  10.23Ta  26.93PAR  9.80VPD (6)

Influencing factors on sap flow of Populus
alba var. pyramidalis Bge.. The characteristics of Js
of P. bolleanae varied different on time scale. The
variation characteristics of Js of P. bolleanae under
different weather conditions are light rain < cloudy
day < floating dust < sandstorm < cloudy < sunny
day, which was mainly related to the strong influence of environmental factors on Js of P. bolleanae.
For example, the changes of PAR, Ta, RH, and Ws
under different weather conditions are complex
[31–32]. The relationship between transpiration rate
of P. bolleanae and environmental factors indicated

DISCUSSION
Variation characteristics of sap flow of
Populus alba var. pyramidalis Bge.. The temporal
variation of trunk sap flow can accurately characterize its response to environmental factors. This
study showed that Js of P. bolleanae had a high
level of moisture dissipation ability in the early
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that the most important meteorological factor affecting transpiration rate of P. bolleanae is PAR,
which is basically consistent with the results of
other similar studies [30–32]. We found that the
environmental control variables in June, July, August, and October were Ta, PAR, and VPD, the
environmental control variables in May were Ta,
and the environmental control variables in September were ET0 and PAR. In addition, some studies
have shown that the correlation between Ws and
transpiration rate was uncertain, indicating that the
influence of wind speed on transpiration rate of
plants is complex. In this study, this is also reflected in the weak negative correlation between mean
Ws and Js. Among the factors affecting plant transpiration, soil water supply determines the overall
level of transpiration, while meteorological factors
determine the instantaneous changes of transpiration [23]. On the whole, the stepwise regression
relationship between each factor and the Js was
established in this study, which can better calculate
the daily water consumption of P. bolleanae, and
provide a reference for the continuous daily calculation of transpiration of P. bolleanae.
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was constructed, and the influencing variables were
Ta, VPD, PAR, and ET0.
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RESEARCH ON REUSE TECHNOLOGY OF
CONSTRUCTION WASTE IN THE CONTEXT OF
STOCK RENEWAL
Xiao Chen*
College of Physics and Engineering Technology, Chengdu Normal University, Chengdu Sichuan 611130, China

closely related to civilian’s welfare and the realization of carbon neutralization and peak carbon emissions. In 2021, “urban renewal action” was first proposed and elevated to the national policy level in the
14th five-year plan, pointing out the way forward for
innovating the urban operation and promoting the
new urbanization construction.
In the urban update process, a series of inorganic wastes will be generated inevitably during or
after the construction, including waste concrete, asphalt concrete blocks, bricks and tiles, glass materials, metal materials, wood sawdust, paper products,
plastics, textile materials, lime soil [6]. In the crude
urban update stage, these construction wastes were
often treated by centralized stacking and disorderly
landfilling [7], which cannot meet the urban need
when the land resources are becoming increasingly
scarce. Under the background of urban inventory renewal, it is necessary to apply resource reuse technology to urban construction waste treatment to further serve the long-term urban inventory renewal
goal.
Embodying new goals, methods and requirements, urban inventory renewal not only poses new
challenges for construction waste treatment, but also
creates opportunities for it. At present, there is a big
gap between the resource utilization technology of
construction waste in China and the developed countries. Particularly, extensive landfilling and stacking
is the main treatment method adopted in China. It
partly results from the lack of recycling awareness,
waste reduction pressure, and the restriction on the
capacity of stacking the waste in the spreading urbanization. This hotbed will be broken under the
background of urban inventory renewal, which will
drive revolution in the urban construction treatment
and resource utilization technology development.
Besides, the renewal creates market foreground for
utilization technology, including the demolition and
reconstruction of dangerous urban buildings, the renovation of the broken, old, small and backward
spaces in the city, and the change of buildings’ function that no longer meets the requirements of urban
planning.
Considering the new requirements proposed
against the background of urban inventory renewal,
this paper will reflect on the current situation of construction waste treatment in China, and put forward

ABSTRACT
The requirement of the times of urban stock renewal puts forward the proposition of improving the
quality of urban construction engineering and developing a livable environment within the limited urban
space. With the large output of construction engineering waste and the large space occupied, construction engineering waste must be developed toward the direction of resourceful reuse under the
background of stock renewal. This paper takes the
urban construction requirements under the stock renewal as the entry point, reflects on the current situation of construction engineering waste treatment in
China, and proposes the reuse mode of building materials, ecology and energy of construction engineering waste under the background of stock renewal to
help the sustainable development of urban intensification.

KEYWORDS:
Stockpile renewal, construction waste, low carbon, green
design

INTRODUCTION
China has experienced fast urbanization since
the implementation of reform and opening-up policy.
Featuring the mode of space expansionary, the traditional market-driven incremental renewal method in
city’s establishment has greatly threatened the space
belonging to cultivated land, cultural relics, and ecological resources, and is no longer suitable for
China’s development and civilians’ demand for that
it is against the requirements of “reducing production capacity, inventory, leverage, costs, ameliorating weaknesses, optimizing the allocation of stock
resources, and expanding high-quality incremental
supply” [1-2]. Inventory development and renewal
requires the focus on the improvement of urban
space quality and land use efficiency, and the optimization of urban land planning by demolition and
reconstruction, comprehensive renovation, and function changes in urban villages, old residential areas
and industrial areas [3]. Updating city’s stock is
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the mode of resources reutilization consisting of material reutilization, ecological reutilization, and energy reutilization, which is of great significance for
the intensive and sustainable urban development.
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Currently, four treatment methods for construction waste are mainly adopted in China. The first one
is to stack the waste on-site or transport it to the suburbs and pile it. The second one is landfill disposal.
The third one is to reuse it after manual sorting or
dispose of it together with household waste. The last
one is to re-use it as resources. Generally speaking,
the first three are the mainstream processing approaches in China. They are basically avoidant methods which divert the economic and landscape problem from downtown to the city fringe. Serious problems have been brought about including decreased
air quality affected by the dust generated in loading,
unloading, and transportation, natural resource pollution resulting from the penetration of heavy metal
into the ground and water in stacking and landfill
disposal, and the dilemma of “garbage siege” due to
the nonbiodegradability and large volume of the
waste. Resource utilization is the fundamental cure
for construction waste. However, the reutilization
technologies and strategies are still underdeveloped
in China, which can be illustrated by the related patent application trend in China from 2011 to 2021
(Figure 2).
Relevant resource utilization and processing
enterprises lack the sense of responsibility and the
vision of long-term planning. They seldom update
and optimize their technologies, and continue the
crude crushing method, which causes a high impurity rate in the recycled raw materials, making it difficult to return the waste to construction projects as
building materials. Besides, due to the lack of systematic planning and overall arrangement, the combinational utilization methods are still immature; the
disposal industry chain after recycling is crude,
which hinders the process of recycling construction
waste. In a word, the development of China’s construction waste recycling industry is lagging behind,
and the resource utilization rate is extremely low.
The utilization rates of construction waste in China
and the other countries are shown in Figure 3.

MATERIALS AND METHODS
Through social investigation, literature review,
comparative research and comprehensive analysis,
this study will investigate construction waste reutilization technology, and summarize the characteristics
and approaches of it in the background of urban inventory renewal in China through score analysis, so
as to provide scientific reference for relevant fields.
Research materials are mainly Chinese construction
waste utilization and technology research literature
in recent 10 years. The data are collected from databases including Web of Science and CNKI, and the
patent information is collected from China Patent Information Center.

RESULTS
Review of construction waste utilization
technology in China. A huge amount of construction waste was generated due to the large scale of
demolition and reconstruction in the spreading urbanization. According to the data, about 500-600
tons of waste are created per 10, 000 m2 of construction area, and the construction range contributes 48%
to the urban construction waste output [8]. Despite
the fact that China has gradually entered urban inventory renewal stage and the waste produced by
new construction will be significantly reduced, substantial construction waste generated by previous extensive development still needs to be recycled. The
production and growth rates of construction waste in
China from 2015 to 2020 are shown in Figure 1.

FIGURE 1
The production and growth rates of construction waste in China from 2015 to 2020.
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pavement and green building materials. By the end
of 2025, all localities will realize the requirement of
over 30% new construction waste recycling rate.
Compared China with developed countries and regions such as the United States, Japan, South Korea
and the European Union, the latter have basically
achieved reduction, harmlessization, resourceization
and industrialization, and there is still a long way for
China to go in the recycling of construction waste.
Approaches of reutilizing construction waste
in urban inventory renewal. Urban dangerous, dilapidated, old, small and backward spaces are renovated and functionally changed in line with the following principles. Firstly, maintain and optimize urban infrastructure such as municipal roads. Secondly,
conduct ecological friendly urban construction, and
create a livable space for residence. Thirdly, stick to
the intensive and ecological use of urban resources.
Considering the requirements aforementioned for
the urban inventory renewal development, this research proposed a mode consisting of three aspects
for the resourceization of construction waste, which
are namely the material re-utilization, ecological reutilization, and energy re-utilization. Material reutilization can help to serve the optimization of urban
infrastructure. Ecological reutilization can help to
serve the creation of resilient sponge city, and energy
reutilization can help to facilitate the promotion and
usage of new energy. The reutilization approaches of
different construction waste are illustrated in Figure
4, and Figure 5 shows the direction for construction
waste reutilization in the urban inventory renewal
background.

FIGURE 2
The patent application trend related to the reutilization of construction waste in China from
2011 to 2021.

(1) Material reutilization of urban construction waste. Resourceization of urban construction
waste can provide materials for basic projects serving for urban inventory renewal such as the infrastructure maintenance, road construction, urban village reconstruction, and industrial space reconstruction. Roads and streets are crucial for comfortable
outdoor experience, so it is necessary to maintain
and ameliorate road pavement and façade along the
street. The recycled aggregates made from construction waste can be used as building materials in the
projects such as newly built municipal roads and surface repairs. Research has proved that mixed with
other external agents, recycled aggregates from construction waste has similar performance in compressive strength, frost resistance, flexural tensile
strength, shrinkage performance, and fatigue properties [9] as original aggregate when being used for
pavement materials. Therefore, recycled aggregates
from construction waste can fully meet the basic
need of road construction [10]. Besides, mixed with
other external materials by different ratios, waste recycled aggregates can meet different needs in construction. For example, add 4% cement and 4% fly
ash by mass percentage of recycled aggregate [11],

FIGURE 3
The utilization rates of construction waste in
China and the other countries.
Against the background of urban inventory renewal, reutilization of resources is the optimal solution for construction waste disposal. Space inventory
development, environmental quality optimization,
and livable city construction are the inevitable trend
of the time. In May 2020, the Ministry of Housing
and Urban-Rural Development of the People’s Republic of China issued the guidance on promoting
the reduction of construction waste, proposing three
rules for waste treatment including “formulating
overall plans and reducing waste at the source”,
“adapting measures to local conditions and promoting them systematically”, and “innovation-driven
and refined management”. Various provinces and
cities gave positive response to the guidance. Hunan
Province proposed a demonstration project for construction waste recycling, and the goal of achieving
a comprehensive utilization rate of 50% by 2025;
Jiangsu Province proposed to give priority to the utilization of recycled products such as concrete, brick,
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and the obtained recycled base material has sufficient anti-fatigue properties to be used as the stabilization base material of high-grade highways; By
mixing the water-binder by the ratio of 30% and the
sand by the ratio of 10%, permeable concrete can be
obtained, which can be used in sponge cities’ construction to enhance urban backwater and water storage capacity.
In addition to the recycled aggregates from
construction waste as building materials in road
pavement, recycled bricks can also be produced and
returned to construction projects through crushing
and reprocessing technology. Small-scale concrete
bricklaying can be obtained through construction
waste processing, and it can be used to replace natural resource bricklaying in the construction of non-
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load-bearing walls in buildings. Because it is not required to bear the load, it has little impact on the
building's overall safety, sound insulation, thermal
insulation, and waterproof performance. Furthermore, building boundary walls frequently serve only
as enclosure, isolation, and privacy protection. Without special load-bearing and building safety requirements, recycled bricks can be used to save resources
and make more room for construction waste utilization. Construction waste, in addition to being returned to construction projects as recycled bricks,
can also be crushed, sorted, and processed into concrete slag of various particle sizes and used as the
basic cushion for construction to strengthen the
foundation.

FIGURE 4
The reutilization approaches of different construction waste.

FIGURE 5
The direction for construction waste reutilization in the background of urban inventory renewal.
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FIGURE 6
Rain garden schematic diagram.
and materials from recycled and crushed construction waste can serve for their construction with almost the same filtering effect. Main treatment layers
of the rainwater garden are shown in figure 6. Similar rainwater interception and purification facilities
such as green roofs, artificial wetlands, and ecological ditches can also use the materials coming from
recycled construction waste as the filter layer.

(2) Ecological reutilization of urban construction waste. Urban resilience is emphasized in
urban inventory renewal. The ecological utilization
of construction waste will serve the construction of
sponge cities. In the previous incremental urbanization, a large number of people flood into the city and
overload the urban building capacity. As a result, surface runoff has increased substantially, and urban
diseases such as floods and water pollution have occurred frequently. Inventory renewal requires the
ecological, sustainable, and pleasant urban construction, and cities should retain rainwater, recycle water,
and reduce the pollution of initial rainwater runoff
like sponges [12]. Considering the aforementioned
requirements, ecological reutilization of urban construction waste includes permeable pavement laying,
rain garden matrix, slope protection along rivers,
lakes and seas, green roofs, and artificial wetlands.
Ecological permeable bricks can be obtained by
using waste concrete as the main aggregate and cement as the binder, which are mainly used in lightloaded places such as sidewalks and squares, and
coastal slope protection of rivers, lakes, and seas.
Relevant studies have also proved that the permeable
bricks recycled from waste concrete have a water
permeability coefficient of 10-1mm/s, which can
fully achieve the effect of rainwater penetration and
recovery on the road itself, and effectively ameliorate the surrounding air temperature and humidity.
The steel slag screened by construction waste recycling is close to or better than natural stone in the
performance of strength, wear value, density and
other properties. Therefore, it can also be utilized as
permeable bricks to reduce urban ground runoff, alleviate urban waterlogging and reduce the heat island effect.
As an artificial rainwater natural purification
and bioretention facility widely used in the sponge
city construction in the inventory renewal, rain gardens can effectively cut flood peak flow, rainwater
outflow, and purify rainwater, reduce pollution, and
conserve groundwater through plant interception and
soil infiltration [14]. The gravel and artificial filler
layers are indispensable filters for rainwater gardens,

(3) Energy reutilization of urban construction waste. In addition to providing physical ecological construction materials, construction waste can
also be used in energy regeneration. As an important
guarantee for urban production and living, energy
promotes social productive capability and human
civilization progress. China undergoes major
changes in energy structure, featuring a significant
transition to clean and low-carbon energy [15-18].
Under the background of inventory renewal, construction waste can be used as recyclable materials
for energy regeneration, responding to green and
low-carbon energy transition requirements. On the
one hand, the combustible materials such as wood,
plastic, cardboard, etc. in the construction waste can
be recycled and fed into traditional power plants for
incineration to produce heat or electricity; on the
other hand, some gas generated in the construction
waste treatment process can replace coal, natural gas
and other energy sources to generate electricity. In
addition, light substances in construction waste can
be converted into clean combustible gases such as
biogas.

CONCLUSIONS
Urban inventory renewal provides the opportunity for China’s reutilization and resourceization
of construction waste. Improving urban environment
quality and optimizing urban space utilization are the
main focuses of urban construction in inventory renewal development. This research proposes a reutilization mode for urban construction waste, including material reutilization, ecological reutilization,
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and energy reutilization. This mode covers the approaches of reutilizing the construction waste as the
materials for pavement and building construction,
water cycle projects, and the energy generation, and
serves for the intensification and ecologicalization in
resource utilization. In general, the recycling of construction waste is beneficial for solving space waste
problem caused by traditional stacking and landfill
methods, optimizing suburban space design, and improving environmental quality. More importantly,
they can be returned to urban construction as basic
materials, and provide assistance for sustainable development through sponge cities and new energy
projects.
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storage, and other functions [1, 2]. However, to develop the local economy and promote agricultural
production, aquaculture systems and eco-tourism
have been developed around Jiaogang Lake. Agricultural production in the basin, including the use of
large amounts of chemical fertilizers and pesticides,
has led to considerable issues [3-5]. In 2018, the water quality of Jiaogang Lake was below the standard
from April to June, with pollution levels exceeding
the established thresholds.
Eutrophic waterbodies can be remediated via
physical, chemical, and biological methods. Among
them, physical and chemical measures are not only
costly and requires large amounts of energy, but can
also lead to secondary water pollution and groundwater pollution [6-8]. In comparison, aquatic phytoremediation methods are highly affective, cheaper,
and easy to implement [9, 10]. Studies have found
that aquatic plants can significantly affect the enrichment and transfer of nitrogen and phosphorus in the
water and inhibit the growth and reproduction of algae in the water. Further, the combination of various
plant species has a stronger purification ability than
single species, mainly because of niche complementarities among aquatic plants [11-14]. Generally,
aquatic plants for remediation purposes are selected
based on their origin (native species), life cycle (perennials), strong stress resistance, developed root system, large biomass, and high pollutant removal ability [15-17]. In this study, we selected six native
aquatic plant species, namely the Pistia stratiotes and
Eichhornia crassipes, the floating species Acorus
calamus and Canna indica, and the submerged species Ceratophyllum demersum and Myriophyllum
spicatum. The aim was to achieve, via niche complementation and species diversity, a higher pollutant
removal, providing a scientific basis for bioremediation via aquatic plant species combination in floating
beds, artificial wetlands, and eutrophic lakes.

ABSTRACT
A quatic plants are an important part of artificial wetlands and lakes and play a crucial role in the
nutritional status of aquatic ecosystems. We selected
six aquatic plant species for the treatment of water
polluted with nitrogen and phosphorus, namely Acorus calamus, Canna indicaˈPistia stratiotes, Eichhornia crassipes, Ceratophyllum demersum, and
Myriophyllum spicatum, and combinations thereof,
with the aim to establish a dynamic model to determine nutrient absorption rates. The Imax and Iave
values of Acorus calamus for TN absorption were the
highest. The TN removal rate of Acorus calamus was
83.97–100%, indicating that this species has a
greater level of adaptation and absorption potential
for TN. Of the single species, Ceratophyllum demersum had the highest TP absorption rate. Of the combinations, Myriophyllum spicatum + Acorus calamus + Eichhornia crassipes had the highest TP removal rate of 98.76%. We used regression analysis
to establish the nutrient adsorption function model of
aquatic plants. For TN, the model type was a binomial function model y = ax2 + bx + c, whereas for TP,
it was a trinomial function model y = ax3 + bx2 + cx
+ d. For NH3-N, the most suitable model was an inverse proportional function model y = k/x + b. The
six selected aquatic plants can be used in combination with each other for the remediation of eutrophic
waterbodies.

KEYWORDS:
Aquatic plants, Water purification, Eutrophication, Absorption kinetic model

INTRODUCTION
Jiaogang Lake in Huainan City, located on the
northern bank of the Huai River, is one of the largest
natural freshwater lakes in northern Anhui Province.
It is a national wetland park, a national AAAA level
tourist attraction, and a national water conservancy
scenic spot, integrating irrigation, tourism, flood
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medium concentration 5 mg/L, TN at a low concentration 1.5 mg/L; TP at a high concentration 2 mg/L,
TP at a medium concentration 0.5 mg/L, TP at a low
concentration 0.1 mg/L; NH3-N at a high concentration 5 mg/L, NH3-N at a medium concentration 2
mg/L, and NH3-N at a low concentration 1 mg/L.
The test was carried out under laboratory conditions from June 1, 2019, to August 20, 2019. There
were 15 treatments, including 1 control group, 6 single aquatic plant groups, and 8 combined aquatic
plant groups. Each treatment was repeated once with
three concentration gradients. At the start of the experiment, each bucked was filled with 15 L of water;
each day, the consumed water was topped up with
deionized water. Samples were taken from 9:00 to
10:00 in the morning, and the experimental period
was 80 days.

MATERIALS AND METHODS
Experimental plants and simulated sewage.
We used the plant species Acorus calamus, Canna indica, Pistia stratiotes, Eichhornia crassipes, Ceratophyllum demersum, and Myriophyllum spicatum.
Prior to the experiment, the plants were washed with
distilled water, including the roots. After cleaning,
we pre-cultured the plants for 1 week under natural
light and no rain. (Table 1)
The simulated wastewater was characterized by
moderate eutrophication. Considering the different
N and P removal capacities of aquatic plants, different amounts of potassium nitrate, potassium dihydrogen phosphate, and ammonium chloride were
added to simulate eutrophic water.
(1) Preparation of potassium nitrate mother liquor (5,000 mg/L): 36.09 g potassium nitrate dissolved in water with a volume of 1 L.
(2) Preparation of potassium dihydrogen phosphate mother liquor (1,000 mg/L): 4.394 g potassium
dihydrogen phosphate dissolved in water with a volume of 1 L.
(3) Preparation of ammonium chloride mother
solution (5,000 mg/L): 19.095 g ammonium chloride
dissolved in water with a volume of 1 L.

Analysis and methodology. We determined
TN, TP, and NH3-N, using alkaline potassium persulfate digestion UV spectrophotometry, ammonium
molybdate spectrophotometry, and Nessler's reagent
method, respectively. (Table 2)
All data were analyzed using IBM SPSS Statistics 21, and linear regression was performed.

RESULTS

Experimental design. The test containers used
in this study were 20-L PVC-buckets with a height
of 30 cm and a diameter of 34 cm. We used 45 containers, each containing 15 L of deionized water. According to the "Surface Water Environmental Quality Standards (GB3838-2002)" and "Technical
Guidelines for the Establishment of Lake Nutrient
Standards" (HJ838-2017), we set up the mass concentrations of the basic water quality index as follows: TN at a high concentration 15 mg/L, TN at a

Aquatic plant growth. Under the experimental
conditions,
Ceratophyllum
demersum
and
Myriophyllum spicatum showed good growth
throughout the entire period, without any signs of decay. Acorus calamus, Canna indica, and Eichhornia
crassipes showed vigorous growth at the initial stage,
with signs of decay after 30 days.

TABLE 1
Experimental plant species.
Latin name
Family name
Acorus calamus
Araceae
Canna indica
Cannaaceae
Pistia stratiotes
Araceae
Eichhornia crassipes
Eichhorniaceae
Ceratophyllum demersum Ceratophyllaceae
Myriophyllum spicatum
Pediatrics

Plant type
Emergent plant
Emergent plant
Floating plant
Floating plant
Submerged plant
Submerged plant

TABLE 2
Overview of the experimental instruments used.
Instrument Name
Production Type
Electronic analytical balance
AUW220D
Electric heating blast drying oven
101-1AB
Pressure steam sterilizer
XFS-280CB
UV-visible spectrophotometer
UV-1700
Ultra-pure water system
MI-2-10
The refrigerator
BCD-238WE
pH meter
PHS-3CT
DO tester
HQ-40D

Manufacturer
Shimadzu Enterprise Management (China) Co., Ltd
Tianjin Tester Instrument Co. Ltd
Shanghai Lichen Instrument Technology Co., Ltd
Shimadzu Enterprise Management (China) Co., Ltd
Chongqing Aoen Technology Co., Ltd
Haier co., Ltd
Shanghai Electronic Scientific Instrument Co., Ltd
Hash Corporation of America
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groups A1 and B6 reached the maximum levels on
day 40, and A3 reached its maximum on day 70. The
removal rate of each group ranged from 42.19 to
100.00%, and the highest removing rates were found
for A4: Acorus calamus, B7: Myriophyllum spicatum + Acorus calamus + Pistia stratiotes, and B8:
Myriophyllum spicatum + Acorus calamus + Eichhornia crassipes. At low TN concentrations, the TN
absorption rates of groups A1, A3, A4, A5, A6, B2,
B3, B4, and B8 reached the maximum levels on day
10, whereas A2, B5, B6, and B7 reached the maximum levels on day 30 and B1 on day 40. At the minimum TN concentration, the removal rate of each
group ranged from 26.58 to 98.67%, and the highest
removal rate was found for B6: Myriophyllum spicatum + Canna indica + Eichhornia crassipes. (Figure 1, Figure 2, Figure 3)

Removal of TN, TP, and NH 3-N. TN absorption rate. The removal of TN was mainly caused by
the removal of nitrate nitrogen, which is attributed to
the volatilization of ammonia and the denitrification
of nitrate nitrogen by denitrifying bacteria.
At high TN concentrations, on day 10, the TN
absorption rates in groups A1, A4, A6, B1, B2, B3,
B4, B5, B6, B7, and B8 reached the maximum value,
A5 reached the maximum on day 20, whereas A2 and
A3 reached the maximum value on day 40. The removal rate of each group ranged from 36.03 to
100.00%, and the highest removal rate was found for
B7: Myriophyllum spicatum + Acorus calamus +
Pistia stratiotes. At medium TN concentrations, the
TN absorption rates of groups A4, A5, B1, B2, B3,
B4, B5, and B7 reached the maximum levels on day
10, whereas those of A2 and A6 reached the maximum levels on day 20 and that of B8 on day 30. The

FIGURE 1
Changes in TN absorption rates of aquatic plants and their combinations in high-concentration sewage.

FIGURE 2
Changes in TN absorption rates of aquatic plants and their combinations in
medium-concentration sewage.
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FIGURE 3
Changes in TN absorption rates of aquatic plants and their combinations in low-concentration sewage.

FIGURE 4
Comparison of the average TN absorption rates of aquatic plants and their combinations in sewage with
different concentrations.
TABLE 3
TN removal rates for different groups of aquatic plants.
High concentration
Medium concentration
Low concentration
Group
Rank
Removal rate
Rank
Removal rate
Rank
Removal rate
A1
12
53.76%
5
85.66%
3
92.21%
A2
13
53.20%
10
51.96%
11
67.79%
A3
7
94.15%
3
87.81%
2
96.60%
A4
2
99.80%
1
100.00%
7
83.97%
A5
14
36.03%
8
67.67%
12
36.77%
A6
8
80.87%
11
42.38%
14
26.58%
B1
11
70.29%
9
60.89%
9
72.19%
B2
6
97.59%
12
42.19%
10
70.67%
B3
5
98.00%
4
85.69%
8
79.87%
B4
3
99.53%
2
88.48%
6
85.06%
B5
9
80.45%
6
80.77%
13
33.99%
B6
10
77.75%
7
73.54%
1
98.67%
B7
1
100.00%
1
100.00%
4
91.45%
B8
4
98.01%
1
100.00%
5
89.74%
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and B8 showed the maximum rates on day 10 and B6
on day 30. The removal rate of each group ranged
from 16.67 to 98.45%, and the highest removal rate
was found for B1: Ceratophyllum demersum +
Canna indica + Pistia stratiotes. At medium sewage
TP concentrations, groups A1, A2, A3, A4, A5, A6,
B1, B2, B3, B4, B5, B6, B7, and B8 showed the
maximum TP removal rates on day 10. The removal
rate of each group ranged from 33.33 to 98.76%, and
the highest removal rate was found for B8:
Myriophyllum spicatum + Acorus calamus + Eichhornia crassipes. At a low TP concentration, groups
A1, A3, A5, B2, B3, B4, B5, B6, B7, and B8 reached
the maximum TP removal rates on day 30 and group
A1 on day 40. Group A4 reached its maximum rate
on day 80. The removal rate of each group ranged
from 0.00 to 94.34%, and the highest removal rate
was found for B7: Myriophyllum spicatum + Acorus
calamus + Pistia stratiotes. (Figure 5, Figure 6, Figure 7)

Except for group B5, the average absorption
rate was highest at high sewage TN concentrations
and lowest at low TN concentrations. In this sense,
with an increasing TN level in the sewage, the TN
absorption rate of aquatic plants also increases. At
high TN levels, A4 showed the largest removal rate
of 0.3,755 g/m3/d, whereas at medium TN levels, B5
showed the largest removal rate of 0.399 g/m3/d. In
sewage with the lowest TN concentration, A3 had
the largest removal rate of 0.0355 g/m3/d. The standard deviation of the removal rate of aquatic plants in
each group was large, indicating that the removal
rate differed greatly in different periods. The removal rate in the early stage of the experiment was
greater than that in the middle and late stages, and
the removal effect in the early stage was better. (Table 3, Figure 4)
Absorption rates of TP by aquatic plants and
their combinations. At the highest TP concentration,
A1, A2, A3, A4, A5, A6, B1, B2, B3, B4, B5, B7,

FIGURE 5
Changes in TP absorption rates of aquatic plants and their combinations in high-concentration sewage.

FIGURE 6

Changes in TP absorption rates of aquatic plants and their combinations
in medium-concentration sewage.
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FIGURE 7
Changes in TP absorption rates of aquatic plants and their combinations in low-concentration sewage.

FIGURE 8
Comparison of the average TP absorption rates of aquatic plants and their combinations in sewage with
different concentrations.
The average absorption rates were highest at
high sewage TP levels and vice versa. In sewage with
the highest TP concentration, B3 showed the highest
average absorption rate of 0.0657 g/m3/d. In sewage
with medium and low TN levels, B1 and A3 showed
the highest average absorption rates of 0.0206 and
0.0040 g/m3/d, respectively. The standard deviation
of the removal rate of aquatic plants in each group
was large, indicating that the removal rate differed
greatly in different periods. The removal rate in the
early stage of the experiment was greater than that in
the middle and late stages, and the removal effect in
the early stage was better. (Table 4, Figure 8)

Absorption rates of NH3-N by aquatic plants
and their combinations. At high sewage NH3-N
levels, A1, A2, A3, A4, A5, A6, B1, B2, B3, B4, B5,
B7, and B8 showed the maximum absorption rates
on day 10 and B6 on day 30. The removal rate of
each group ranged from 96.24 to 100.00%, and the
highest removing rate was found for A4: Acorus calamus B7: Myriophyllum spicatum + Acorus calamus
+ Pistia stratiotes. At medium sewage NH3-N levels,
groups A1, A2, A3, A4, A5, A6, B1, B2, B3, B4, B6,
B7, and B8 showed the maximum removal rates on
day 10 and group B5 on day 20. The removing rate
of each group ranged from 88.33 to 100.00%, and
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10, Figure 11)
The average absorption rate was highest at high
sewage NH3-N levels and lowest at low NH3-N levels. At high sewage NH3-N levels, group A5 showed
the highest absorption rate of 0.2480 g/m3/d. At medium levels, group B8 showed the highest rate of
0.0513 g/m3/d, and at low levels, group A4 showed
the highest rate of 0.0296 g/m3/d. The standard deviation of the removal rate in each group was large,
indicating that the removal rate differed greatly in
different periods. The removal rate in the early stage
of the experiment was greater than that in the middle
and late stages, and the removal effect in the early
stage was higher. (Table 5, Figure 12)

the highest removing rates were found for A4: Acorus calamus B7: Myriophyllum spicatum + Acorus
calamus + Pistia stratiotes, and B8: Myriophyllum
spicatum + Acorus calamus + Eichhornia crassipes.
At low sewage NH3-N concentrations, groups, A1,
A2, A3, A4, A5, B1, B2, B3, B4, B5, B6, and B7
showed the maximum removal rates on day 10,
group A6 on day 20, and group B8 on day 40. When
the NH3-N concentration of the sewage was decreased to the minimum, the removal rate of each
group ranged from 79.36 to 100.00%, and the highest removal rate was found for A3: Canna indica B6:
Myriophyllum spicatum + Canna indica + Eichhornia crassipes; B7: Myriophyllum spicatum +
Acorus calamus + Pistia stratiotes. (Figure 9, Figure

TABLE 4
TP removal rates for different groups of aquatic plants.
High concentration
Medium concentration
Low concentration
Group
Rank
Removal rate
Rank
Removal rate
Rank
Removal rate
A1
8
85.07%
5
93.48%
3
90.91%
A2
12
38.65%
14
33.33%
11
50.00%
A3
9
64.39%
12
57.45%
10
53.33%
A4
10
49.29%
11
70.83%
14
0.00%
A5
6
94.03%
7
92.00%
2
93.33%
A6
2
96.43%
2
97.96%
4
85.71%
B1
1
98.45%
8
89.57%
12
14.04%
B2
4
95.52%
9
86.67%
13
5.77%
B3
5
94.26%
6
92.86%
8
60.71%
B4
3
95.98%
4
95.08%
6
72.88%
B5
11
47.85%
10
86.09%
9
55.56%
B6
13
16.67%
13
55.65%
7
67.86%
B7
7
91.66%
3
96.57%
1
94.34%
B8
2
96.43%
1
98.76%
5
81.65%

FIGURE 9
Changes in NH3-N absorption rates of aquatic plants and their combinations in
high-concentration sewage.
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FIGURE 10
Changes in NH3-N absorption rate of aquatic plants and their combinations in
medium-concentration sewage.

FIGURE 11
Changes in NH3-N absorption rate of aquatic plants and their combinations in low-concentration sewage.
TABLE 5
NH3-N removal rates for different groups of aquatic plants.
High concentration
Medium concentration
Low concentration
Group
Rank
Removal rate
Rank
Removal rate
Rank
Removal rate
A1
2
99.85%
3
96.72%
3
92.38%
A2
8
98.14%
10
88.59%
12
76.36%
A3
7
98.38%
9
90.66%
1
100.00%
A4
1
100.00%
1
100.00%
7
86.12%
A5
10
97.25%
4
96.23%
2
94.67%
A6
4
99.30%
7
92.82%
8
86.04%
B1
3
99.55%
7
92.82%
10
84.57%
B2
5
99.29%
8
91.69%
9
84.59%
B3
3
99.55%
2
96.94%
5
90.11%
B4
4
99.30%
5
94.39%
4
91.35%
B5
6
98.69%
6
93.00%
11
79.34%
B6
9
97.84%
11
88.33%
1
100.00%
B7
1
100.00%
1
100.00%
1
100.00%
B8
11
96.24%
1
100.00%
6
88.00%
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FIGURE 12
Comparison of the average NH3-N absorption rates of aquatic plants and their combinations in sewage
with different concentrations.
TABLE 6
Models of nutrient absorption rates by aquatic plants and their combinations. TN = total nitrogen,
TP = total phosphorous, NH3-N = ammonium nitrogen.
Nutrient type Simulated concentration
Fit model
High concentration
y=-0.042x2+0.00x+1.179
TN
Medium concentration
y=-0.011x2+8.857×10-5x+0.306
Low concentration
y=-0.004x2-5.476×10-5x-0.022
High concentration
y=-0.013x3-0.000x2+1.396×10-6x+0.233
TP
Medium concentration y=-0.003x3+6.064×10-5x2-3.333×10-7x+0.062
Low concentration
y=0.000x3-7.9×10-6x2+8.586×10-8x-0.009
High concentration
y=-0.101/x+4.667
NH3-N
Medium concentration
y=-0.032/x+1.58
Low concentration
y=-0.018/x+0.78

R2
0.979
0.229
0.677
0.963
0.976
0.983
0.936
0.955
0.927

F
118.462
0.742
5.242
34.504
54.692
78.959
88.253
126.59
75.716

Sig
0.000
0.522
0.059
0.003
0.001
0.001
0.000
0.000
0.000

lated sewage, the correlation coefficient of the binomial function model was R2 = 0.979, with an F value
of 118.462, indicating the best fitting effect. Therefore, the most suitable kinetic model for TN absorption by aquatic plants and their combinations is the
binomial function model: y = -0.042 x2 + 1.179. In
the fitting curve of the TP absorption rate of aquatic
plants and their combinations in the simulated sewage, the correlation coefficient of the trinomial function model was R2 = 0.983, with an F value of 78.959,
indicating the best fitting effect Therefore, the best
kinetic model for TN absorption by aquatic plants
and their combinations is a trinomial function model:
y = -7.9 × 10-6 x2 + 8.586 × 10-8 x - 0.009. In the
fitting curve of the NH3-N rate, the correlation coefficient of the inverse proportional function model of
aquatic plants and their combinations was R2 = 0.955,
with an F value of 126.59, indicating the best finning
effect. The most suitable kinetic model for TN absorption is therefore the inverse proportional function model: y = -0.032 / x + 1.58. After model verification and analysis, the error of the model established in the experiment was within the acceptable

Establishment of TN, TP, and NH3-N absorption models. By measuring the TN, TP, and
NH3-N absorption rates by aquatic plants, the potential for TN removal was higher. The best removal effects for TN were shown by the following groups and
for the respective nutrient concentrations: A4 (high
concentration), B5 (medium concentration), B7 (low
concentration). For TP, the highest removal was as
follows: A1 (high concentration), B7 (medium concentration), A5 (low concentration). For NH3-N, the
highest absorption potentials were observed for the
following groups: B4 (high concentration), B4 (medium concentration), and A5 (low concentration). To
further analyze the changes in the TN, TP, and NH3N absorption rates over time, we used various equation simulations, such as linear equations, logarithmic equations, and polynomial equations. Such an
approach clarifies the adsorption and desorption
characteristics of nutrients in aquatic plants, providing a basis for predicting the respective removal rates.
In the fitting curve of the TN absorption rate of
aquatic plants and their combinations in the simu-
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can, over time, increase, mainly because of the release of nutrients after plant death [31, 32]. Therefore, aquatic plants need to be harvested in time to
avoid secondary pollution.
Based on our results, each experimental group
could effectively remove TN, TP, and NH3-N from
the water. Comparing the nutrient removal rates in
simulated sewage with different nutrient concentrations, with increasing nutrient levels, the absorption
rates also increased, which is in agreement with Hu
Mianhao. Eventually, saturation is reached. The
high-affinity and low-affinity mechanisms at high
concentrations are jointly regulated. Normally, the
high-affinity regulation mechanism works at low nutrient concentrations and the low-affinity regulation
mechanism at higher concentrations [33, 34].
The use of aquatic plants in the remediation of
waterbodies is characterized by low investment, simple operation, and low maintenance costs. With this
approach, nitrogen, phosphorous, and other elements
can be removed from waterbodies, subsequently increasing the dissolved oxygen levels and impeding
eutrophication. The propagation of algae hinders the
secondary release of nutrients in the bottom mud to
the water body, which is beneficial to the biological
balance in the water body [35, 36]. For these reasons,
this environmentally friendly approach has attracted
considerable interest nationally and internationally.
However, further studies should investigate remediation at extremely high or low pollution levels and
the remediation of waterbodies that are not suitable
for plant growth [37, 38].

range, indicating that the functional model can better
predict the changes in the nutrient absorption rates.
(Table 6)

DISCUSSION
Several studies have shown that during the remediation of polluted waterbodies via aquatic plants,
the nutrients in the water are accumulated in the
plants and, consequently, can be removed via harvesting [18-20]. In this study, the six aquatic plant
species removed nutrients from simulated sewage,
albeit to different degrees.
According to the experimental results, the removal rates for TN, TP, and NH3-N in the 14 experimental groups ranged from 26.58 to 100%, 0 to
98.76%, and 79.34 to 100%, respectively. The removal rates for nitrogen and phosphorus were relatively high, which may be due to the decrease in the
concentrations of nitrogen and phosphorus in the experimental device; also, the N and P adsorbed in the
matrix were released into the water and absorbed by
plants. [21] Nitrogen removal in the test water
mainly included enrichment in plant stems, leaves,
and roots, as well as ammonia nitrogen volatilization,
nitrification, and denitrification. At the same time,
plants can improve their removal capacity by promoting denitrification, synergistic actions with microorganisms, and promoting the activity of related
enzymes. Phosphorus removal from water is mainly
carried out by plants through assimilation, that is, the
absorption of soluble active phosphorus by plant
roots and the synthesis of nucleic acids, nucleotides,
phospholipids, and glycophosphates [22, 23].
In this study, emergent plants showed the highest purification effect on nitrogen-containing sewage,
followed by floating plants and submerged plants.
Aquatic plants can not only inhibit the growth of algae through allelopathy, but also have a strong ability to absorb nutrients and heavy metals, mainly
through the roots [24, 25]. Although there are not
many species of floating plants, they have a high
landscaping value [26, 27]. Regarding submerged
plants, because of the great influence of light on the
growth of such species, they are not ideal in the remediation of highly eutrophic water bodies [28, 29].
In practical applications, aquatic plant assemblages
can be considered to improve the water purification
effect [30].
The removal effect was high at the beginning
of the experiment, and the nutrient removal rate increased slowly in the later stages of growth. This
may be due to sufficient nutrients in the water body
and suitable temperatures in the early stage of the experiment. Rapid plant growth requires large amounts
of nutrients, which leads to a rapid decrease in the
nutrient content in the water body. When the maximum absorption rate is reached, the nutrient levels

CONCLUSIONS
Throughout the experimental period of 80 days,
the TN absorption rate for single plants was 26.58–
0%. The maximum TN absorption rate of aquatic
plants and their combinations was 0.019–0.778
g/m3/d, and the maximum TP absorption rate was
0.004–0.119 g/m3/d. The highest NH3-N absorption
rate was 0.0326–0.402 g/m3/d. By analyzing the removal of nutrients from simulated sewage by aquatic
plants and their combinations, using regression analysis, the absorption dynamics models for TN, TP,
and NH3-N removal rates could be established. For
TN, the kinetic model was y = -0.042 x2 + 1.179, for
TP, it was y = - 7.9 × 10-6 x2 + 8.586 × 10-8 x -0.009,
and for NO3-N, it was = -0.032 / x + 1.58. With increasing nutrient levels in the simulated sewage and
a higher plant diversity, the removal rates increased.
Combinations of aquatic plant species showed
higher removal rates than single species. The six
aquatic plant species tested here are suitable for the
remediation of eutrophic waterbodies.
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ABSTRACT

INTRODUCTION

The environmental pollution is getting more
and more serious, which seriously threatens people's
living environment and residents' health, therefore,
we study the risk perception and management
countermeasures of regional environmental
pollution under the constraint of environmental law.
The social nature of risk perception of environmental
pollution is introduced. As a psychological activity,
risk perception is directly related to social lifestyle
and cultural values; The increasingly serious
pollution of living environment increases people's
risk perception level of environmental pollution, but
the environmental law constrains people's risk
perception. Based on it, we propose the countermeasures of environmental pollution management,
briefly describe the relationship between pollution
risk perception and pollution management, point out
the direction of environmental pollution
management under the constraint of environmental
law, and finally determine the regional environmental pollution management strategy, improve the
management system of pollution management, let
enterprise take the responsibility of environmental
pollution management, and mobilize the whole
society to participate in environmental pollution
management. This paper investigates the risk
perception and management countermeasures of
regional environmental pollution under the
constraint of environmental law. Through a 6-month
treatment, the concentration of fine particulate
matter has been reduced to 20ug/m3, respirable
matter to 56ug/m3, sulfur dioxide to 7ug/m3, and
heavy metal ions to 0.042mg/L, which has achieved
the purpose of protecting the environment and
reducing environmental pollution and improve the
environmental quality of people's life.

Environmental pollution is a problem of
environmental damage that occurs in recent years as
a result of severe depletion of natural resources and
discharge of waste into nature, which is becoming
increasingly serious and directly endangers the
health of the population, and more and more residents are perceiving the health risks of environmental pollution [1]. Domestic and international
studies have shown that different types of pollutants
have different risks for human health; Gas pollutants
cause an increased risk of respiratory cancers [2];
Water pollution causes a high incidence of
Minamata disease; Other types of pollution affect the
cardiovascular health and digestive health of the
population to varying degrees [3-4]. The country has
gradually realized the danger of environmental
pollution to the health of the population and longterm economic development, and legislation has
been enacted to combat the problem of
environmental pollution and to punish people who
damage the environment, and these laws and
regulations have achieved initial results [5].
However, the perception of pollution risks associated with such laws and regulations and pollution
management strategies have not been well studied.
Hamilton et al. [6] studied how the World Bank
developed global coastal environmental governance
by contextualizing quantitative analysis of aid
models through qualitative interview data with bank
staff to identify potential paradigm shifts driven by
internal and external factors to achieve
environmental governance, but the approach has
been used to a lesser extent. Reid et al. [7] studied
the UK's post-Brexit environmental law. The UK's
exit from the EU will not immediately change the
environmental law of UK, but the law will become
more prone to change. The future situation is
complicated by the devolution of power within the
UK, the objectives regarding to continued alignment
with the EU, and the weaknesses of the intergovernmental structure that are causing problems.
Environmental principles are gaining legal recognition and new environmental governance structures
are being established for each country. These include

KEYWORDS:
Regional environment, pollution risk, respirable particles,
countermeasures
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environmental regulators, which compensate for the
lack of EU institutional regulation, but the approach
has limited applicability. Liu et al. [8] studied the
environmental governance of the Yellow and Bohai
Sea region, and through the analysis of the first
workshop held in Dalian, China, the participants
jointly proposed the construction of a marine
ecological environment and rescue system, the
establishment of marine protected areas, and the
development of marine spatial planning, drawing on
the experience of other countries and regions, but
with insufficient relevance to environmental law and
low constraint. Therefore, this paper studies regional
environmental pollution risk perception and governance countermeasures under the constraint of
environmental law, explores the relationship
between being constrained by law and perceived
environmental pollution risk perception, and
proposes countermeasures on this basis, with a view
to managing environmental pollution problems and
contributing to environmental protection.

Fresenius Environmental Bulletin

directly related to social lifestyles and cultural
values. By synthesizing the findings of sociology,
psychology and communication, the relationship
between risk perception and sociality is elaborated
from a constructionist perspective, thereby realizing
macro and micro variables as well as subjective and
objective factors in the diffusion of environmental
pollution risks, and explaining in detail the reasons
why environmental pollution risks may be amplified.
The key issue of risk perception contains two
aspects, as shown in Figure 1.
According to Figure 1, the two aspects of the
key issues of risk perception are four factors
affecting the risk perception of environmental
pollution and four risk perception dimensions. Four
factors influence the risk perception of environmental pollution are personal factor, information
factor, environmental factor and risk factor; Four
risk perception dimensions are maximum risk
dimension, minimum risk dimension, unknown risk
dimension and fear risk dimension. At present,
foreign research on risk perception has been more
mature, but domestic research is still in its infancy
and still needs further improvement [10].
Increasing environmental pollution increases
risk perception. At this stage, it is found that
residents are gradually found to suffer from some
serious diseases in their daily lives, which are caused
by environmental pollution, and therefore the
perception of environmental pollution risk is
gradually increased [11]. If there are factories
emitting pollutants around the living environment
and the local residents have a high incidence of
malignant tumors, the residents will directly
associate the occurrence of diseases with
environmental pollution [12]. In the face of this high
incidence, the local government invited professionals to make statistics on the health conditions
of the residents, and the results are shown in Figure
2.

MATERIALS AND METHODS
The social nature of environmental pollution
risk perception. Risk perception is essentially an act
of psychological activity, covering the esoteric
knowledge related to sociology and anthropology.
From a psychological point of view, environmental
pollution risk perception is mainly a cognitive
psychology, and the perception results are obtained
through a psychometric paradigm [9]. As the
awareness of environmental protection has
increased, psychology-related research has given
birth to the research paradigm of environmental
psychology, which mainly covers human culture,
cognitive psychology, and behavioral economics. In
the current research progress, risk perception is

FIGURE 1
Key issues of risk perception.

10649

© by PSP

Volume 31– No. 11/2022 pages 10648-10655

Fresenius Environmental Bulletin

FIGURE 2
Statistical results of residents' health conditions.
From Figure 2, it can be seen that the closer the
area where the residents live to the factory is, the
higher the chance of cancer occurrence and the high
incidence of respiratory cancers are, showing that the
factory emits a large amount of air pollutants,
endangering the health of the respiratory tract of the
residents in the area and leading to a high incidence
of cancer in the surrounding area. Although the high
incidence of cancer can also be influenced by living
habits and dietary habits, the presence of
environmental pollutants of the residence can easily
lead to pathological changes in human health [1314]. Especially when there are sources of pollutants
manufacturing in the vicinity and there are changes
in the health condition of the residents, the residents
directly associate this condition with the source of
pollution and perceive the risk of regional
environmental pollution.
Regional environmental pollution risk perception under environmental law constraints. After
analyzing a large amount of research data, it is found
that there is a correlation between environmental law
constraints and regional environmental pollution
risk, thus it is seen that environmental law
constraints influence some of the residents' behaviors.
The analysis of the relevant data shows that
nearly 30% of the residents believe that
environmental law binding can reduce regional
environmental pollution, therefore, people are prone
to perceive the risk of environmental pollution, while
the remaining residents believe that environmental
law binding is less, and this part of the residents can
realize the environmental pollution problems in their
living areas in time and have a stronger ability to
perceive the risk. The fact that some residents
question the binding force of environmental laws is

the result of a large amount of data analysis.
Statistics of many mass incidents reveal that
projects or projects with major environmental
pollution hazards do not fully and transparently
disclose environment-related information in the
decision-making stage, and residents' reasonable and
legal rights to information and supervision are not
enough [15], although a variety of laws and
regulations related to environmental pollution management and environmental protection have been
introduced in China and several regions have a
variety of laws and regulations related to environmental pollution management and environmental
protection, and many regions have constructed
environmental pollution risk assessment systems,
which have a certain restraining effect on
environmental
pollution
management,
the
reasonable needs and rights of the people are not
properly guaranteed in the actual implementation.
Thus, it can be seen that the constraints of
environmental laws do not effectively enhance the
ability to perceive the risk of environmental
pollution in residential areas.
In the case of environmental pollution,
residents cannot obtain evidence and defend their
rights through legal means. Only the occurrence of
serious environmental pollution group hazards can
qualify the harm caused by environmental pollution.
Among the relevant research fields, the relationship
between environmental pollution perception and
environmental law constraints still exists to be
discussed, in order to develop the economy, usually
requires ecological concessions [16-17], therefore,
the environmental pollution problem will happen
when there is some serious case potentially. Only in
more serious cases of pollution environmental law
can play a restraining role. At the same time, the
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perceived level of regional environmental pollution
risk is raised [18].
One of the reasons why some residents believe
that environmental laws are not binding enough is
that these residents have reported environmental
pollution problems and their complaints are
ineffective. These residents usually perceive the risk
of environmental pollution, but do not get good
results when they use legal means to defend their
interests, and express a strong desire to defend their
rights after initiating a second complaint. In most
cases, the environmental law will defend the
residents' interests and give reasonable decisions in
response to the residents' effective perceptions, but
there are still a few cases where the residents'
perceived problems are difficult to solve, so the
relevant laws and regulations still need to be further
improved.

Fresenius Environmental Bulletin

economic structure has been transformed, and there
is an inevitable connection between envi-ronmental
pollution management and people's perception of
environmental pollution. People's ability to perceive
the environmental pollution crisis, it is also the
residents of the living environment, environmental
pollution brought about by the awareness of
environmental hazards awakening, that is, residents
believe that the environmental pollution problem has
threatened normal life. Nowadays, people have
gradually become aware of the terrible results of
environmental pollution, and their awareness of
environmental protection has gradually increased.
Figure 3 shows the polluted environment, which
shows the seriousness of environmental pollution.
The damage of economic development to the
environment includes water pollution, atmospheric
pollution, soil pollution and pollution of
underground resources. If humans always keep
uncontrolled exploitation of ecological and social
resources, it will lead to irreversible destruction of
natural resources [19], which is the main reason for
the low efficiency of environmental governance, and
the logical relationship of inefficient environmental
pollution governance is shown in Figure 4.

RESULTS
Relationship between perception of environmental pollution and pollution control. In the context
of China's overall economic environment, the

FIGURE 3
Environmental pollution map.

FIGURE 4
Logical relationship of inefficient environmental pollution managementl.
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From Figure 4, it can be seen that one of the
reasons for the low efficiency of environmental
pollution management is the lack of awareness of
ecological pollution crisis among residents. The
relationship between environment and economy will
fall into a vicious circle.
Direction of environmental pollution control
under environmental law. Perfect environmental
protection laws and regulations guarantee the good
effect of environmental pollution management.
Relevant laws need to be more targeted and timesensitive, but also have a certain degree of flexibility,
so as to ensure that residents perceive the harm of
environmental pollution, to achieve smooth
environmental pollution management [20].

Fresenius Environmental Bulletin

management. Environmental pollution management
institutions combined with environmental law for
environmental governance, need to first promote the
construction of specialized environmental law
services, the establishment of a special local
environmental protection court, invite professional
legal personnel as judges and members of the trial
team, the construction of a perfect court work team,
but also need to set up with the environmental
protection court corresponding inspection units, law
enforcement agencies and pollution management
departments, so as to achieve the implementation of
environmental law And to enhance the subjectivity
and initiative of the environmental judiciary, to
prevent some regions from focusing on economic
development, hindering the development of
environmental pollution control work, forming local
protectionism, to achieve the independence and
credibility of environmental law enforcement of
environmental pollution control.
According to the above governance aspects into
the questionnaire survey, the survey in the form of
electronic questionnaires, the main survey content
for the above two major points in the details of the
points. The main theme of the survey is the
recognition of the detail points, recognition is
divided into three levels, namely, not recognized,
recognized and very recognized, 0 means not
selected, 1 means selected the corresponding level of
recognition, the scope of the survey is a city of
Xicheng District, random survey, a total of 200
copies of electronic questionnaires were distributed,
180 copies were collected. The survey results are
shown in Table 1.
According to Table 1, in the direction of
environmental pollution governance under the
constraints of environmental law, only the implementation of the assessment system has one person
approve, the construction of the court team has three
people who do not approve and the improvement of
the independence and credibility of law enforcement
has four people who do not approve, a total of eight
people vote for the disapproval item, the others are
all approved or very approved, by its very high
approval, the lowest

Strict law enforcement to promote
environmental pollution control. In order to
achieve good results in environmental pollution
control, it is necessary to strictly enforce environmental laws and regulations, implement environmental protection law enforcement to individuals,
and use an assessment system to examine in real time
the degree of understanding of environmental
protection law and other related laws for each staff
involved in law enforcement, and give transfer to the
staff who fail the assessment. To enhance joint law
enforcement and actively encourage multiple social
groups to join the law enforcement team to achieve
comprehensive law enforcement of environmental
pollution control. The local government has
introduced environmental protection-related binding
regulations, and the staff working in environmental
pollution control need to be designated by the
relevant part to improve their overall quality,
increase training courses to teach the staff, the basic
knowledge and technology of environmental control,
and at the same time, in order to improve the work
quality of these staff, the relevant departments to
establish a law enforcement team to supervise these
staff to carry out environmental pollution control
work (2) To give full play to environmental law
Fully utilize the functions of environmental
law. Environmental law is the ultimate safeguard of
environmental protection and environmental

TABLE 1
Survey on the recognition of environmental pollution management direction under the constraints of
environmental law
Recognition
Not approve
Approve
Very approve
Implementation of the appraisal
1
5
174
system
Joint law enforcement
0
7
173
Issuance of binding regulation
0
1
179
Enhancement of comprehensive
0
10
170
quality
Construction of the court team
3
11
166

10652

© by PSP

Volume 31– No. 11/2022 pages 10648-10655

Fresenius Environmental Bulletin

FIGURE 5
Management strategy of regional environmental pollution.
number of votes is 166 people, accounting for 92%
of the returned questionnaires. Other options are
higher than the very approval degree is higher than
92%, this paper studies the environmental law
constraints of environmental pollution management
aspects of the majority of people's recognition, with
a certain degree of feasibility.
Regional environmental pollution management
strategy. While people's awareness of environmental
protection is improved, the environmental protection
strategy is strictly implemented and enforced, and
the above elaborated content is the awareness and
legal
level
of
environmental
protection
countermeasures, therefore, the following specific
regional environmental pollution management
strategy is introduced in Figure 5.
According to Figure 5, the environmental
pollution management strategy is divided into 3
aspects: improving the pollution management
system, enterprises taking the responsibility of
environmental
pollution
management
and
mobilizing the whole society to participate in
environmental pollution management.

it is necessary to start from the fundamental interests
of people from all walks of life and drive people's
enthusiasm of environmental pollution management
with interests [21]. In practice, the scope of
environmental management is divided by the scale
of cities or villages, and each region constructs a
more complete pollution management plan from a
practical perspective according to the characteristics
of the region, sets the management goals of different
deadlines, and at the same time improves the
management mechanism, supervises the whole
pollution
management
process
through
environmental protection regulations, divides
different management stages, and completes the
environmental pollution management work to finally
achieve
comprehensive
improvement
of
environmental pollution problems.
Enterprises assume the responsibility of
environmental pollution control. In the process of
environmental pollution control, enterprises need to
support the various environmental control policies
issued by the government, follow environmental
protection laws, assist the work of environmental
supervision departments, and rectify the internal
production links that do not comply with
environmental pollution control; At the same time,
enterprises need to strengthen their own
environmental pollution control-related systems, use
environmentally friendly production materials, and
adopt means more in line with pollution control
during processing.

Improve the management system of
pollution control. The government plays a leading
role and the environmental law plays a binding role,
but it does not solve the problem comprehensively.
Therefore, it is necessary to use a multi-party
cooperative governance model to change the
situation that is completely dominated by the
government and establish a diversified pollution
governance cooperation mechanism with the
participation of the whole society. In order to
enhance the enthusiasm of all sectors of society to
participate in environmental pollution management,

Mobilize the whole society to participate in
environmental pollution control. The natural
environment is for the residents, the ultimate
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TABLE 2
Comparison of the situation before and after treatment
Pollutants
Before treatment
After treatment
Fine particles(ug/m3)
65
20
Respirable particles(ug/m3)
99
56
Sulfur dioxide(ug/m3)
16
7
0.075
0.042
Heavy metal ionsʤmg/Lʥ
beneficiaries of environmental pollution is still the
residents, therefore, the process of environmental
pollution control needs to mobilize the enthusiasm of
the whole society, to build a better pollution control
mechanism. In the actual implementation, family
volunteer to engage in environmental pollution
control-related work, for children both educational
significance, but also to achieve the purpose of
environmental pollution control, to establish the
children's awareness of environmental protection.
Through the regional environmental pollution
control strategy studied in this paper, environmental
control was carried out in the above-mentioned study
area for a period of 6 months, and the main
environmental problems in the area were the
discharge of factory sewage and exhaust gas (water
and air pollution) and serious garbage dumping (soil,
air and water pollution), and the situation before and
after treatment is shown in Table 2.
According to Table 2, the concentrations of
various pollutants are high without the treatment
strategy, and after the treatment by the method
studied in this paper, the concentrations of fine
particles are reduced to 20ug/m3, 56ug/m3 for
respirable particles, 7ug/m3 for sulfur dioxide, and
0.042mg/L for heavy metal ions, which are reduced
by 45ug/m3, 43ug/m3, 9ug/m3, and 0.033mg/L,
respectively. 9ug/m3 and 0.033mg/L respectively,
which shows that the regional environmental
pollution control strategy of this paper, through the
environmental law constraints and the active
mobilization of people's participation in control, has
effectively controlled the environmental pollution
and obtained significant pollution control effect.

environmental pollution control for enterprises at all
levels and mobilizing the whole society to
participate in environmental pollution control, this
paper improves people's environmental awareness as
well as their motivation, reduces environmental
pollution, improves the environment-related system
and achieves the goal of improving the environment.
After applying the method of this paper for
environmental management, the concentration of
fine particulate matter 45ug/m3 and the
concentration of respirable particulate matter
43ug/m3 have been effectively reduced, therefore,
the method of this paper is full of feasibility and
effectiveness.
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ABSTRACT
Deepening the construction of the logistics industry in the economic zone of the fragile ecological
environment in western China is of great significance to the sustainable development of the city. In
this paper, taking the Xinjiang region in western
China as an example, the urban logistics node division system, urban logistics integration strategy, and
the static and dynamic evaluation of logistics industry efficiency are systematically studied. The results
of the study show that the Xinjiang region has now
formed a logistics system with railways as the mainstay and highways and aviation as the supplement.
In the actual operation, the pattern of railway logistics still exists and will exist for a long time. The integration of logistics nodes in western cities in China
is an inevitable requirement for sustainable urban development. Among them, the integration of transportation and communications infrastructure is the prerequisite, and the integration of energy cooperation
is the focus. Invalid scale is the main reason that affects the inefficiency of the logistics industry in
western China. The logistics industry is generally in
a state of diminishing returns to scale, which shows
that the logistics industry in western China has reduced its resource allocation capacity and high logistics costs due to the excessive market size. The pure
technical efficiency of the eastern region is always in
an efficient state, and the ineffectiveness of scale is
the main reason for the ineffectiveness of the static
efficiency of the logistics industry. The logistics industry in the eastern region is superior to the central
and western regions in terms of institutional level,
management capability and technical level, and
compared to other regions, the eastern region is
closer to the optimal production scale. Dynamic efficiency and technological progress in the eastern region change in the same direction, and technical efficiency and scale efficiency change in the same direction, indicating that technological progress and
scale factors have a greater impact on the productivity changes of the eastern logistics industry. This research has important reference value for accelerating
the development of logistics in the economic zone of
fragile ecological environment.

INTRODUCTION
Logistics is not only an important support point
for the flow of economic factors, but also a new
growth point for promoting economic development
[1-4]. Logistics has an important influence on the
sustainable development of urban economy and society [5-8]. In addition, logistics is also an important
source of improving economic efficiency [9-10].
The great achievements of China's economic development are inseparable from the support of the logistics industry. Controlling logistics costs is equivalent
to gaining a third source of profit for enterprises and
becoming a new growth point for economic development. In recent years, logistics fever, as a new
kind of research data, has gradually become a new
perspective for research on logistics-related issues
[11-12]. Logistics fever is the abstraction of specific
geographic things, such as a logistics warehouse, a
delivery point, etc. It truly reflects the development
of regional logistics and has a high degree of credibility for reflecting the real-time status of logistics
distribution [13-15].
Western China belongs to an economic zone
with a fragile ecological environment. The agglomeration of the logistics industry in this type of area
also has an important impact on the sustainable development of the city [16-18]. The western region
referred to in this paper mainly refers to the Xinjiang
region of China. This area is a must pass through the
ancient Silk Road and has always played an important role as a channel. The Silk Road, which connects Eurasia and traverses the east and west, was
originally a logistics channel. Through this channel,
cultural exchanges, economic and trade exchanges
and political communication between China and the
West have become more rapid and convenient [1820]. Based on this, deepening the construction of logistics development and driving factors in the economic zone of the fragile ecological environment in
western China, and improving the level of infrastructure and logistics modernization of logistics nodes
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are of great significance to the sustainable development of cities.
In this paper, taking the Xinjiang region in
western China as an example, the urban logistics
node division system, urban logistics integration
strategy, and the static and dynamic evaluation of logistics industry efficiency are systematically studied.
This research has important reference value for accelerating the development of logistics in the economic zone of fragile ecological environment.

of various production factors on output growth, and
then reflect the overall economic benefits. At the
same time, the decomposition of total factor productivity can also effectively measure the improvement
of factor efficiency and the effect of technological
progress. In this paper, the total factor productivity
of the logistics industry represents the dynamic efficiency of the logistics industry, and the DEAMalmquist index model is used to measure the total
factor productivity of the logistics industry.

MATERIALS AND METHODS

RESULTS

Basic information and data sources. Urumqi,
Xinjiang, China is the core area of the Silk Road
Economic Belt, which can provide cheap and stable
power resources for the “cloud computing public
grid”. As China's logistics industry statistics are not
yet sufficient, and the transportation, postal and
warehousing industries account for the main part of
my country's logistics industry, this article uses the
transportation, postal and warehousing statistics in
the statistical yearbook as the logistics industry statistics. The data to study the efficiency of the logistics industry in the Xinjiang region of western China
includes the input-output data of the western, central,
and eastern cities in the Xinjiang region from 2010
to 2016.

Urban logistics node system. The Silk Road
Economic Belt is a bridge connecting the Asia-Pacific economic circle and the European economic
circle. Its accessibility is not only the endowment of
historical inheritance, but also the inherent requirement of global integration for the development direction of this region. The key logistics area in Xinjiang
in western China is an important transportation hub
and commercial logistics center on the Silk Road. As
the source area of the land Silk Road, Urumqi is also
a national node city. However, due to the special location conditions, the Xinjiang region has formed a
logistics system with railways as the mainstay and
highways and aviation as the supplement (Figure 1).
In specific operations, the pattern of railway logistics
as the mainstay still exists and will exist for a long
time. However, according to the differences in natural and humanistic endowments and development
levels, different cities should have different divisions
of labor in the logistics system of the Silk Road Economic Belt.
In the logistics system, the vast majority of
China-Europe container trains pass through Xinjiang. The development level of Xinjiang's logistics
industry directly affects the efficiency of economic
cooperation between China and Central Asia, West
Asia, and South Asia. Although the natural geographic location and economic development positioning are important, Xinjiang's transportation infrastructure construction needs to be further
strengthened. Xinjiang's low logistics capacity not
only reduces economic efficiency with other regions,
but also makes it difficult for Xinjiang to utilize its
own resource advantages. In view of Xinjiang's special geographic location and Urumqi's core position,
Urumqi's infrastructure construction should be
strengthened. In addition, it should also vigorously
support a group of private logistics enterprises, or
give preferential measures to existing logistics operators to expand the scale of development, and cultivate a group of modern logistics enterprises with
driving force and radiation. With strong government
support, Urumqi will be built into a regional international trade center for Central Asia, West Asia, and
South Asia.

Static and dynamic evaluation of logistics industry efficiency. This study used Data Envelopment Analysis (DEA) when evaluating the static efficiency of the logistics industry. DEA is a method
that uses linear programming to measure and evaluate the efficiency of decision-making units. The efficiency value is obtained by calculating the ratio of
the output and input variables of each decision-making unit (DMU). It is suitable for multi-input and
multi-output DMU efficiency evaluation. The DEA
method obtains the production frontier of the DMU
through mathematical operations on input-output indicators, and calculates the distance between each
DMU and the production frontier. When the DMU is
at the production frontier, the efficiency value is 1,
indicating that the DMU is efficient; when the DMU
is at a certain distance from the production frontier,
the efficiency value is between 0 and 1, and its value
can reflect the effectiveness of the efficiency. According to different analysis angles, DEA can be divided into input-oriented and output-oriented. Inputoriented analysis minimizes input under the premise
of a given output, and output-oriented analysis maximizes output under the premise of given input.
For the dynamic efficiency evaluation, this article will use the logistics industry's total factor
productivity to reflect the changes in the logistics industry's dynamic efficiency. Total factor productivity is an important tool for analyzing economic
growth. It can comprehensively examine the effects
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FIGURE 1
Proportion of different types of transportation in Xinjiang.
Integration of urban logistics nodes. Urumqi
is an important logistics node city in the northwestern part of China's Silk Road Economic Belt. The logistics node integration strategy constitutes a comprehensive and hierarchical organic whole of regional economic cooperation. The integration strategy aims to break through the restrictions of administrative divisions from an economic perspective,
and achieve the sustainable development of node cities with the goal of win-win cooperation. Drawing
on the existing international experience in integrated
development, the integration process of urban logistics nodes in the northwestern part of China's Silk
Road Economic Belt is bound to be a process from
low to high, from point to surface. Among them, the
integration of transportation and communications infrastructure is the prerequisite, and the integration of
energy cooperation is the focus. The logistics node
cities should be led by the government, based on
transportation and energy, and open to cooperation
at multiple levels, from multiple angles, and in all
directions. In addition, it is necessary to cooperate in
the construction of large-scale logistics infrastructure in the region, realize the docking of industries,
transportation and regulations, and promote the process of regional logistics integration.
Relying on various facilities such as stations,
transportation channels, commercial outlets, logistics bases, and corporate warehouses and sales outlets, it realizes multiple circulation functions in the
logistics industry. Major cities in Xinjiang such as
Urumqi should base themselves on regional realities,
integrate regional customers, transportation, storage
and other resources, build the Internet of Things, and
accelerate the process of multimodal transportation
in an all-round way. Specifically, the node cities
should continue to optimize the construction of
roads, railways, aviation and other logistics transportation networks under the existing transportation infrastructure conditions, and in particular, strive to
achieve no-breakpoint transportation in the region,

and enhance Urumqi's air and water transportation
capacities, railway and road transportation capacities.
The regional public logistics information platform is the nerve center of the regional logistics system and the link between all levels and links of logistics. By collecting basic data of logistics management, the regional public logistics information platform can establish organic connections between supply and demand parties and operators in logistics activities, and provide enterprises with basic information to support the realization of various functions
of the enterprise information system. On this basis,
the industry management and market standardized
management between government departments are
supported by sharing information to ensure that logistics information is correct, timely, efficient and
unobstructed. The construction of a regional public
logistics information platform in a logistics node city
is an integrated guarantee (Figure 2). Based on the
development of regional information technology and
network technology, build a regional public logistics
information platform to provide a relatively complete information support system for the efficient operation of node countries and urban logistics enterprises on the Silk Road Economic Belt. In addition,
the logistics information system, electronic data exchange system, satellite navigation and positioning
conditions of major cities in Urumqi should be integrated, and a unified logistics technology policy that
matches the level of regional development should be
formulated to coordinate the construction of independent logistics information systems for each city.
Static evaluation of logistics industry efficiency. In this paper, the input and output data of the
major logistics industry in Xinjiang from 2010 to
2016 are substituted into the input-oriented DEABCC model. Furthermore, the static efficiency of the
logistics industry in 20 major cities in the western,
central and eastern regions has been measured.
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FIGURE 2
Public logistics information is an integrated platform.
As shown in Figure 3, from 2010 to 2016, the
static efficiency of the logistics industry in major cities in Xinjiang has never reached the DEA efficiency. Among them, the logistics demand declined
in 2011, and the static efficiency of the logistics industry in the western region was only 0.45. After
2012, as the Chinese economy continued to shift to
high-quality development, the overall static efficiency of the logistics industry showed a gradual increase.
From 2010 to 2016, the pure technical efficiency of western China is 1, indicating that China's
logistics industry has reached DEA effectiveness in
terms of technical factors, management level and institutional factors. The scale efficiency has never
reached an efficient state. The scale efficiency in
2010 was only 0.47, indicating that the overall production scale of the logistics industry in western
China is still far from the optimal production scale.
In general, from 2010 to 2016, the inefficiency of
scale was the main reason affecting the inefficiency
of the logistics industry in western China. The logistics industry as a whole is in a state of diminishing
returns to scale, indicating that the logistics industry
in western China has reduced its resource allocation
ability due to the excessive market size. However, in
recent years, with the improvement of the quality of
economic development, the production scale of the
logistics industry in western China has gradually approached the optimal production scale.
In this paper, the static efficiency of the logistics industry of the main cities in the western, central
and eastern regions of Xinjiang has been calculated.
It can be seen that the static efficiency of the logistics
industry in the three major regions is in a DEA invalid state. The logistics industry in the east has the
highest static efficiency value, followed by the central and eastern regions. Among them, Urumqi in the
east has played an important role in economic development. However, the difference in static efficiency
of the logistics industry in the three major regions
was not significant during the period 2010-2016.
From the perspective of decomposition, the
pure technical efficiency of the eastern region is always in an efficient state, and the ineffectiveness of
scale is the main reason for the ineffectiveness of the
static efficiency of the logistics industry. In 2014, the
scale efficiency of the eastern region reached the
highest value of 0.83. The pure technical efficiency

of the central region has always been in a state of
ineffectiveness. In 2010 and 2012, the pure technical
efficiency was relatively high, at 0.61 and 0.58 respectively, and the scale efficiency was always ineffective. And its scale efficiency value is generally
lower than the eastern region, while the pure technical efficiency is obviously lagging behind the eastern region. Both the scale efficiency and pure technical efficiency of the western region lag behind the
central region. It shows that the logistics industry in
the eastern region is superior to the central and western regions in terms of institutional level, management capability and technical level, and compared to
other regions, the eastern region is closer to the optimal production scale.
Dynamic evaluation of logistics industry efficiency. In this paper, the 2010-2016 input and output data of the logistics industry in Xinjiang region
are substituted into the DEA-Malmquist index model
and used to measure the total factor productivity and
its decomposition of the logistics industry.
As shown in Figure 4, the dynamic efficiency
of the logistics industry in China's Xinjiang region
from 2010 to 2016 showed a trend of constant fluctuations. From the perspective of decomposition,
technical efficiency is more affected by scale efficiency and less by pure technical efficiency. Comparing the situation of technical efficiency and technological progress, the impact of technological progress on total factor productivity is higher than that
of technical efficiency. It can be seen that the lack of
technological pull is a key factor in the decline of the
dynamic efficiency of the logistics industry in western China.
From the perspective of regional decomposition (Figure 5), the dynamic efficiency of the eastern
region changes in the same direction as technological progress, and the technical efficiency and scale
efficiency change in the same direction. It shows that
technological progress and scale factors have a
greater impact on the productivity changes of the
eastern logistics industry. The dynamic efficiency of
the central region changes in the same direction as
technological progress, and the technical efficiency
changes in the same direction as pure technical efficiency. It shows that technological progress and
management factors have a greater impact on the
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FIGURE 3
The characteristics of static efficiency change of the logistics industry in different regional
cities in the study area.

FIGURE 4
The change characteristics of the productivity of the logistics industry in the study area.

FIGURE 5
The dynamic efficiency changes characteristics of the logistics industry in different regional
cities in the study area.
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productivity changes of the logistics industry in the
central region. There are large fluctuations in dynamic efficiency in the western region, scale efficiency and pure technical efficiency basically
change in opposite directions, and both technological progress and technical efficiency have a greater
impact on dynamic efficiency.
A further decomposition of technical efficiency
reveals that the scale factor is the main reason for the
decline in dynamic efficiency in the eastern and
western regions, while the main reason for the decline in dynamic efficiency in the central region is
purely technical factors. The annual average rate of
technological progress in the eastern region is
slightly higher than that in the western and central
regions. The rate of technological progress in the
three regions is lower than that of technological efficiency, indicating that the lack of impetus for technological progress is the main reason that affects the
dynamic efficiency growth of the logistics industry.

Fresenius Environmental Bulletin

change in the same direction, indicating that technological progress and scale factors have a greater impact on the productivity changes of the eastern logistics industry.
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opens new horizons in rural sustainable development, offers rural experiences to urban residents and
economic alternatives to farmers and landowners,
and represents both, economic and non-economic
benefits [7, 8]. It can provide economically feasible
ways to care for natural and green areas and educate
the public about agriculture and enhance the quality
of life for farm owners and users [9]. Agritourism is
not a recent phenomenon; but it has noticeably increased at the beginning of the current century and is
expected to grow further in the future [10, 11]. Its
literature shows a geometric growth pattern [12]. It
can be defined as a business that builds a farm as a
travel destination for educational and recreational
purposes [13]. Tennessee Agritourism Initiative defines agritourism as “an activity, enterprise, or business which combines primary elements and characteristics of agriculture and tourism, and provides an
experience for visitors which stimulates economic
activity and impacts both farm and community income” [14]. The Small Farm Center at the University
of California-Davis defined it as “the act of visiting
a working farm or any agricultural, horticultural, or
agribusiness operation for the purpose of enjoyment,
education, or active involvement in the activities of
the farm or operation” [15]. In general, it is the practice of attracting visitors to an agricultural area to experience a broad spectrum of agro-products and services [16]. It was described as “cultivating tourists
on the farm” or experience life on the farm [17].
Most definitions of agritourism combined farm conditions and tourism industry elements. A review of
agritourism typology stated that different agritourism types have been conceptualized by the studies
based on specific agritourism attributes [18]. It was
conceptualized as “practice”, “experience”, “activity”, “enterprise”, “business”, and “industry”
through different perspectives. Agritourism is associated with various terms have been used to refer to
similar farm activities such as rural tourism, agricultural tourism, agrotourism, and agritainment [1, 18].
Among farm-related tourism terms, ‘agritourism’ is
the most frequently used term in the literature (178)
followed by rural tourism (81), agritourism (54), and
farm tourism (45) [12]. It is called “farm holidays”
in UK, “agriturismo” in Italy, “farmstays” in New
Zealand, and “sleeping in the straw” in Switzerland

ABSTRACT
Al-Ahsa is well positioned to offer a competitive agritourism given its rich agricultural heritage as
characterized by being one of the largest oases in the
world where millions of palm trees are exist. This
article explored the issues and challenges of developing agritourism in Al-Ahsa. The results of an empirical questionnaire survey indicated the importance of swimming pools, kids’ area, lodge building, location, and cultivated area and the prevalence
of dissatisfaction with the roads condition and rental
value of the farm. 70% of respondents believe that
the rural lodges lack more facilities and 74% believe
their construction needs more regulation. The predominant category of farm rental duration was 12
hours and the average rental value was 1,000 riyals.
The Correlation Matrix showed that the farm visit
frequency is positively related to family size, age,
gender, education, and income and inversely related
to daily rent and profession. Determinants of demand
are income, farm rent, and the profession and the demand is price and income inelastic. The study emphasized the importance of developing agritourism
in a sustainable way considering the economic and
social aspects and not negatively affecting the environment and green areas so that the oasis retains its
unique nature.

KEYWORDS:
Agritourism, Farms, Recreational Demand, Rural Lodges,
Sustainability

INTRODUCTION
Agritourism is thriving as a form of agricultural
diversification in rural communities and as an alternative farming activity that can contribute to agricultural sustainability [1] through diversification of the
economic base [2], provision of educational opportunities to agritourists [3], enhancement of environmental management [4], promotion of the local culture and traditions [5], and creation of greater community cohesion [6]. This new pattern of tourism
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[17]. It is regarded in some studies as a subset of rural tourism that differs from agritourism in that rural
tourism does not always take place on farms and
does not always bring additional income to farms
[19]. Agritourism is an important source of income.
Revenues generated from agritourism activities
ranged from $800 million to $3 billion [20] and the
consumer surplus from the agricultural landscape
was estimated to be $24.6 billion in USA [21]. In Atlantic Canada provinces, the share of agritourism
was about $850 million in Newfoundland and Labrador and it provided more than 100,000 jobs yearround in the Atlantic regions in the same year [22].
The European countries spent about $2 billion to
subsidize agritourism development in rural areas
[23]. For the Dominican Republic, the agritourism
industry has the potential to generate additional revenue of up to $ 364 million [24]. In China, income
from agritourism is estimated at 400 billion RMB
with an average of 300 million tourists per year [12].
In India, agritourism income is growing by 20% annually [25]. Economic aspects are described as a major motivational factor in the literature on agritourism. USA, China, UK, Spain, Italy, Norway, Netherlands and Romania topped the list of the agritourism research [1]. Some studies carried out a systematic review, structured review, meta-analysis or bibliometric analysis for agritourism shedding light on
the emerging areas in that field by exploring and analyzing large volumes of data in databases such as
the Web of Science, Google Scholar and Scopus [1,
12, 26-30]. Some of the future agritourism research
needs reported in the literature were addressing the
demand side, the determinants that influence the
likelihood of choosing a particular farm, the
agritourist characteristics and expectations in addition to the conditions, facilities, services and requirements for rural lodges [12]. The concept and application of this innovative industry are not explored
much in developing countries and in MENA region
in particular.
In spite of the availability of required elements,
developing agritourism in Al-Ahsa faces many challenges and certain barriers, such as the evaluation
and development of rural lodges in line with the elements of sustainable agritourism, which were discussed in detail in this study. The relevant literature
on agritourism was presented with indication to the
relationship of this study to the relevant literature
and how deals with it. The potential benefits of
agritourism by scrutinizing the importance of this activity in accomplishing predetermined goals of farmers and landowners were examined. The needs of
agritourism providers, agritourists, and involved associations to participate in an agritourism system in
Al-Ahsa were elucidated. A survey for a sample of
rural lodges owners and agritourists was carried out
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and focus groups were organized to various participants and stakeholders in order to reach a set of recommendations that could contribute to developing
agritourism in Al-Ahsa. These recommendations
could serve as decision-support tools for farms leading to an improved quality of life and agricultural
sustainability. As agritourism is a relatively new
concept in the Arab region, this study represents a
kind of exploratory research in order to shed light on
the potential problems and challenges associated
with the development of agritourism in Al-Ahsa.

MATERIALS AND METHODS
This study identified the issues and challenges
of developing agritourism in Al-Ahsa from the perspective of stakeholder groups and how they correlate among themselves. It also examined several
farm household and business attributes associated
with the accomplishment of the goal dimensions
driving agritourism development. Data on site and
from government or industry statistics for tourism
and farms were used. Data also were derived from a
survey conducted among agritourists in Al-Ahsa.
Through the use of interviews and focus groups,
stakeholders identified the issues that impact on the
development of agritourism in Al-Ahsa.
Study Area. Al-Ahsa is an ideal place to
activate and develop agritourism given its rich
farming heritage and increasing pressure on farmers
to diversify. It is the largest governorate in Saudi
Arabia's Eastern Province. It has one of the largest
oases in the world with Date Palms of the best in the
world. It is located about 60 km inland from the
Arabian Gulf (Figure 1) between 25º 05' and 25º 40'
northern latitude and 49º 55' eastern longitude and at
altitudes raging between 160 m in the west to 130 m
in the east above the mean sea level [31]. Oil
production and agriculture are the two major
economic activities of Al-Ahsa. For thousands of
years, the area has had natural freshwater springs
that have encouraged human settlement and
agricultural efforts since prehistoric times. There are
millions of palm trees and intensive livestock
raising, involving sheep, goats, cattle and camels and
poultry farms, which make Al-Ahsa a main food
producer for KSA. It has three main cities (Hufuf,
Mubarraz and Al-Youn) in addition to many villages
and small towns. The Governorate's population is
over 1.04 million from which 78% living in urban
areas and 22% in rural areas a [32]. Al-Ahsa was
named a world heritage site by UNESCO in 2018,
nominated as the Capital of Arab Tourism in 2019,
and registered into the Guinness World Record as the
largest self-contained oasis in the world in 2020.
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FIGURE 1
Location of the study area
The shape of Al-Ahsa has been change constantly during the last 40 years. From 1987 to 2001
urban areas have been expanded by 5326 ha (75%)
and agricultural areas by 4430 ha (22%) while the
areas of sabkha declined by 8063 ha (12%), urban
planning by 1341 ha (27%), and sand dunes by 206
ha [33]. Rapid urban development has occurred
within the oasis’s vegetation region. Approximately
1,000 ha of vegetation cover has been converted to
the bare soil class besides the area occupied by the
urban class makes the total 1700 ha [34]. The urban
growth in Al-Ahsa oasis has decreased the area under cultivation from 33% in 2009 to 25% in 2017
[35]. A combination of lack of commitment, lack of
knowledge and insufficient planning, apart from
population and urban growth, are significant root
causes for such degradation. Agritourism is a vehicle
and beneficial tool that can support sustainable development in Al-Ahsa. It is a practice committed to
making a low impact on environment and culture and
enhances rural development in a sustainable manner.
It can strengthen the economic, social and environmental aspects, provide incentives to maintain landscape and green areas, use agricultural land in more
environmental-friendly ways, preserve heritage and
safeguard the natural environment with regards to
flora and fauna. It can ensure the nature conservation
through making it a sustainable business option. The

development of agritourism in Al-Ahsa can be the
catalyst that activates agritourism opportunities and
presents a model of sustainable tourism at the region.
Participants and Data Collection. The study
relied primarily on preliminary data collected in the
field through a personal interview of a simple
random sample of Al-Ahsa citizens, whether they
were tenants of farms or farm owners, through a
questionnaire prepared by researchers and included
the data necessary to conduct the study and subjected
to scientific evaluation prior to use in the study. The
sample size was based on the following equation
[36]:
4ܰ
݊=
(ܰ െ 1)݁ ଶ
4+
ݍ
Where: n = the size of the required sample, N =
the size of the population, e = margin of error, p =
proportion of the population which has attribute
(getting involved in agritourism), q= (1-p).
A margin of error of 6% has been assumed, and
p= 0.5 and q= 0.5 was assumed to give them equal
opportunities, avoid bias and get maximum variability. Given that the population of Al-Ahsa was about
1,041,863 in 2017, 856,670 Saudis (82%) and
185,193 non-Saudis (18%), and the number of
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dwellings is 149,905 [32], the sample size was estimated at 277. Accordingly, the study relied in its
economic analysis on a simple random sample of
300 households.

higher qualification (bachelor’s or postgraduate
studies), 70% are married, 21% work in the
government sector, and 46% of the respondents
receive a monthly income of 5000 riyals or more.
The average family size was 6 members while the
average age of the sample was 28 years. The
predominant category for the duration of the farm
rental was 12 hours by 49%, then a full day by 38%,
6 hours by 11%, and another 2%. The average rental
value for the farm/rural lodge was about 1,000 riyals
and the average of other expenses was about 700
riyals. The Correlation Matrix showed that the
number of times to visit the farm is inversely related
to the amount of the daily rent of the farm and the
profession, which is consistent with the economic
logic in that the number of rentals decreases as the
farm rent value increases. The frequency of those
who work in the private sector is also lower
compared to those who work in the government. On
the other hand, the farm visit frequency is positively
related to the family size, the age, the gender, the
educational level, and the monthly income.

Data Analysis. The descriptive statistical
method was employed to describe the field study
sample, the social and economic characteristics of
farm tenants or farm owners, and the most important
determinants of agritourism development. The
quantitative statistical methods were used such as the
statistical estimation of the demand functions on
farms and rural lodges using multiple regression in
linear and non-linear forms, the dummy variables to
reflect the impact of qualitative variables, the Trip
Response Method (TRM) to characterize the demand
function for agritourism, and the statistical inference
and hypotheses tests to examine the significance of
the relationship between the social and economic
characteristics of farm tenants and the number of
visits to those farms or the level of their spending on
them. The data analysis followed four steps: data
preparation; data exploration; data reduction; and
interpretation. The current situation of the Al-Ahsa
Oasis was also evaluated to find out their
compatibility with the requirements of sustainable
agritourism.

Assessment of the Current Condition of
Rural Lodges and the Level of Satisfaction (Table
2). The study sample was asked about their
evaluation of the importance of a set of
characteristics for agritourism. It was found that the
most important factors affecting the selection of a
particular farm or rural lodge are the presence of
swimming pools, kids’ area, the condition of the
roads, the rent value, the building and location, and
the cultivated area. The study sample was also asked
about their satisfaction with the same characteristics.
The results indicate the prevalence of more
dissatisfaction with the condition of the roads and the
rental value of the farm than the rest of the properties
(Figure 2).

RESULTS
The results of an empirical questionnaire survey in Al-Ahsa conducted in 2018 - 2019 reported in
the following sections.
Socio-Economic Characteristics of the Study
Sample and the Impact on Agritourism (Table 1).
It was found that about 90% of the sample are
residents of Al-Ahsa, 96% have a high school or a

TABLE 1
Characteristics of the study sample
Female

Gender

Male
191

109

Birth place

Al-Ahsa
264
Al-Ahsa

other
36
other

271

29

Residence
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single
married
87
208
Government Private sector
profession
167
61
69
none
Primary
High School BSc/BA
Education
6
5
103
151
< 20
20-30
Age
30-40
40-50
41
106
47
3
1
3
5
7
Family Size
3
36
74
39
7000Income 1000-3000 3000-5000 5000-7000
89
36
25
33

marital status

10666

Post-graduate
30
> 50
1
10
> 10
28
18
10000-15000 > 15000
33
17
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16%
26%
27%
18%
14%
2.88

33%
29%
21%
11%
6%
2.28

15%
30%
32%
14%
10%
2.74

6%
12%
24%
23%
35%
3.68

3%
10%
26%
26%
34%
3.79

4%
9%
33%
23%
31%
3.69

not satisfied
somewhat satisfied
satisfied
very satisfied
extremely satisfied
weighted value

12%
42%
37%
7%
3%
2.48

32%
41%
23%
3%
1%
2.02

8%
36%
43%
8%
4%
2.64

9%
34%
43%
11%
3%
2.65

15%
34%
39%
8%
4%
2.52

18%
36%
33%
8%
4%
2.43

26%
34%
29%
7%
4%
2.28

25%
32%
34%
6%
3%
2.31

43%
31%
20%
1%
4%
1.94

15%
34%
34%
10%
7%
2.60

14%
35%
32%
8%
11%
2.67

FIGURE 2
Visualizing importance vs. satisfaction of a set of characteristics for agritourism
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Kids area

4%
16%
36%
24%
20%
3.39

pools

Rural

Swimming

Wildlife

5%
28%
31%
22%
14%
3.11

condition

Cultivated

3%
17%
35%
21%
24%
3.45

Road

Space

3%
14%
27%
26%
30%
3.66

activities

Location

4%
13%
33%
24%
26%
3.55

plants

Price

not important
somewhat imimportant
very important
extremely imweighted value

area

Building

Cultivated

TABLE 2
Farm/lodge conditions assessment
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FIGURE 3
Services and amenities lacking in rural lodges
TABLE 3
The required services, facilities and regulations for rural lodges and needs for agritourism
services and facilities

ƒ

regulations

ƒ

requirements

ƒ

increase the cultivated area
certain types of plants
security and safety requireregular maintenance
ramps for wheelchair access
parking areas
Internet networks
good condition
proximity to restaurants and grohealth Services

75
41
117
129
48
82
61
25
10
7

determining building and green
improving the irrigation
Types of plants
roads planning
safety and hygiene
construction method
regular inspection
location
entrance gates for men and
Information and disclosure

122
108
39
19
17
15
22
11
11
13

tourism activities
good planning
tourism marketing fesservices and amenities
transportation
wildlife
financial support
infrastructure
trained workforce
green areas

78
96
63
88
64
35
9
5
3
13

Services, Facilities and Controls Required
for the Development of Rural Lodges (Table 3).
The results of the survey indicated that about 70% of
the respondents believe that the rural lodges lack
more services and facilities (e.g. regular
maintenance, security and safety requirements,
parking areas, increasing the cultivated area,
internet, certain types of plants, and the proximity of
restaurants, groceries and health services) (Figure 3),
and 74% believe that the construction of rural lodges
needs more regulation (e.g. determination of
building and green areas, improvement of irrigation
quality, types of plants, construction method,
entrance gates for men and women, location,
ongoing inspection and monitoring, and information
to be disclosed). As for the requirements for
developing agritourism, the results indicated that
about 69% of the respondents believe that
development needs many requirements (e.g. good
planning, services and amenities, tourism activities,
tourism marketing festivals, transportation, wildlife,
green areas, infrastructure, trained workforce, and
financial support for this new activity).

The Impact of Socioeconomic Characteristics on the Demand for Agritourism. There
are many factors affecting the number of farm/rural
lodge rentals including income, education, family
size, gender, marital status, profession, age, rent
value, and other factors that reflect the preferences
of the agritourist according to the services or
facilities provided on the farm/lodge. Several
attempts were made to estimate the demand function
for farms/lodges in linear and logarithmic forms. The
independent variables whose results were
incompatible with the economic or statistical logic
were dropped. As it turns out that the double-log
functional form is one of the best in terms of
statistical logic, heteroskedasticity problem with
cross-sectional data, and elasticity calculation. The
model employed to estimate the demand function is
as follows:
lnQiD ȕo ȕ1 ln Ii ȕ2 ln Ri ȕ3 D1 + Ei
:KHUHL «QQ ȕoȕ1ȕ2ȕ3 are
the parameters of the model, lnQiD: logarithm of the
number of farm/lodge rentals per year, ln Ii : logarithm of the monthly income in riyals, ln Ri: logarithm of the rent value in riyals, D1: equals 1 if the
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respondent is working and 0 if s/he does not, Ei: error
term.
By using the Ordinary Least Squares (OLS)
method, it was found that the final model of the demand function, which presents the best fit for the set
of data points, is represented by the following function:
lnQiD = -4.74 + 0.75 ln Ii – 0.16 ln Ri + 0.23 D1
(7.11)** (14.0)** (2.4)** (3.5)**
F = (164.9)**
i =1,2,3..,300
R-2 = 0.63
** Significant at 0.01
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mote culture and environment, and achieve sustainability. Al-Ahsa is one of the largest oases in the
world and there is large scope and great potential to
develop agritourism. This study aimed to examine
the importance of agritourism development in AlAhsa, estimate the demand functions and identify the
most important social and economic factors that affect the demand, and elucidate the obstacles and
needs of agritourism providers, agritourists, and related associations to participate in an agritourism
system in Al-Ahsa. Besides advancing the understanding of the meaning of agritourism, this study
carried important implications for the practice of
agritourism. Strategic implications for agritourism
providers were proposed.
Agritourism development is mainly based on
lodges, owners and users, and their characteristics,
as they are key determinants of the success of
agritourism. Consequently, understanding their willingness, motivations and readiness is crucial before
any kind of implementation and considers the first
phase of agritourism development [37]. The results
of an empirical questionnaire survey in Al-Ahsa revealed that the majority of the sample is educated,
married, middle-aged, resident in Al-Ahsa with a
medium-income level. Both farm owners and users
are willing to engage in agritourism and believed that
the elements of this industry are available in the AlAhsa. However, the majority of the respondents indicated that the rural lodges lack many services and
facilities and their construction needs more regulation. They emphasized the importance of a set of
characteristics for rural lodges and expressed their
dissatisfaction with the condition of some properties.
The cultivated area is one of the most important factors affecting the selection of a particular farm or rural lodge. The shape of Al-Ahsa has been changed
consistently during the last decades [34]. The agricultural area has declined, due to natural and anthropogenic factors, such as sand movement, climate
change, water scarcity, lack of drainage, speculation
practices, small size of agricultural plots that cannot
be exploited cost-effectively, and urbanization encroachment [33]. This indicates the need to comply
with the necessary regulations and conditions for the
development of agritourism. The contraction of
green spaces and turning them into concrete blocks
have negative impact on agritourism and sustainability, and this confirms the inevitability of determining
responsibilities, activating periodic supervision and
monitoring by the concerned authorities, spreading
environmental awareness, and maintaining a balance
between development and environment. The results
indicate the prevalence of more dissatisfaction with
the condition of the roads as many roads are in poor
condition and villages are difficult to reach without
private transportation. Respondents also showed
their dissatisfaction towards the high rental value of
farms in Al-Ahsa. Price is a significant factor in the
choice of a farm of rural lodge and agritourists seeks

The estimated model shows that the monthly
income, the daily rent value of the farm, and the
working situation of the respondent account for
about 63% of changes in the number of farm/lodge
rentals. The statistical significance of the model as a
whole is also evident, according to the calculated F
value and for all model variables. The results are
consistent with the economic logic that the demand
for agritourism is inelastic, as the income elasticity
of demand is about 0.75, meaning that with an increase in the monthly income by 10%, the number of
times s/he rents farm/lodge increases by 7.5%. They
are also consistent with the inverse relationship between the daily rent value and the number of rentals
per year, as the higher the daily rent value by 10%,
the lower the number of rentals by 1.6%. The results
also showed the statistically significant and positive
impact of the employment status of the respondent
on the number of rentals. The gender, marital status,
family size, and education were found insignificant.
The results of the statistical analysis using the Gold
Feld-Quandt Test showed that there was no difference in the variance of the random error term (homogeneity of the error term), as the sum of the residual
squares was as follows:
(RSS1= 696.1 RSS2=345.0 FC =0.50 FT
(0.01, 118) =1.53).

DISCUSSION
Agriculture is a main activity in Al-Ahsa. But,
today the agricultural economy has been relatively
stagnant and unprofitable due to the water scarcity,
high costs of farm inputs (e.g. machinery, labor, fuel,
seed, fertilizers), prices fluctuations of agro-products
and some weaknesses of the agricultural sector. This
has induced the farm owners to examine alternative
options and created a need for diversification.
Agritourism is an innovative strategy that has great
capacity to create additional income, increase the
value chain, reduce leakages, provide employment
opportunities, enhance the multiplier effect within
the local economic, protect integrity of the countryside, keep farmers on farms, bridge between rural
and urban citizens, strengthen community cohesion,
maintain social wellbeing, enrich education, pro-
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a place that meets their needs at a price that fits their
budget. The rental of a rural lodge in Al-Ahsa is considered high, especially since no meals are served.
These facilities need to provide all lodging and activities without having to leave the area. Literature
indicated that the development of agritourism depends on the quantity and quality of human resources, farmers’ perceptions and capabilities, farmers’ attributes (e.g. age, gender, family size, income,
education, etc.), capital investment, governmental
support, infrastructure, farm size, and farm location
[12, 37, 38]. These requirements can be categorized
into: agritourism-related element (e.g. the willingness and ability to start agritourism), the tourism-related element (e.g. tourist types, preferences and attributes), and the agricultural-related element (e.g.
farm characteristics, services, and facilities). Another study divided the conditions required for
agritourism development into four groups: the
farm’s land and operations, the farm’s household assets, the farm operator, and the farm’s location [39].
Multiple Regression Model was employed to
estimate the demand functions and identify the most
important social and economic factors that affect the
demand. The results indicated that the income, the
profession and the farm daily rent value have significant impact on the number of rentals. The inverse
relationship between the latter and the number of
rentals per year confirms the prevalence of more dissatisfaction among the respondents towards the
rental value of the farm. The price and income elasticities were less than one. The results are consistent
with the economic logic and the literature that that
the agritourism demand is price and income inelasWLFZLWKHODVWLFLWLHVUHVSHFWLYHO\EHWZHHQíDQG
0.2 [20].
Lodges, landscape and working farms are the
most frequently cited requirement for agritourism
[40]. Enrolled farms in this industry need to offer
lodging, hospitality, recreation, open space, outdoor
activities, and wildlife habitat. Agritourists are looking for more natural, peaceful, meaningful, and
unique venues to spend their leisure time. They may
be looking for different aspects in the farm such as
relaxing getaways, recreational activities, entertainment, educational programs, venues (for business,
meetings, gatherings, reunions, parties, weddings,
receptions and other events), and agro-products
source.
Agritourism can provide a sustainable tourism
model that opens new horizons for rural development and can have a beneficial impact on the environment, society, agricultural heritage and economy
[2]. It is closely related to the alternative tourism (nature tourism, ecotourism, community-based tourism,
voluntary tourism, responsible tourism, geotourism,
adventure tourism, soft tourism, sustainable tourism,
small-scale tourism, green tourism, integrated tourism, cultural tourism, heritage tourism, and creative
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tourism) where sustainability and environment protection became relevant topics in tourism research
and fundamental for consistent destination development [41, 42]. It is very similar to ecotourism in that
it is small-scale, low-impact, and education or recreation focused [15]. Some studies conducted a systematic literature review to highlight the linkages between agritourism and sustainability [1, 27].

CONCLUSIONS
The development of agritourism in Al-Ahsa
represents a strategy to interpret this part of Kingdom history and culture for tourism. It needs to be
the catalyst that activates agritourism opportunities
at the region. The analysis coupled with the indicators presented in this study assure that developing
agritourism in Al-Ahsa is feasible and could present
a model of sustainable tourism. The oasis has excellent potential for this given its unique natural and
cultural heritage resources. It was registered as a
UNESCO World Heritage Site in 2018, designated
as the capital of Arab tourism in 2019, and registered
in the Guinness World Records as the world's largest
self- contained oasis in 2020. Al-Ahsa does not have
to provide all types of activities, but need to meet demand only for activities that match with the sustainable tourism and the natural and cultural heritage of
the region. Agritourism can be supplementary (a minor activity that would support the other products on
the farm), complementary (share equal footing with
other activities in the farm), or primary enterprise
(the dominant activity on the farm) [15].
Thus, to position the region as a desirable destination for the agritourism market it is essential to
understand that Al-Ahsa at the beginning of long
process that should structure the marketing mix
(4P'S – product, price, place, promotion) as one unit
supporting each other and include the following activities: setting goals and assessing resources; weighing the costs and benefits; attracting new investments and engaging private sector and local people;
coordinating with higher authorities to support management and operations; evaluating the capacity of
farm staff to present the service with good quality;
regulating and monitoring tourism activities to ensure good practice; building appropriate environmentally friendly lodgings, service infrastructure
and facilities that respond to visitor needs; paying attention to regular maintenance, security and safety
requirements; increasing green areas, protecting
wildlife and promoting sustainability; designing and
developing professional attractive packages; constructing fully equipped and appealing tourist itinerary including interpretive trails, signs, maps, etc.; developing local based programs and training essential
staff; advertising via the internet and operator web-
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sites, organizing festivals and marketing to the selected target market; and developing operational and
business plan.
An effective way to evaluate and monitor the
achieved progress is to establish a group of indicators that would be the prime targets for future activities [41]. The group of indicators are proposed for
agritourism in Al-Ahsa include: estimated arrivals
into the oasis, percentage of agritourists, number of
days spent in the region, number of repeat tourists,
number of visitor facilities established, number of
supportive stakeholders, amount of revenue generated, volumes of sales of handicrafts and gifts, number of agreements with tour operators, and post visit
satisfaction surveys.
Identification of key issues, attributes, themes,
characteristics, challenges and potential areas of
agritourism will help decision makers and relevant
stakeholders to signal out the desired image, design
strategies and develop agritourism in Al-Ahsa. If decision makers are aware of agritourism benefits, then
a more concerted and united effort can be effectively
established.
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The contact relationship between strata can be continuous or discontinuous, and short-term depositional interruptions form discontinuous relationships
between strata. Long-term sedimentary discontinuity, through uplift of base plate, tectonic change and
onshore denudation, formed various types of unconformity relationships with the overlying strata. Sequence stratigraphy is an important process in the exploration of petroliferous basins [5,6].
Cross believes that the stratigraphic base level,
which is restricted by comprehensive factors such as
sea level, tectonic subsidence, sedimentary load recharge, sediment recharge, and sedimentary topography, is the main way to understand the origin of
stratigraphic sequences and to divide them [7]. They
believe that the stratigraphic datum is an abstract surface (non-physical surface) that rises and falls undulating relative to the earth's surface, is continuous,
and dips slightly downward to the basin. The datum
always moves toward its maximum or minimum amplitude in one direction, forming a complete cycle of
rising and falling. A rise and fall cycle of the datum
is called a datum cycle. A datum cycle is isochronous
[8,9]. The rock preserved during the cyclic change of
a base level is a genetic stratigraphic unit, that is, a
genetic sequence, which takes the time plane as the
interface, so it is a time stratigraphic unit.
The diversity of continental basin properties
and the complexity of sequence control factors increase the difficulty of classical sequence stratigraphy theory in sequence research in continental basins
[10,11]. In this paper, based on the high-resolution
sequence stratigraphy theory and method guided by
the base level cycle, combined with the existing
stratigraphic division plan of Shihezi (He 8 Member), the main gas-bearing interval in the eastern
margin block of the Ordos Basin, the main Sequence
characteristics, sequence structure, and genetic characteristics of different-order cycles in the gas interval are studied. We establish a high-resolution sequence stratigraphic framework with mid-cycle cycles as isochronous comparison units and clarify the
distribution law of sand bodies in the sequence
framework.

ABSTRACT
Reservoir stratigraphic division in oil and gas
basins is an important technical process in oil and gas
exploration. Through fine division, good gas-bearing
layers in the region can be identified, providing important guidance for reservoir prediction and drilling. Based on the comprehensive analysis of surface
outcrops and drilling cores, logging, and seismic
data in the eastern margin of the Ordos Basin, this
paper uses the theoretical system and research methods of high-resolution sequence stratigraphy, according to the characteristics of the base level updown cycle and the principle of isochronous comparison, sediment volume division and accumulation
method, sedimentary system configuration, sequence interface characteristics and other factors.
According to the three-level sequence interface division standard, the upper Paleozoic He 8 Member in
the study area is divided into 2 mid-term cycles and
4 short-term cycles. It is divided into the upper subsection of He 8 and the lower subsection of He 8,
corresponding to two mid-cycle cycles, and is further
divided into four sub-layers. Finally, the cycle structure with the most favorable and effective reservoir
sand bodies is determined.

KEYWORDS:
Ordos Basin, sedimentology, sequence stratigraphy, Permian Shihezi Formation, stratigraphic division

INTRODUCTION
The Ordos Basin is located in the central and
western regions of China and is the second largest
sedimentary basin in China. Its proven reserves of
natural gas, coalbed methane and coal all rank first
in the country, and its oil resources rank fourth in the
country [1,2]. In recent years, abundant natural gas
resources have been discovered in the Permian
Shihezi Formation, and the basin has become an important natural gas exploration area in China. Stratigraphy mainly studies the relationship between sequence, contact and spatial variation of strata [3,4].
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levels [14,15].
Stratigraphic cyclicity is the change in the base
level relative to the surface, resulting in deposition,
erosion, non-sedimentation caused by the passing of
sediments, starvation caused by uncompensated deposition, and even the formation response of non-sedimentation with spatial migration over time [16]. A
complete base level crossing cycle consists in the
stratigraphic record of complete stratigraphic cycles
represent bipartite time units (base level rise and
fall). Cycles are identified on the basis of phase sequence analysis. The degree of symmetry of stratigraphic cycles, the pattern of cycle thickening or
thinning, and facies dislocations across genetic stratigraphic boundaries can be identified by facies sequence, stratigraphic boundaries, and facies differentiation.
High-resolution stratigraphic correlations are
comparisons of contemporaneous stratigraphic interfaces. In the comparison of genetic sequences, the
transition point of the base level cycle, that is, the
transition position of the base level from descending
to ascending or from ascending to descending, can
be used as the preferred location for time-stratigraphic comparison [17,18]. Because the conversion
point is the dividing line of the datum bisection time
unit. Transition points appear as stratigraphic discontinuities at some locations in the stratigraphic
record, and as continuous rock sequences at some locations. The location and proportion of rock and interface occurrences are a function of accommodating
space and sediment supply. Therefore, in the comparison, it is necessary to grasp when the rock-torock, rock contrast interface or interface contrast interface is through the analysis of stratigraphic process [19,20]. Time-space diagrams are the most efficient method for time-space inversion of stratigraphic profiles, which is extremely helpful in understanding the stratigraphic response (rock + interface) of geological processes (time + space) and in
determining when rock contrasts rock, rock contrast
interface or interface contrast interface to test the reliability of sequence contrast.

MATERIALS AND METHODS
Cyclic principle of formation base level. The
undulating rise and fall of the base level relative to
the surface is accompanied by changes in the sediment accommodation space. When the base level is
above the surface, a space for sediments is provided,
and deposition occurs. When the base level is below
the surface, the accommodating space disappears,
and erosion occurs. When the base level coincides
with the surface, neither deposition nor erosion occurs, and the sediment just passes by [12,13]. Therefore, in the time domain of the base level change,
there are four geological states in different geographical locations on the surface, namely sedimentation,
erosion, non-sedimentation caused by sediment
passing by, and starvation deposition caused by sediment non-compensation. and even non-sedimentation. In the stratigraphic record, it represents the time
of the cyclic change of the base level-the space time
is expressed as rock + interface (discontinuous surface).
A datum is a potential energy surface that reflects the degree of imbalance between the Earth's
surface and the surface processes that seek to balance
it. It is always in constant motion. To achieve equilibrium, the surface must constantly change its shape
through deposition or erosion and move toward the
base level (Figure 1).
Sedimentary cycle isochronous comparison
method. The division and comparison of high-resolution sequence stratigraphy is based on the processresponse principle of the stratigraphic and sedimentological characteristics of the rock record due to
changes in base level cycles and accommodating
space. The genetic sequence comparison is to identify the position and boundary of the sequence (cycle
on the vertical section) through the change of the facies sequence, then analyze the spatial arrangement
or sedimentary pattern of the continuous sequence,
and finally divide the base level cycles of different

FIGURE 1
Base level, accommodating space and geomorphological state reflecting the balance between accommodating space and sediment supply.
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TABLE 1
The order division and basic characteristics of the datum cycle
Datum cycle level

Interface
type

Time
Ma

Sequence definition

Giant cycle

Class I

30ᨺ>100

The complete sedimentary filling sequence
of the prototype basin including all stages
of basin evolution

Super long
term

Class
II

10ᨺ50

Long

Class
III

1.6ᨺ5.25

Medium
term

Class
IV

0.2ᨺ

Short term

Class
V

0.04ᨺ0.16

Ultra short
term

Class
VI

0.02ᨺ0.04

Main controlling factor

Te
ct
Structural filling sequence (or structural se- on
quence) in units of basin evolution stages
ic
fa
A regional lacustrine transgressive-regres- ct
sive sedimentary sequence composed of a or
set of strata with large water depth variation and genetically related strata
A set of lacustrine transgression-regression
sedimentary sequence composed of super- As
position of strata with close genetic relatro
tionship with small changes in water depth no
A set of lacustrine-regressive sedimentary mi
sequences with low-amplitude water depth ca
variation and very close genetic relationl
ship with each other, or superimposed by
fa
similar lithology and lithofacies
ct
A set of stacked styles of single or related or
lithologies representing the smallest genetic s
stratigraphic unit

Regional tectonic
movement
Stress field transformation in tectonic evolution
stage
Tectonic episodic
intensity change

Eccentricity long
period

Eccentricity short
period

Precession cycle

On the lithological section, the identification
marks of the base level cycle interface mainly include: erosion and scour surface. On the logging
curve, the low resistivity and high gamma characteristics of mudstone and the change of the superimposed pattern of the logging curve can be used as the
identification mark of the base level cycle.

Order division of stratigraphic base level cycles. One of the key technologies for the application
of high-resolution sequence stratigraphy theory and
its technical methods in sequence analysis of continental basins is to identify and divide interfaces of
different origins and base level cycles of different
levels. According to the practice of continental sequence stratigraphic analysis in the Liaohe fault depression basin, the Ordos basin and the western Sichuan foreland basin, some researchers have classified the controlling factors of the lacustrine basins
with different structural properties in the basin tectonic-sedimentary evolution sequence. According to
the genesis characteristics of the interface, the division scheme of “macro cycle, ultra-long-term cycle,
long-term cycle, medium-term cycle, short-term cycle and ultra-short-term cycle” is proposed (Table 1)
[21,222].
Stratigraphic cyclicity is the formation response of the changes in the position of the base level
relative to the surface, resulting in deposition, erosion, non-sedimentation caused by the passing of
sediments, starvation caused by uncompensated deposition, and even the spatial migration of non-sedimentation over time. The stratigraphic cycles of different levels in the stratigraphic record summarize
the base level cycles of the corresponding levels. In
this way, how to identify the base level cycle on the
lithologic profile and logging curve is the basis for
high-resolution sequence stratigraphic division and
comparison [23,24].

RESULT
Recognition of the cyclic interface of the
base plane in the study area. According to the observation and description of surface outcrops and
drilling cores, as well as the comprehensive analysis
results of logging curves and seismic profiles, the sequence interfaces in the He 8 member of the Upper
Paleozoic in the study area can be divided into three
levels, and the sequence interfaces of different levels
have different characteristics. The causative features
and identification signs are described as follows according to their causative types.
Large scour discontinuous interface (type
III interface). With the enhancement of tectonic activity in the provenance area in the eastern Ordos Basin, abundant terrigenous clastic materials entered
the basin rapidly and in large quantities, and the depositional environment evolved from a shallow meandering river delta to a blanket shallow braided river
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delta, with braided distributary under strong hydrodynamic conditions. The river channel cuts the preformed Shanxi Formation to form a channel undercut and fill, resulting in a large erosion discontinuity
between the Lower Shihezi Formation and the
Shanxi Formation and the local absence of the underlying strata (Figure 2).
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Intermittent exposed surface, scour surface
and related integration surface (V-type interface). Such interfaces are developed in short-term
cycle sequences and are mainly manifested as progression-regression of rhythmic sedimentary cycles,
continuous superposition of progression-progression, or phase transition surfaces of the combination
of regression and regression. In areas where
(braided) distributary channels are active in deposition, transport and erosion, the interface often has the
nature of short-term discontinuities formed by intermittent exposure or scouring, and most of the upper
and lower strata have fine-to-coarse lithology and
lithofacies.
Stratigraphic division marker layer. The
marker layer is an important basis for accurate stratigraphic division and comparison and can effectively
improve the accuracy and reliability of stratigraphic
division. During the comparison process, it is found
that there is a large-scale scouring discontinuous interface between the He 8 member of the Shihezi Formation and the underlying Shanxi Formation, which
is a type III sequence interface. A set of widely distributed sets are developed at the bottom of the He 8
member above the sequence interface. The sandstone is not developed in only a few wells, and can
be used as a regional comparison marker layer. This
set of sandstone is gray-white gravel-bearing
(coarse) medium sandstone, generally more than
10m thick, and its bottom can be used as the interface
between Shanxi Formation and Shihezi Formation.
The electrical performance is low gamma, high resistance, low time difference, high density, low neutron. The shape of the natural gamma curve is boxshaped, and the neutron curve is a low-value plateau.
This set of sandstone is in contact with the mudstone
at the top of the Shanxi Formation, and the contact
surface is a lithologic abrupt change surface. It can
be seen from Figure 4 that the natural gamma, acoustic wave, density and neutron curves show turning
steps at this point, and the mudstone baseline value
also changes abruptly at this interface. Above the interface, the mudstone baseline value of Shihezi Formation is low, and the lower Shanxi Formation mudstone has a higher baseline value, indicating that the
Shanxi Formation mudstone had a higher base level
and purer lithology when it was deposited.

FIGURE 2
Boundary of Shihezi Formation and Shanxi Formation (type III sequence interface).

FIGURE 3
Structural transition surfaces of the He 7 member and the upper sub-member of He 8 (type IV
sequence interface).
Structural transition interface (type IV interface). This type of interface mostly occurs where
the cross-sectional structure has obvious transformation (Figure 3). This transformation can be two
transformations from a thick to a thin forward structure (mutation), a transformation from a thin to a
thick reverse structure to another forward structure
(gradient), or other transformation interfaces of different structural types. The lithology difference between the strata above and below this interface is
sometimes obvious (mutation) and sometimes not
obvious (gradual), but generally there is no large erosion phenomenon on the interface, and there is no
bottom conglomerate. Such interfaces generally appear in short- and medium-term cycles, and in individual cases, they also appear at the bottom of longterm or ultra-long-term cycles.

Stratigraphic sequence division. Sequence
types at all levels. In different depositional environments, the cyclicity of the strata is manifested in different thickness differences, lithology, and lithofacies assemblages, and cyclical strata of different levels which have both the same characteristics and obvious differences in these aspects. The base level cycle can be divided into four levels of ultra-long-term,
long-term, medium-term and short-term cycles according to its control factors and time factors (Table
2). Among them, the ultra-long-term and long-term
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cycle sequences are mainly controlled by regional
tectonic factors and are related to the rise and fall of
sea level and lake level, which can be compared in a
larger area. The Shihezi Formation developed in the
study area is a long-term cycle, a type III sequence
interface developed between it and the underlying
Shanxi Formation. Medium-term or short-term cycles are related to celestial factors, etc. In continental
strata, they are often closely related to depositional
processes, and are affected by local tectonic factors,
which can usually be compared in a small range. In
particular, the short-term cycle is the smallest genetic stratigraphic unit with cyclicity in cores and log
sections that can be easily identified and is also the
research basis for high-resolution sequence stratigraphy. However, its stability is poor, and it is difficult
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to compare horizontally, but their types and overlapping characteristics are of great significance when
dividing medium and long-term cycles.
Short-term cycle sequence. The short-term
cyclonic sequences of different structural types have
specific regularities in the spatial and temporal distribution characteristics, and obviously follow the
formation conditions determined by the accommodating space mechanism and the A/S ratio. In the He
8 member of the Upper Paleozoic in the eastern margin of the Ordos Basin, the common short-term base
level cycles mainly include 3 basic types and 6 subtypes, of which B1 (low accommodation space subtype) is not developed (Figure 5).

FIGURE 4
Sandstone marker layer at the bottom of Shihezi Formation.
TABLE 2
Stratigraphic cycle division scheme of He 8 member
Bound
ary
Mesozoic

Tie
Per
mi
an

system
Upper
Middle

Group

Sandstone

Section

Long
term

Medium
term

Short term

Shiqianfeng

Shihezi

Lo
we
r
Shi
hez
i

He 5
He 6
He 7

Upper Shihezi
P2x5
P2x6
P2x7
Upper
He 8

He 8

P2x8
Lower
He 8

Lowerer
line

Small
layer

Shanxi
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Upper
He 81
Upper
He 82
Lower
He 81
Lower
He 82

SSC4
MSC2
SSC3
LSC1
SSC2
MSC1
SSC1
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FIGURE 5
Phase sequence and theoretical structural model of short-term base-level cyclic sequence.

FIGURE 6
Medium- and short-term cycle sequence structure of the He 8 member.
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Upwards become "deep" asymmetrical cycles
(A-type cycles). This type is the most developed
short-term cyclic structure type in the study area. Its
main body is mainly composed of distributary channel sand bodies. The genetic types include blanket
shallow braided river deltas and shallow meandering
river delta sedimentary systems (braided) distributary channel micro-channels. facies and sand bodies
in underwater distributary channel microfacies. Although there are differences in the sedimentary characteristics and lithologic assemblages of distributary
channel sand bodies of different origins, the asymmetrical cyclic structure of “deepening” upwards is
very consistent, and has the following common characteristics. Only the base level rising semi-cyclical
sedimentary records are retained, and the descending
half-cycle sedimentary records are retained. The cycle appears as a scour surface, that is, the stratum is
missing due to the undercut erosion of the scour surface at the top of the sequence, which is equivalent
to the time span of the descending semi-cycle of the
sequence. The positive rhythm depositional sequence with fine upwards and the asymmetrical
semi-circular structure that "goes deeper" upwards.
Under the condition of A/S value<1, according to
lithological assemblage and sedimentary sequence
characteristics, it can be subdivided into two subtypes of low accommodating space (A/S<< 1) and
high accommodating space (A/S<1).
Asymmetrical cycles that become shallower
upwards (B-type cycles). During the depositional period of the He 8 member, the B-type cycle did not
develop in the study area. This subtype developed in
the process of being relatively far away from the
provenance area and during the decline of the base
level. Due to the limited supply of sediments, the accommodation space is relatively large, but it is always in the sedimentary background of A/S>1.
Thus, the formation only retains sedimentary record
of the upwardly shallower part of the descending
hemicycle and the absence of the ascending hemicycle. The lithological assemblage is relatively complex, and consists of fine-siltstone, argillaceous siltstone, silty mudstone, mudstone, etc., which are superimposed in an orderly manner to form a sedimentary sequence that gradually becomes coarser and
shallower upwards. If such cycles appear in the delta
front, they may have a large sedimentary thickness
and distribution range.
Symmetrical cycle sequence (C-type cycle).
This type of sequence is formed under the condition
that the sediment supply rate is equal to or slightly
smaller than the growth rate of the accommodating
space (A/S<1). The relatively complete sedimentary
records of the rhythmic lacustrine ingress-regression
cycle and the dichotomous time unit indicate that this
type of sequence was formed when the deposition
and subsidence were relatively balanced or weakly
undercompensated. The semi-cyclic sedimentary
records of the base level are preserved. The facies
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sequence is usually composed of gravel-bearing
coarse sandstone, coarse sandstone, medium-finegrained sandstone in the distributary channel microfacies of the delta plain. The cross-coastal sediments
or siltstone in interdistributary bays and plain
swamps, argillaceous siltstone, mudstone, carbonaceous mudstone, etc., are composed of ascending
semi-cycles that become finer upwards, and descending semi-cycles are composed of silty mudstones and siltstones of microfacies such as
transshore sediments, interdistributary bays, plain
swamps, and crevice fans. (2) There are two types of
interfaces developed in the sequence. One is the bottom and top interfaces of the sequence, that is, the
boundary surface of the sequence. The origin is either a small scour surface or a related integration interface. It is located in the middle of the sedimentary
sequence from coarse to fine to coarse (or from shallow to deep and then to shallow) formed by the action of progradation (or accumulation)-regressionaccumulation (or progradation), which is equivalent
to the rise of the short-term base level. (3) Taking the
floodplain as the axis of symmetry, according to the
thickness variation of the ascending semi-cycle and
descending semi-cycle in the sequence, it can be further subdivided into three subtypes with different
symmetry changes, namely, the ascending semi-cycle is the main type. incomplete symmetric type,
nearly complete-complete symmetric type with
equal ascending and descending hemicycles, and incomplete symmetric type dominated by descending
hemicycles. Among them, C1 type is one of the most
developed short-term cyclic structure types in the
study area.
Mid-term cycle sequence. In the sequence
stratigraphic study at the basin level, the mid-cycle
sequence is the most significant for regional isochronous correlation. Therefore, in the early and middle stages of oil and gas reservoir exploration and
development, the mid-cycle sequence is usually the
key research object of sequence analysis. This paper
also focuses on it. The main gas-bearing interval of
the Upper Paleozoic in the study area has a large time
span and variation range of this level sequence, ranging from 1.0 to 3.33 Ma, while the thickness is relatively thin, generally between 15 and 30 m, rarely
exceeding 30 m. This abnormal phenomenon and the
deposition of the main gas-bearing layers in the Upper Paleozoic in the study area occurred in a very
stable cratonic basin. Because the structural subsidence of the basin is very small and gentle, and the
scouring and erosion are extremely frequent, therefore, the sedimentary records that can be preserved
in the long geological history are very limited. A single medium-term cycle sequence is composed of an
indeterminate number of short-term cycle sequence
stacking, which depends on the preservation status
of the medium-term cycle sequence.
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[3] Catuneanu, O., Galloway, W.E., Kendall,
C.G.S.C., Miall, A.D., Posamentier, H.W.,
Strasser, A., Tucker, M.E. (2011) Sequence stratigraphy: methodology and nomenclature.
Newsletters on Stratigraphy. 44(3), 173-245.
[4] Christie-Blick, N., Driscoll, N.W. (1995) Sequence stratigraphy. Annual Review of Earth
and Planetary Sciences. 23(1), 451-478.
[5] Sloss, L.L. (1988) Forty years of sequence stratigraphy. Geological Society of America Bulletin. 100(11), 1661-1665.
[6] Helland-Hansen, W., Gjelberg, J.G. (1994)
Conceptual basis and variability in sequence
stratigraphy: a different perspective. Sedimentary Geology. 92(1-2), 31-52.
[7] Cross, T.A. (2000) Stratigraphic controls on reservoir attributes in continental strata. Earth Science Frontiers. 7(4), 322-350.
[8] Busch, D.A. (1959) Prospecting for stratigraphic traps. AAPG Bulletin. 43(12), 28292843.
[9] Al-Husseini, M.I. (1997) Jurassic sequence stratigraphy of the western and southern Arabian
Gulf. GeoArabia. 2(4), 361-382.
[10] Shanley, K.W., McCabe, P.J. (1994) Perspectives on the sequence stratigraphy of continental
strata. AAPG Bulletin. 78(4), 544-568.
[11] Powell, R.D., Cooper, J.M. (2002) A glacial sequence stratigraphic model for temperate, glaciated continental shelves. Geological Society,
London. Special Publications. 203(1), 215-244.
[12] Huang, M., Hong, C., Ma, C., Luo, Z., Du, S.
(2020) Characterization of rock joint surface anisotropy considering the contribution ratios of
undulations in different directions. Scientific
Reports. 10(1), 1-10.
[13] Marrink, S.J., Mark, A.E. (2001) Effect of undulations on surface tension in simulated bilayers. The Journal of Physical Chemistry B.
105(26), 6122-6127.
[14] Bailey, R.J., Smith, D.G. (2008) Quantitative
tests for stratigraphic cyclicity. Geological Journal. 43(4), 431-446.
[15] Miller, A.I., Holland, S.M., Dattilo, B.F.,
Meyer, D.L. (1997) Stratigraphic resolution and
perceptions of cycle architecture: Variations in
meter-scale cyclicity in the type Cincinnatian
Series. The Journal of Geology. 105(6), 737743.
[16] Van der Werff, W., Johnson, S. (2003) High resolution stratigraphic analysis of a turbidite system, Tanqua Karoo Basin, South Africa. Marine
and Petroleum Geology. 20(1), 45-69.
[17] Desmares, D., Grosheny, D., Beaudoin, B., Gardin, S., Gauthier-Lafaye, F. (2007) High resolution stratigraphic record constrained by volcanic
ash beds at the Cenomanian-Turonian boundary
in the Western Interior Basin, USA. Cretaceous
Research. 28(4), 561-582.

Sequence stratigraphic division of a single
well. The “Camel neck” sandstone marker layer is
developed at the bottom of the He 8 member in Well
SM-1. First, the third-order sequence interface (the
large scour surface) between the He 8 member and
the underlying Shanxi Formation is used to determine the bottom boundary of the He 8 member.
Then, with the aid of the IV-level sequence interface
(small scour surface) in the middle of the He 8 member, the He 8 member is divided into two mid-term
cycles, corresponding to Upper He 8 and Lower He
8. The upper part of the box 8 is the mid-cycle of the
incomplete symmetrical type (C1 type) dominated
by the ascending semi-cycle, and the lower part of
the box 8 is the middle-stage cycle of the asymmetric
type (A2 type) with high accommodating space upward "deepening". Finally, within the mid-term cycle, with the help of the identification of the V-level
sequence interface (small scour surface), the two
mid-term cycles are further subdivided, and two
short-term cycles are divided respectively (Figure 6).

CONCLUSION
Favorable reservoir sand bodies usually appear
on both sides of the interface between medium and
long-term cycle sequences and are characterized by
the widespread development of A-type and C1-type
short-term cycle sequence structures. The short-term
cycle sequence of deep asymmetric type (A1 type)
structure is the most favorable position for the development of effective reservoir sandstone.
Most of the A-type long-term cyclical sequences in the main gas-bearing interval are composed of two A-type mid-term cycles, or two midterm cycles of the lower C-type and the upper Atype. The low-accommodating space product that is
always in the state of A/S<<1 in the short-term, midterm and long-term cyclic formation process is the
most favorable cyclic structure for the development
of effective reservoir sand bodies.
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ABSTRACT

INTRODUCTION

Relying on the campus cultural environment to
promote China's carbon peaking and carbon neutralization (double carbon) process is one of the important ways to achieve China's ‘double carbon’
goal. Based on the systematic investigation of a university directly under a province in the South and the
interview results of 563 school personnel, this paper
analyzes the shortcomings of the school in the construction of cultural ‘soft environment’ such as
school spirit, teaching style, study style, innovation
and entrepreneurship and cultural ‘hard environment’ objectively carrying cultural ideas. The results
show that the school has not fully integrated the concept of ‘double carbon’ into the teaching system at
the level of ‘soft environment’ of campus culture,
and the depth of the integration of the concept of carbon neutralization with current education and practice needs to be further improved. In the dimension
of ‘hard environment’ of cultural externalization,
with reference to Li Kenong's five-level scale
method, from the green space system, the systematic
research is carried out in five dimensions such as
green building. Based on the research results, the
framework and ideas of building a ‘soft culture’ environment is innovatively put forward, which includes an education and training system, a scientific
research innovation system and a self-organizing
management system for teachers and students, as
well as the optimization and improvement measures
of the ‘hard environment’ of campus culture with
‘environmental education and cultural immersion’ as
the core. It has a certain practical reference value for
enhancing the appeal and penetration of the ‘double
carbon’ cultural concept in the group of teachers and
students, and helps to promote the realization process of the ‘double carbon’ goal of domestic universities.

Since general secretary Xi first put forward
China's ‘double carbon’ commitment in the general
debate of the 75th UN General Assembly. ‘double
carbon’ has become a hot topic at present, and various related changes are being carried out one after
another. At present, the timetable and road map of
China's society for carbon peaking and carbon neutralization has gradually become clear [1-3]. While
highlighting China's climate ambition and reflecting
the responsibility of major countries, fully promoting the realization of the ‘double carbon’ goal is becoming the mainstream trend of development. However, the realization of the ‘double carbon’ goal is by
no means easy. In particular, compared with Europe
and the United States and other countries, the realization of the ‘double carbon’ goal still has the characteristics of short time and heavy task. With the promotion of the ‘double carbon’ goal, China's society
is bound to experience a systematic, extensive and
profound change, which not only involves the indepth carbon reduction in high carbon emission
fields such as energy, chemical industry, industry
and transportation [4-5], but also needs to carry out
extensive and profound coordination around the
‘double carbon’ goal at the economic, technical and
cultural levels, especially at the cultural prospective.
Building a carbon reduction culture at all levels of
society, organization and individual and condensing
the consensus of carbon reduction in the whole society is one of the important guarantees for China to
successfully achieve the goal of ‘double carbon’ [68].
As an important unit of social culture, campus
is the most infectious and penetrating cultural element in the social and cultural system. It plays multiple roles such as public opinion weathervane and
ideological trend culture dish, and has important
functions such as talent training, cultural inheritance
and social service [9-10]. Since the 18th National
Congress of the Communist Party of China, the development of campus culture in universities has entered the fast lane of development. Universities have
continuously carried out drastic reforms and made
breakthroughs in campus construction, cultural platform and environmental governance, laying a good
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foundation for the construction of civilized campus
in colleges and universities in the new stage [11]. In
July 2021, the Ministry of Education issued the action plan for carbon neutralization science and technology innovation in universities to promote domestic universities to give full play to their innovation
potential in order to speed up the key layout in the
field of carbon neutralization. Many domestic universities have also established carbon neutralization
research institutes to spread the cultural trend of
‘double carbon’ and widely carry out the construction of campus culture. At the cultural level, because
culture can directly or indirectly affect the individual's spiritual world, it is of great practical significance to integrate the ideological trend of ‘double
carbon’ into the construction of campus cultural system, guide students with culture, and enhance the appeal and penetration of ‘double carbon’ culture, so as
to speed up the process of promoting the goal of
‘double carbon’ in our country.
From the perspective of ‘double carbon’, the
campus cultural environment includes the soft environment under the influence of ‘double carbon’, that
is, the cultural appeal and penetration that focuses on
the idea of ‘double carbon’, as well as the objective
environment in which people interact with the environment and carry culture, such as architecture, landscape layout, roads and other static environments.
When studying the campus cultural environment and
path reconstruction, on the one hand, we should consider the dimension of cultural soft environment, on
the other hand, we should also focus on the specific

carrier of cultural environment. Based on the perspective of ‘double carbon’, the combination points
of the current campus cultural environment and
‘double carbon’ preliminarily are discussed from the
system design level of campus cultural environment,
the guidance level of campus culture and the practice
level of campus culture. and the construction path of
campus cultural environment and ‘double carbon’
goal is analyzed. Through the subtle influence of
campus culture on the lifestyle and spiritual outlook
of teachers and students, we attempt to strengthen
the group's sense of identity with the concept of
‘double carbon’, so as to promote the overall process
of ‘double carbon’ in China.

MATERIALS AND METHODS
Based on the systematic investigation of a university directly under a province in the south, the
system design concept of the campus culture is analyzed, focusing on the development planning of carbon neutralization goal and the current courses, activities and innovation carriers related to carbon neutralization. The shortcomings and deficiencies of the
campus cultural environment construction are analyzed from the perspective of double carbon. It also
tries to build a construction path of campus cultural
environment, which includes two dimensions and an
evaluation system. In the dimension of cultural ‘soft
environment’, it includes specific contents such as

The construction path of campus cultural
environment

Soft environment of campus
culture

Specific environment of campus
culture

Include the school spirit,
teaching spirit, learning spirit,
innovation and
entrepreneurship, academic
exchanges and other specific
contents.

Including campus buildings,
publicity facilities, cultural and
creative products, cultural
landscape, laboratories, slogans
and other objective environment
of concrete and explicit

Carbon emission is taken as quantified value
and closed loop is formed

The construction path of campus cultural environment
from the perspective of double carbon

FIGURE 1
Research ideas and framework of campus cultural environment construction from
the perspective of double carbon.
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school spirit, teaching style, study style, innovation
and entrepreneurship, academic exchange, and in the
dimension of ‘hard environment’ carrying cultural
ideas, it includes campus buildings, publicity facilities, cultural and creative goods, cultural landscape,
laboratory slogan and other concrete and explicit objective environment. In the evaluation system, carbon emissions are taken as the absolute evaluation
value to analyze the absolute carbon reduction and
carbon emission intensity of each year, dynamically
follow up the intensity of emission reduction, and
gradually optimize the follow-up measures, so as to
form a complete two-way closed loop of cultural environment and carbon reduction promotion effect.
The research method and structural framework of
this paper are shown in Figure 1.
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However, the top-level framework of the teaching
and training system related to carbon neutralization
is not perfect, and the education on the concept of
carbon neutralization has not yet realized the transmission of the whole discipline education system in
the school, and has not been rooted in the cultural
level.
Figure 2 shows the awareness survey of ‘double carbon’ concept among teachers and students in
the dimension of soft environment. The results
showed that 82.3% of the respondents understood or
were familiar with the concept of ‘double carbon’.
Only 33.3% thought that the current teaching practice was in line with the concept of carbon neutrality.
Only 32.5% of the respondents said that the academic activities provided by the current school
around the carbon neutral target school were sufficient. 34.5% of the respondents understand the current school carbon neutral education system. 40.7%
of the respondents believed that the concept of carbon neutrality was in line with their own career development plan. The survey results reflect that the
school has not fully integrated the concept of ‘double
carbon’ into the teaching system, and the depth of
integrating the concept of carbon neutralization with
the current education and practice needs to be further
improved.
On the other hand, the areas where universities
gather are often areas with high energy consumption.
Under the ‘double carbon’ goal, universities should
take the lead in shouldering corresponding social responsibilities, create a campus culture of energy conservation and carbon reduction, improve the level of
fine energy management, deeply promote the construction of green campus, and set reasonable energy
conservation and emission reduction targets around
the carbon neutralization goal [15-17]. At present,
due to the special nature of universities, universities
are not included in the scope of energy-saving management and control, and universities do not need to
perform the contract on their own carbon emissions.
Only a few universities in China have carried out
touch and discharge of carbon emissions.
As shown in Table 1, the carbon emission situation of some domestic schools is very serious. According to the carbon emission compliance requirements, they all far exceed the local carbon emission
compliance standards. Therefore, it is of great practical significance to promote energy conservation
and emission reduction in universities. As an important place for teachers and students to study and
live, campus makes some ideas explicit, which helps
to spread or form guiding cultural ideas through the
enhancement of vision or memory.

RESULTS
Diagnosis and analysis of campus cultural
environment from the perspective of ‘double carbon’. As the embodiment category of school ideological education, campus cultural environment is
the key to guide teachers and students to shape value
orientation. By means of interview and investigation,
information access, questionnaire survey and other
means, this paper analyzes the innovative reform and
forward-looking planning of the campus cultural environment of the university around the goal of ‘double carbon’ in recent one year, as well as the recognition of teachers and students on the concept of
‘double carbon’ and career development planning [5,
12]. At the same time, based on the IPCC carbon verification guide, the carbon emission of the school in
recent three years and the layout of energy conservation and carbon reduction in buildings and facilities
are analyzed.
With the strong support of the school's management, 563 personnel were investigated, including experts, scholars, teachers, counselors, students and logistics service personnel. According to the survey,
this university is one of the universities that responded to the national ‘double carbon’ strategy earlier, gave full play to the advantages of industry, university and research, and jointly established the
‘double carbon’ research center with external think
tanks. Relying on advantageous disciplines, focus on
new energy, new materials, energy-saving technology, environmental engineering, carbon finance and
other fields, actively layout emerging interdisciplinary disciplines, guide discipline transformation,
and cultivate professional compound talents who
adapt to the ‘double carbon’ transformation [13-14].
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FIGURE 2
Awareness of ‘double carbon’ in the respondents (N=563).

School
Shandong Jianzhu University
China University of Geosciences (Wuhan)
China University of Geosciences (Beijing)
Peking University

TABLE 1
Carbon emissions of some universities
Time
Carbon emission
Measuring range

Calculating methods

2015

24596t

Range 1&2

IPCC factor

2017

34588t

Range 1&2

IPCC factor

2014

66028t

Range 1&2&3

2009

286812t

Range 1&2&3

Therefore, from the perspective of ‘double carbon’, building a campus cultural hard environment
in line with the concept of ‘double carbon’ is the key
to promote the formation of a green campus. Based
on this, this paper systematically investigated the explicit elements of the school's current hard environment dimension in line with the ‘double carbon’ concept and culture, including green building, resource
recycling, cultural corridor, green space system, design and landscape layout, with reference to Li Kenong's five-level scale method. Investigating the satisfaction of the teachers and students of the school
on these five dimensions and the potential that the
dimension can be improved in the follow-up, so as to
provide some reference for the follow-up optimization [18]. In the satisfaction rating, five steps are set
from very dissatisfied to very satisfied, and the score
of each level is 20 points according to the equal distance. The potential rating also refers to this standard. Thus, the survey results are quantified with
standard values. The results of each dimension are
taken as the average score of the survey of that dimension. The survey results are shown in Figure 3.
Among the five dimensions of the survey, in
terms of satisfaction, the score of resource recycling

Ecological footprint
method
Ecological footprint
method

dimension is 72.5, the highest score, followed by design and landscape layout, 54.2, and the satisfaction
scores of other dimensions are low. In terms of improvement potential, the survey results show that the
three dimensions of cultural corridor, design and
landscape layout and green building have great improvement potential, with more than 80 points, and
the improvement potential of resource recycling is
the smallest. This survey also provides reference
value for the follow-up campus culture improvement
of the university.
Among many measurable factors, the campus
energy consumption environment can be used as a
direct measure of the implementation and penetration of the school energy conservation and carbon reduction culture. Based on this, starting with the
school energy consumption management concept,
this paper investigates the attitudes and views of
teachers and students of the school on the current energy management of the school (Figure 4). The results show that 63.3% of the respondents believe that
the current energy management has not changed significantly from the previous one. 11.2% of the respondents believe that the management is very loose,
and only 25.5% of all respondents believe that the
current energy management is effective. From this
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point of view, strengthening the fine management of
energy and changing the energy consumption habits
and ideas of teachers and students are also one of the
urgent tasks to be carried out by the school.
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and experience of domestic colleges and universities
in Ideological and political and traditional culture
[19-20], this paper puts forward the construction idea
and construction path of campus soft environment
that conforms to the current characteristics of the
university. Its architecture is shown in Figure 5. The
structural system of the soft cultural environment
mainly includes education and training system based
on ‘double carbon’ culture and concept, scientific research and innovation system and teacher-student
self-organization management system.

Construction ideas and paths of ‘soft environment’ of campus culture from the perspective
of ‘double carbon’. According to the previous survey, focusing on the goal of ‘double carbon’, the infiltration effect of culture in the construction of campus soft culture environment has not been better,
covering the ‘double carbon’ ideas and values.
Drawing on the campus culture construction path

FIGURE 3
Problem diagnosis and analysis from the perspective of ‘double carbon’ and the dimension
of ‘hard environment’ (N=563).

FIGURE 4
Respondents' attitudes and views on the current energy management of the university.
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Construction of soft culture environment based on
Peak carbon neutral perspective

Three-tier
architecture

Education and training system

Pay attention to interdisciplinary, enhance the coverage of carbon neutral
general education majors
Increase social practices related to peak carbon neutrality
Around carbon peak carbon neutralization, to build a double bridge of
student education and career choice

Research and innovation system

Integrate carbon neutral education into postgraduate education system
enhancing ability to transform science and technology, increase policy
preference, and create an atmosphere for innovation and entrepreneurship

Self-organizing management
system

Exert group or individual resource integration advantage, influence more
groups
Weaken the rules and regulations of management, enhance the appeal and
penetration of campus culture

FIGURE 5
Schematic diagram of three-tier structure of campus soft culture environment from the
perspective of ‘double carbon’.
The key to the structure of the education and
training system is to deeply integrate the current
training courses and training system with the concept
of ‘double carbon’, further improve the coverage
depth and breadth of carbon neutral general education, and make full use of the ‘second classroom’ to
add social practice courses related to ‘double carbon’, such as low-carbon economic development research, social practice research on beautiful rural
construction and new energy industry. In addition,
strengthen the connection with relevant enterprises,
further map out the career needs related to the society, and consciously guide students to actively participate in relevant posts through lectures and relevant employment activities in the process of student
employment or entrepreneurship, so as to further improve the fit between ‘double carbon’ and student career planning [21]. The scientific research innovation system is to introduce the ‘double carbon’ concept into the academic training system of postgraduates, concentrate some advantageous disciplines and
strengthen the cultivation of ‘double carbon’ technology and management talents. At the same time,
teachers and students are encouraged to participate
in tackling key problems in the field of ‘double carbon’, and strengthen the tilt of relevant policies, so
as to improve the ability of scientific and technological transformation and market-oriented application,
which drives the formation of an innovation and entrepreneurship atmosphere of ‘double carbon’ concept. The self-organized management system of
teachers and students is to improve the subjective initiative of teachers and students, encourage students,
associations, young leaders, academic leaders and
other groups or individuals to give full play to the
advantages of self-organized resource integration,

and make use of self-Media, academic exchanges,
academic activities, student activities and other
channels to improve the flexibility of management
and weaken the framework of some management,
enhance the communication strength and cultural atmosphere of ‘double carbon’ culture, and enhance
the appeal and penetration of ‘double carbon’ concept among teachers and students.
Construction ideas and paths of ‘hard environment’ of campus culture from the perspective
of ‘double carbon’. Based on the interview and investigation on the construction of campus cultural
hard environment under the front five dimensions, it
can be seen from the results that the campus ‘hard
environment’ of the university can not be well used
as the carrier of ‘double carbon’ campus culture, especially in the aspects of cultural corridor, green
building, design and landscape layout. Therefore,
combined with the actual situation of the university,
starting from the concept of environmental education, taking the dissemination of ‘double carbon’
campus culture as the optimization guidance of ‘hard
environment’, the three environmental dimensions
with high transformation potential after preliminary
investigation are transformed to build a campus cultural atmosphere of two-way promotion between
people and people and between people and environment [22-23].
In the above three dimensions, the campus cultural corridor can be regarded as the most concrete
cultural communication symbol and the main way
for many teachers and students to obtain campus information. From the perspective of ‘double carbon’,
the construction of the campus cultural corridor
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should reflect the specific concepts of energy conservation, environmental protection and green carbon reduction in both content and mode, such as replacing paper posters with digital billboards, making
stationery with renewable paper, designing cultural
and creative commodities such as LED small table
lamps, and embodying the cultural concept of ‘double carbon’ at multiple levels and angles. In terms of
design and landscape layout, the principle of adjusting measures to local conditions and reducing the
utilization of resources should be reflected, the natural mountains, grasslands and terrain should be retained as much as possible, and the range of manmade transformation should be reduced. In the design of green space and vegetation, appropriate plant
species should be selected according to climate and
soil conditions, and vegetation and species with
strong carbon sequestration ability should be selected as much as possible. In the three dimensions,
campus green building should be regarded as an important driving point for the construction of ‘hard environment’, mainly starting from the five principles
of green building construction [24] (Figure 6), that
is, sustainable site design, recycling of water resources, efficient use of energy, indoor environmental quality, and conservation of materials and resources.
From the perspective of ‘double carbon’, for
subsequent new buildings, the concept of green
building should be fully reflected in the early stage
of construction in accordance with the above five design principles. For completed buildings, energysaving transformation should be carried out for high
energy consuming buildings, fine management of
energy and recycling of building materials and water
resources should be done, so as to give full play to
the advantages of green building. While spreading
the concept of campus culture, it actually promotes
the process of ‘double carbon’ goal.

Fresenius Environmental Bulletin

CONCLUSIONS
(1) The deficiencies existing in the construction
of campus cultural environment are analyzed from
the perspective of ‘double carbon’, which shows that
at the level of ‘soft environment’ of campus culture,
the school has not fully integrated the concept of
‘double carbon’ into the teaching system, and the
depth of the integration of carbon neutralization concept with current education and practice needs to be
further improved.
(2) Referring to the five level scale method, this
paper makes a diagnostic analysis of the campus cultural ‘hard environment’ of the current dominant cultural carrier of the school from five dimensions. The
results show that the three dimensions of cultural
corridor, design and landscape layout and green
building have great improvement potential. According to the survey of energy consumption environment, only 25.5% of the respondents believe that the
school has practical results in energy management,
which reflects that strengthening fine energy management and changing the energy consumption habits and ideas of teachers and students are also one of
the urgent tasks to be carried out by the school.
(3) Based on the results of diagnosis and analysis, starting from the concept of ‘double carbon’,
the construction idea of ‘soft and hard environment’
of campus culture is proposed. At the level of ‘soft
environment’, it innovatively puts forward the construction idea and realization path of cultural environment of building education and training system,
scientific research innovation system and self-organized management system of teachers and students.
At the ‘hard environment’ level, closely combined
with the diagnosis and analysis results, and based on
the core idea of ‘environmental education and cultural infiltration’, this paper puts forward perfect
ideas for the three dimensions with great transformation potential, which is helpful to promote the
‘double carbon’ goal process of the university.

Sustainable Site Design

Water Conservation and quality

Energy and Environment

Indoor environment quality

Conservation of materials and rescoures

FIGURE 6
Five design principles of green building based on Sustainable Development.
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ABSTRACT

INTRODUCTION

Drilling accidents often lead to serious casualty
accident and environmental pollution. And unexpected vibration is one of the main factors of drilling
accidents. Proper adjustment of surface engineering
parameters, can effectively improve the life of drilling tools, reduce accident rates and improve engineering HSE. However, real-time monitoring of
downhole vibration by senor is difficult and costly.
At present, the most common monitoring method
was to predict the downhole vibration through the
physical model. Due to the complexity of drill string
vibration, traditional methods have lots of obvious
disadvantages, while the machine learning methods
which emerged in recent years provide another solution. In this paper, a group of cluster wells were
taken as the research object. Lateral vibration, axial
vibration and several surface engineering data during
drilling were collected and preprocessed. According
to the existing vibration theory and correlation analysis results, WOB, RPM, torque and inclination are
finally selected as the input parameters of the model.
Then, several vibration prediction models including
LSTM (Long-Short Term Memory) neural network,
BP (Back Propagation) neural network, SVM (Support Vector Machine), and others were established
and trained. The prediction results showed that the
machine learning method can accurately predict the
downhole drill string vibration only using surface
parameters, and the prediction accuracy of LSTM
network with time series analysis characteristics is
better than other machine learning algorithms. It provides a new way for downhole drill string vibration
prediction and similar engineering problems, and
can effectively improve the HSE level in the drilling
process.

Drilling is a high-risk and high investment engineering. Once a drilling accident occurs, the consequences are often serious, which often lead to casualties, property losses and environmental pollution.
Therefore, HSE management and control of drilling
has always been the focus of drilling companies.
And in the process of drilling, unexpected violent vibration will often lead to the damage of drill string
and downhole equipment, and even lead to the fracture of drill string and the collapse of borehole wall.
Professionals often use the surface torque and rotary
table speed data to diagnose whether the downhole
drill string has stick slip vibration, but not all downhole vibration can be seen directly from the surface
data. The drill string amplitude measured on the
ground does not reflect the severity of downhole drill
string vibration [1]. Therefore, engineers hope to
monitor the vibration of downhole drill string in real
time, so as to adjust the engineering parameters in
the drilling process to improve the drilling efficiency. However, the downhole vibration sensor is
expensive for the current technical level. Meanwhile,
the bandwidth limitation of conventional mud pulse
technology also leads to the data of downhole vibration sensor can often be used after drilling, which
cannot meet the requirements of real-time vibration
data acquisition and analysis.
In order to solve the problem of real-time monitoring of downhole drill string vibration, many experts and scholars have proposed various drill string
mechanical models, deduced the control equations of
drill string vibration, solved them in combination
with corresponding boundary conditions, or simulated and analyzed them with finite element software
[2-4]. These traditional research methods have indeed achieved some results, but there are several
shortcomings that cannot be ignored:

KEYWORDS:
HSE, drill string, vibration prediction, machine learning

The vibration of drill string is very complex.
Most models are simplified in assumptions, and the
coupling between parameters is ignored, which leads
to large errors in the results.
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The complexity of the model is high. Many
mechanical models in research use advanced mechanical knowledge, such as rock mechanics and
elastic-plastic mechanics. The calculation process is
very cumbersome, and some need to be solved with
software.

the machine learning method is feasible in the prediction of drill string vibration; Yang et al. [6] built
a neural network model based on CNN-RNN(Recurrent neural network) composite neural network,
which can predict the stick slip vibration intensity of
downhole drill string with ground parameters; Ekaterina et al. [7] uses fast Fourier transform to extract
the characteristics of vibration data and classify
them, and then trains with ground collected data
based on support vector machine SVM (Support
Vector Machine) and decision tree algorithm, so as
to achieve real-time identification of downhole drill
string vibration types.
The above studies have achieved good prediction results. However, the current research mainly
focuses on the study of stick slip vibration. The reason is that stick slip vibration can be identified directly through ground data and samples are easy to
collect; the downhole lateral and axial vibration cannot be directly distinguished from the ground data,
and can only be collected through downhole tools,
which is difficult and has few samples.
Based on the existing research, this paper will
take a group of drilling engineering data of cluster
wells as the research object, and establish the model
between surface engineering parameters and downhole lateral and axial vibration by machine learning,
such as LSTM (Long-Short Term Memory) neural
network, BP (Back Propagation) neural network,
SVM, etc. The proposed workflow is shown as Figure 1.

The universality of vibration model is poor.
The model is generally established based on a specific working condition. In actual use, various engineering parameters will be different from the original model, which will lead to strong specificity in the
selection of models.
With the rapid development of computer technology in recent years, some scholars try to use machine learning algorithms, such as logistic regression, support vector machine and neural network to
build the nonlinear relationship model between
ground engineering parameters and downhole drill
string vibration data, predict and optimize the vibration finally. Prince et al. [5] classified and evaluated
the vibration data of downhole BHA (Bottom hole
assembly) and divided the severity level, and then
used five algorithms: Naive Bayes, k-nearest clustering, support vector machine, logistic regression and
decision tree classification to establish the relationship model between surface engineering parameters
and downhole drill string transverse and axial vibration, and estimated the severity of downhole vibration according to the surface data, It is proved that

Surface Data

Field Data

Data Collection
& Cleaning

Correlation
Analysis
Vibration Data

Training set
Validation set
Test set

Result
Analysis

Machine Learning
Model

Dataset
Establishment
& Division
FIGURE 1
Proposed Workflow.
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FIGURE 2
Typical RNN and LSTM network.
Notes: (a) Typical RNN structure and unfolding; (b) Unfolding of LSTM network; (c) Internal control structure of LSTM
network.

LSTM network control over long-term state c
relies on 'gates' to implement [9]. The 'gate' refers to
a layer of fully connected layers, where the input is
a vector and the output is a real number between 0
and 1 to control the vector. There are three gates in
the LSTM network: the first is the forgetting gate,
which determines how much the long-term state ct-1
of the previous moment is retained in the current
long-term state ct, and its expression is as:
݂௧ = ߪ൫ܹ ݏ[ ڄ௧ିଵ , ݔ௧ ] + ܾ ൯
(1)
Where, Wf is the weight matrix of the forgetting
gate, [st-1, xt] means that the output values of the previous moment s and the current input value x are connected to a vector, and bf is the offset of the forgetting gate. ߪ is sigmod function.
The second gate is the input gate, which determines how much of the input xt of the network is
saved in the ct at the current time. The third gate is
the output gate, which controls how much the current
state ct outputs to the output value st at the current
time. Its expression is similar to the forgetting gate:
(2)
݅௧ = ߪ(ܹ ݏ[ ڄ௧ିଵ , ݔ௧ ] + ܾ )
(3)
௧ = ߪ(ܹ ݏ[ ڄ௧ିଵ , ݔ௧ ] + ܾ )
Where, Wi, Wo are the weighting matrices for
input and output gates, and bi, bo are the offsets for
number input and output gates, respectively.
By forgetting gate, LSTM network can hold information that existed a long time ago. Also, due to
the control of the input door, it can avoid the current
unimportant content from entering the memory. Finally, the output gate controls the effect of long-term
memory on the current output to solve the problem

MATERIALS AND METHODS
RNN is an artificial neural network that connects nodes into a ring. Its internal state can show
dynamic timing behavior. It is generally used to process and predict sequence data. Figure 2 shows a
typical cyclic neural network and the structure diagram after time expansion.
In addition to the input layer xt, the input of the
cyclic neural network also has a cyclic structure to
provide the last time hidden state st. At each moment,
RNN generates a new hidden state st based on the
input xt of the current moment and the hidden state
st-1 of the previous moment, and generates the output
ot of the current moment.
Traditional RNN network hiding layers have
only one state s and are therefore sensitive to shortterm inputs. However, the effective information of
the actual training data often has different time steps,
which will lead to the problem of gradient disappearance or gradient explosion in the process of RNN
network optimization. The disappearance of gradient
will lead to the basic stagnation of model training,
while the gradient explosion will make the weight
matrix of the neural network model continuously updated, which will ultimately lead to poor model
training results.
To solve this problem, an improved cyclic neural network: Long-Short Term Memory neural network was proposed [8]. LSTM neural network is
based on a simple RNN network and adds a state c
to the hidden layer to preserve the long-term state.
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method, Bit size, and Bit type all belong to the data
with stable changes, abnormal values of these parameters can generally be directly considered as outliers. Therefore, for the above eight types of surface
parameters, the Laida criterion is used to judge and
handle the outliers. However, the vibration data of
downhole drill string often undergoes severe abrupt
changes during the actual drilling process. The outliers of the data can be considered as 'false outlier',
which is the data that actually reflects the actual
downhole vibration. Therefore, the four types of
downhole vibration data are not treated as outliers.

RESULTS
Data Analysis And Model Parameter Selection. According to the on-site downhole drill string
vibration measurement data and surface engineering
data, these following types of data were collected:
Depth, Drilling time, ROP (Rate of penetration),
Hook height, Hook load, WOB, Stand pipe pressure,
Casing pressure, RPM, Torque, Pump displacement,
Mud density, Inclination, Azimuth, Drilling mode,
Bit size, Bit type, Lateral vibration, Lateral shock,
Axial vibration and Axial shock.
Based on the above collected data and combined with the existing drill string vibration theory
[10-12], 8 types of surface engineering parameters
(WOB, RPM, Torque, Inclination, Azimuth, Drilling
mode, Bit size, Bit type), and 4 types of downhole
vibration data (Lateral vibration, Lateral shock, Axial vibration, Axial shock), were selected as the preliminarily parameters for the next analysis.
Since the research object in this paper focus on
a group of cluster wells in the same block, the default
geological conditions have basically the same shock
on each well, and the geological information data
will not be considered here.

Handling of noise data. Whether the data is
observed manually or acquired by the collection system, the interference of 'noise' cannot be avoided,
which is reflected graphically as some 'burrs' or
'spikes'. In order to improve the quality of data and
make subsequent models more accurate, data needs
to be smoothed.
The acquisition of downhole data is difficult for
harsh environment and low frequency data transmission. Meanwhile the accuracy of downhole sensor is
not as good as that of surface parameter sensor. In
this paper, only the downhole vibration data will be
processed to reduce noise. The default ground engineering data noise has little influence and can be ignored.
There are many smoothing methods. After testing and comparison, the second weighted smoothing
method to process downhole data is selected in this
paper.

Data cleaning. Field engineering data is usually redundant and invalid. Before model training,
the relevant data needs to be cleaned [13-14].

Correlation analysis and Model parameter
selection. The engineering parameters preliminarily
selected include: WOB, RPM, torque, inclination,
azimuth, drilling mode, bit size and bit type. However, the more input parameters of the model, the
easier the model tends to over fit and the robustness
of the model will be very poor. Therefore, it is necessary to further reduce the number of features by
excluding features with very weak correlation with
the target and features with too strong correlation between each other’s.
The correlation analysis method used in this paper is Pearson correlation coefficient method. The
correlation coefficient between two variables x and y
is defined as the quotient of covariance and standard
deviation between these variables. The expression
formula is [15]:

Handling of missing values. For missing data,
the degree of missing variables is used to determine
whether they are deleted or filled. Generally speaking, deletion is only applied when the missing rate
exceeds 80%, in order to protect the integrity of the
data. If the type of missing variables is continuous,
they are generally filled by means and random interpolation. If the variable is discrete, the median
method is used to populate it.
Handling of duplicate values. Exclude completely duplicated data.
Handling of erroneous values. Each of the engineering parameters have a reasonable range. The
parameter values that obviously exceed the range
shall be eliminated directly.

=ݎ

Handling of outliers. There are two types of
outliers. One is 'false outlier', which is generated by
specific actions and normally reflects the real state,
rather than the exception of the data itself; the other
is 'true outlier', which is generated by the abnormal
distribution of the data itself.
Considering that in the actual drilling process,
WOB, RPM, Torque, Inclination, Azimuth, Drilling

σ
ത)
సభ(௫ ି௫ҧ )(௬ ି௬
మ 
ത)మ
ටσ
సభ(௫ ି௫ҧ ) σసభ(௬ ି௬

(4)

Where,  ݎis the Perason correlation coefficient,
n is the number of data in x or y.
The greater the absolute value of the correlation
coefficient, the stronger the correlation. Generally,
the correlation strength of the variable is judged by
the following value range [16], as shown in Table 1.
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TABLE 1
Significance of Perason Correlation Coefficient
Degree of correlation
Extremely strong
Strong
Medium
Weak
Extremely weak

FIGURE 3
Pearson Correlation Coefficient Matrix.
Notes: (a) between surface parameters and vibration; (b) between each surface parameters.

The Pearson correlation coefficient matrix between the surface parameters and the vibration is calculated as shown in Figure 3.
From the above two figures, we can draw the
conclusions:
a. The correlation degree between each surface
parameter and downhole vibration is as follows:
WOB > Torque > Inclination > RPM > Type of bit >
Azimuth > Drilling mode > Size of bit.
b. Among the surface parameters: the correlation coefficient between Drilling mode and
RPM/Torque is greater than 0.8, which has an extremely strong correlation. The correlation coefficient between Type of bit and Inclination is greater
than 0.8, which has an extremely strong correlation.
The correlation coefficient between Inclination and
Azimuth is greater than 0.6, which has a strong correlation.
According to the above conclusions, the following operations were carried out for the preliminarily selected parameters:
a. There is an extremely strong correlation between Drilling mode and Torque, and the correlation
between Torque and vibration is stronger than Drilling mode's, so drilling mode is eliminated.
b. There is an extremely strong correlation between type of bit and inclination, and the correlation
between inclination and vibration is stronger than Bit
type, so Bit type is eliminated.

c. There is a strong correlation between Azimuth and Inclination, and the correlation between Inclination and vibration is stronger than Azimuth's, so
Azimuth is eliminated.
d. Size of bit is not related to vibration, so it is
eliminated.
Finally, the surface engineering parameters selected as follow-up machine learning model parameters are: WOB, RPM, Torque and Inclination.
Data normalization. Different types of parameters often have different dimensions and dimension
units. If the original data is trained directly, the target
function will be flattened because the values of different features in the eigenvectors differ greatly. In
this way, when searching for the gradient descent,
the direction of the gradient will deviate from the direction of the minimum value and take many detours, resulting in too long training time and poor
training results [17-18]. To eliminate the dimensional shock between indicators, data standardization is often required to resolve the comparability between data indicators. After data standardization, the
original data is in the same order of magnitude,
which is suitable for comprehensive comparative
evaluation. Among them, normalization of data is
the most common one.
Common normalization methods include maximum-minimum standardization, Z-score standardization, non-linear normalization, etc. 4 types of sur-
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face engineering parameters and 4 types of downhole vibration data selected in this section are normalized using maximum-minimum standardization.
The conversion functions are:
௫ି
= כݔ
(5)
௫ି
where  כ ݔis the standardized data,  ݔis the original data, ݉݅݊ is the minimum value of the parameter data, and ݉ܽ ݔis the maximum value of the parameter data.

Machine Learning Model Training and Results. The hyperparameter of neural network are important factors affecting the quality of model training. Different training data have their own best
model hyperparameter, which need to be continuously adjusted according to the training situation to
make the model reach a better level. The hyperparameter of LSTM neural network and BP neural network used in this paper are shown as the Table 2.
The data set is divided into 70% training set,
20% validation set and 10% test set. In order to ensure the practical significance of time series data, the
internal sequence is not disturbed during cutting.
When using the training set for training, the training
data will be randomly disturbed every iteration to ensure the generalization ability of the model. Then,
according to the verification set, the super parameters of the network are continuously adjusted and optimized, and finally the optimal super parameters are
determined, and the model training is completed.

Time series data conversion. The training
data format of LSTM neural network is different
from the general model training data. It is necessary
to convert the original surface parameter data into
three-dimensional time series data [19]. The conversion process is shown in the Figure 4.
After a lot of testing and comparison, ten data
are finally selected as one time step.

TIME STEP

TIME

INPUT
X1

X2

X3

XN

A1

A2

A3

AN

B1

B2

B3

BN

C1

C2

C3

CN

Z1

Z2

Z3

ZN

A1

CONVERT

B1

B1

C1

C1

V1

C1
D1

D1

W1

E1

X1

E1

D1
E1
F1

Y1

STACK

F1
G1

Z1

3D Dataset for LSTM
Model Training

Time Series Dataset of
One Parameter

Orginal 2D Data

FIGURE 4
Surface data conversion process.
TABLE 2
Hyperparameter of LSTM Neural networks & BP Neural networks
Hyperparameters
No of
Cells

LSTM Neural networks
Input Layer:4
Hidden Layer:4,8,16
Output Layer:4

Input Layer:4
Hidden Layer1:4,8
Hidden Layer2:4,8
Output Layer:4

1

Activation function
Optimizer
Losses
Learning
Rate
Batch
Size
Epochs

-5

BP Neural networks
Input Layer:4
Hidden Layer:8,16,32
Output Layer:4
1

1

0

5

-1

-5

Input Layer:4
Hidden Layer1:4,8,16
Hidden Layer2:4,8
Output Layer:4

0

1

5

-5

-1

-4

-3

-2

-1

0

1

2

3

4

5

-5

-4

-3

-2

-1

0

1

2

3

4

5

tanh

tanh

sigmoid

sigmoid

Adam

Adam

Gradient descent

Gradient descent

Mean squared error

Mean squared error

Mean squared error

Mean squared error

0.1,0.05,0.01

0.1,0.05,0.01

0.1,0.05

0.1,0.05

128,256

128,256

128,256,512

128,256,512

500,1000,2000

500,1000,2000

300,500,1000

300,500,1000
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4

12
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2.25

2.2

4

3.5
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(a) between LSTM & BP.
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FIGURE 5
Comparison of test results.
In addition to the above neural network model,
this paper also selects three machine learning algorithms: SVM support vector machine, decision tree
regression and ridge regression as a reference. After
substituting the test set data into the trained neural
network prediction model, the comparison between
the prediction results and the actual values is as Figure 5.
The evaluation standard of model prediction results is MSE (mean square error) [20]. The smaller

the MSE, the more accurate the result is. The calculation formula of MSE is:
ଵ
 = ܧܵܯσ
( ݕെ ݕො )ଶ
(6)
 ୀଵ 
Where, ݉ is the number of samples, ݕ is the
real value and ݕො is the predicted value.
The final MSE of each model are shown in the
Table 3 and Figure 6.
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TABLE 3
Evaluation of Test Results of Each Vibration Prediction Model
Model
Lateral vibration
Lateral shock
Axial vibration
LSTM
0.634
22.8
0.0114
BP
0.707
17.5
0.0169
SVM
0.692
28.2
0.0139
Decision tree regression
0.919
24.0
0.0185
Ridge regression
1.166
33.3
0.0251

Axial shock
0.670
0.681
0.696
1.062
1.125

FIGURE 6
Comparison of the MSE between each model prediction results.
Notes: (a) Lateral vibration; (b) Lateral shock; (c) Axial vibration; d) Axial shock.

It can be seen from the results in the above table
that the prediction accuracy of the vibration prediction model of LSTM network ranks first among the
three target values, and the prediction accuracy of
the lateral shock is also second only to BP network.

The larger the amount of training data predicted
by the model and the higher the data quality, the better the generalization ability and the higher the accuracy of the model. In the actual drilling process, there
is a large number of engineering data records, but
these data are often ignored. Integrating these raw
data will be very helpful for subsequent training.
In addition to the prediction of drill string vibration, the methodologies and algorithms in this
study can be extended to solve some similar problems. Above all, we aim to improve the HSE of drilling engineering by predicting key engineering parameters quickly, easily and cheaply.

CONCLUSIONS
According to the above results, it can be proved
that the machine learning can effectively mine the
relationship between ground engineering parameters
and downhole vibration. During the research, some
points that can be improved and problems needing
attention in the next research are found:
The data used in this paper are from cluster
wells, ignoring the influence of geological factors.
And the more relevant parameters affecting vibration
the model considers, the more accurate the predictions will be, but the model complexity also will be
higher.
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that determine the final cumulative production, reservoir quality and production cycle of oil and gas reservoirs [1-2]. In addition to being directly related to
the pore throat diameter, it is also comprehensively
affected by factors such as rock porosity, pore connectivity, particle density, particle size, sorting and
diagenesis [4-6]. Affected by strong compaction and
cementation, the matrix permeability of tight sandstone reservoirs is very low [7-8]. Tight sandstone
reservoirs have strong heterogeneity and strong anisotropy, and the pore structure in the rock is not only
controlled by porosity but also by mineral composition [9-10]. Therefore, the quantitative evaluation of
the mineral composition characteristics of different
types of rocks in tight reservoirs and the use of advanced experimental methods can provide new ideas
for the prediction of sweet spots in tight sandstone
reservoirs [11-13].
CT scanning is a new technology that has been
widely used in rock internal structure observation in
recent years. In order to analyze the internal fracture
behavior of rock samples more clearly and intuitively, in recent years, X-ray CT scanning technology, which can non-destructively detect any crosssectional structure inside the object, has been introduced into rock mechanics experimental research
[14-16]. CT scanning monitoring technology can
achieve efficient and non-destructive perspective of
the internal spatial structure and morphology of the
sample. Therefore, it provides a very effective means
for visually revealing the complex three-dimensional
fracture geometry and distribution inside the rock
sample [17-18]. A large number of studies have
shown that it is effective to use CT scanning technology to observe the distribution law of pores and
cracks in rocks [19-20].
At present, most of the constitutive models for
studying the pore structure of tight sandstone porous
media are based on the assumption that the microscopic pores are uniformly distributed and the sizes
are not very different [21-22]. Strictly speaking,
these models usually cannot accurately predict the
essential properties of tight reservoirs. CT scanning
can obtain the mineral composition and pore structure information inside the rock non-destructively
and realistically. In this study, taking the Lower Permian tight sandstone reservoirs in the northern Ordos

ABSTRACT
The quantitative characterization of mineral
composition and pore structures in tight sandstones
is the core content of sweet spot prediction in unconventional oil and gas reservoirs. In this study, taking
the Lower Permian tight sandstone reservoirs in the
northern Ordos Basin, China as an example, the pore
structures, and the complexity of the pore structures
and minerals of the tight sandstone were systematically studied using constant-rate mercury intrusion
and digital core technology based on 3D CT scanning experiments. The results show that the pore diameter of the tight sandstone is mainly distributed
EHWZHHQDQGȝPDQGWKHFDSLOODU\UDGLXVLV
PDLQO\GLVWULEXWHGEHWZHHQDQGȝPThrough
filtering and denoising, 3D CT scanning technology
can distinguish the internal pores and matrix components of tight sandstone reservoirs well. According
to the statistical results, the development degree of
pores in the rock is related to the coordination number of pores. The coordination numbers of reservoirs
with more developed pores are mainly distributed
between 2 and 4, with an average value of 3.6. The
overall spatial distribution of the mineral structure of
tight sandstone has good fractal characteristics. Minerals with larger sizes have more complex structures
and have a greater impact on the accommodated
space inside the rock. The study also found that there
is a good correlation between the fractal dimension
Dd of the tight sandstone based on CT scanning and
the petrophysical parameters. As the Dd value increased from 1.15 to 1.55, the rock porosity decreased from 14% to 5.5%. Therefore, the larger the
size of the mineral particles in the tight sandstone,
the larger the storage space.

KEYWORDS:
Tight sandstone, CT scanning technology, digital core,
fractal features, pore structure, mineral composition

INTRODUCTION
The internal mineral composition and pore
structure of tight sandstone are important parameters
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Basin, China as an example, the pore structures, and
the complexity of the pore structures and minerals of
the tight sandstone were systematically studied using
constant-rate mercury intrusion and digital core technology based on 3D CT scanning experiments. This
study has important reference value for fine evaluation of tight sandstone reservoirs and enhancement
of oil and gas recovery.
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attenuation coefficients of rays. The attenuation coefficient of the ray is converted into gray value according to a certain proportion, so as to identify the
different internal structures of the object through the
gray value. When a certain energy ray passes
through an object, due to complex physical processes
such as photoelectric effect, Compton effect, electron pair effect and Rayleigh scattering, the ray is
partially reflected, scattered and absorbed by the material, which makes the ray intensity attenuated. The
intensities of single-energy narrow-beam X-rays incident on and out of both sides of a homogeneous
material obey Lambert-Beer's law.
The CT reconstruction software uses Feldkamp
algorithm to reconstruct the three-dimensional structural model of the object. The Feldkamp algorithm is
an approximate reconstruction algorithm based on
circular orbit scanning, and its geometric structure is
shown in Figure 1a. The reconstruction system uses
the highly optimized Feld-kamp algorithm to calculate a volume model from projection data acquired
from the scanned object (Figure 1b). During reconstruction, beam hardening artifacts can occur due to
the presence of highly absorbing objects or insufficient pre-filtering of the X-ray beam. The periphery
of a homogeneous object is brighter than the inner
area, so beam hardening correction is adopted to reduce scanning artifacts [26-27]. A series of lowbrightness and low-contrast images obtained from
CT scans were processed by VGStudio Max software at different stages of the original images. The
first step is to improve the contrast and render the
image; the second step is to perform median filtering
and threshold segmentation, and use the density difference to adjust the appropriate threshold to separate the pore structure and the rest of the material,
and obtain the distribution plan of the pore structure
at different positions; the third step is to stack the obtained 3,000 pore structure distribution plans at inWHUYDOVRIȝPDQGUHFRQVWUXFWWKHWKUHH-dimensional pore spatial distribution model; the fourth step,
use the VGDef algorithm to obtain the pore geometric parameters, such as diameter, radius, volume,
surface area, sphericity, centroid coordinates, etc., to
establish a rainbow gradient model of pore distribution.

MATERIALS AND METHODS
In this study, the tight sandstone samples were
taken from the Lower Permian in the northern Ordos
Basin, China, with an average burial depth of 3000
m. Constant-rate mercury intrusion and three-dimensional CT scanning experiments were carried out to
study the pore structure and the development characteristics of different types of mineral components in
tight sandstones. The experimental instrument for
constant-speed mercury intrusion is Coretest
ASPE730, and the maximum injection pressure of
this equipment is 900 psi. Moreover, the high-precision pump in the constant-speed mercury injection
can achieve low-speed, constant mercury injection
speed (0.00005ml/min); the resolution of the highresolution pressure sensor is 0.001psi. The constantspeed mercury intrusion is essentially a quasi-static
process of low-speed mercury intrusion, during
which the interfacial tension and contact angle remain unchanged, so pores and roars can be distinguished according to the small natural pressure fluctuations during the mercury intrusion process.
Three-dimensional CT scans were performed
on the tight sandstone samples, which can non-destructively observe the distribution and communication characteristics of microscopic pores and throats
inside the samples [23-25]. The test instrument is a
three-dimensional X-ray microscope developed by
Sanying Precision Instrument Co., Ltd., which uses
X-rays to penetrate the sample to observe the internal
pore structure and mineral components of the sample. CT scanning, namely computed tomography,
scanning principle is to use the density difference between different components in the object, so as to absorb different X-rays, and ultimately lead to different

FIGURE 1
The principle of 3D CT scanning and the constructed digital core.
Notes: (a) Cone beam scanning geometry; (b) Digital core.
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FIGURE 2
Distribution of pore diameter and throat radius of samples based on constant-rate mercury intrusion experiments.
Notes: (a) Pore diameter distribution histogram; (b) Throat radius distribution histogram.

a "multimodal" distribution characteristic as a
whole. As for the pore radius distribution, the pore
radius distributions of different samples are almost
completely consistent, and there are two pore radius
SHDNV ZKLFK DUH  ȝP DQG  ȝP UHVSHF
tively.This shows that the pore size of the tight sandstone in the target layer is similar, but the throat size
has a large difference, and the difference in throat
size usually has a greater impact on the permeability
of tight reservoirs [30-31]. Figure 3 shows the distribution of pore to throat radius ratios for the samples.
It can be seen that the distribution range of the poreto-throat radius ratio exhibits a "bimodal" distribution characteristic.The peaks are mainly concentrated around 50 and 140. According to the analysis,
the larger the difference between the pore and the
throat or the larger the pore-to-throat radius ratio, the
lower the permeability of the sample. Different porethroat radii have different contributions to permeability. When the throat radius value is greater than 3
ȝPWKHthroats have a significant contribution to permeability.

RESULTS
Pore structure analysis based on constant
rate mercury intrusion. The capillary pressure
curves of the tight sandstone samples were obtained
based on the constant-rate mercury intrusion tests.
The constant-rate mercury intrusion overcomes the
hemp skin effect and the influence of the mineral extrusion caused by high pressure, and thus can obtain
a reliable distribution of pore throat parameters [2829]. The experimental results show that the incremental distribution of mercury saturation has obvious normal distribution characteristics. The mercury
saturation increment has a unimodal characteristic,
the pore diameter is mainly distributed between 50
DQGȝPDQGWKHFDSLOODU\UDGLXVLVPDLQO\GLV
WULEXWHGEHWZHHQDQGȝP )LJure 2).
The throat radius of the samples has a certain
correlation with the pore volume, and the throat raGLXVRIWKHVDPSOHVLVXVXDOO\OHVVWKDQȝPMoreover, the distribution characteristics of the roar radius of different samples are different, and they show

FIGURE 3
Distribution of pore and throat radius ratios in the tight sandstone samples.
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FIGURE 4
Threshold segmentation images of different sections of the J1 tight sandstone sample.
Notes: Black represents pores and microcracks, and white represents matrix components.

FIGURE 5
Pore throat distribution characteristics of tight sandstone samples based on 3D CT scanning technology.
Notes: (a) 3D CT scan results of J1 sample; (b)Porosity and matrix distribution of a section of sample J1.

numbers are mainly distributed in 0.5~1.8, with an
average value of 1.4.

Analysis of CT scanning results of mineral
and pore structure. The internal pore structure of
the tight sandstone reservoir was scanned based on
3D CT scanning technology. The sample size was a
F\OLQGHU ZLWK D GLDPHWHU RI  ȝP DQG WKH SUR
cessing software was Avizo+Image J. The 3D scanning results of J1 sample are shown in Figure 4. This
technology performs nondestructive scanning of
samples layer by layer from the three directions of
X, Y and Z. Through filtering and denoising, pores
and mineral components can be well distinguished.
The three-dimensional distribution characteristics of microscopic pores and channels in the reservoir were further recovered using the results of threedimensional CT scanning (Figure 5a). The displayed
image is inverse based on the maximum sphere
method and the ball and stick model. In Figure 5b,
blue represents pores, and other colors represent different types of matrix components. The statistical results show that the development degree of pores in
the rock is related to the coordination number of
pores. The coordination numbers of reservoirs with
relatively developed pores are mainly distributed in
2~4, with an average value of 3.6; for reservoirs with
relatively poor physical properties, the coordination

Fractal analysis of mineral size Based on CT
scanning. The distribution of pore structure in porous media has fractal characteristics in statistical
sense, so fractal theory can describe the distribution
characteristics of pore structure well. Through CT
scanning and image processing technology, the grayscale CT image is restored, and then the spatial distribution model of the pore structure in the sandstone
is obtained. In this study, according to the traditional
concept of plane box dimension, a voxel box dimension is established with the number of voxels as the
equivalent box size. Meanwhile, according to the
concept of plane bundle dimension, the hypothesis
of cylindrical bundle dimension is proposed, and the
hypothesis is tested by mathematical statistics.
Through the comparison between the traditional box
dimension and the voxel box dimension, it can be
seen that the voxel box dimension constructed for
grayscale CT images can replace the traditional box
dimension, so as to quantitatively characterize the
pore volume distribution at the mesoscale more reliably, accurately and comprehensively [32-33]. In order to quantitatively analyze the spatial distribution
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characteristics of mineral structures in tight sandstone, this study treats each independent mineral
structure as a spherical particle with the same volume (ie, equivalent spherical model), and its equivalent diameter is calculated by formula (1).

d

3

ting is 0.97, indicating that the overall spatial distribution of the mineral structure of tight sandstone has
good fractal characteristics. Figure 6b results in the
fractal dimension calculated using the logarithmic
relationship of d-N(d). It can be seen that as the minimum equivalent diameter increases, the fractal dimension and the fitted correlation coefficient increase accordingly. In Figure 6b, d !ȝPZKLFK
means that only the fractal dimension of minerals
ZLWKDQHTXLYDOHQWGLDPHWHUJUHDWHUWKDQȝPLV
counted. The results in Figure 6b also indicate that
the large mineral structure is more complex and has
a greater impact on its overall spatial distribution.

6V p / S

(1)
In the formula, d is the equivalent diameter of
the independent mineral structure; Vp is the volume
of a single independent mineral structure.
Fractal dimension is used to quantitatively describe the complexity of the internal structure distribution of tight sandstone. Using the volume dimension (box dimension) proposed by Hausdorff, the
fractal dimension of the three-dimensional space of
the mineral structure in the tight sandstone can be
obtained. The box dimension method is to cover the
target set with a cube box with side length a, and
N(a) is recorded as the minimum number of boxes,
then:

D



lgN (a )
lg a
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Relationship between fractal dimension of
mineral size and petrophysical properties. The
study also found that there is a good correlation between the fractal dimension Dd of the tight sandstone
based on CT scanning and the petrophysical parameters (Figure 7). As the Dd value increased from 1.15
to 1.55, the rock porosity decreased from 14% to
5.5%. Minerals in tight reservoirs serve as the framework for fluid flow and existence, and their development degree, connectivity and morphology have a
great impact on core porosity. In addition, this feature also shows that the larger the size of the mineral
grains in the tight sandstone, the larger the storage
space inside the rock.

(2)

We use boxes of different sizes to cover the target, obtain a series of data about a-N(a), and then use
the least squares method to fit the relationship between lga and lgN(a). The resulting slope is the fractal dimension. In order to analyze the influence of
mineral structures of different scales on the overall
fractal characteristics, we denote the number of mineral structures whose equivalent diameter is greater
than d as N(d). Furthermore, the relationship between lgd and lgN(d) is plotted in the log-logarithmic
coordinate system of d-N(d). The slope of the
straight line is obtained by least squares fitting, and
its absolute value is defined as the fractal dimension.
The fractal dimension of the mineral structure
population calculated by the box dimension method
is shown in Figure 6a. It can be seen from Figure 6a
that the correlation coefficient of the straight line fit-

CONCLUSIONS
In this study, taking the Lower Permian tight
sandstone reservoirs in the northern Ordos Basin,
China as an example, the pore structures, and the
complexity of the pore structures and minerals of the
tight sandstone were systematically studied using
constant-rate mercury intrusion and digital core technology based on 3D CT scanning experiments.

FIGURE 6
Fractal features of the internal structure of tight sandstone based on the box dimension method.
Notes: Fractal results calculated by box dimension method; (b) Fractal results calculated by equivalent diameter.
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FIGURE 7
Relationship between fractal dimension Dd and physical parameters of tight sandstone
based on CT scanning technology.
The pore diameter of the tight sandstone is
PDLQO\GLVWULEXWHGEHWZHHQDQGȝPDQGWKH
capillary radius is mainly distributed between 1.5
DQGȝPThrough filtering and denoising, 3D CT
scanning technology can distinguish the internal
pores and matrix components of tight sandstone reservoirs well.
According to the statistical results, the development degree of pores in the rock is related to the coordination number of pores. The coordination numbers of reservoirs with more developed pores are
mainly distributed between 2 and 4, with an average
value of 3.6.
The overall spatial distribution of the mineral
structure of tight sandstone has good fractal characteristics. Minerals with larger sizes have more complex structures and have a greater impact on the accommodated space inside the rock.
The study also found that there is a good correlation between the fractal dimension Dd of the tight
sandstone based on CT scanning and the petrophysical parameters. As the Dd value increased from 1.15
to 1.55, the rock porosity decreased from 14% to
5.5%. Therefore, the larger the size of the mineral
particles in the tight sandstone, the larger the storage
space.
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of existing or potential geological hazards in the region. As the basis of geological hazard research, geological hazard susceptibility evaluation has become
a research focus and hotspot, which can provide key
basis for geological hazard risk evaluation, risk evaluation and prevention [1].
For geological hazards, qualitative analysis and
evaluation are the main research methods, but their
shortcomings in information data processing often
lead to inaccurate understanding of geological hazard susceptibility evaluation [2-4]. The emergence of
computer-based GIS (Geographic Information System) technology has successfully solved the problems of spatial geographic information data management, operation and presentation, and provided a
new technical means for the study of geological hazards [5]. Then, GIS technology has begun to be applied in the study of geological hazards. Gupta et al.
[6] evaluated the landslide hazard zoning of the
Ramganga basin in the Himalayas, and Medellin region of Colombia by using the spatial overlay analysis function [6, 7]. With the maturity of GIS technology, scholars combined with various mathematical
models to carry out a large number of geological hazard susceptibility evaluation studies, which promoted the transformation from qualitative analysis to
semi-quantitative-quantitative analysis. As a heuristic method, fuzzy comprehensive evaluation method
and analytic hierarchy process combined with GIS
technology can achieve better evaluation results.
Jiang et al. [8] evaluated the flood disaster risk in
Kyrandan region, Malaysia, and superimposed the
verification data of flood area, paddy field area, urban area, residential community and shelter to verify
the accuracy of flood disaster risk analysis. Based on
GIS and fuzzy mathematics, Wang et al. [9] evaluated the mountain flood risk of villages and towns in
Shennongjia forest region in China. Phukon et al. [10,
11] adopted AHP (analytic hierarchy process)
method to evaluate the susceptibility of landslide geological hazards in Guwahati City, Assam state, India, and Tehri reservoir area, North Akand state, and
achieved reasonable results. In view of landslide,
collapse, debris flow and other disasters, Wang et al.
[12] combined analytic hierarchy process and GIS
spatial analysis function to divide the susceptibility
of geological hazards. Logical regression is one of

ABSTRACT
In this paper, a geological hazard susceptibility
evaluation model based on GIS technology is established by combining information model and logistic
regression model. Aiming at the target area, we analyze the influence of multiple evaluation factors such
as elevation, slope aspect, slope and vegetation index
on geological hazards. The evaluation results are
consistent with the actual situation, which verifies
the effectiveness of the model. The results show that
the rivers in the target area contribute the most to the
occurrence of geological hazards, and the slope aspect is an invalid factor without statistical significance. Under the influence of residual evaluation
factor, the area is divided into four grades according
to the occurrence probability of geological hazards:
extremely low-prone area, low-prone area, mediumprone area and high-prone area. The first two occupy
most of the target area, while the medium and highprone areas are mainly distributed in the loess covered area in the south of the target area. In addition,
in the accuracy verification results of ROC curve, the
AUC value is 0.8855, indicating that the evaluation
of geological hazard susceptibility is accurate and
objective, which can provide a basis for subsequent
geological hazard risk and risk evaluation.

KEYWORDS:
Geological hazards, GIS technology, information quantity
model, logical regression, susceptibility

INTRODUCTION
In recent years, the number of geological hazards worldwide has shown an increasing trend, and
the degree of disasters caused by them is also increasing. Frequent geological hazards such as landslides, collapses, debris flows and surface collapses
have caused huge casualties and economic losses,
and become the main threat to social and economic
development. In order to avoid or reduce the loss
caused by geological hazards, it is necessary to clarify the development characteristics and distribution
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the most commonly used statistical methods. Many
scholars have obtained accurate weights of evaluation factors based on this method. Combined with
GIS technology, the sensitivity zoning of geological
hazards such as landslides in different regions is also
studied [13-16]. The information quantity method is
also a commonly used mathematical model. Based
on GIS technology, Tan et al. [17-19] used the information quantity model to automatically overlay and
analyze the spatial geographic data, and completed
the evaluation of geological hazard susceptibility. In
addition, with the development of intelligent technology in recent years, artificial neural network and
other technologies have been gradually applied in
the research process of geological hazards. Bui et al.
[20] explored the application of artificial neural network in landslide sensitivity evaluation in Heping
Province, Vietnam, and compared the prediction accuracy of Levenberg-Marquardt and Bayesian regularization network models. Conforti et al. [21] evaluated the landslide susceptibility of Turbolo River
Basin in northern Calabria, Italy, based on artificial
neural network. By combining BP neural network
with GIS technology, Wu et al. [22] established a
prediction model of collapse and landslide susceptibility, and verified the application potential of BP
neural network in geological hazard sensitivity evaluation.
The previous studies only combined a single
mathematical model with GIS technology to study
the susceptibility of geological hazards in different
areas. In order to pursue higher precision and accuracy, scholars also explored the coupling effect of
different models, and developed a variety of coupling models based on GIS [23-28]. Combined with
information model and logistic regression model, we
established an evaluation model of geological hazard
susceptibility, to quantitatively analyze the sensitivity of geological hazards, based on GIS technology.
By analyzing the formation conditions, distribution
law and evolution characteristics of geological hazards, we divided the zoning of geological hazard susceptibility. The model can clarify the role of each
evaluation factor, screen out the control factors of
geological hazards, and objectively and accurately
evaluate the susceptibility of geological hazards in
loess disaster areas, which can provide basic geological data for the prevention and control of geological
hazards in loess disasters.

target area by probability superposition, and then establishes the relevant analysis and evaluation model.
In the information quantity model, the information
quantity value of the evaluation factor is calculated
through the regional area in the target area, the total
number of geological hazards and the relevant parameters including the evaluation factor. After superposition, the information quantity value of an evaluation unit in the target area is obtained.
(2) Logistic regression model. Logical regression model is one of the common statistical methods
for binary dependent variable problems. Its essence
is a multivariate analysis method combining logical
function with linear regression [26]. In the study of
geological hazards, the binary dependent variables
of this method are the occurrence of geological hazards (represented by "1") and the non occurrence of
geological hazards (represented by "0"), while the
independent variable is the index value of various
evaluation factors leading to geological hazards.Relative to the dependent variable, whether the independent variable is continuous is not limited, that is,
it can be continuous or classified. When evaluating
the susceptibility of geological hazards, the geological hazards of this model satisfy the probability of
geological hazard occurrence.
Regional overview. The target area is located
in the eastern part of Ningxia Hui Autonomous Region, belonging to the border area of Inner Mongolia,
Gansu, Shaanxi and Ningxia. The total area is about
6,758 km2, accounting for 12.90% of the total area.
The topography of this region is complex. The overall terrain is high in the south and low in the north,
and lower on both sides of the east and west than in
the middle. Local areas have large fluctuations, and
the altitude is basically higher than 1,300 m and
lower than 1,900 m, which are distributed in three
geomorphic units: loess hills, low hills and gentle
slopes. The target area is located in the western margin of Ordos platform, developed lane-Aselang fault,
Cenozoic strata are widely distributed. The water
system in this area is developed. The north belongs
to inland river basin, the southwest belongs to
Kushui river system, and the southeast belongs to
Jinghe river system. The rock mass is divided into
carbonate rock and debris rock. The soil has three
types: sandy soil, gravel soil and loess soil, and
sandy soil is widely distributed throughout the country. In general, the economic activities of human engineering in this area are strong, and there are problems such as land desertification, soil erosion and
mineral exploitation. The potential inducing factors
of geological hazards are increasing.
The main geological hazards in the target area
include landslide, collapse, debris flow and surface
collapse, as shown in Figure 1. According to the detailed survey data of geological hazards, the geolog-

MATERIALS AND METHODS
Methods. (1) Information quantity method.
Due to the characteristics of simple principle, easy
modeling and ideal effect, the information method
has been widely recognized and applied in disaster
susceptibility assessment [27]. Based on information
theory, this method obtains the information content
of each evaluation factor of geological hazards in the
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ical hazards in the area are mainly landslides and collapses, with relatively few debris flows and surface
collapses. There are 235 geological hazards (Figure
2), including 127 collapses, 85 collapses, 20 debris
flows and 3 surface collapses. Most landslides and
collapses in the target area belong to loess, including
87 loess landslides and 80 loess collapses, accounting for about 70% of the total number of geological
hazards. The scale of geological hazards is mainly
small and medium-sized, and there are only 4 large
landslides, causing relatively small harm. Geological
hazards are mostly concentrated in areas with poor
geological conditions in the southwest.

in the target area, the interval is divided into 8 grades
with a gradient of 5°. After the gradient is greater
than 35°, it is classified into one grade, and the slope
of geological hazard points is mainly between 5° and
30°. Vegetation cover plays a positive role in restraining geological hazards. In this paper, the vegetation index of the target area is divided into five
grades, including 0~0.1, 0.1~0.2, 0.2~0.3, 0.3~0.4
and >0.4. The vegetation index of geological hazard
points is mainly 0.1~0.3. According to the characteristics of stratigraphic types, the strata are divided
into 10 categories, such as Holocene, Pleistocene
and Neogene, and the geological hazards mainly occur in Pleistocene. According to the distance between disaster points and rivers and roads, these two
evaluation factors are divided into six and five
grades at the interval of 200 m and 100 m, respectively.

RESULTS AND DISCUSSION
Selection and grading of evaluation factors.
According to the development characteristics and
temporal and spatial distribution law of geological
hazards in the target area, the effect of each influencing factor on disaster events is fully analyzed, and
with reference to the experience of previous scholars,
seven evaluation factors are finally determined: elevation, slope aspect, slope, vegetation index, stratum,
river and road. Taking into account the characteristics of each evaluation factor, it is classified, and the
relationship between the number of geological hazards in the region and each evaluation factor is obtained. Figure 3 shows the classification results of elevation, slope aspect, slope and other evaluation factors: according to the terrain of the target area, the
elevation is divided into six grades at an interval of
100 m. The altitude of geological hazard points is
mainly 1,400 m~1,500 m, 1,500 m~1,600 m and
1,600 m~1,700 m. According to the angle characteristics in the target area, the slope aspect is divided
into 9 grades: plane, north, northeast and east. The
geological hazard points mainly occur in the south
and north; According to the law of each slope section

FIGURE 1
Distribution of geological hazards
in the target area

FIGURE 2
Statistics of geological hazards in the target area
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FIGURE 3
Relationship between geological hazards and evaluation factors
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within 1km of the corresponding geological hazard
points. Therefore, a total of 470 sample data are imported into SPSS software, and the results shown in
Table 1 are obtained through binary logistic regression statistical analysis. In the process of analysis,
the significance value of slope aspect is 0.150, which
is greater than the critical value of 0.05. This evaluation factor has no statistical significance, so it is regarded as an invalid factor to be eliminated and
washed for statistical analysis to obtain the final results (Table 1). The final regression model can be obtained by substituting the regression coefficients and
constants of the remaining six evaluation factors
such as elevation, slope and vegetation index. The
results show that the regression coefficient of rivers
is the largest, which plays a major role in geological
hazards, which is consistent with the results of information model. The contribution of vegetation index
increases, and the stratum plays a negative role in the
model.

Evaluation results of information quantity
method. According to the samples of all geological
hazard points in the target area, eight evaluation factors such as elevation, slope aspect and slope are
summarized and analyzed, and the information value
of each level of evaluation factor is calculated by the
information quantity model. The details are as follows: the information values of elevation from low
to high are -1.25, -0.32, 0.11, 1.16, 0.67 and -0.15.
The information values at all levels of slope aspect
from flat to northwest are -0.04, 0.81, 0.12, -0.64, 0.06, 0.17, -0.60, -1.13 and -0.06. The information
values of slope from low to high are -2.56, 0.29, 0.35,
1.90, 1.59, 2.68, 1.03 and 1.35. The information values of vegetation index from low to high are -1.14, 0.07, 0.16, 0.55 and 0.20. The information values
from the new formation to the old formation are 2.16, 0.46, 0.43, -1.70, 0.93, 0, 0, 0, 0. The information values of the distance from the river from
near to far are 3.14, 1.90, 0.70, 0.88, -0.03 and -1.65.
The information values of the distance from the road
from near to far are 0.45, 0.23, 0.80, 0.89 and -0.06.
The results show that rivers and slopes have the
greatest impact on geological hazards, followed by
the control of elevation, and the effects of slope aspect, vegetation index, stratum and road are the
weakest. geological hazards in the target area mainly
occur in areas close to the river, and rarely occur after more than 200 m. The increase of slope has a positive correlation with the number of disasters, and the
larger slope may have a certain role in promoting the
occurrence of geological hazards. geological hazards
mainly occur in the middle elevation range, and disasters rarely occur at higher or lower elevations. The
main geological hazards are concentrated in the
south and north directions, which are also applicable
to strata (mainly in Pleistocene) and roads (areas far
from roads).

Susceptibility evaluation results. According
to the results of logistic regression evaluation, the
probability of geological hazards in the target area is
calculated by the final regression model. Furthermore, according to the results of the probability of
geological hazard susceptibility, the target area is divided into four grade areas by the natural discontinuity method, including extremely low-prone area,
low-prone area, medium-prone area and high-prone
area, as shown in Figure 4. According to the statistics
of different levels of regions, the area of extremely
low-prone area is the largest, reaching 4,107.82 km2,
accounting for 60.79% of the total area of the target
area. The areas of low and medium-prone areas are
1,584.30 km2 and 766.2 km2 respectively. The area
of high-prone area accounts for 4.43% of the total
area, indicating that the occurrence place of geological hazards is relatively concentrated; details are
shown in Table 2. The distribution of geological hazard points in different levels shows a positive correlation that the higher the susceptibility level is, the
greater the density of disaster points is. Therefore, it
shows that the information method and logistic regression model based on GIS technology are more
reasonable for the evaluation of geological hazard
susceptibility in the target area.

Evaluation results of logistic regression. According to the evaluation results of the information
method, the information value of each evaluation
factor is taken as the independent variable in the logistic regression model. In this paper, 235 geological
hazard points and the same number of non geological
hazard points in the region are selected as training
samples. It is worth noting that the selection of non
geological hazard points is random, but it needs to be

Evaluation factor
Altitude
Slope
vegetation index
Stratum
rivers
Road
Constant

TABLE 1
Results of logistic regression analysis
Chi square
Regression coefficient
Standard error
value
0.451
0.148
5.433
0.432
0.045
37.564
0.966
0.446
7.156
0.665
9.686
1.907
1.706
0.655
8.735
0.955
0.265
10.873
1.244
0.322
14.363
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Freedom

Significance

1
1
1
1
1
1
1

0.040
0.000
0.005
0.004
0.002
0.001
0.000
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TABLE 2
Regional statistics of geological hazard susceptibility in the target area
Susceptibility
level
Extremely low
Low
Medium
High

Area/km2

Proportion/%

Hazard zones

Proportion/%

4,099.42
1,595.38
776.10
287.10

60.67
23.61
11.48
4.25

6
32
71
126

2.55
13.62
30.21
53.62

Disaster
density
0.001
0.020
0.091
0.439

model, that is, the evaluation factor river plays a controlling role in the occurrence of geological hazards.
In addition, a small number of high-prone areas and
most medium-prone areas are located in the mountainous area of the target area, which are affected by
multiple evaluation factors such as elevation, slope,
vegetation index and so on. The target area is dry and
rainy throughout the year, and the annual average
precipitation is only 200-500 mm, which is concentrated in summer. Therefore, the susceptibility evaluation of geological hazards in the river area is in the
medium-prone area level.
Verification of evaluation accuracy. In this
paper, the widely used ROC curve is selected as the
accuracy verification method of geological hazard
susceptibility evaluation results to verify the effectiveness of the geological hazard coupling model established. The area under the ROC curve is generally
represented by AUC (area under the curve), with a
range of 0.5~1. The larger the value, the higher the
degree of fitting. Figure 5 shows the ROC curve verification results of the geological hazard susceptibility evaluation model. The AUC value is 0.855, close
to the upper limit value 1, indicating that the combination of information method and logical regression
method can objectively and accurately evaluate the
susceptibility of geological hazards in loess disaster
areas.

FIGURE 4
Evaluation results of geological hazard susceptibility in the target area

CONCLUSIONS
(1) The target area is prone to loess geological
hazards, mainly loess landslide and loess collapse.
Considering the characteristics of geological hazards
in the region, seven factors such as elevation, slope
aspect, slope, vegetation index, strata, rivers and
roads are selected as evaluation factors in this paper.
The information model and logistic regression model
are combined to establish the evaluation model of
geological hazard susceptibility, and finally the evaluation of geological hazard susceptibility in the target area is completed.
(2) Based on GIS technology, the information
value of each evaluation factor is obtained through
the information model, and it is clear that the river
and slope have the greatest impact on geological hazards. Through the logistic regression model, the
slope aspect factors without statistical significance
are kicked out, and the main contribution of the river

FIGURE 5
ROC curve of evaluation model
Figure 4 shows that the extremely low and lowprone areas occupy most of the scope, and are mainly
distributed in the hilly areas of the northern region.
The middle and high-prone areas occupy the loess
covered area in the south of the target area, corresponding to the geological hazards dominated by loess. Most of the high-prone areas are located in the
southwest of the target area near the river, which corresponds to the conclusion obtained from the analysis of information model and logistic regression
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is determined again. The target area is divided into
four grades: extremely low-prone area, low-prone
area, medium-prone area and high-prone area, accounting for 60.67%, 23.61%, 11.48% and 4.25% of
the total area of the target area respectively. The extremely low and low-prone areas are mainly distributed in the hilly areas in the north of the region, while
the medium and high-prone areas occupy the loess
covered area in the south of the target area.
(3) Through the verification of the evaluation
results by ROC curve, the AUC value is 0.855, which
is close to the upper limit value 1, indicating that the
combination of information method and logistic regression can objectively and accurately evaluate the
susceptibility of geological hazards in this loess disaster area. It is suitable for geological hazard research in this target area and can be used as an important basis for subsequent risk and risk evaluation.

[8] Jiang, W., Lei, D., Chen, L., Wu, J., Jing, L.
(2019) Risk assessment and validation of flood
disaster based on fuzzy mathematics. Progress
in Natural Science. 19(10), 1419-1425.
[9] Wang, W., Li, Y., Zhou, Y. (2019) Risk assessment of mountain floods disaster in Shennongjia
village based on GIS and fuzzy mathematics.
Hubei Agricultural Sciences. 58(9), 37-42.
[10] Phukon, P., Chetia, D., Das, P. (2012) Landslide
susceptibility assessment in the Guwahati City,
Assam using analytic hierarchy process (AHP)
and geographic information system (GIS). International Journal of Computer Applications in
Engineering Sciences. 12(1), 301-306.
[11] Kumar, R., Anbalagan, R. (2016) Landslide susceptibility mapping using analytical hierarchy
process (AHP) in Tehri Reservoir Rim Region,
Uttarakhand. Journal Geological Society of India. 8(7), 271-286.
[12] Wang, L., Zhang, J., Zhang, R. (2018) Research
on geological hazards exploitation based on GIS
comprehensive evaluation method. Energy and
Environmental Protection. 40(6), 76-81.
[13] Xu, C., Xu, X., Dai, F., Wu, Z., He, H., Shi, F.,
Wu, X., Xu, S. (2013) Application of an incomplete landslide inventory, logistic regression
model and its validation for landslide susceptibility mapping related to the May 12, 2008 Wenchuan earthquake of China. Natural Hazards.
68(2), 883-900.
[14] Feng, C., Liu, R., Guo, C. (2013) Research of
landslide susceptibility after the Lushan earthquake based on logistic regression model. Journal of Chengdu University of Technology. 40(3),
282-287.
[15] Talaei, R. (2014) Landslide susceptibility zonation mapping using logistic regression and its
validation in Hashtchin Region, northwest of
Iran. Journal Geological Society of India. 84(1),
68-86.
[16] Hemasinghe, H., Rangali, R., Deshapriya N.L.,
Samarakoon, L. (2018) Landslide susceptibility
mapping using logistic regression model (a case
study in Badulla District, Sri Lanka). Procedia
Engineering. 212(11), 1046-1053.
[17] Tan, Y., Guo, D., Bai, B., Xu, B. (2015) Geological hazard risk assessment based on information quantity model in fuling district, Chongqing City, China. Journal of Geo-information
Science. 17(12), 1554-1562.
[18] Wang, L., Wu, J., Zhao, B., Yao, Z., Zhang, L.
(2020) Susceptibility assessment of geohazards
in Chizhou City of Anhui Province based on
GIS and informative model. Journal of Geological Hazard and Control. 31(3), 96-103.
[19] Ma, Z., Tan, G., Ji, X. (2021) Application of information quantity method based on GIS in
evaluation of geological hazards susceptibility
in Jiuwanxi Basin. Resources Environment &
Engineering. 35(5), 667-673.

ACKNOWLEDGEMENTS
We thank all those who contributed to this paper.

REFERENCES
[1] Xiang, A., Ding, J., Meng, Q., Chu, N., Li, G.
(2015) Assessment of geo-hazard susceptibility
based on GIS technique in Miyun county, Beijing. Mineral Exploration. 6(3), 324-328.
[2] Degg, M. (1992) Natural disasters: recent trends
and future prospects. Geography. 77(3), 198209.
[3] Zhou, J., Wang, L., Xie, B., Fei, S. (2012) A
study on the early-warning technique concerning debris flow disasters. Journal of Geographical Sciences. 12(3), 363-370.
[4] Li, F., Ma, A., Ding, Y., Jiao, J., Liu, L. (2010)
Application of RS and GIS to the risk evaluation
of geological hazards: a case study on Qingdao
Laoshan district. Periodical of Ocean University
of China. 40(6), 47-52.
[5] Yang, T., Tang, C., Qi, X. (2019) Evaluation on
geological hazards triggered by the 5.12 Wenchuan earthquake based on GIS technology-A
case study in Anxian county of Sichuan province. Journal of Catastrophology. 24(4), 68-72.
[6] Gupta, R.P., Joshi, B.C. (1990) Landslide hazard
zoning using the GIS approach-A case study
from the Ramganga catchment, Himalayas. Engineering Geology. 28(9), 119-131.
[7] Mejia-Navarro, M., Wohl, E. (1994) Geological
hazard and risk evaluation using GIS: methodology and model geologists: applied to Medellin
Colombia. Environmental and Engineering Geoscience. 31(4), 459-481.

10714

© by PSP

Volume 31– No. 11/2022 pages 10708-10715

Fresenius Environmental Bulletin

[20] Bui, D.T., Pradhan, B., Lofman, O., Rechaug, I.,
Dick, O.B. (2012) Landslide susceptibility assessment in the Hoa Binh province of Vietnam:
A comparison of the Levenberg-Marquardt and
Bayesian regularized neural networks. Geomorphology. 172(3), 12-29.
[21] Conforti, M., Pascale, S., Robustelli, G., Sdao,
F. (2014) Evaluation of prediction capability of
the artificial neural networks for mapping landslide susceptibility in the Turbolo River catchment (northern Calabria, Italy). Catena. 11(3),
236-250.
[22] Wu, J., Jiang, S., Wu, Q., Li, H., Qiu, E. (2021)
Landslide geological hazard vulnerability evaluation based on GIS and BP neural network. Resource Information and Engineering. 36(4),
100-104.
[23] 0DUMDQRYLü 0 .RYDþHYLü 0 %DMDW %
9RåHQtOHN9  Landslide susceptibility assessment using SVM machine learning algorithm. Engineering Geology. 123(3), 225-234.
[24] Althuwaynee, O.F., Pradhan, B., Park, H.J., Lee,
J.H. (2014) A novel ensemble bivariate statistical evidential belief function with knowledgebased analytical hierarchy process and multivariate statistical logistic regression for landslide
susceptibility mapping. Catena. 114(1), 21-36.
[25] Fan, Z., Gou, X., Qin, M., Fan, Q., Yu, J., Zhao,
J. (2018) Information and logistic regression
models based coupling analysis for susceptibility of geological hazards. Geological Hazards.
26(2), 340-347.
[26] Zhang, X., Zhou, P., Zhang, K., Zhang, X., Liu,
B., Deng, H. (2021) Evaluation method of geological hazard susceptibility: A case study on
GIS and CF-Logistic regression model in
Huangzhong, Qinghai. Sedimentary Geology
and Tethyan Geology. 5(9), 71-80.
[27] Yao, J., Ren, T., Zhai, X., Yuan, Y., Du, G. (2021)
Geological hazard susceptibility assessment
based on GIS and weighted information value
model in Pingshan County. Journal of Hebei
GEO University. 44(3), 47-53.
[28] Zhang, Q., Hou, X., Ma, L., Qian, J. (2021)
Evaluation of the susceptibility of geological
hazards in Tongcheng City based on GIS and
IIVM. Journal of Hefei University of Technology. 44(7), 958-964.

Received:
Accepted:

15.03.2022
23.09.2022

CORRESPONDING AUTHOR
Zhenming He
School of Geosciences,
Yangtze University,
Wuhan, Hubei 430100 – China
e-mail:

10715

sunjian9@126.com

© by PSP

Volume 31– No. 11/2022 pages 10716-10728

Fresenius Environmental Bulletin

STUDY ON THE DEVELOPMENT LAW OF VUGGY
RESERVOIR UNDER EVAPORATION ENVIRONMENT IN
THE MIDDLE OF ORDOS BASIN
Yaqin Zhang1,*, Yun Li1,2, Zhaoping Yang3, Yang Jiang1, Ying Chang1
1
Northwest University, Xi'an, Shannxi 710069, China
Shaanxi Yanchang Petroleum Oil & Gas Exploration Co., Ltd., Yan'an, Shaanxi 716000, China
3
PetroChina Research Institute of Petroleum Exploration & Development-Northwest, Lanzhou, Gansu 730020, China
2

ally believed that the rock types of Majiagou Formation are diverse, including micritic dolomite, gypsum-bearing dolomite, residual fine-coarse grain dolomite and karst formation rock. The reservoir rocks
are mainly composed of argillaceous dolomite and
grain dolomite containing anhydrite nodules or columnar crystals [4, 5]. After years of weathering and
denudation, Ma-56-10 stratum has been subjected to
strong multi-stage karst superposition transformation and recrystallization. The macro and micro
characteristics of various lithology have been destroyed to varying degrees, and the original rock
structure is difficult to identify. Therefore, most of
the existing studies have problems such as rough
classification of rock types, unclear understanding of
protolith and reservoir rock types, and no detailed
analysis of various rock sedimentary environments.
Diagenesis related to the formation of carbonate reservoirs is usually divided into "constructive" and "ring breaking", and the development models of various types of carbonate reservoirs are established [6-9]. With the deepening of oil and gas exploration and the continuous improvement of the requirements for the description of reservoir heterogeneity, the research on diagenesis is is gradually developing from qualitative to quantitative. Its research
means and methods have also been gradually improved. A large number of studies in recent years
show that the relationship between carbonate reservoir diagenesis and reservoir pore development is
quite complex. The same diagenesis may show obvious differences in reservoir development and preservation under different conditions. Lucia et al. [10-12]
proposed that dolomitization is not necessarily "constructive", and that it might have an indirect effect on
reservoirs. It is mainly manifested in that after dolomitization, dolomite has stronger compressive capacity than limestone, so it is easier to preserve pores.
Melzer et al. [13, 14] thought that cementation does
not necessarily have only "ring breaking", some
early submarine cements, atmospheric freshwater
and other thick rim cementation and early self-mica
cementation also showed some inhibition of compaction and pressure dissolution, which is beneficial
to the preservation of some primary pores and early
secondary pores. Therefore, in the study of carbonate

ABSTRACT
In this study, by taking Ma-56-10 in the middle
of Ordos Basin as an example, we investigate the formation and preservation mechanism of vuggy reservoir under evaporation environment. The relevant
physical parameters are analyzed through core thin
section test and geochemical analysis. The experimental results show that Ma-56-10 develops the vuggy
reservoir of beach facies, develops a large number of
granular beaches and microbial hill deposits, and is
generally subjected to the quasi-syngenetic exposure
and dissolution modification. Granular beach reservoirs have obvious diagenetic differentiation in the
diagenesis process, which leads to the obvious heterogeneity characteristics of reservoir inside the single
beach body. It is found that the reservoir is mainly
composed of intergranular (dissolved) pore type
grain dolomite, intergranular (internal) dissolved
pore type granular dolomite reservoir, pane pore type
microbial rock reservoir and locally developed cave
reservoir, which has obvious horizon. The porosity
and permeability correlation of granular dolomite
and grain dolomite reservoir are good. Geochemical
characteristics show that the į18O of the two types of
dolomites are significantly different, showing that
the į18O of grain dolomite is significantly lower than
that of granular dolomite. The Mn/Sr ratios of all test
samples are all less than 1, indicating that the alteration degree of dolomite samples in the diagenesis
process is weak.

KEYWORDS:
Ordos Basin, vuggy reservoir, Ma-56-10 member, reservoir
characteristics, development law, evaporation environment

INTRODUCTION
The Ordovician carbonate rocks in Ordos Basin
are rich in oil and gas resources. The diagenesis of
carbonate rocks plays a vital role in the evolution and
transformation of reservoir pores [1-3]. It is gener-
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diagenesis, we should not judge the "constructive" or
"ring breaking" only by the type of diagenesis, but
also make a comprehensive analysis in combination
with the diagenetic environment, diagenetic fluid
properties and even the properties of reservoir pore
media under specific geological conditions. Zhang et
al. [15] found that in the complex diagenetic evolution process of carbonate rocks, only "constructive"
and "ring breaking" can not completely summarize
the impact of diagenesis on reservoirs, and some diagenesis may show more retention under specific diagenetic environment, it is also of great significance
for the formation and preservation of reservoirs.
Budd et al. [16] found that rock structure modification and conservation diagenesis mainly refers to the
maintenance or transformation of rock structure, so
that the rock stratum can more effectively inhibit
compaction and pressure dissolution and is conducive to the preservation of pores. Liu et al. [17] proposed that the formation pressure modification and
conservation diagenesis is mainly due to the preservation of pre-existing pores by overpressure caused
by oil fracturing. On the one hand, overpressure can
increase the solubility of acidic gases such as CO2
and H2S in formation water and enhance the corrosion of formation water. On the other hand, the overpressure formed can also support secondary pores
and inhibit compaction and pressure dissolution. At
the same time, when the overpressure reaches a certain degree, it will produce micro-fractures, connect
the reservoir pores and improve the reservoir properties. Xia et al. [18, 19] indicated that various physical and chemical activities of diagenetic fluids directly controlled the development and preservation
of reservoir space to a large extent. The reservoir
space system itself also has a great influence on the
physical and chemical activities of diagenetic geological fluids. For example, the thickness difference
of beach body leads to the differentiation of compaction effect and diagenetic cementation in granular
beach reservoirs in different parts.
Based on the data of Ma-56-10 reservoir (vuggy
reservoir) in the middle of Ordos Basin, we carried
out core observation and description, thin section
identification, geochemical test to explore the basic
characteristics of the reservoir, and systematically
analyzed the reservoir evolution and its control factors in combination with the sedimentary environment, paleokarst stages and characteristics of the
area. The results can provide a basis for deepening
the study of paleoenvironment and reservoir rocks.

MATERIALS AND METHODS
Regional overview. Previous studies have
shown that the Ordos Basin was in the near-equatorial low-latitude arid climate zone during the Ordovician period [20-23]. At the same time, the ancient
land and uplift around the basin also formed a trend
around the sedimentary area in the middle and east
of the basin. Affected by this, the Ordovician Majiagou Formation in Ordos Basin was in a semi-closed
epicontinental sea environment. Affected by this, the
sedimentary period of Ordovician Majiagou Formation in Ordos Basin was in a semi-closed surface
sea environment as a whole [24, 25]. Multiple sets of
cyclic interbedded deposits composed of gypsumcarbonate rocks are developed in Ma-56-10, and a
good source-reservoir-cap assemblage is also
formed. The Ordovician Ma-56-10 strata in the central
Ordos Basin are divided as shown in Table 1.
It can be seen that the Ma-510 submember is the
initial regressive deposition after the Ma-4 member
(mainly limestone deposition), and the thickness of
strata in the study area is 20~40m. The lithology is
mainly micrite dolomite, gypsum dolomite and argillaceous dolomite. The submember of Ma-59 is a secondary transgression sedimentary under the background of overall regression. The sedimentary environment is open and the energy is relatively strong.
It is characterized by the development of quasi-facies sedimentary and has good reservoir properties.
The main lithology is powder-fine dolomite and argillaceous dolomite below it. The overall sedimentary environment of Ma-58 submember is similar to
that of Ma-510 submember. It is dominated by limited
evaporation lagoon and microbial mound, and a
small amount of granular beach deposits are seen locally. The lithology is dominated by laminated cloud
gypsum rock, mud silty dolomite and various microbial rocks, with a stratum thickness of 25~35m. Ma57 member is dominated by a large number of highenergy granular beach or microbial mound deposits,
with a stratum thickness of 15~25m, and usually
shows the repeated superposition of several sets of
upward shallowing cycles in the longitudinal direction, which is also the main reservoir position in the
study area. The lithology of Ma-56 member is mainly
thick gypsum salt rock, argillaceous silty dolomite
and argillaceous dolomite. The stratum thickness is
large, ranging from 60 to 140m.

TABLE 1
Division of Ordovician Ma-56-10 strata in central Ordos Basin
Sub segment
Ma-56
Ma-57
Ma-58
Ma-59
Ma-510

Main lithology
Gypsum salt layer, mud silty dolomite, argillaceous dolomite
Fine silty dolomite, arenaceous dolomite, oolitic dolomite and microbial rock
Gypsum dolomite, mud powder crystal dolomite and microbial rock
Silty fine-grained dolomite and micritic dolomite
Argillaceous silty dolomite, argillaceous dolomite and gypsum dolomite
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Thickness
60~140m
51~25m
25~35m
15~25m
20~40m
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Materials. The rock samples used in this study
are taken from 20 wells in central Ordos, such as Tao
17 well, Tao 38 well, Jin 2 well, Jin 4 well and Jintan
1 well, and 20 typical samples are selected. The rock
used for casting thin section experiment is taken
from 3674.77 m and 3694.57 m of Jintan 1 well, and
3782.39 m and 3783.18 m of Tao 17 well. The rocks
used for capillary pressure are taken from 3590.25 m
of Jin 2 well and 3688.80 m of Jin 4 well. The cores
used for geochemical test experiments are taken
from 3586.75 m, 3686.36 m, 3992.68 m and 4214.46
m of Tao 38 well.

granular (dissolved) pore type grain dolomite, intergranular (internal) dissolved pore type granular dolomite reservoir, pane pore type microbial rock reservoir and locally developed cave reservoir.
(1) Intergranular (dissolved) pore type grain
dolomite reservoir. It is mainly developed in the
powder-fine crystalline dolomite of granular beach
facies in Ma-57 and Ma-59 submembers. The core is
usually characterized by typical flower-spot dissolution, and a large number of pinholes are developed.
It can be seen from Figure 1 that dolomite has large
grains and high degree of automorphism, from point
contact to overlapping contact, and the particle size
distribution range is 0.05~0.2mm. The intergranular
pores are mostly irregular serrated, with pore sizes
ranging from 0.05 to 0.5mm, and the face rate is 5%10%. The harbor-like characteristics of a small number of pore edges can be seen locally, which is caused
by burial dissolution in the later stage. This kind of
reservoir has the highest development frequency and
good reservoir performance in the study area, which
is the main reservoir type in the study area.
(2) Intergranular (internal) dissolved pore
type granular dolomite reservoir. It is mainly developed at the top of Ma-57 submember and local intervals of Ma-56 submember. The rock type is mainly
oolitic dolomite, as shown in Figure 2. Oolitic dolomite reservoir has good physical properties. A large
number of dissolved pores are developed between
and within the oolitic particles. The face rate is
8%~12%, and the oolitic particle size is large,
0.3~0.6 mm. They point to contact with each other,
and the sorting grinding circle is good. The edge of
some oolitic particles has clear mud crystal sleeve
structure, and the edentulous cements are common
between oolitic grains. The reservoir has a low development frequency in the study area. It is usually
located in the upper part of grain dolomite reservoir,
and the overall reservoir performance is general.
(3) Pane pore type microbial rock reservoir.
The reservoir is mainly dominated by the development of algal tuff dolomite, as shown in Figure 3. It
is mainly formed by benthic microbial communities
such as cyanobacteria and sulfate-reducing bacteria
(SRB) by capturing and binding the clastic sediments in seawater or by organic mineralization related to microbial activities. Among them, the agglomerated dolomite is characterized by dark gray to
dark brown massive in macroscopic view, and it can
be obviously observed under the microscope that it
is composed of dark agglomerate structural components. Most of the cement blocks are filled with fine
crystalline dolomite or a small amount of gypsum cement, and some cements form a large number of
pane pores after early dissolution, which has good
reservoir significance. The face rate is 3%~5%,
which is produced with various types of granular
beaches. It is a new type of reservoir that cannot be
ignored in the study area.

Methods. Taking the Ma-56-10 vuggy reservoir
in central Ordos Basin as an example, the core, thin
section data, physical property analysis and related
geochemical analysis test data are comprehensively
used. Based on the related theories of carbonate sedimentology, rock mineralogy geochemistry and fluid
chemistry, the macro and micro combination is
adopted, and the corresponding modern rock and
mineral testing technology, geochemical analysis
and fluid chemistry theory are matched. Based on the
identification of reservoir development environment,
reservoir type and main diagenesis, the influence of
karstification and dolomitization on reservoir development and pore preservation is emphatically expounded. Combined with the theory of diagenetic
fluid properties, diagenetic environment and fluid
chemistry in the study area, the control of diagenetic
differentiation on reservoir rock structure and pore
preservation difference is explored, and the pore
evolution law and reservoir heterogeneity characteristics of vuggy reservoirs related to evaporation environment are comprehensively analyzed.

RESULTS AND DISCUSSION
Petrological characteristics. Through systematic core observation and microscopic thin section
identification of 26 coring wells in the central part of
the basin, it is found that typical vuggy reservoirs are
developed in Ma-56-10 submember in the study area,
which are mainly distributed in Ma-57 and Ma-59
submembers, and have diverse reservoir rock types
and reservoir space types. The former includes powder-fine grained dolomite, oolitic dolomite, lithic dolomite, agglomerated dolomite and laminated dolomite. The reservoir space types are mainly intergranular (dissolved) pores, intergranular (dissolved)
pores, intragranular dissolved pores, pane pores and
some small caves, and the reservoir performance is
excellent. It is the main object of oil and gas exploration in the central gas field of Ordos Basin. According to the configuration relationship of each reservoir rock and its reservoir space, Ma-56-10 in the
study area is divided into four reservoir types: Inter-
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FIGURE 1
Macroscopic and microscopic characteristics of intergranular pore type

FIGURE 2
Macroscopic and microscopic characteristics of intergranular dissolved pore type

FIGURE 3
Macroscopic and microscopic characteristics of pane pore type microbial rock reservoir
(4) Cave reservoir. It is mainly developed in the
micro-facies of high-energy granular beach and microbial mound in the platform, which is formed by
local collapse due to early strong exposure and dissolution. It can be seen from the core in Figure 4 that
the pore size is 2-20mm, mostly irregular cystic. In
addition, some small caves are often filled by various
types of collapse breccias, discrete carbonate sands
and mud-powder crystalline dolomites. Locally, the
top and bottom structures are formed by filling the
lower seepage silt, the upper middle-coarse crystalline dolomite or calcite cement. The formation of this
kind of reservoir is actually formed by further dissolution and expansion of particles, matrix and cement
by karst water on the basis of intergranular (dissolved) pores. The frequency of development in the

study area is general, but the porosity and permeability are excellent, the face rate can reach 8%~15%,
and the overall reservoir significance is good.
Vertical development law of reservoir.
Through a large number of systematic core observation and physical property analysis, it is shown that
the distribution of vuggy reservoirs dominated by
grain beaches and microbial hills in Ma-56-10 in the
study area has obvious horizon, mainly developed in
Ma-57 and Ma-59 submembers, and also developed
in some parts of Ma-56 submembers in the southwest
of the work area near paleo-uplift in the center of basin, but the reservoir scale and quality are worse than
those of the former. At the same time, combined with
the research practice of carbonate reservoir in Ordos
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basin, it is defined as thin reservoir. In the vertical
direction, it is manifested as the frequent superposition of multiple sets of thin-layer beach reservoirs,
with large cumulative thickness and good overall
reservoir performance.

only a small amount of intragranular dissolved pores
(Figure 5) are residual, which greatly reduces the porosity and permeability of this kind of granular dolomite reservoir. The grained dolomite reservoir developed in the beach core after strong burial recrystallization is significantly better than the former. Intercrystalline (dissolved) pores are the main reservoir
space. In addition to the typical late-stage hydrothermal mineral cementation filling characteristics in the
Ma-59 submember of the local well area, the overall
pore space is well preserved, the crystal structure of
dolomite is clear and complete, and the cemented
filling minerals are extremely rare, as shown in Figure 6.

Differences in pore structure and preservation of reservoir rocks. The intergranular (internal)
dissolved pores are the main reservoir space of dolomite reservoir with granular structure mainly distributed in the edge of the beach. Based on a large number of thin section observation, it is found that although the granular support structure of this kind of
reservoir is well preserved, most of the intergranular
pores are filled by gypsum, dolomite or calcite, and

FIGURE 4
Macroscopic and microscopic characteristics of cave-type beach reservoir

FIGRUE 5
Pore cementation filling characteristics of dolomite reservoir with granular structure

FIGURE 6
Pore cementation filling characteristics of dolomite reservoir with grain structure
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FIGURE 7
Histogram comparison of porosity distribution between two types of reservoirs

FIGURE 8
Porosity-permeability scatter plot of two types of reservoirs
At the same time, the physical property analysis
of the two types of reservoirs also found (Figure 7)
that the porosity of dolomite reservoir with granular
structure is mainly distributed between 2%~4%,
mostly less than 6%; The grain dolomite reservoir is
mainly distributed between 4%~10%, which is significantly higher than the former. The correlation between porosity and permeability of the two types of
reservoirs is good (Figure 8), indicating that they are
mainly vuggy reservoirs. In addition, the comparative analysis of capillary pressure curves of the two
typical reservoirs also shows that (Figure 9), grain
dolomite reservoir has better rock pore throat structure than granular dolomite reservoir, and its pore
distribution is more uniform, from small pores to
large pores, while the pore size distribution of the
latter is concentrated in the small pore range. In the
capillary pressure curve, the grain dolomite has significantly lower displacement pressure and median

pressure, and higher mercury removal efficiency, reflecting relatively better reservoir permeability.
C and O isotopes. On the basis of detailed petrological microscope identification, two types of
beach dolomite reservoirs with rock structure in the
study area were selected for whole rock C and O isotope analysis. It can be seen from Figure 10 that 32
grain (powder-fine grained) dolomite samples, į13C
range is -1.44%~0.73%, and the average value is į18O range is -8.89%~-5.73%, and the average value is -7.36%; For 12 granular dolomite samples, į13C range is -0.36%~1.60%, and the average
value is 0.71%, į18O range is -7.80%~6.12%, and the
average value is -7.08%. The C isotope of carbonate
rocks is mainly controlled by the fluid properties of
different carbon sources. The distribution range of
į13C of grain dolomite and granular dolomite is similar to that of seawater in the same period, indicating
that the original cloud fluid properties of the two
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types of dolomite reservoirs are similar, and are related to seawater or marine fluid in the same period.
The į13C values of some granular dolomites developed in the green part of the beach are higher than
that of the seawater at the same period. Considering
that this part of the samples are dominated by algalsand clastic dolomites, and the microbial structure
characteristics are obvious.Therefore, the relatively
high 13C is likely to be caused by the participation of
organic mineralization related to microbial metabolism during carbonate precipitation. Unlike C isotope, the O isotope composition in carbonate rocks
is a function of both fluid properties and temperature,
and is somewhat more sensitive to temperature [2628]. The difference of į18O between the two types of
dolomite in the study area is obvious, which shows
that the į18O of grain dolomite is significantly lower
than that of granular dolomite. At the same time,
combined with the petrological characteristics of
grain dolomite with obvious dolomite recrystallization, it is indicated that the grain dolomite experienced a stronger diagenetic fluid superposition transformation than the granular dolomite in the subsequent burial diagenesis under higher temperature
conditions.

Sr isotope. The experimental results of strontium isotope in two types of beach dolomite reservoirs with rock structures in the study area are shown
in Figure 11. It can be seen that 15 grain (powderfine grain) dolomite samples, 87Sr/86Sr ratio range
from 0.708682 to 0.712208, and the average value is
0.709462; 8 granular dolomite samples, 87Sr/86Sr ratio range from 0.708622 to 0.709179, with an average value of 0.708971. The 87Sr/86Sr ratio of granular
dolomite falls into the range of seawater value in the
same period of Middle Ordovician, indicating that its
initial clouding fluid is seawater in the same period
or related to marine fluid. The 87Sr/86Sr ratio of grain
dolomite is significantly higher than that of granular
dolomite and seawater value in the same period, indicating that grain dolomite is strongly affected by
radioactive 8Sr-rich diagenetic fluid during burial
process. Combined with a large number of previous
research results, the high 87Sr/86Sr ratio is likely to be
caused by the lateral migration of Mg2+-rich and radioactive 87Sr-rich compression-release fluids from
the basement of the paleo-uplift and the upper Carboniferous clastic rocks to the study area during the
burial period, which affects the transformation of
early sediments.

FIGURE 9
Typical capillary pressure curves and pore size distribution of two types of reservoirs
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FIGURE 10
Carbon-oxygen isotope intersection diagram of dolomites of two structural types

FIGURE 11
Distribution range of strontium isotope in two structural types of dolomite
Major and trace elements. One typical
grained dolomite and one grained dolomite sample
in the area were selected for in-situ microanalysis of
major and trace elements. The experimental results
of test elements are shown in Figure 12, it can be
seen that at 14 points of dot test for grain dolomite
samples, the distribution range of MgCO3 content is
43.24~44.84wt%, and the average value is
44.08wt%. The distribution range of CaCO3 content
is 53.93~56.1lwt%, and the average value is
55.12wt%. The distribution of Sr content is
62.49~94.35ppm, with an average of 79.92ppm. The
distribution of Na content is 1643~474.92ppm, with
an average of 325.94ppm. The distribution of Fe
content is 618.06~1497.30ppm, with an average
value of 910.81ppm. The distribution of Mn content
is 37.84~53.09ppm, with an average of 42.41ppm.

Mn/Sr ratio ranges from 0.41 to 0.85, with an average value of 0.54. There are 31 points of dot tests for
granular dolomite samples, and the distribution
range of MgCO3 content is 42.64~45.64wt%, with
an average value of 44.31wt%; The distribution
range of CaCO3 content is 49.89~54.32wt%, and the
average value is 53.02wt%; The distribution of Sr
content is 58.39~94.46pm, with an average value of
71.06ppm; The distribution of Na content is
102.09~162.57ppm, with an average of 126.23ppm;
The
distribution
of
Fe
content
is
871.67~2618.54ppm, with an average of
1378.65ppm; The distribution of Mn content is
43.83~59.16ppm, with an average of 48.96ppm; The
range of Mn/Sr ratio is 0.49~0.98, and the average
value is 0.70.
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FIGURE 12
The intersection diagram of main and trace elements of two structural types of dolomite
Through the test and analysis of major and trace
elements of quasi-facies dolomite reservoirs of two
structural types in the study area, it is found that the
Mn/Sr ratio of all test samples is small, less than 1
(Figure 12a), indicating that the alteration degree of
dolomite samples in the diagenetic process is weak,
and its geochemical characteristics can better reflect
the diagenetic environment and diagenetic fluid
properties. The ion radius of Sr element is
0.13~0.132nm, which is close to that of Ca ion of
0.099~0.118nm, but quite different from that of Mg
ion of 0.065~0.087nm. Therefore, it is generally believed that Sr can replace calcium in calcite or dolomite, and replace the main elements in the mineral
lattice, rather than Mg in dolomite [29, 30]. The Sr
content of grain dolomite is significantly higher than
that of granular dolomite (Figure 12b), which is con-

sistent with the continuous transformation characteristics of high salinity Sr-rich diagenetic fluid released from uplift basement and Carboniferous clastic rock during burial and dolomite recrystallization.
Similar to the Na content of granular dolomite in the
study area, while the Na content of grain dolomite is
much higher than that of granular dolomite (Figure
12c). It is likely that the continuous transformation
of high salinity diagenetic fluid during burial period
and the recrystallization of dolomite are different
from the elements directly reflecting the fluid properties of the former two. The content of Fe and Mn
in dolomite is more controlled by the redox degree
of diagenetic environment, rather than directly reflecting the corresponding absolute ionic strength in
diagenetic fluid. The Fe/Mn ratios of grained dolomite and granular dolomite are similar, and the Fe
content is much higher than that of Mn (Figure 12d).
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It indicates that the quasi-early percolating backflow
dolomitization of particles and the recrystallization
during burial are both in the reductive diagenetic environment. In addition, Fe and Mn elements are
strongly enriched in the open atmospheric hydrothermal environment. Therefore, the characteristics of
high Sr, low Fe and Mn of grain dolomite in the study
area mainly reflect a relatively closed diagenetic environment, which is consistent with the more intense
fluid transformation and recrystallization characteristics in the burial period. The characteristics of low
Sr, high Fe and Mn of granular dolomite reflect a relatively open diagenetic environment (Figure 12e and
f), which is consistent with the relatively early process of evaporation seawater infiltration and reflux
dolomitization.

of reservoir pore space, that is, it will gradually
evolve from the original intergranular pore to dolomite intergranular pore, but the distribution of this
kind of grain dolomite reservoir space is still obviously controlled by the original particle structure and
its pore space (Figure 13c). In addition, the continuous transformation of buried diagenetic fluid makes
dolomite grains proliferate and increase, and its rock
skeleton strength is also relatively enhanced, which
is conducive to the preservation of pore space. On
the contrary, for the granular dolomite at the grain
edge after early cementation and densification, its
main pore space has been cemented and filled and
disappeared, which can not provide sufficient activity space for the migration of buried diagenetic fluid
and the recrystallization growth of dolomite in the
later stage. Therefore, it is less affected by the diagenesis transformation in this stage, and its overall
rock structure and porosity and permeability are basically unchanged. On the whole, there is no difference in the initial material composition and rock
structure between granular dolomite and grain dolomite. However, due to the slight differences in sedimentary microfacies (beach core and beach margin)
and the strong evaporation environment in the early
diagenetic stage, there are obvious diagenetic differentiation and pore preservation differences in the
subsequent diagenetic evolution. And eventually
lead to the great differences in reservoir rock structure types and reservoir permeability between the
two.

Characteristics of reservoir pore structure.
A large number of core and geochemical characteristics show that the two types of dolomite reservoirs
with grain structure and granular structure have undergone significantly different diagenetic evolution
processes and obvious diagenetic differentiation after deposition, and their diagenetic fluid properties
and diagenetic environment are different, which
eventually leads to the great differences in reservoir
rock structure and reservoir performance. After early
large-scale dolomitization, the rock fabric inside a
single granular beach is relatively uniform, that is,
dolomite with granular structure (Figure 13a) and a
large number of primary intergranular pores or dissolution pores formed by short exposure and dissolution in the same period are preserved. Subsequently, the granular beach entered the quasi-contemporaneous-shallow burial stage. With the continuous development of strong evaporation, the salinity
of the water continued to increase, and a large number of high salinity evaporated brine returned downward. On the one hand, it was precipitated in the
form of gypsum and other evaporated rock minerals.
On the other hand, it was easy to enter the granular
beach along the periphery of the beach (Figure 13b),
and quickly cemented and precipitated in the intergranular pores around the granular beach. Therefore,
a large number of gypsum cements were produced to
fill the intergranular pores of granular dolomite [31].
Only a small amount of fine intergranular or intragranular pores were left locally, and the overall reservoir performance was greatly reduced. The influence of diagenetic fluid during burial on the dolomite
of Majiagou Formation is mainly manifested in the
superposition and transformation of the dolomite
reservoir in the core of granular beach with high porosity and permeability. On the one hand, the original
dolomite with granular structure continues to undergo new deformation and recrystallization, and
gradually evolves from granular structure to dolomite grain structure, resulting in obvious transformation of reservoir rock structure.
On the other hand, it will also change the type

CONCLUSIONS
(1) Typical pore type reservoirs are developed
in the study area, which are divided into four reservoir types: Intergranular (dissolved) pore type grain
dolomite, intergranular (internal) dissolved pore type
granular dolomite reservoir, pane pore type microbial rock reservoir and cave reservoir. The development scale and thickness of a single reservoir is
small, but it is frequently superimposed by multiple
sets of thin reservoirs vertically.
(2) In the background of the overall regression
and evaporation environment, the secondary relative
seaward period and the Ma-5 in the humid environment. The Qiutan reservoir is generally exposed and
corroded during the quasi-contemporaneous period,
forming a large number of dissolved pores, which is
the most fundamental reason for the development
and formation of vuggy reservoirs in the study area.
It determines that the porosity of the reservoir
changes with the rhythm of the high frequency sedimentary cycle and the most excellent characteristics
in the middle and upper parts of the cycle. It also lays
a more favorable condition for the further optimization, improvement and superimposed transformation
of the early high porosity and permeability layer by
the late diagenetic fluid.
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FIGURE 13
The rock structure and pore evolution diagram of the reservoir in the granular beach
(3) The reservoir heterogeneity in a single granular beach in the study area is significant, and there
is obvious diagenetic differentiation. During the
quasi-contemporaneous-shallow burial period, a
large number of high-salinity evaporated brine
formed by strong evaporation environment entered
the beach margin, which resulted in the obvious cementation filling effect. The pore permeability was
greatly reduced and gradually developed into a relatively dense layer, which was less affected by the
later buried fluid and the particle structure was well
preserved. The beach core is less affected by the
early cemented fluid, and a large number of reservoir
pores are preserved. In the burial period, as a highpermeability layer, it has become the main object of
the superposition transformation of buried fluid, and
its reservoir rock structure and pore type have
changed.
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INFLUENCE MECHANISM OF FARMLAND LANDSCAPE
HETEROGENEITY ON THE DIVERSITY OF POLLINATORS
IN THE AGRO PASTORAL ECOTONE OF NORTH CHINA
Xin Zhang, Yalu Wang, Ying Wu*, Zihao Zhang
School of Architecture and Art, Hebei University of Architecture, Zhangjiakou, Hebei 075000, China

non-agricultural habitats [1-4]. The improvement in
agricultural landscape heterogeneity plays a vital
role in the existence of biodiversity [5-8]. Therefore,
it is not only the key to the service function of the
agricultural ecosystem but also an important guarantee for sustainable development of agriculture and
the improvement in human well-being [9-12].
Species diversity, species ecosystem service
function evaluation and landscape type patch are important research contents of biodiversity in farmland
landscape abroad. The research focus of relevant domestic scholars is on the distribution law of species
diversity and the impact of species migration and
landscape heterogeneity on biodiversity [13-15].
Based on the results of the size scale of the research
area, the correlation between small-scale landscape
complexity, land intensification and farmland landscape heterogeneity is not strong [16]. On the contrary, the correlation between large-scale land resource change and farmland landscape heterogeneity
is relatively close. From the relationship between biodiversity and multi-functional ecosystem, there exists a positive correlation between plant and landscape heterogeneity only under the conditions of
high-intensity interference and long-term utilisation
[17]. Landscape heterogeneity is very important to
improve crop yield, and ecosystem service functions
can promote crop yield. Song et al. [18] found that
farmland patches with a high proportion of non-agricultural habitats have remarkable heterogeneity, resulting in significantly higher biodiversity than other
farmland habitats. The composition and distribution
of biodiversity in different landscapes are quite different, and their ecosystem services such as material
circulation, pest control and soil conservation are obviously affected by the characteristics of landscape
heterogeneity. Zhang et al. [19] studied the distribution and change of landscape patches, the formation
mechanism of landscape pattern and its impact on
the ecological environment. They found that landscape heterogeneity and landscape pattern have important guiding significance for reasonable land layout, planning and even land resource management.
According to their research findings, Li et al. [20]
used the method of combining moving window
method and semivariogram to explore the change
scale of landscape heterogeneity under different temporal and spatial conditions in the study area with

ABSTRACT
Pollinators play an important role in pollination
service and maintaining ecosystem stability. In this
study, the Chongli area of Zhangjiakou, a typical agricultural area in the northern part of the agro-pastoral ecotone, was chosen as the study area to explore
the impact of landscape heterogeneity on the diversity of pollinators from three scales: geomorphic
type range, landscape-scale and habitat type. The results showed that the individual number of pollinators was the largest in the farmland in the hills. In
terms of species richness, farmland in hilly areas is
the most abundant habitat patch for pollinators.
Shannon and Pielou indices show that mountainous
farmland > hilly farmland > River farmland. As far
as the number of pollinators is concerned, is no significant difference exists in the number of individual
species in farmland under different geomorphic
types. Geomorphic types have the greatest impact on
the diversity of pollinators (P < 0.001). Hilly and
mountainous areas are nectar pollinators, followed
by habitat scale (P < 0.05), with insignificant impact
from landscape-scale, and inter-scale interaction is
not significant. The impact of landscape-scale on
pollinating insects is negligible, but the impact of
landscape heterogeneity on pollinating insects at the
2000 m scale is of great significance. As for the impact of landscape simplification on species diversity,
species richness decreases as farmland area proportion increases, and this is consistent with farmland
habitat. Landscape simplification has a closer impact
on species richness in woodland habitat.

KEYWORDS:
Farmland, landscape heterogeneity, diversity, multi-scale
effect, landscape simplification

INTRODUCTION
The non-random and uniform distribution of
farmland landscape patches constitutes the heterogeneity of farmland landscape, and the multi-scale of
the heterogeneous agricultural landscape is composed of different farmland management modes and
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special geomorphic characteristics and provided data
support for landscape patch planning in Chongli area.
Landscape heterogeneity and biodiversity are
indispensable parts of the material cycle exchange
process in nature, and the diversity of pollinators,
which is mainly responsible for pollination services,
is an important factor in maintaining the sustainable
development of nature [21-23]. On the one hand, the
pollination service of pollinators is conducive to
plant genetic diversity. However, it can greatly improve food safety and yield. With the decrease in
food production in Europe and America in recent
years, the diversity of pollinators has been studied
both at home and abroad. On the regional scale,
Catrin et al. [24] discovered that different spatial resource utilisation models are employed to calculate
the motion foraging mechanism of the bear peak using the characteristic scale between rape flower density and bear peak diversity. The farthest foraging
range of bear peak is usually 2750 ~ 3000 m. On the
landscape-scale, Heather et al. [25] studied the pollination service of Strawberry Garden and found that
within a one-kilometre buffer zone, the complex
landscape is more conducive to improve the pollination service. Through the study of the relationship
between species richness index and flowering species, it is found that pollinators prefer organic habitats with broad-leaved weeds and flowering plants.
In the study of biodiversity, most researchers put forward suggestions on landscape management, but
there is no perfect landscape planning scheme in this
area. Doreen et al. [26] believes that the new landscape policy may be committed to creating a certain
proportion of natural habitats, and quantitative landscape management is conducive to the survival of
pollinators.
The decline of pollinator diversity will seriously affect the pollination service function of the
ecosystem, human welfare and the healthy development of the agricultural landscape. Therefore, this

study took the Chongli area of Zhangjiakou as the
research area, based on its typical geomorphic background, discussed the diversity characteristics of
pollinators and analysed the impact of agricultural
landscape heterogeneity on pollinator diversity from
three scales: geomorphic type, landscape and habitat.
Furthermore, we explored the relationship between
landscape heterogeneity and pollinators at different
scales, aimed at protecting non-agricultural habitats
and tried to put forward suggestions on landscape
planning and natural patches to provide theoretical
support and practical basis for the protection of pollinators and the sustainable development of agriculture.

MATERIALS AND METHODS
Data acquisition. Under the three geomorphic
backgrounds of mountains, hills and rivers, 40 sample points were selected, including 12 mountain sample points, 15 Hill sample points and 13 River sample points. Two habitat types of farmland and woodland were selected at each sampling point. As shown
in Figure 1, the trap disk method was used to obtain
pollinator samples in each habitat [18]. The specific
methods used were as follows: three kinds of indoor
fluorescent paint into yellow, white and blue plastic
bowls were placed 5m apart in the pattern of an equilateral triangle. Three groups were repeated in each
plot. In each bowl, 200ml tap water and a drop of
detergent was added and then recycled after 48h on
site. In this method, fluorescent bowls were used as
flowers to attract pollinators. The captured insect
samples were stored in a covered centrifuge tube
containing 75% alcohol. The number of pollinators
captured was identified and counted using a binocular stereo microscope (Leica-mi25), referring to relevant literature [17, 20].

FIGURE 1
Trapping method and obtained samples
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Data analysis. The change of environmental
gradient will lead to the difference of landscape heterogeneity, and then affect the change of non-agricultural biodiversity. To master the diversity of pollinators in this area, we must understand the species
differences of various geomorphic types of mountains, hills and rivers. Taking the range of different
geomorphic types as the largest scale, the pollinators
in this area were studied, and the distribution of pollinators in different geomorphic types was discussed.
This study taked the Google Earth satellite map image of the study area intercepted in August 2020 as
the data source, and the landscape data of the study
area was vectorized by arc map 10.2. Taking the
sampling point as the center, intercept 8 buffers with
radius of 250, 500, 750, 1000, 1250, 1500, 1750 and
2000m, and fragstats4.2 was used to calculate the
landscape heterogeneity variables of the buffer zone
respectively, including the following five landscape
indexes: spread index (CONTAG), patch richness index (PR), patch richness index (PRD), Shannondiversity index (SHDI) and evenness index (SHEI).
SPSS 21.0 software was used to compare the species
diversity index and landscape heterogeneity variables with correlation analysis, and 2000 meter level
SHDI was selected as the characteristic response
scale index of pollinators. The sample plots under
different geomorphic types was divided into two heterogeneous levels.

area are bad, with only 260-380 mm of annual precipitation, which mostly occurs in summer. The
frost-free period is 100-130 days. The annual average monthly wind speed is 4.2 m/s, which is located
at the edge of the transition from the first step to the
second step in China. The terrain tends to be higher
in the south and lower in the north. There are rich
geomorphic types, mainly including mountains, hills
and rivers. The eastern and southern regions are primarily mountainous landforms, while the central and
northern regions are mostly low mountains and hills
with mild terrain. The study area is the transition
zone from rivers to mountains. The river landform is
located along the coast of the study area, which is the
main agricultural area. Intensive agricultural development and land use have considerably changed the
differences between different landforms of landscape heterogeneity [27]. In mountainous areas, nectar plants are mainly Compositae plants, followed by
Rosaceae, Leguminosae and Gramineae: shrubs
such as forsythia, wild jujube and thorns, as well as
herbs such as brocade and Xanthium sibiricum. In
hilly areas, persimmon trees and jujube trees are
planted on most hillsides, followed by Gramineae
and alpine Compositae plants, such as yinpeng and
Hu CAI. Wheat, corn, rice and other crops, including
Paulownia, grasses, Cyperaceae, Compositae and
other herbs, are mainly planted in river areas. [28].
Community structure characteristics of pollinators. This study included 68,147 pollinators
from seven orders and 86 families, and the results are
shown in Figure 3. The main pollinators are Diptera
(69.1%), Coleoptera (3.5%), Hymenoptera (26.3%)
and Lepidoptera (1.1%), which account for 8.0% of
the harvest. There are more pollinators in farmland
than in woodland, accounting for 63.4% of the total
catch in farmland and 36.6% in woodland. In addition, the gall bee family, Drosophilidae, Hufeng family, WASP family and honeybee family are relatively
more distributed in farmland habitats.

Data processing. Pollinators are very sensitive
to the changes of habitat scale and plant community
composition, and often serve as indicator species in
different habitats. Therefore, two common habitat
types, farmland and woodland, were selected to
study the effects of different habitat types on the diversity of pollinators. One-way ANOVA (one-way
ANOVA) and the least significant difference method
(LSD) were used to compare pollinators' differences
between different terrains and habitats, and origin
2022 software was used to draw maps. To select the
best scale and index, the Pearson correlation coefficient was used to analyse the diversity and landscape
index of pollinators. In addition, the interaction between landscape heterogeneity and pollinators was
analysed by multivariate variance.

RESULTS AND DISCUSSION
Characteristics of study area. The Chongli
area is located to the north of the farming-pastoral
ecotone and belongs to the continental monsoon climate of the semi-arid region in the middle temperate
zone. The 80% of the territory is mountainous landform, mainly Zhongshan, with some low mountains
and hills. The altitude extends from 814m to 2174m,
as shown in Figure 2. The climate conditions in this
FIGURE 2
Location of study area
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FIGURE 3
Abundance of dominant groups and common groups of pollinators

Scale
250

500

750

1000

1250

1750

2000

TABLE 1
Landscape index and species diversity index in different scales
/DQGVFDSH൴QGH[
%൴RG൴YHUV൴W\൴QGH[
CONTAG
PR
PRD
S
0.548
0.740
0.740
E
0.294
0.663
0.663
H
0.291
0.633
0.633
S
0.408
0.490
0.490
E
0.741
0.699
0.699
H
0.607
0.693
0.693
S
0.482
0.472
0.472
E
0.902
0.277
0.277
H
0.935
0.313
0.313
S
0.524
0.686
0.686
E
0.976
0.121
0.121
H
0.854
0.173
0.173
S
0.651
0.754
0.754
E
0.644
0.378
0.378
H
0.781
0.423
0.423
S
0.409
0.090
0.090
E
0.542
0.403
0.403
H
0.748
0.286
0.286
S
0.409
0.042
0.042*
E
0.036
0.197
0.197
H
0.756
0.139
0.139

SHDI
0.568
0.393
0.372
0.726
0.967
0.858
0.675
0.037
0.863
0.749
0.047
0.687
0.758
0.039
0.057
0.663
0.034
0.476
0.046
0.018
0.037

SHEI
0.571
0.209
0.217
0.467
0.869
0.724
0.476
0.823
0.995
0.572
0.873
0.999
0.700
0.028
0.067
0.520
0.383
0.562
0.520
0.372
0.555

individual pollinators, the number of individual species in hilly farmland was substantially different
from that in mountainous and river areas (P < 0.05),
but the number of species in the farmland of different
geomorphic types was not significantly different.
From the perspective of species richness and Shannon index, considerable differences exist in species
richness and Shannon index between hilly and
mountainous habitats and river areas (P < 0.05). With
reference to the Pielou index, the alpine index of

Effect of geomorphic types on diversity of
pollinators. It can be seen from Figure 4 that at the
individual quantity level, the individual quantity of
pollinators is the largest in the farmland in the hills.
In addition, farmland in hilly areas is the most abundant habitat patch for pollinators in terms of species
richness. According to the Shannon and Pielou indices, mountain farmland has the most Shannon diversity and Pielou diversity, followed by hilly farmland,
whereas river farmland has the lowest. In terms of
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hilly and mountainous regions is remarkably higher
than that of river areas (P < 0.05). In general, the species number, richness, Shannon index and Pielou index of hilly and mountainous areas are higher than
those of river areas.

three geomorphic types are divided into different
landscape heterogeneity levels. Considering the variation in different geomorphic landscape indexes, the
SHDI value (1.25) of the river area is relatively high,
indicating that strong human activities lead to rich
types of landscape patches and serious fragmentation,
followed by mountains (1.1) and hills (0.84). Since
the difference of the SHDI index is less than one, it
is divided into two different levels of landscape heterogeneity. It can be seen from results that the difference of geomorphic types affects the species richness
index of pollinators. The Shannon and Pielou evenness indices had a significant effect (P < 0.001). At
the habitat scale, the type of sample plot had a significant impact on the individual number and species
richness index of pollinators (P < 0.05), but the interaction of geomorphic type, landscape and habitat
scale has no significant effect on pollinators. It can
be seen that the diversity and individual number of
pollinators in the study area are mainly affected by
the geomorphic type and habitat scale, and the interaction between different scales has little effect.

Effect of landscape-scale on the diversity of
pollinators. Agricultural landscape heterogeneity
varies with the size of the buffer zone, while nonagricultural biodiversity varies with landscape types.
In this study, the diversity index and landscape index
of pollinators on buffer belts with radii of 250, 500,
750, 1000, 1250, 1750 and 2000 m are calculated,
respectively, and the results are shown in Table 1.
There is a strong correlation between pollinator diversity and landscape index on the scale of 2000 m,
and the correlation decreases as the scale decreases.
In this paper, the 2000m scale is used as the characteristic scale of landscape heterogeneity, and SHDI
is selected as a reference to optimise the interaction
between landscape index scales, which requires different degrees of landscape heterogeneity. Using the
2000 metre scale SHDI as a reference, the plots of

FIGURE 4
Effect of geomorphic types on diversity of pollinators
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and taking the ratio of the farmland area as an example, we will discuss the effect of simplification on the
diversity of pollinators. Fitting the ratio of the farmland area to the Diptera, Hymenoptera, Coleoptera
and Lepidoptera, we can see from Figure 7 that there
are differences in the abundance of different pollinators among simultaneous interpreting. The effect of
landscape simplification on Coleoptera abundance is
closer than that of Diptera, Hymenoptera and Lepidoptera. The number of Diptera, Hymenoptera and
Coleoptera decreases with landscape simplification,
whereas the number of Lepidoptera increases slowly
with landscape simplification, which is consistent
with the previous hypothesis.

Effect of landscape simplification on abundance and abundance of pollinators. In previous
studies, it has been proved that a complex landscape
supports the existence of more species than a single
landscape. Compared with habitat patches of the
same size, the same quality and low landscape complexity, habitat patches in complex landscapes can
obtain a higher potential of external species diversity
from the total species pool [29]. To explore how the
diversity of pollinators changes with the gradient of
landscape simplification, this study takes the independent variable as an example. Pollinator richness
(d) and richness index (S) are the response variables.
After using the linear regression model to analyse the
two, the pollinator diversity index is linearly fitted to
explore the impact of landscape simplification on the
richness and of pollinators. As shown in Figure 5, as
farming area proportion increases, species richness
decreases, indicating a substantial negative correlation between farmland area proportion and species
richness sex. Pollinator richness reduces when the
terrain is progressively simplified. With the further
simplification of the landscape, the richness of pollinators decreases with the deepening of the simplification of the landscape.

CONCLUSIONS
(1) At the individual quantity level, the number
of pollinators is the largest in the farmland in the hills.
At the species richness level, the farmland in the hills
is the habitat patch with the most abundant pollinators. From the Shannon index and Pielou index, the
Shannon diversity and Pielou diversity of mountain
farmland are the highest, followed by hilly farmland,
and the river farmland is the lowest.
(2) On the scale of 2000m, the correlation between pollinator diversity and landscape index is
considerably strong, and the correlation between
pollinator diversity and landscape index decreases
with the decrease in scale. Considering the difference of landscape index in different landforms, the
SHDI value in river areas (1.25) is relatively high,
indicating that strong human activities lead to rich
types of landscape patches and serious fragmentation,
followed by mountains (1.1) and hills (0.84). Since
the difference of the SHDI index is less than 1, it is
divided into two different levels of landscape heterogeneity.

Pollinators such as butterflies are very sensitive
to changes in plant composition and habitat structure.
The diversity of pollinators varies greatly in different
habitats [30-32]. Therefore, two habitat types of
farmland and forest land were selected to explore the
impact of landscape simplification on the abundance
of pollinators. As shown in Figure 6, although the
species richness of farmland habitat decreases with
the simplification of landscape, it is still higher than
that of woodland habitat. The species richness of
woodland habitat decreases significantly with the
simplification of the landscape. In farmland and
woodland habitats, species richness shows different
downward trends on the landscape simplification
gradient. Compared with farmland habitat, landscape simplification has a closer impact on species
richness in woodland habitat.
Effect of landscape simplification on different groups of pollinators. The results of Katja et al.
[25] shows that landscape simplification helps to increase the number of Lepidoptera individuals, such
as moths. Combined with the results of this study, we
speculate that Lepidoptera and other groups also
show an increasing trend with the increase in the proportion of cultivated land. When the total number remains unchanged, the number of Hymenoptera, Coleoptera and other groups will decrease. Therefore,
we hypothesised that the landscape simplification
was beneficial to Hymenoptera and that the influence of Lepidoptera and other groups richness may
be more significant. Therefore, simultaneous interpreting the abundance of Coleoptera, Diptera, Hymenoptera and Lepidoptera as the response variables

FIGURE 5
Fitting curve between farmland area proportion
and species richness

10734

© by PSP

Volume 31– No. 11/2022 pages 10729-10737

Fresenius Environmental Bulletin

FIGURE 6
Fitting curve of farmland area proportion and species abundance in different habitats

FIGURE 7
Fitting curve between farmland area proportion and species abundance
(3) The difference of geomorphic types had a
remarkably significant impact on the species richness index, Shannon index and Pielou evenness index of pollinators (P < 0.001) (P < 0.05), but the interaction of geomorphic type, landscape and habitat
scale had no substantial effect on pollinators.
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ABSTRACT
Prunus is an important genus in the Prunoideae
subfamily of the Rosaceae family. Some species
such as peach (Prunus persica), almond (Prunus dulcis), plum (Prunus cerasifera, Prunus salicina,
Prunus domestica) are used as rootstocks in stone
fruit production because they can adapt to harsh climate and environmental conditions. It is aimed to
produce rootstocks resistant to pathogens with classical and genetic breeding studies. Root knot nematodes slow down the active growth of Prunus fruit
trees such as peach and almond, reduce the resistance and cause yield loss. Recently, the use of nematicides in controling root knot nematodes has
been restricted and that the damage has reached
greater dimensions. For this reason, it has gained importance to use root-knot nematode-resistant rootstocks against nematodes in Prunus species. DNA
marker systems that show tight linkage to genes
(RMia, Ma and RMja genes) that provide resistance
to root knot nematodes in Prunus species have been
developed and it has been reported that these systems
can be used with marker assisted selection (MAS)
studies. In this study, resistance against root knot
nematodes of F1 hybrid individuals obtained from
Ferragnes x GN22, Nemaguard x Ferragnes, GN22
x AB3, Nemaguard x AB3, Ferragnes x Nemaguard,
Nemaguard x GN22 were determined. Three markers have been identified in the parent individuals
[Nemaguard, GN22, Ferragnes, AB3 (Amygdalus
orientalis Mill.) and GF67] that provide polymorphic discrimination, thus allowing selection of F1 individuals. As a result of PCR analyzes performed
with these markers; 82 hybrid individuals were
tested with the AMPP117 primer, and it was determined that 64 individuals were resistant and 18 individuals exhibited a sensitive profile. Additionaly, 77
hybrid individuals were screened with the LRR65
primer where 29 individuals were resistant and 48
individuals exhibited a sensitive profile. Totally, 86
hybrid individuals were tested with the SSRO5I12
primer, and that 34 individuals were resistant and 52
individuals exhibited a sensitive profile. As a result,
the selection of peach hybrids resistant to root knot
nematodes was achieved by using the markers whose
usability was reported in marker assisted selection.

INTRODUCTION
Prunus is an important genus in the Prunoideae
subfamily of the Rosaceae family [1]. It constitutes
an important part of the world's consumption resources with its rich species diversity. Some species
such as peach (Prunus persica (L.) Batsch), almond
(Prunus dulcis Mill.), plum [Prunus cerasifera
(Prunus salicina Lindl. and Prunus domestica L.)]
are used as rootstocks in stone fruit production because they can adapt to harsh climatic and environmental conditions. With classical and genetic breeding studies, it is aimed to produce rootstocks with
important features such as uptake of water and nutrients, resistance to soil-borne pathogens, and tolerance to environmental stress conditions [2–4]. Peach,
which is widely used in rootstock breeding, is a selffertile diploid (2n = 16) fruit tree. Its genome size is
smaller than that of other members of the Rosaceae
family, measuring approximately 5.9 x 108 bp [5]. In
addition, the youth infertility is very short (3-4 years)
compared to a perennial tree. Due to these features,
peach has become an ideal model organism in terms
of identifying and characterizing important genes belonging to the Rosaceae family [6].
Root knot nematodes are obligate plant parasites that cause significant damage to many plant
species with high economic value [7, 8]. Root-knot
nematodes, which are one of the important problems
of prunus fruit trees such as peach and almond, reduce the resistance of the trees by slowing down the
active growth of fruit trees and cause yield loss [3, 9,
10]. Nematicides have been used for many years to
combat root knot nematodes. However, in recent
years, their use has been banned due to their negative
effects on the environment. With the restriction of
the use of nematicides as a control method, nematode damage has reached greater dimensions. For
this reason, it has gained importance to use root-knot
nematode-resistant rootstock varieties against nematodes in Prunus species. [11,12]. Therefore, nematode resistance has gained an important character in
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rootstock breeding studies and that the genes that
provide resistance to root knot nematodes are used in
Prunus spp rootstock breeding. In Prunus species,
DNA marker systems exhibiting tight linkage to
genes that provide resistance against root knot nematodes (RMia, Ma and RMja genes) have been developed and it has been reported that these systems
can be used in marker assisted selection (MAS) studies [13–16]. In this study, it was aimed to determine

the resistance to root knot nematodes of F1 hybrid
individuals obtained from Ferragnes x GN22,
Nemaguard x Ferragnes, GN22 x AB3, Nemaguard
x AB3, Ferragnes x Nemaguard, Nemaguard x GN22
crosses by MAS. For this purpose, markers known
to be tightly linked to genes providing resistance to
root knot nematodes were used.

TABLE 1
Resistance / susceptibility of parents to root knot nematodes
Resistance / susceptibility
Resistant to M. incognita and M. javanica [17]

Parents
Nemaguard
GN22 (Felinem)
GF677

(Reighard and Loreti 2008).
Resistant to M. arenaria, M. incognita, M. javanica ve M. hispanica [17]
Susceptible to root knot nematodes [18]

Ferragnes
AB3

Susceptible to root knot nematodes [19]
Susceptible to root knot nematodes [19]

TABLE 2
Ssequences and product sizes of the primers used in the study [13–15]
Markers

3ULPHUVHTXHQFHV ޖ-ޖ

Product Size (bp)

1

kin35

F
R

5'-ACGCTTGTTGCGCTCTTAAT-3'
5'-CGCGCAAACTCATAAAGACA-3'

R:280
S:248

2

SSR6

F
R

5'-ATGGTAGCCACTTATGGAGC-3'
5'-TTGACCTATAAAGTGATGGAAGG-3'

402

3

SSR9

F
R

5'-CCATATTCAAACCTTTCACCG-3'
5'-ACAACGGTGTGGCCTTCAGG-3'

267

4

PostGC3

F
R

5'-ACAGGGTTAAAACCACGTAA-3'
5'-GGACAGGTTGCATGTTAGAT-3'

388

5

DebNBS

F
R

5'-GAGGCCGGAAATCTAACTACAAGT-3'
5'-TTTTCTTCTCACCAGAGTAGCCT-3'

907

6

SSRO5I5

F
R

5'-GAGCACATTCAAATAAAATAACA-3'
5'-TTTCATCACGCCGAATGGCAT-3'

283

7

PErepkin

F
R

5'-CACAGCTTGAAACTCTTGAAGG-3'
5'-AGAATTGCATTTTGGTGTCTCC-3'

217

8

SSRO5I12*

F
R

5'-AGCCACTGCTTTGATCCCCA-3'
5'-CATCTTGAAAGATCAGAGGA-3'

216

9

LRR65*

F
R

5'-AGAGGATAGGGAGCAACTCATT-3'
5'-CGGAAGAATCTAGAGAGACTGACA-3'

R:160
S:190

F
5'- CTCTTCCACTTACAATGCCACA -3'
R
5'- TTGTTATGTAGGGTGGGACACA -3'
* Primers that provide resistance/susceptibility discrimination in hybrid individuals
10

AMPP117*
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the second stage, the determined primers were tested
on hybrid individuals. PCR studies were carried out
by optimizing for each primer at different binding
temperatures and different final volumes.

MATERIALS AND METHODS
Plant materials. As plant material, Nemaguard,
GN22, Ferragnes, AB3 (Amygdalus orientalis Mill.)
and GF677 genotypes and their cross (Ferragnes x
GN22 (FG), Nemaguard x Ferragnes (NF), GN22 x
AB3 (GA), Nemaguard x AB3 (NA)), Ferragnes x
Nemaguard (FN), Nemaguard x GN22 (NG) were
used. In the study, GN22 and Nemaguard as resistant
genotypes [17], Ferragnes, AB3 (Amygdalus orientalis Mill.) and GF677 were evaluated as susceptible
genotypes [18,19] (Table 1).

RESULTS
This study was carried out with 5 different parents and their F1 hybrids. DNA markers (Table 2),
which were reported to be tightly linked to genes
conferring resistance against root-knot nematodes,
were used in the study. The study was carried out in
two stages. Firstly, the band profiles of these individuals were determined by performing the PCR analyzes of the parents with the primers (Table 2) that
were reported to be usable in marker-based selection.
Considering the information obtained from the parents, the second stage was started. In the second
stage, PCR analyzes were performed on F1 hybrid
individuals using primers determined to provide polymorphic discrimination in parents. The following
findings were obtained as a result of imaging the
PCR products of the parents, whose resistant or susceptible state is given in Table 1, by gel electrophoresis.

DNA isolations. Young shoots were used for
DNA isolation. DNA isolation was performed with
the modified CTAB protocol of Doyle and Doyle
(1987). After the isolation, the purity of the DNAs is
measured in the spectrophotometer and the concentrations was adjusted to ~100 ng/µL.
PCR analyses. Parental and crossbred individuals were tested with markers showing tight linkage
to genes conferring resistance to nematodes [13–15].
Information about the markers used in the study is
given in Table 2. PCR analyzes were performed in
two steps. In the first stage, primers providing polymorphism in parent individuals were determined. In

FIGURE 1
Band profiles of primers that did not show polymorphism between parents;
A: Kin35, B: SSR6, C: SSR9, D: PostGC3, E: DebNBS, F: SSRO5I5, G: PEripkin (1: GN22, 2:GF677, 3: Nemaguard, 4: AB3,
5: Ferragnes, M: 1kb DNA marker)
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FIGURE 2
Band profiles of primers showing polymorphism between parents;
A: SSRO5I12, B: LRR65 (1: Nemaguard, 2: GN22, 3: GF677, 4: AB3, 5: Ferragnes, M: 50/100 bp), C: AMPP117 (1: GN22,
2: GF677, 3: Nemaguard, 4: AB3, 5: Ferragnes, M1: 1kb DNA marker)

FIGURE 3
PCR profiles of parent and hybrid individuals with primer SSRO5I12.
A: M: 1kb DNA marker, P1: Ferragnes, P2: Nemaguard; B: M: 1kb DNA marker, P1:Ferragnes, P2:GN22;
C: M: 1kb DNA marker, P1: GN22, P2: AB3; D: M: 1kb DNA marker, P1: Nemaguard, P2: AB3

Gel images of Nemaguard, GN22, GF677, Ferragnes and AB3 parent individuals, whose PCR analyzes were performed with Kin35, SSR6, SSR9,
PostGC3, DebNBS, SSRO5I12 and PEripkin primers, were evaluated. As a result of the examinations,
it was seen that the aforementioned primers did not
provide polymorphism between the parents. (Figure
1).
As a result of PCR analyzes performed with
primers LRR65, SSRO5I12 and AMPP117, it was
observed that these primers provided a polymorphic

band profile among Nemaguard, GN22, GF677, Ferragnes and AB3 parent individuals (Figure 2).
SSRO5I12 and LRR65 primers were used to screen
hybrids of Ferragnes x GN22, GN22 x AB3, Ferragnes x Nemaguard, Nemaguard x Ferragnes,
Nemaguard x AB3 crosses. Additionaly, AMPP117
primer were tested Ferragnes x GN22, Nemaguard x
GN22, GN22 x AB3 and GN22 x GF677 F1 indivuduals (Figure 3-5). By evaluating the findings obtained, the resistant/sensitive status of hybrid individuals was determined (Figure 6).
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PCR analyzes of hybrid individuals consisting
of crosses Ferragnes x GN22, GN22 x AB3, Ferragnes x Nemaguard, Nemaguard x Ferragnes and
Nemaguard x AB3 were performed with SSRO5I12
primer. In resistant individuals, 86 hybrid individuals were tested with the SSRO5I12 primer, which
provided a 216 bp band profile (Figure 3), and it was
determined that 34 individuals generated resistant
and 52 individuals exhibited sensitive profile (Figure
6).
PCR analyzes of hybrid individuals consisting

of crosses Ferragnes x GN22, GN22 x AB3, Ferragnes x Nemaguard, Nemaguard x Ferragnes and
Nemaguard x AB3 were performed with LRR65 primer. A total of 77 hybrid individuals were screened
with the LRR65 primer, which provided a band profile of 160 bp in resistant individuals and 190 bp in
susceptible individuals (Figure 4). It was determined
that 29 individuals exhibited a resistant profile and
48 individuals exhibited a sensitive profile (Figure
6).

FIGURE 4
PCR profiles of parental and hybrid individuals with primer LRR65.
A: M: 1kb DNA marker, P1: GN22, P2 and P4: AB3, P3 and P5: Nemaguard, P6: Ferragnes; B: M:100bp DNA marker, P1:
GN22, P2: Ferragnes; C: M: 100 bp DNA marker, P1: Nemaguard, P2: Ferragnes
M

P1

P2

FG11

FG12

FG13

FG14

FG15

FG16

FG17

FG18

FG19

FG20

200 bp
100 bp

A
M1

P1

P2 GA2 GA3 GA4 GA7 GA8 GA9

P1 P2 GN1 GN2 GN3 GN4 GN5 M

100 bp
100 bp

B

C

FIGURE 5
PCR profiles of parent and hybrid individuals with primer AMPP117.
A: M: 100 bp DNA marker, P1: Ferragnes, P2: GN22; B: M: 100 bp DNA marker, P1: GN22 P2: AB3, C: M: 100 bp DNA
marker, P1: GN22, P2: Nemaguard
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A

B

C

FIGURE 6
Resistance and sensitivity status of hybrid individuals; the primersA: SSRO5I12, B: LRR65, C: AMPP117 (turquoise: resistant profile; orange: susceptible profile)

TABLE 3
Percentage distribution of resistance and sensitivity of hybrid individuals according to primaries
SSRO5I12
LRR65
AMPP117
Sensitive (S)
60%
62%
22%
Resistant (R)
40%
38%
78%
PCR analyzes of hybrid individuals consisting
of crosses Ferragnes x GN22, Nemaguard x GN22,
GN22 x AB3 and GN22 x GF677 were performed
with the primer AMPP117. Totally 82 hybrid individuals were tested with the AMPP117 primer,
which provides a 117 bp band profile in resistant individuals, (Figure 5). It was determined that 64 individuals had the resistant profile while 18 individuals
exhibited a sensitive profile (Figure 6).

As a result of the calculations, it was seen that
the SSRO5I12 and LRR65 primers provided the %
grades of resistant and sensitive individuals in hybrid
individuals very close to each other (Table 3).
As a result of testing 57 F1 individuals from
Ferragnes x GN22 and GN22 x AB3 crosses with
SSRO5I12, LRR65 and AMPP117 primers, it was
observed that the genotypes defined as susceptible or
resistant by the primers were different from each
other (Figure 7).
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FIGURE 7
Distribution of F1 individuals tested with SSRO5I12, LRR65 and AMPP117 primers according to their
tolerance or susceptibility
same F1 genotypes (Figure 7) are due to the difference in the linkage groups they have and the genes
they link to. Among these primers, AMPP117 is a
marker of peach origin, which is a source of resistance and is tightly linked to the RMia gene region
[21, 22], which is reported to be located on the second chromosome (LG2 group). LRR65 primer, on
the other hand, is a source of almond-origin resistance and is reported to be located on the seventh
chromosome (LG7 group) [23]. It is a marker that
shows tight connection with the RMja gene region.
The SSRO5I12 marker, on the other hand, is a Myrobalan plum-origin resistance source and is reported
to be located on the seventh chromosome (LG7
group) [21, 22], which shows tight linkage to the Ma
gene region. In addition, the resistance spectra of
these genes against nematodes are different and it is
known that only the Ma gene has a full spectrum.
[15]. Therefore, considering the resistance genes of
the parents used in our research, it is possible that the
GN22 and Nemaguard origin RMia gene is expressed in F1 individuals. For this reason, the group
that we considered in our study in distinguishing resistant and sensitive individuals provided by the primers was the group in which discrimination was
achieved with the AMPP117 primer, which was re-

DISCUSSION
In our study, GN22 and Nemaguard resistant
genotypes [17], Ferragnes, AB3 (Amygdalus orientalis Mill) and GF677 were evaluated as susceptible
genotypes [18, 19] (Table 1). Markers reported to be
tightly linked to the RMia, RMja and Ma gene regions were used in the study. AMPP117 for the RMia
gene region [14]; Kin35 and LRR65 for the RMja
gene region [13]; for the Ma gene region, 10 SSR
markers, namely SSR6, SSR9, PostGC3, DebNBS,
SSRO5I5, PEripkin and SSRO5I12 [15] were used.
Among the aforementioned markers, primers Kin35,
SSR6, SSR9 PostGC3, DebNBS, SSRO5I5 and
PEripkin did not provide polymorphic discrimination in parent individuals (Figure 1). When the band
profile of the LRR65, SSRO5I12 and AMPP117 primers that we used in our study was examined, it was
seen that they provided a polymorphic distinction
between the parents (Figure 2). By using these three
markers that provide polymorphic discrimination,
the distinction between resistant and sensitive individuals in hybrid individuals is ensured. However, it
was observed that the distinguishing markers in F1
individuals and the genotypes defined as resistant or
susceptible were different from each other. It is
thought that the different results of the primers in the
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ported to be tightly linked with the RMia gene. Accordingly, it was determined that 18 individuals out
of 82 F1 individuals tested were susceptible to rootknot nematodes, and 64 individuals were resistant to
root-knot nematodes (Figure 6). However, contrary
to the hypothesis of Weingberg JH et al. [24] that the
RMia gene is a monogenic dominant gene and the
expected distribution ratio in F1 hybrids should be
1R:1S, the distribution ratio of the RMia gene in F1
individuals was 64R:18S, and it has been observed
that it has a distribution ratio of approximately 3R:1S.
Supporting our results, [16] reported the distribution
of crosses tested for the RMia gene as 5D:18S, and
it was stated that 1D:1H ratio could not be obtained.
Based on the findings, the researchers stated that the
RMia gene exhibits a rather skewed separation. On
the other hand, the band profile obtained as a result
of testing the LRR65 primer in parent individuals
presented interesting results. It has been reported that
the LRR65 marker in question shows tight linkage
with the RMja gene, which is a source of resistance
originating from almond rootstocks. As a result of
testing individuals containing the RMja gene with
this marker, it has been reported that it provides a
band profile of 160 bp for resistant individuals and
190 bp for susceptible individuals [13]. However, the
Nemaguard rootstock we used in our research, which
was obtained by crossing Prunus persica and P.
davidina, was therefore a rootstock without almond
blood, but as a result of testing with LRR65 primer,
bands of 160 bp and 190 bp were amplified (Figure
2). In addition, as a result of testing with LRR65 on
GN22 and GF677 rootstocks, which are almondpeach rootstocks, it was observed that bands of 160
bp and 190 bp were detected (Figure 2). A similar
situation was observed for the Ma gene, a source of
resistance originating from Myrobalan plum rootstocks. It has been reported that as a result of testing
individuals containing the Ma gene with this marker,
a band size of 216 bp will be obtained in resistant
individuals [15]. Although none of the parent individuals Nemaguard, GN22, Ferragnes, AB3 (Amygdalus orientalis Mill.) and GF677 rootstocks we
used in our study carried myrobalan plum blood, the
expected band size in resistant individuals; It was
found to be expressed in the band profile of
Nemaguard, GN22, GF677 rootstocks (Figure 2).
Both RMja and Ma genes are in LG7 group, have
different spectra, and their origins have been reported to be almond and plum, respectively [13, 15,
21–23]. Van Ghelder et al. [13] stated in their research that the RMja gene is the best candidate as the
ortholog of the Ma gene. However, the relationship
of the RMia gene with these two genes is not yet
known. In our study, PCR analyzes of hybrid individuals consisting of Ferragnes x GN22, GN22 x
AB3, Ferragnes x Nemaguard, Nemaguard x Ferragnes and Nemaguard x AB3 crosses with LRR65 primer were performed. The fact that the source of the

RMji resistance gene is almond and therefore the individuals carrying almond blood in our rootstock set
used as parents enabled us to use this marker.
As a result of PCR analysis, 77 hybrid individuals were tested with the LRR65 primer, which provides a band profile of 160 bp in resistant individuals
and 190 bp in susceptible individuals (Figure 4).
Likewise, PCR analyzes of hybrid individuals consisting of crosses Ferragnes x GN22, GN22 x AB3,
Ferragnes x Nemaguard, Nemaguard x Ferragnes
and Nemaguard x AB3 were performed with the
SSRO5I12 marker designed for the Ma gene. Due to
the fact that the Ma gene in question is orthologous
to the RMji gene [13] and therefore the reason we
have pointed out for the RMja gene, it has been
deemed appropriate to use the SSRO5I12 marker in
the differentiation of resistance/sensitivity of hybrid
individuals with almond blood. As a result of the
PCR analyzes we performed with this marker, 86 hybrid individuals were tested with the SSRO5I12 primer, which provides 216 bp band peaking in resistant
individuals (Figure 3), and it was determined that 34
of them were resistant and 52 of them exhibited a
sensitive profile (Figure 6). Therefore, we were able
to determine the hardiness or susceptibility status of
F1 individuals consisting of almond-peach hybrids
by using the AMPP117 marker, which has been reported to be available for marker assisted selection
in determining the resistance status against root knot
nematodes. In future studies, we argue that it is a
necessary practice to carry out a comparative application of marker assisted selection and classical
breeding methods. We think that the information it
will provide about the extent to which MAS and
classical breeding processes support each other or
which process is more sensitive in the selection of
resistant and sensitive individuals will make positive
contributions to the process of determining resistant
rootstock to root-knot nematodes.Therefore, it is
considered to develop various research drafts in the
future to test the parent and hybrid individuals used
in our research with classical breeding studies and to
compare them with the results obtained from the
markers used in our study.

CONCLUSIONS
Kin35, SSR6, SSR9 PostGC3, DebNBS,
SSRO5I5 and PEripkin primers used in our study did
not provide polymorphic discrimination in parent individuals. However, when the band profiles of these
primers in the parent individuals were carefully examined, it was determined that they showed resistance profiles in Ferragnes, AB3, and GF677 parent individuals, which are known to be sensitive in
the literature. On the other hand, primers LRR65,
SSRO5I12 and AMPP117 provided polymorphic
discrimination in parent individuals. Taking into ac-
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count the polymorphisms observed among the parents, the resistance status of F1 hybrid individuals
obtained from the crosses Ferragnes x GN22,
Nemaguard x Ferragnes, GN22 x AB3, Nemaguard
x AB3, Ferragnes x Nemaguard, Nemaguard x GN22
against root knot nematodes was determined. In our
study, three markers that allow selection of F1 individuals were determined. As a result of PCR analyzes performed with these markers; 82 hybrid individuals were tested with the AMPP117 primer, and it
was determined that 64 individuals were resistant
and 18 individuals exhibited a sensitive profile. Total
of 77 hybrid individuals were tested with the LRR65
primer and it was determined that 29 individuals
were resistant and 48 individuals exhibited a sensitive profile. Additionaly, 86 hybrid individuals were
screened with the SSRO5I12 primer, and it was determined that 34 individuals were resistant and 52 individuals exhibited a sensitive profile. As a result,
the selection of peach hybrids resistant to root knot
nematodes was carried out using the markers that
were reported to be available in marker assisted selection.
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trance into the food chain becomes a major environmental problem, which ultimately poses a great
threat to human health [1, 2]. Therefore, the
knowledge on Cd uptake by crops from soils
amended with various kinds of materials is crucial to
maintain crop safety and human health [3-5]. Presently, previous studies mainly focus on the contents
of Cd in different tissues of crops, demonstrating that
the accumulation of Cd in crop tissues is significantly influenced by the levels of Cd in soils [6, 7].
Nonetheless, the tolerance and detoxification of Cd
in crops is closely associated with the subcellular
distribution and chemical forms of Cd which greatly
affects its movement and biological toxicity throughout the crops [8]. Subcellular distribution of Cd in
crop tissues includes cell wall fraction, cell organelle
fraction, and soluble fraction [9]. In addition, chemical forms of Cd in crops are differentiated by their
activity and mobility as soluble Cd in nitrate, chloride and other inorganic salts, water-soluble Cd in
organic acid salts, insoluble Cd in pectates/protein,
insoluble phosphate forms, oxalate forms and residual Cd [10]. However, the subcellular distribution
and chemical forms of Cd in crops grown in the low
to severely Cd-contaminated soils is rarely reported
so far.
On the other hand, sugarcane, a popular sugar
crop, is the most important raw material for sugar
production in Guangxi, as well as in China. The subcellular distribution and chemical forms of Cd in
sugarcane can not only influence the growth and biomass of sugarcane, but the sustainable development
of sugar industry as well. Therefore, the objectives
of this study were to investigate the subcellular distribution and chemical forms of Cd in sugarcane
planted in the low to severely Cd-contaminated soils
in the typical high-Cd-background region in
Guangxi, and to explore the relationships between
the levels of Cd in soils and the subcellular distribution and chemical forms of Cd in sugarcane tissues.

ABSTRACT
The tolerance and detoxification of cadmium
(Cd) for plants is associated with the subcellular distribution and chemical forms of Cd in plant tissues.
However, how the levels of Cd in the low to severely
contaminated soils affect the subcellular distribution
and chemical forms of Cd is rarely reported so far.
Therefore, this study aimed to investigate the subcellular distribution and chemical forms of Cd in sugarcane grown in the low to severely Cd-contaminated
soils in the typical high-Cd-background region in
Guangxi, China. Results suggested that the majority
of Cd in sugarcane tissues (roots, stems, and leaves)
was presented in the cell wall fraction (46 – 85%)
and soluble fraction (5 – 49%). Additionally, in sugarcane roots and leaves, the insoluble Cd in pectates/protein (NaCl extracted Cd) and insoluble
phosphate forms (acetic acid extracted Cd) were 8 –
76% higher than other forms of Cd. In contrast, the
dominant forms of Cd (45 – 86%) in sugarcane stems
were the residual Cd and nitrate, chloride, and aminophenol Cd (extracted by ethanol). It was concluded that the storage of Cd in cell walls and the
conversion of Cd into insoluble phosphate precipitation and pectate- or protein-bound forms can be the
primary means for reducing the mobility and toxicity
of Cd for sugarcane grown in the low to severely Cdcontaminated soils.

KEYWORDS:
Subcellular distribution, chemical forms, cadmium, sugarcane, soil contamination

INTRODUCTION
Cadmium (Cd) is a toxic heavy metal and its
accumulation in agricultural soils and subsequent en-
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TABLE 1
Selected physicochemical properties of the test soils
Experimental sites
Variables
S1
S2
S3
S4
Total Cd (mg kg-1)
0.13
0.78
2.08
7.56
DTPA-extractable Cd (mg kg-1)
0.01
0.03
0.02
0.14
pH (1:2.5 H2O)
4.94
4.42
4.35
4.83
Cd fractions
Exchangeable Cd (mg kg-1)
0.013
0.016
0.021
0.123
Carbonate-bound Cd (mg kg-1)
0.003
0.007
0.006
0.016
0.191
0.157
0.344
0.571
Fe/Mn oxides-bound Cd (mg kg-1)
Organic matter-bound Cd (mg kg-1)
0.023
0.012
0.081
0.049
Residual Cd (mg kg-1)
0.174
0.549
1.563
6.875

S5
12.81
0.09
4.76

S6
14.24
0.13
4.82

0.125
0.038
2.154
0.245
10.259

0.169
0.034
0.473
0.069
12.086

VWRUHGDWí&XQWLOWKHWHVWLQJ
For the determination of subcellular distribuWLRQRI&GWKHIUR]HQSODQWVDPSOHVZHUHSUHWUHDWHG
DQGHDFKVDPSOH J ZDVKRPRJHQL]HGLQDQH[
traction buffer (0.25 M sucrose, 50 mM Tris-HCl
buffer solution, and 1.0 mM dithioerythritol) according to the previous studies [11, 12] with some modifications. In brief, the homogenate was centrifuged
at 500 rpm for 10 min, and the precipitation was designated as cell wall fraction. The resulting supernatant solution was further centrifuged at 18000 rpm
for 30 min. The resultant precipitate was referred to
as the cell organelle fraction, and the supernatant solution was referred to as the soluble fraction. All
steps were performed at 4 °C. The three separated
fractions were then dried and wet digested in mixed
acid [HNO3 + HClO4 (87 %:13 %, v/v)] for Cd analysis.
Cadmium associated with different chemical
forms was successively extracted by designated solutions in the following order [13]: (1) 80% ethanol
extracting inorganic Cd, including nitrate, chloride,
DQGDPLQRSKHQRO&G  GHLRQL]HGZDWHUH[WUDFWLQg
soluble Cd-organic acid complexes and Cd(H2PO4)2;
(3) 1 M NaCl extracting Cd integrated with pectates
and protein; (4) 2% acetic acid extracting insoluble
CdHPO4, Cd3(PO4)2, and other Cd-phosphate complexes; (5) 0.6 M HCl extracting Cd oxalate; and (5)
Cd in residues. Each of the supernatant solutions was
then dried and digested in mixed acid [HNO3 +
HClO4 (87%: 13 %, v/v)] for determining the concentrations of Cd associated with different chemical
forms.

MATERIALS AND METHODS
Experimental sites and soils. The experimental soils were collected from the village of SanOLDQ ƍƍƍ1 ƍƍƍ(  DQG ;LQOLDQ
ƍƍƍ1 ƍƍƍ(  ZLWKLQ &KRQJ]XR &LW\
in Guangxi Zhuang Autonomous Region, China.
This region has a typical south subtropical monsoon
climate, with a potential evapotranspiration of 1430
mm, mean annual precipitation of 1170 mm, mean
annual temperature of 22.7 °C, and mean annual sunshine duration of 1663 h. The soils in this region are
natural Cd-contaminated soils with the concentrations of total Cd varied from 0.1 mg kgí1 to 18.9 mg
kgí1. Six low to severely contaminated soils were
used in this study and classed as Paleudults according to the US soil taxonomy. All the experimental
soils were air-dried and ground to pass through a 2
mm sieve. Selected physicochemical properties of
the test soils are shown in Table 1.
Pot experiment. The sugarcane Guitang No.
42 (Guangxi Academy of Agricultural Sciences,
China) was used in this study. The prepared soils (20
kg) were filled in the plastic pots, 27 cm (top) and 22
cm (bottom) in diameter and 31 cm in height. The
sugarcane seedlings were bred in a greenhouse with
an air temperature of 28 – 35 °C and transferred into
the plastic pots at the 5-leaf stage. Compound fertiOL]HU 13.  Zas applied into the soils
at the rate of 2.5 g potí1 at 15 days after transplanting. Each pot was repeated for three times, and all
SRWV ZHUHODLGRXWDVDFRPSOHWHO\UDQGRPL]HGGH
sign.

Statistical analyses. All data were expressed
as PHDQVVWDQGDUGHUURU Q  XQOHVVRWKHUZLVH
stated. Data on the subcellular distribution and
chemical forms of Cd in sugarcane tissues were
tested for the assumptions of normality and homogeneity of variance prior to the analysis of variance
(ANOVA). The LSD test was conducted to determine the differences in the above-mentioned parameters. Pearson correlation analysis was used to explore the relationships between the levels of Cd in
soils and the subcellular distribution and chemical

Sampling and sample analysis. The entire
sugarcane plant was collected from each pot at harvest, and all the plants were separated into roots,
stems, and leaves. The roots were desorbed for 30
min in 0.5 mM CaCl2 solution to remove the Cd adsorbed on root surfaces, and then washed with deionL]HG ZDWHU IRU  PLQ 7Ke stems and leaves were
thoroughly rinsed with tap water and washed twice
ZLWKGHLRQL]HGZDWHUIRUPLQ All the plant samSOHVZHUHIUR]HQLQOLTXLG12 immediately, and then
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FIGURE 1
The Cd concentrations of cell wall fraction in sugarcane (a) roots, (b) stems, and (c) leaves in the low to
severely contaminated soils.
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FIGURE 2
The Cd concentrations of cell organelle fraction in sugarcane (a) roots, (b) stems, and (c) leaves in the low
to severely contaminated soils.
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FIGURE 3
The Cd concentrations of soluble fraction in sugarcane (a) roots, (b) stems, and (c) leaves in the low to severely contaminated soil
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FIGURE 4
The percentages of Cd in subcellular distribution in sugarcane (a) roots, (b) stems, and (c) leaves in the
low to severely contaminated soils.
forms of Cd in sugarcane tissues. In all cases, statistical significance was set at P < 0.05. All statistical
analyses were performed using SAS Statistics 9.4.

genetics and energy metabolism [17, 18]. In addition, the subcellular distribution of Cd in sugarcane
tissues followed the order roots > stems > leaves.
Moreover, the Cd concentrations of the cell wall
fraction and cell organelle fraction in sugarcane
roots generally increased with the levels of Cd in the
polluted soils (Figure 1 and 2). This might be ascribed to that Cd is mainly stored in plant roots outside the cells in an apoplastic manner to protect
against Cd abundance [19].

RESULTS AND DISSCUSSION
Subcellular distribution of Cd in sugarcane.
The sequence of the subcellular distribution of Cd in
all sugarcane tissues (roots, stems, and leaves) was
cell wall fraction (0.01 – 0.45 mg kg-1, Figure1) >
soluble fraction (0.01 – 0.15 mg kg-1, Figure 2) > cell
organelle fraction (0.002 – 0.14 mg kg-1, Figure 3).
In other words, the dominant Cd forms were the cell
wall fraction (46 – 85 %) and soluble fraction (5 –
49 %, Figure 4). Similar results that the dominant
fractions of Cd are the cell wall fraction and soluble
fraction in plant tissues at the subcellular level are
reported in other previous studies [14, 15]. It is well
known that the more the Cd is located in cell wall
and vacuolar, the more the alleviation of Cd toxic effects on crops will be achieved [10, 16]. This is regarded as an essential Cd-detoxification mechanism
for crops, because the binding of Cd to cell wall and
vacuolar relatively lowers the concentrations of Cd
in sensitive and critical organelles such as cell nucleus and chondriosome which control the cellular

Chemical forms of Cd in sugarcane. The
chemical forms of Cd present in plant cells as soluble
Cd in nitrate, chloride and other inorganic salts (ethanol extracted Cd), water-soluble Cd in organic acid
VDOWV GHLRQL]HGZDWHUH[WUDFWHG&G LQVROXEOH&GLQ
pectates/protein (NaCl extracted Cd), insoluble
phosphate complexes (acetic acid extracted Cd), oxalate forms (HCl extracted Cd) and residual Cd [10].
Different chemical forms of Cd affect their activity,
mobility, and biological toxicity in plant tissues [20,
21]. Generally, the toxicity of Cd in forms of soluble
inorganic salts and organic acid salts or insoluble Cd
in pectates/protein is greater than that of insoluble
phosphates or oxalates [13].
In this study, the Cd concentrations and the percentages of different chemical forms vary depend on
sugarcane tissues, and the total Cd concentrations of
various chemical forms followed the order roots >
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stems > leaves (Table 2). In sugarcane roots, the concentrations of Cd extracted by NaCl (0.1 – 0.5 mg
kg-1, corresponding to 17 – 76% of total Cd in roots)
and acetic acid (0.02 – 1.0 mg kg-1, 8 – 69%) were
higher than that extracted by other extractants (0.004
– 0.1 mg kg-1, 0.3 – 22%). Similarly, most of the Cd
(0.006-0.04 mg kg-1, 14 – 62%) in sugarcane leaves
was extracted by NaCl and acetic acid. Similar findings are found in previous studies [10, 20]. For instance, the forms of Cd extracted by NaCl and acetic
acid were dominant in the tissues of Kandelia obovata [22]. In addition, approximately 75% of Cd in
P. yezoensis is integrated with protein/pectates (extracted by NaCl), followed by insoluble phosphate
complexes (19%, extracted by acetic acid) [14]. The
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insoluble Cd in pectates/protein and insoluble phosphate forms are considered as the moderately labile
Cd form in plant tissues, resulting in decreased freeion activity and reduced toxicity of Cd [23]. In contrast, approximately 45 – 86% of the Cd in sugarcane
stems was the residual Cd and the nitrate, chloride,
and aminophenol Cd (extracted by ethanol). These
results suggested that the concentrations of Cd in different chemical forms vary dependent on plant tissues. Generally, the ethanol-extracted Cd (nitrate,
chloride, and aminophenol Cd) is considered as the
most toxic Cd form in plants, while the residual Cd
is the most immobile Cd form whose mobility and
toxicity for plants are minimal [7](Wang et al.,
2015).

TABLE 2
The concentrations (percentages) of different chemical forms of Cd in sugarcane tissues (ug kg-1)
SugarExperimental sites
cane
Variables
S1
S2
S3
S4
S5
S6
tissues
Ethanol-extracta48.8
28.7
13.0
132.3
40.0
Roots
3.3 (0.2%)
ble Cd
(19.6%)
(5.9%)
(1.9%)
(21.5%)
(3.2%)
Water-extractable
16.6
18.7
28.2
6.4 (2.6%)
7.4 (1.2%)
35.6 (2.3%)
Cd
(3.4%)
(2.8%)
(2.3%)
NaCl-extractable
146.8
361.8
508.0
179.0
533.0
262.2
Cd
(59.1%)
(74.1%)
(75.9%)
(29.1%)
(42.7%)
(17.2%)
Acetic acid-ex19.1
47.7
96.6
164.7
526.0
1042.0
tractable Cd
(7.7%)
(9.8%)
(14.4%)
(26.8%)
(42.2%)
(68.6%)
HCl-extractable
19.8
27.6
70.8
99.6
172.9
7.1 (2.9%)
Cd
(4.1%)
(4.1%)
(11.5%)
(8.0%)
(11.4%)
20.3
13.7
61.1
20.1
5.3 (0.8%)
3.9 (0.3%)
Residual Cd
(8.2%)
(2.8%)
(9.9%)
(1.6%)
Ethanol-extracta41.5
72.9
162.2
199.2
85.0
80.0
Stems
ble Cd
(27.8%)
(38.4%)
(45.9%)
(58.1%)
(46.3%)
(52.2%)
Water-extractable
33.8
47.1
50.6
24.2
28.1
7.8 (5.1%)
Cd
(22.6%)
(24.8%)
(14.3%)
(7.1%)
(15.3%)
NaCl-extractable
17.4
34.5
68.7
18.3
24.9
26.5
Cd
(11.6%)
(18.2%)
(19.4%)
(5.4%)
(13.6%)
(17.3%)
Acetic acid-ex3.1 (2.2%) 4.8 (2.5%) 7.3 (2.1%) 1.2 (0.4%) 3.1 (1.7%) 5.2 (3.4%)
tractable Cd
HCl-extractable
2.5 (1.6%) 0.9 (0.5%) 1.5 (0.4%) 1.0 (0.3%) 0.3 (0.2%) 1.6 (1.1%)
Cd
51.1
29.6
63.5
98.9
42.1
32.1
Residual Cd
(34.2%)
(15.6%)
(18.0%)
(28.9%)
(22.9%)
(21.0%)
Ethanol-extracta2.8 (6.5%) 3.6 (9.9%) 2.5 (3.3%) 3.1 (8.2%) 2.3 (3.4%) 4.2 (9.2%)
Leaves
ble Cd
Water-extractable
7.6
5.5
3.0 (7.2%) 2.7 (7.6%)
2.7 (4.0%) 2.0 (4.4%)
Cd
(10.1%)
(14.6%)
NaCl-extractable
21.2
6.7
19.3
11.5
14.4
6.3 (13.7%)
Cd
(50.3%)
(18.6%)
(25.5%)
(30.6%)
(20.9%)
Acetic acid-ex11.9
17.9
38.7
13.5
42.4
11.6(25.2%
tractable Cd
(28.1%)
(49.6%)
(51.0%)
(36.1%)
(61.6%)
)
HCl-extractable
1.9 (4.5%) 2.4 (6.6%) 6.4 (8.5%) 1.8 (4.9%) 4.7 (6.9%) 2.0 (4.4%)
Cd
19.9(43.1%
Residual Cd
1.4 (3.3%) 2.8 (7.8%) 1.2 (1.6%) 2.1(5.6%) 2.2(3.2%)
)
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TABLE 3
Pearson’s correlation coefficients between the concentrations of Cd in soils and the subcellular distribution and chemical forms of Cd in sugarcane tissues.
Soil Cd fractions
CarTotal
DTPAFe/Mn oxVariables
Exchange- bonateOrganic mat- Residual
Cd
Cd
idesbound
able Cd
ter-bound Cd
Cd
bound Cd
Cd
Cell wall Cd
0.389
0.655*
0.735*
0.386
0.276
0.679*
0.458
Cell organelles Cd
-0.193 -0.357
-0.291
-0.223
-0.144
0.075
-0.214
Soluble fraction Cd
0.248
-0.048
0.051
0.409
0.803**
0.812**
0.196
Ethanol-extractable Cd -0.445 -0.585
-0.356
-0.192
-0.234
-0.454
-0.529
Water-extractable Cd
0.573
0.731
0.635
0.493
0.561
0.512
0.588
NaCl-extractable Cd
0.525
0.684*
0.661*
0.551
0.562
0.809**
0.489
Acetic acid-extractable Cd
0.293
0.614*
0.626*
0.218
0.388
0.256
0.323
HCl-extractable Cd
-0.403 -0.537
-0.434
-0.319
-0.151
-0.208
-0.411
Residual Cd
0.228
0.519
0.356
0.159
0.375
0.249
0.257
*, P< 0.05;
**, P < 0.01.

soils in the typical high-Cd-background region in
Guangxi. Results indicate that the storage of Cd in
cell walls and the conversion of Cd into insoluble
phosphate precipitation and pectate- or proteinbound forms can be the primary means for reducing
the mobility and toxicity of Cd for sugarcane. In the
present study, it has been clarified that Cd subcellular distribution and chemical forms are relevant to
the levels of Cd in soils. The subcellular distribution
and chemical forms of Cd in plants provide an effective tool to find chemical behaviors of Cd in plant
cells under stresses.

Correlation analysis of the effects of Cd levels in soils on the subcellular distribution and
chemical forms of Cd in sugarcane tissues. Correlation analysis showed that the Cd concentrations of
cell wall fraction were positively correlated with the
contents of the DTPA-Cd, exchangeable Cd, and organic matter-bound Cd in the soils (Table 3). Similarly, the Cd concentrations of soluble fraction were
positively correlated with the contents of the Fe/Mn
oxides-bound Cd and organic matter-bound Cd in
the soils. It is believed that the DTPA-Cd has a direct
effect on the uptake of Cd in plant tissues [24]. In
addition, the exchangeable Cd is considered as the
most labile Cd form in soils that greatly affects the
Cd bioavailability for plants [25, 26]. The Fe/Mn oxides-bound Cd, and organic matter-bound Cd have
been considered as potential sources for the exchangeable Cd [27]. Therefore, in this study, the Cd
concentrations of the cell wall fraction and cell organelle fraction were generally increased with the levels of DTPA-Cd and the exchangeable Cd in the
soils.
On the other hand, the concentrations of insoluble Cd in pectates/protein (NaCl extracted Cd) were
positively correlated with the contents of DTPA-Cd,
exchangeable Cd, Fe/Mn oxides-bound Cd, and organic matter-bound Cd. The insoluble phosphate
forms (acetic acid extracted Cd) were positively correlated with the DTPA-Cd and exchangeable Cd.
These results might explain the increase of root insoluble Cd in pectates/protein and phosphate forms
with the DTPA-Cd and the exchangeable Cd in the
soils.
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to other crop pests. The development of resistance in
susceptible strain of T. urticae for ten successive
generations after exposure to compounds treated surface was developed slowly and the resistance increased gradually. Several investigators evaluated
the resistance problem around the world [1-4]. Sato
et al. [5] found that the resistance to abamectin in T.
urticae increased 13 fold [6,7]. The resistance ratio
was high resistant to abamectin [8]. Monteiro et al.
[9] and Ferreria et al. [10] monitored resistance to
abamectin. The enzymes play an important role as
biochemical mechanism for resistance to acaricides.
Kwon et al. [11] found that the percent increase in
activity enzymes, it could be fairly concluded that
the most inductive effect was obtained in case of the
abamectin and etoxazole in glutathione-S-transferase (GST), alkaline phosphate, acid phosphate,
ATPase and AChE [12-14]. The specific activities of
ACHE enzymes were lower, however, GST activity
was higher [15]. Therefore, the present work was
conducted to evaluate the development of resistance
strains of T. urticae to chemicals and the specific activity of Acetylcholine esterase and Glutathion-Stransferase enzymes under laboratory conditions in
order to study the mechanism of resistance in T. urticae.

ABSTRACT
The present study was conducted to evaluate
the development of resistance in susceptible strains
of Tetranychus urticae to chemicals (Fenpyroximate, Cyhalothrin, Abamectin and Ethion) and the
specific activity of Acetylcholine esterase and Glutathion-S-transferase enzymes under laboratory conditions in order to study the mechanism of resistance
in T. urticae. Resistance levels to Fenpyroximate
were highly variable in two generations showing
high resistance in ninth and tenth generations 66.58
and 78.72 fold, respectively. The resistance to
Cyhalothrin showed that selection for ten generations succeeded in building up 37.45 fold of resistance. The resistance to Abamectin increased
gradually to reach it's the ten generation, represented
by 140fold. The resistance to ethion of the ninth and
tenth generations ranges to 71.8 and 94.1 fold, respectively. Results showed that the specific activities
of AChE enzyme were significantly lower in susceptible strain. Also, significant differences were found
among the compounds. The Resistance strain of
Cyhalothrin of T. urticae had the highest specific activity of AChE of 2.48 and as compared with susceptible strain, 0.94 while the resistance strain for
Abamectin had the lowest specific activity of AChE
1.31. Ethion and Fenpyroximate significantly decreased the activity of AChE activities 2.20 and 2.30,
respectively. Data showed that GST activity was significantly higher in all the resistant strain of T. urticae than that of the susceptible strain.

MATERIALS AND METHODS
Prey Cultures.Colonies of the two-spotted spider mite, Tetranychus urticae (Koch) (Acarina:
Tetranychidae) were obtained from castor bean
plants from Kafr El-sheikh Goveronate and reared
under laboratory conditions. The prey culture was
kept at 25 + 2 0 C under 16 hrs photoperiod to encourage plant growth, and 70 + 5 R.H.

KEYWORDS:
Tetranychidae, Acaricides, Resistance, Fenpyroximate,
Cyhalothrin, Abamectin, Ethion

Chemicals used. All tested compounds were
used and the dosages were calculated on the basis of
ppm of active ingredient. The chemical names of the
tested compounds are as follows: Fenpyroximate
(5% S.C) tret-butyl (E)-a- (1,3-dimethyl-5-phenoxy
pyrazol-4- yl methylene-amino-oxy) –p-toluate,
(Shoura, Company). Cyhalothrin (5% E.C) A reaction product comprising equal quantities of (S) -2cyano-3- phenoxybenzy1 (z)-(1R3R)3- (2- chloro-

INTRODUCTION
The two spotted spider mite, T. urticae is one
of the most important and serious pests on most
plants and it is difficult to control. Because of its high
fecundity, short generation time, high rate of inbreeding and high possibility of acaricides exposure,
its resistance to pesticides is a big problem compared
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adults were collected from both the susceptible strain
(5mg) and resistance strains tested in laboratory
(30mg of fresh mite homogenate for each compound) after being starved for 6 hours. Each sample
was ground in mortar to obtain fine powder, suspended and homogenized in an ice solution of 0.25
M sucrose using a glass homogenizer. The homogenate was centrifuged and the supernatant was used as
the enzymes sources. Equal weights of each of the
selected mite samples were frozen at -2°C until
needed. The suspensions were transferred to seven
beakers (70 ml) with few drops of sodium salt, the
samples were labeled (0.2 ml), according to ElDoksh [17]. The supernatants were obtained and
used for analysis in mite conducted at analysis laboratory, Agric. Res. Center Doky, Giza, Egypt.

3,3,3- trifluoro propeny1) -2,2 - dim ethyl cyclopropane carboxyl ate and (R) -a- cyno-phenoxybenzyl
(Z)- (1S, 3S) -3- (2-chloro-3,3,3-trifluropropenyl)2,2-dimethyl cyclopropane carboxyl ate, (El-Help,
Company). Abamectin (1.8% E.C): a mixture containing a minimum of 80% avermectin B,a (5-0-deinethyl avermectin Aia) and a maximum of 20%
avermectin B, b [5-0-demethyl-25-de-(1-methylpropyl)-25-(1-methylethyl)
avermectin
A,a],
(Merck, Company). Ethion (50% E.C) 0, 0, 0, 0-tetraethyl s, s-methylene-bis (phosphoeodi-thioate),
(El-Help, Company).
Resistance studies: Resistance evaluation
were made, using some compounds (ethion, fenpyroximate, cyhalothrin and abamectin) using the leaf
disc dipping technique against adult of the two-spotted spider mite, T. urticae. The LC50 value and slope
value were assessed and the resistance ratio was calculated in comparison with the susceptibility strain.

Determination of enzymes activity. Acetyl
cholinesterase. Acetyl cholinesterase (AChE) activity was measured by the method of Ellman et al. [18]
with acetylthiocholine iodide as a substrate.

Selection pressure studies. The field strain of
the two-spotted spider mite, T. urticae was collected
from the cotton plants grown in the experimental
farm of Sakha Agricultural Research Station, at Kafr
Elsheikh region. Each individual was transferred to
the laboratory, and reared under optimum laboratory
conditions away from any acaricide contamination
for four successive generations before starting in the
selection pressure experiments. The selection pressure was carried out using concentrations that give
about 50 % mortality (LC50) of the adults for all
tested compounds. Selection pressure was carried
out by applying the toxicant solution on the leaf discs
having the cuttings of sweet potato plants by dipping
it for about 5 seconds, left to dry in each concentration for all compounds. Numbers of individuals
tested were 200 of T. urticae transferred on each leaf
disc in dishes. The mite numbers were recorded after
every 24 and 48 hours from the treatment, the surviving mites were transferred on new sweet potatoes
leaves away from any acaricides contamination. The
colony was in a level where it could again be used
for selection pressured. At the end of the selection
pressure when the mites began to tolerate, the toxicant increased the selection pressure generation after
generation with increase in LC50 values. Every concentration was replicated four times for all compounds, then LC50 values, slope values and the resistance ratio were calculated after the end of each
generation and compared with these from susceptible strain
The resistance ratio was calculated according to
Ibrahim [16] as the following equation:
LC50 of resistance strain
Resistance ratio (Rr) =
LC50 of susceptibility strain

Reagents.Acetylthiocholine iodide (ATchI),
0.075 M, was prepared by dissolving 21.67 mg /ml
redistilled water.
Dithio-bisnitrobenzoic acid (DTNB) 5.5-dithiobis (2-nitrobenzoic acid (0. 01 M) was prepared by
dissolving 39.6 mg in 10 ml, phosphate buffer
(0.1M-pH 7.4) in the presence of 15 mg sod. bicarbonate.
Acetylthiocholine
AchE
Acetic acid +
choline
Procedure. 20µ ATchI, 100 µl. DTNB, 2.78
ml phosphate buffer and 100 µl of enzyme solution
were mixed in the tube. A control was included for
corporation in which 100 µl. distilled water was used
instead of the enzyme solution. The reaction mixture
was incubated for 30 min. in a water bath at 37°C.
The absorbance was measured at 421 nm on a spectrophotometer. Two replicates were made for each
assay.
Glutathione - S - transferas (GST). Determination of (GST) activity was done by the calorimetric method of Rose and Wallbank [19] where 1.2dichloro-4-nitrobenzene serves as the substrate. Absorbance of the yellow product can be measured
spectrophotometercally at wave length 344 nm. The
activity is expressed as the rate of change in absorbance over 4 min. which can be converted to nanomoles per mg tissue using an extinction coefficient
of 10 Mm -1 cm [20], while the specific activity is
expressed as mM dichloronitrobenzene hydrolyzed
per min., per mg protein.
Reagents.- 150 Mm, 1.2 dichloro -4- nitrobenzene (DCNB).
- Reduced Glutathione, 20 mM in 0.1M phosphate buffer, pH 7.5.

Preparation of enzymes samples from T. urticae.The homogenate of the two spotted spider mite
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13 generations exhibited resistance up to 10.88 told
at the LC50 concentration. The obtained results are
contrary with those Sharaf [24], who reported that a
strain of T. cinnabarinus exhibited only tolerance up
to 2.33 fold after selection with LC50 level for 18
generations. Fahnbulleh [25] found that the resistance factor value at LC50 for NOR4 (T. urticae)
when Fenpyroximate was applied against it was
0.62, While that of NOR5 (T. urticae) was 0.75 indicating that the GSS (T. urticae) had a higher tolerance. Hammad [26] found slope values of the log cocenteration-probit lines, which indicated that Fenpyroximate has the highest slope value of 2.87. Van
Leeuwen et al. [3] found significance and interpretation of molecular diagnostics for insecticide resistance management of agricultural pests.
The percentage of increase of enzymes activity
was determined according to El- Doksh [17].

Procedure.0.1 ml of sample (enzyme source),
0.1 ml of buffer were pipetted into the tube, well
mixed and placed into a water bath kept at 35°C for
4 min. to equilibrate, 0.01ml of DCNB was added
and the mixture replaced into the water bath and absorbance was measured using the reagent blank as
reference, two replicates were made for each assay.
Activity of the enzyme was determined according to Taussky and Shorr [21] and was calculated as
follows: (Eq. 1-3)

RESULTS AND DISCUSSION
Development of resistance to Fenpyroximate
in T. urticae. Results of the selection showed that
the resistance levels in T. urticae to Fenpyroximate,
increased gradually following the generations with
the selection pressure. Data shown in Table (1) indicated that the tolerance be might started to appear by
the beginning of first generation, represented by 1.88
fold, with LC50 values of 3.30 ppm. While the fourth,
fifth and sixth generations have the moderate resistance level of 11.63, 23.12 and 38.76 fold, respectively. Resistance levels to Fenpyroximate were
highly variable two generations showed moderate resistance (average RR of 40.50 and 42.77 fold) in the
seventh and eighth generations, with LC50 values of
70.89 and 74.86 ppm, respectively, and two generations showed that very high resistance were found in
ninth and tenth generations (average RR of 66.58
and 78.72 fold), with LC50 of 116.52 and 137.77
ppm, respectively.
As shown in Table (1), it appears that the tenth
generation has the highest slope value (2.79) followed by first and fourth generations with slope
value of 2.14. While the sixth, eighth and ninth generations were of the lowest slope value 1.09, 1.09
and 1.04, respectively. Kim et al. [7] found high levels of resistance to Fenpyroximate (RR ,68 fold).
Goka [22] found that the resistance ratio calculated
from LC50 of my resistance strain of T. urticae was
1265 fold for Fenpyroximate Cho et al. [23] indicated high resistance level of T. urticae to Fenpyroximate. Selection pressure with Akar to T. urticae for

Development of resistance to Cyhalothrin in
T. urticae. The development of resistance in susceptible strains of T. urticae for ten successive generations after exposure to cyhalothrin treated surface is
shown in the Table (2). The resistance of T. urticae
to cyhalothrin developed slowly in the first generation with the LC50 (1.49 fold) until the fourth generation (5.69 fold) and began to increase in the fifth
generation with the LC50 value 8000 ppm
(11.98fold). While the sixth, seventh and eighth generations have the high resistance level of 19.47,
21.72 and 23.97, respectively. Therefore, the resistance increased in the ninth and tenth generation
of selection when compared with the susceptible
strain, and the resistance level with T. urticae to
cyhalothrin developed very fast. Resistance increased gradually until reached the highest peak at
the end of the ninth and tenth generations, as represented by 34.46 and 37.45 fold, respectively. Referring to Table (2) it appears that the second, fifth and
ninth generations have the highest slope values
(1.62, 1.58 and 1.70 respectively) followed by the
eighth and tenth generations with slope values of
1.50 and 1.56, respectively. While the first and four
generations were of the lowest slope values 1.15 and
0.94, respectively.

Absolute activity in a desired homogenate volume
Specific activity =
mg protein in the same homogenate volume

Eq. 1

Specific activity of resistance strain
Specific activity index =
Specific activity of susceptible strain

Eq. 2

% increase in the activity of tested enzymes =
Specific activity of enzymes in treatment - S.A. in control
=

×100
Specific activity of the enzymes in control
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TABLE 1
The selection of resistance to Fenpyroximate in Tetranychus urticae

generation
tested
susceptible
1
2
3
4
5
6
7
8
9
10
RR. Resistance ratio

LC50 ppm
1.75
3.30
5.85
14.76
20.36
40.46
67.83
70.89
74.86
116.52
137.77

C.L. for LC50
Lower
upper
1.55
1.98
2.86
3.79
4.50
7.40
12.56
17.28
12.87
34.73
33.98
48.07
54.21
86.21
56.78
88.44
60.59
91.67
79.45
171.68
122.38
155.09

* RR < 10 Tolerance

Slope Value

RR

2.76
2.14
1.72
1.78
2.14
1.39
1.09
1.20
1.09
1.04
2.79

1.88
3.34
8.43*
11.63**
23.12
38.76
40.50
42.77
66.58
87.72

**RR > 10 Resistance

(3) show the selection for 10 generations with
abamectin. The resistance level in T. urticae was low
in start the selection process until the second generation. Resistance started to appear in the third generation with LC50 value 0.12 ppm (12.2 fold). While
the sixth, seventh, and eighth generations have high
resistance level of 36, 36.5 and 43, respectively.
Therefore, the resistance level of T. urticae to
abamectin developed slowly and the resistance increased gradually, with LC50 values rising from approximately 0.67 and 1.40 ppm. (67 and 140 fold) in
the ninth and tenth generations, respectively, when
compared with the susceptible strain. These results
disagree the findings of Koh et al. [30] who found
that the resistance ratios to abamectin were low (RR
10) in all populations.
Concerning the obtained slope values, it is well
known that the slope value is a good parameter for
the degree of homogeneity or heterogeneity of the
response of the population towards the tested acaricides. In the other words, high slope value reflects
high degree of homogeneity of the population which
means that population might be similar in their response towards tested compounds. On the other

The slope values of some generations are considered of low value indicating a certain amount of
heterogeneity in the population towards the tested
compound. These results support those obtained by
investigators. Youssef et al. [27] found that the resistance rate with T. urticae population ranged from
37.45 fold for cyhalothrin, Kobayashi et al. [28] who
reported that few T. urticae populations collected
from an approximately 7×5 km area were insensitive
to cyhalothrin. Furthermore, they reported a resistance ratio> 20.000 to cyhalothrin. Lee et al. [29]
found that T.urticae was highly resistant to cyhalothrin (R.R 90.0). Mohamed [6] reported that slope
value of the log concentration probit lines indicated
that cyhalothrin have slope value 0.9891. Inak et al.
[2] found resistance incidence and presence of resistance mutations in populations of Tetranychus urticae from vegetable crops.
Development of resistance to Abamectin in
T. urticae. Development of resistance in susceptible
strains of T. urticae for ten successive generations
after exposure to abamectin treated surface was studied. Results of the abamectin selection showed that
the resistance in T. urticae, increased in the generation that followed selection. Data obtained in Table

TABLE 2
The selection of resistance to cyhalothrin in tetranychus urticae.

generation
tested
susceptible
1
2
3
4
5
6
7
8
9
10
RR. Resistance ratio

LC50 ppm
667.38
1000.0
1050.0
2623.5
3800.2
8000.0
13000.0
14500.0
16000.0
23000.0
25000.0

C.L. for LC50
Lower
upper
516.3
880.8
1302.3
769.2
1307.1
846.7
1316.8
1515.4
3500.2
4300.5
9820.2
6517.8
16741.8
10094.7
18819.5
11171.8
19682.2
13008.1
31172.2
16974.1
32389.3
19298.5

* RR < 10 Tolerance

Slope Value
0.88
1.15
1.62
1.40
0.94
1.58
1.37
1.33
1.50
1.70
1.56

**RR > 10 Resistance
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1.49
1.57
3.93
5.69*
11.98**
19.47
21.72
23.97
34.46
37.45
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TABLE 3
The selection of resistance to Abamectin in Tetranychus urticae
C.L. for LC50
LC50 ppm
Slope Value
Lower
Upper
0.01
0.022
0.03
2.3
0.04
0.034
0.04
2.6
0.06
0.036
0.15
2.5
0.12
0.116
0.12
3.2
0.13
0.120
0.14
2.0
0.14
0.140
0.15
3. 1
0.36
0.250
0.46
0.9
0.36
0.250
0.46
0.9
0.43
0.260
2.46
1.3
0.67
0.28
1.70
1.7
1.40
0.56
3.60
1.6
RR. Resistance ratio

* RR < 10 Tolerance

RR
4.00
6.00*
12.20**
13.0
14.0
36.0
36.5
43.0
67.0
140.0

**RR > 10 Resistance

generations of T. urticae populations are presented
in Table (4). As shown in the present) study, the resistance ratio appeared in start of the first generation,
but in low rates, with LC50 value of 23.44 ppm and
resistance ratios of this generation was 2.1 fold, then
the resistance increased gradually until reached its
peak during tenth generation. Therefore, resistance
levels start to increase in the fourth generation with
the LC50 value 182.73 ppm. (16.0 fold). While the
fifth, sixth and seventh generations have the moderate resistance level of 16.1, 26.5 and 35.1 fold, respectively. However, the eighth generation showed
moderate resistance of T. urticae, with LC50 value of
462.00 ppm and resistance ratio, of eighth generation
was 40.5 fold.
Overall, most generations showed highest levels of resistance (RR>10). However, the ninth and
tenth generations showed high resistance of the red
spider mite, with LC50 value of 817.66 ppm and
1070.44 ppm, resistance rates of the ninth and tenth
generations against ethion ranges to 71.8 and 94.1
fold respectively. Referring to data in Table (4), the
slope values showed increasing in homogeneity of
these generations due to increasing values (5.06 in
sixth generations and 5.00 in ninth generations).
While the seventh and eighth generation showed
moderate slope values to T. urticae, represented by
2.55 and 3.80, respectively, but decreased in tenth
generation (1.00). Sokel et al. [33] found that the resistance ratios for all T. urticae populations ranged
from <1.1 fold for ethion. Cho et al. [22] found that
only low to moderate resistance of T. urticae to
ethion was identified. Kim et al. [7] observed moderate levels of resistance with (ethion) in T. urticae.
Ay et al. [34] suggested that the resistance ratios for
the chemicals ranged from < 2.5 for Propargite
(Ethion) and < 2.9 for abamectin with the LC50 values. Papapostolou et al. [4] found striking multipleinsecticide resistance in Tetranychus urticae field
population.

hand, low slope value means a high degree of heterogeneity of the population and consequently in the
of this populations towards the tested acaricides so it
is asiglly needed might be to pool the modifier gens
for developing the resistance state. Based on the data
represented in Table (3), it could be concluded that
the highest degree of population homogeneity was
obtained toward the third generation which had the
highest slope value (3.2). First, second and fifth generations have slope values 2.6, 2.5 and 3.1 respectively. While the fourth, ninth and tenth generations
have the lowest slope values of 2.0, 1.7 and 1.6 respectively. The obtained results are in agreement
with those of Youssef et al. [27] reported that (after
10 generations of selection) that the strain was 140
fold resistant to abamectin compared with the susceptible strain. Meng et al. [31] found that in a previous study that panonychus citri (citrus red mite)
developed resistance to abamectin (7.3 fold) after 5
generations of selections. Moreover, the resistance
increased 13 fold compared with the initial level indicating that this species had a potential for quick development of resistance to abamectin. He et al. [8]
reported that after 42 generations of selection, found
that the strain was 8.7 fold resistant to abamectin
compared to the susceptible strain. Kim et al. [7]
found that the moderate levels of resistance were observed with abamectin. Mario et al. [32] indicated
that the susceptible (S) and resistant (R) strains of T.
urticae to abamectin were obtained; the resistance
ratio (R/S) at the LC50 reached 342 fold. Kwon et al.
[11] indicated that the biochemical mechanisms of
abamectin resistance in two T. urticae strains
(PTF239 fold resistance and AbaR 4753 fold resistance) were investigated. Ferreria et al. [10] found
resistance in field population of Tetranychus urticae
to Abamectin.
Development of resistance to Ethion in T. urticae. The LC50 values and the resistance ratios of ten
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TABLE 4
The selection of resistance to Ethion in Tetranychus urticae.
C.L. for LC50
LC50 ppm
Slope Value
Lower
Upper
11.38
7.36
16.84
1.51
23.44
12.32
40.11
1.44
65.08
41.53
121.95
1.54
94.18
55.79
133.07
1.35
182.73
90.16
357.75
1.05
183.56
135.55
242.70
1.31
302.00
266.00
336.00
5.06
399.53
345.27
458.64
2.55
462.00
403.00
522.00
3.80
817.66
493.54
1000.00
5.00
1070.44
625.32
1699.48
1.00
* RR < 10 Tolerance

RR
2.1
5.7
8.3*
16.0**
16.1
26.5
35.1
40.5
71.8
94.1

**RR > 10 Resistance

tible strain. These results are almost are in accordance with the resistance factors shown in Tables (1,
2, 3 and 4). It is clear that; ethion and Fenpyroximate
significantly increased the activity of ACHE activities 2.02 and 2.03 with specific activity index 2.14
and 2.15 respectively. Based on the percent increase
in enzyme activity, it could be fairly concluded that
the most percent Increase of enzyme activity was obtained in case of cyhalothrin with Percent increase of
163.82% compared with the susceptible strain.
While the resistant strain of abamectin had the least
percent increase of enzyme activity value (39.36). It
is of a great interest to mention that both ethion and
Fenpyroximate in, had percent increase in enzyme
activity value of 114.89 and 115.95%, respectively.
The involvement of AChE in the O.P. has been
reviewed by several authors, Smissanert [12], Voss
and Matsumura [13] found that AChE activity of the
homogenate of the O. P. resistant strain of T. urticae
was much less sensitive than that in susceptible mite.
El-Nawawy et al. [35] found that ACHE enzyme in
the susceptible strain was more active than that of the
O. P. resistance of S. littoralis. In conclusion, the obtained results in Table (5) show that activity of
ACHE is not the main resistance factor in this respect. El-Doksh [17] stated that all tested inducers
(ethion® and Fenpyroximate®) caused an increase
in the ACHE activity accompanied by decrease in its
sensitivity to the inhibition by methomyl.

Mechanism of resistance in T. urticae. The
specific activity of certain enzymes under laboratory
conditions was determined in order to figure out the
mechanism of such effect. In other words, the assays
of certain enzymes were carried out in mite homogenate prepared from mites being exposed to any of
the tested acaricides alone. However, all tested compounds were bioassayed for their effects on the specific activities of some enzymes. However, the enzymes play a major role in mechanism of resistance
to acaricides in resistant mite [16].
Acetyl cholinesterase activity in susceptible
and resistant strains. Acetyl cholinesterase enzyme
(AChE) plays an important role in biochemical
mechanisms for resistance to acaricides. Specific activities of acetyl cholinesterase were determined in
susceptible and resistant strains of T. urticae. Results
in Table (5) and Figure (1) showed that the specific
activity of ACHE enzyme was significantly decreased in susceptible strain. Also, results indicated
that these significant differences were found between the tested compounds. The resistant strain of
T. urticae to cyhalothrin had the highest specific activity value of ACHE of 2.48 and specific activity
index of 2.63 as compared with the susceptible strain
(0.94). While abamectin resistant strain had the lowest specific activity of AchE enzyme 1.31 with specific activity index 1.39 if compared with the suscep-

TABLE 5
Specific activity, specific activity index and percentage of increase of AChE in susceptible and
resistant strains of T. urticae
Compounds
Specific activity
Specific activity in% increase of enzyme
µmol/min./mg protein
dex
activity
Susceptible
0.94 e
Fenpyroximate
2.03 b
2.15
115.95
Cyhalothrin
2.48 a
2.63
163.82
Abamectin
1.31 d
1.39
39.36
Ethion
2.02 c
2.14
114.89
*Average followed by the same letter within a column have not significant difference at 0.05 level.
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3

ACHE activity (U/L)

2,5
2
1,5
1
0,5
0
Susceptible

Ortus

Cyhalothrin

Abamectin

Ethion

Tested compounds
FIGURE 1
Specific activity of ache enzyme in susceptible and resistance strains.

1.28. Comparing the obtained percentage of increase
that are recorded for the tested compounds, it was
noticed that Fenpyroximate considered the only
compound that had apparent inductive effect with a
percentage of increase equal to 132.66% While the
mean inductive effect was recorded with abamectin
and ethion which had an increase value of 102.74
and 107.94%. While the least one was obtained in
case of cyhalothrin (28.42%) (Table 2). Lin et al.
[14] found that GSTS activity of the resistant strains
was significantly higher than that of the susceptible
strain, which demonstrated that the development of
resistance to abamectin in T. cinnabarinus was correlated with the increase of GSTs activity; the activity in resistant strain developed 3.4 fold contrasted to
that of the susceptible. Therefore, the role of GSTs
has certain universality in the spider mites resistance
mechanism.

Glutathione-S-transferase activity in susceptible and resistant strains. Many reports show that
Glutathione-S-transferase (GST) is important enzyme in insecticide metabolism [36]. Both enzymes
(AChE and GST) have been implicated in resistance
in a number of insects particularly houseflies [37],
GST enzyme plays an important role in biochemical
mechanism for resistance to acaricides. Data in Table (6) and Figure (2) show that GST-transfereas activity was significantly higher in all resistance strains
for all acaricides of T. urticae than that of the susceptible strain, The increased (specific activity) was
marked in resistant strain of T. urticae of 617.79 and
691.26 for ethion and Fenpyroximate with specific
activity index 2.32 and 2.07 respectively followed
abamectin, the moderate inductive was recorded
602.35with specific activity index 2.03. On the other
hand, the least inductive effect was recorded in case
of cyhalothrin (381.56) specific activity index of
800

GST activity (U/L)

700
600

500
400
300
200

100
0
Susceptible

Ortus

Cyhalothrin

Abamectin

Tested compounds

FIGURE 2
Specific activity of GST enzyme in susceptible and resistance strains.
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TABLE 6
Specific activity, Specific activity index and percentage of increase of GST in susceptible
and resistance strains of T. urticae.
Compounds
Specific activity
Specific activity in% increase of enzyme
µmol/min./mg protein
dex
activity
Susceptible
297.10e
Fenpyroximate
691.26a
2.07
132.66
Cyhalothrin
381.56d
1.28
28.42
Abamectin
602.35c
2.03
102.74
Ethion
617.79a
2.32
107.94
* Average followed by the same letter within a column have not significant difference at 0.05 level.
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tal effect. The main source of air pollution and windblown dust is arid and seasonally arid regions in subSaharan countries. However, the major problem
some cities are located in a desert region in Africa,
and the pollution is increased by the spreading of the
city dust and seasonal sand storm [1]. The dust
storms cover all of north Africa and the middle east
and travel across the Mediterranean many times during the year that altering could formation of the
countries and causing an effect on health and environmental contamination in all these countries [2].
The air pollution outdoors in Khartoum North
is impacting the atmospheric contamination sources
from a few power generation plants and industrial areas and an oil refinery as well as the wind-blowing
soil and many sources of particles in the atmosphere
[3]. Energy production and industrial airborne particulate emission impact environmental pollution
and energy consumption and sand storm are meanly
sources of atmospheric pollution that affect the air
quality in the region. The major sources of air pollution constitute in the countries are realized gas emission dust storm gases from various industries and
traffic transportation systems in the city [4]. The
source of environmental pollution in the city such as
human activities and urban growth is contributed to
air quality has a potential impact on air pollution in
the region. The outdoor air pollution in the region
and sandstorm and wind dust has blown seasonally
and ambient temperature raising increases the rate of
environmental contamination which is the impact of
a factor on global climatic change [5].
Changes in climate globally potentially impact
air pollution, which is affecting the environment and
national gross product of the country, and the economy and health of humans and animals. The dust and
sand storm and airborne particulate dispersion suspended in the air system in the sub-Sahara district is
generally higher compared to other regions. The soil
in the area is a source of the fine fraction of airborne
that impacts air pollution and remains suspended in
the air until removed by the filter system in the building or natural cleaning by rain [6].
The environmental pollution hazard is caused
by toxic metals if inhaled for a sufficiently high level
of air contamination that leads to natural trace metal

ABSTRACT
The main goal of the current study was to determine some heavy metals in aerosol samples collected from an outdoor area and selected streets in
Khartoum North, Sudan. Air samples were collected
during the non-rain season in industrial areas, streets,
suburban, and residential areas. This present study
has measured the levels of trace elements Calcium
(Ca), Chromium (Cr), Iron (Fe), Copper (Cu), Nickel
(Ni), Zink (Zn), Bromine (Br), and Lead (Pb) in aerosol suspended matter using radioactive 109Cd for Xray fluorescence (XRF) spectroscopy. Data analysis
of the result indicates that the highest concentration
of elements of aerosol is used to assess air pollution
by the statistical factors analysis and principal components analysis for source identification and apportionment in the city. The T-test is used to evaluate the
significant variations in the concentration of the elements in a different location due to the source of contamination particles airborne in the sites. In addition
to that these results the Ca/Fe ratio, and Br/Pb ratio
are utilized the contribution of contamination indicates the sources of the elements in Khartoum North
aerosol are possible to be industrial emission, traffic
emission, and soil dispersion.
The data assessment shows the atmosphere at
the sites was affected by anthropogenic pollution and
different sources of contamination that revealed elements concentration varies due to the locations in the
city. The study revealed that the information on the
results for environmental impact must be avoided
before the establishment of any industry and used in
public health decision-making.

KEYWORDS:
Khartoum North sites, traffic emission, soil dispersion,
Heavy metals, XRF spectroscopy, aerosol pollution

INTRODUCTION
In recent year's world witnessed a great interest
in the interaction of trace and ultra-trace elements
that impact climate air systems with the environmen-
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imbalance and environmental impact. Another problem is important gases in the climate component system are sulfur dioxide and oxides of nitrogen, which
are forming acid compounds with rain impact pollution that cause serious regional problems with acidic
rain [7, 8]. Sulfur oxide and nitrogen oxide gases are
emitted from factories and coal burning that are
forming acidic rain when combined with water can
deposit in surface soil and damage trees by changing
the physical and chemical properties of land and affecting the water drinking system [9].
The aerosol loading by heavy metals pollution
emitted from industrial emissions and oil burned is
remaining suspended in the air and transported to far
distance in the city and contributing to affecting the
atmospheric ecosystem. Outdoor air contamination
and airborne particulates are dispersion in the city
and their impact on related human health with
greater risk of living in an urban area and also damage our environment [10].
More recently, literature has emerged that offers hazardous results findings of air pollution
worldwide with climatic changes due to the environmental effect on health the of humans and animals.
The anthropogenic is an important component that
contributed to industrial emission and traffic emission sources and has an impact on the climate system
[11].
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[12]. The air samples investigation was collected
from different areas in the city and is based on expected contamination for different types of pollution
in many areas and from main streets. In this study,
the measurement of air samples is collected during
the year in non-rain seasons in the resident site and
industrial area and around the oil refinery in the suburban of the city.
Pollution contamination is affected by several
data parameters such as wind components, temperature, specific humidity, dust loading, and dust concentration [13]. Samples data were collected from
various locations relative to distance and time in residential areas and city-suburban during working
hours. Air samples were precipitated on a filter via
the vacuum pump connected to the flow meter gauge
for ambient air measurement that is flow in two
hours duration in contaminants area and control area.
In order to assess the atmospheric environment
samples were sucked into the air sample on Nuclpore
membrane filters of the borehole of 47 micros used
for X-ray measurement. The control sample site is
Tuti Island surrounded by the river Nile as an aspect
so far free from contamination, has been assessed as
a reference standard for the elements to adjust quantities analysis. Accordingly, to evaluate the element
pollution the standard of high-purity chemical compounds was applied quantitively to measure concentration in outdoor pollution sites to grasp accurately
the relation between the emission intensity from pollutant sources and the concentration of the elements.
The cadmium radioactive source (109Cd) is used
for X-ray fluorescence intensity applied for elements
analysis of airborne particles and standards samples.
X-ray fluorescence spectrometer is used Si (Li) detector to measure the outdoor samples that irradiate
with XRF emission to determine elements concentration in samples at the area under study.

MATERIALS AND METHODS
Khartoum North city is located in the center of
Sudan (32° 37' E longitude and 15° 37' N latitude)
and the air samples were collected from the outdoor
ambient sites from various places one meter above
the ground level. The City is influenced by Sahara
sand storms and windblown soil dust due to its geographical location in the African sub-Sahara area

FIGURE 1
Shows the average elements concentration in Khartoum North and the control site.
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For the purpose of analysis, many statistical
analysis factors evaluation would be useful to utilize
the assessment of the element’s contamination and
apportionment methods in each site in the city [14].
The aim of this research is to identify the contribution of elements pollution distributions and variables
matrix, factors, and principal component analysis
evaluation for each source of environmental contamination [15].
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RESULTS AND DISCUSSION
The quantitative methods of data analysis of
aerosol from different locations in the cities were
used to assess the source of elements pollution in the
atmosphere. Figure 1 compares the results obtained
from the outdoor samples and control area analysis
of elements concentration in Khartoum North and
Tuti Island. The histogram in Figure 2 indicates the
average values of the contribution of the elements
contaminated sites in the city. Figure 2 shows the
outdoor elements that contribute to sources that affect air pollution in the city. Figure 3 provides a comparison of the average values of the statistics matrix
for Principal Components Analysis.

FIGURE 2
Provides the element’s contributions to outdoor air pollution in Khartoum North.

FIGURE 3
Presents the results obtained from the data of principal components factors analysis.
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TABLE 1
Shows the t-test, factors analysis, and Principal Component Analysis
Elements

Eigenvalues

% of Variance

10.571
6.800
4.766
7.571
10.878

3.441
1.371
1.142
.831
.572

3.452

.353

43.011
17.140
14.276
10.387
7.156
4.418

12.608

.175

12.541

.114

T-test
Ca
Cr
Fe
Cu
Ni
Zn
Br
Pb

2.188
1.424

Component
Matrix
1
2
.590
.576
.689
.177
.740
.149
.875
-.277
.845
.067
.830
.186
-.320
.061
.743
-.337

3
.408
-.049
-.020
.068
.101

Rotated Component
Matrix
1
2
.725
.506
.702
.021
.749
-.011
.809
-.433
.848
-.090

3
.254
-.123
-.092
.068
.036

-.073

-.032

.825

-.220

.890

-.034

-.139

.937

-.400

.624

-.546

-.371

TABLE 2
Compares the data on Ca/Fe ratio for outdoor air pollution of Khartoum North
with the International data.
Sites
Ca/Fe Ratio
This study
Khartoum North
0.403
Khartoum (Eltayeb)
0.64
Atacama
0.6
Previous Work
Western State USA
1.71
Erodible soil
0.22
Crustal rock(mason)
0.73
Table (1) illustrates statistical data analysis of
the Eigenvalue, t-test, and percentage of variance
and principal components analysis of aerosol elements concentration. It is apparent from this Table (2)
that the ratio of an average value of Ca and Fe is in
the accepted range of different locations showing the
impact of air on soil dispersion in the city.

values in Eigenvalue and percentage of the Variance
and negative value in principal components 1 indicate the Br and Pb are the traffics emission. Figure
3 displays the Pb and Br in the graph that the negative values of factors for principal components analysis indicate the elements from the same source [17].
Data from Table 2 of Zn can be compared with
the data in columns T-test, Eigenvalue, percent of the
variance, components analysis data in column and in
comment.2 which shows simple variation value is
from industrial emission. From Table 2 the values of
copper and nickel in the T-test eigenvalue and percent of the variance and the principal components
analysis are possibly emitted from industrial emission. In addition to a positive value in the graph in
Figure 3 Cu, Zn, and Ni also possibly originated
from industrial sources [18, 19].
The data analysis and statistical evaluations are
to differentiate between elements originating from
the soil dispersion, industrial emission, and traffic
emission source of the activities within the city.

DISCUSSION
The results, as shown in Table 1, indicate that
the eigenvalue of Br and Pb is near unity indicating
the traffic emission of these elements, while the values of Ca and Fe show the two elements are related
to soil dispersion within the city. Elements of outdoor air pollution were affected by anthropogenic
sources that reveal originated in the study area.
The results of the measurement based on the
data analysis and variation of elements concentration
in various locations in the sites are shown as the values of independent the ratio 0.45 of Br to Pb for variables of impact contamination of ambient air due to
traffic emission, [3]. (Harmison and Sturgue(1983),
Abdelrazig et al(2012). T-test was used to analyze
the relationship between average element concentrations in contamination sites that indicate the value of
Ca and Fe from the soil source and Br and Pb related
to the traffic emission source [16]. The values of Eigenvalues
Almost similar and the value in the component’s matrix and rotated components matrix for Ca
and Fe have confirmed the elements from soil dispersion in the city. It is apparent from this table that

CONCLUSIONS
The purpose of the current study was to determine the concentration of the elements in outdoor air
pollution in the Khartoum north site. The above results and discussion show that the analysis of outdoor air samples in the city area suggested that there
is possible contamination of pollution from different
sources of elements affecting the environment in the
sites. The determination of elemental concentration
in outdoor samples in a different location in the city
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compared to the analysis of aerosol samples in the
control area indicated much higher values of elements in the study area.
Factors analysis and principal components
analysis has been used to determine the source of elements pollution contamination in samples collected
from different sites compared to the controlled site
expected to be free from contamination. This study
has shown that the environmental pollution of sites
was enhanced with soil dispersion within the city due
to the Ca/Fe ratio dust dominant impact contamination [20]. The results of this study indicate that
Br/Pb ratio is affected by car exhaust contamination
in the city and is related to traffic emissions. An implication of this is the possible effect of pollution
contamination that Zn, Cu, and Ni originated from
industrial emissions due to variations of concentration in air-borne particulates.
According to the results, the city’s outdoor atmospheric pollution is affected by different sources
of contamination due to anthropogenic pollutants activities Sahara-desert dust, industrial emission, and
traffic emission would lead to a significant increase
in global environmental air pollution.
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RESEARCH ON RESERVOIR PREDICTION AND
HYDROCARBON ACCUMULATION MODEL OF DONGYING
FORMATION IN ZH AREA OF SOUTHERN BOHAI SEA
Yang Guojie*, Wang Shuhua, Yin Kemin, Wang Chan, Zhuang Mei
Exploration and Development Research Institute of Shengli Oilfield Company, Sinopec, Dongying 257015, China

ABSTRACT

INTRODUCTION

At present, there are few drilling wells in the
eastern Paleogene in the ZH area of southern Bohai
Sea, and the degree of exploration and research is
low. Predecessors believed that during the deposition period of the Dongying Formation, this area
mainly developed large-scale delta deposits from
southern provenance, and the reservoir was connected with the southern thick sand body, which was
unfavorable for accumulation. However, Well A3
obtained high-yield industrial oil flow in the Ed32
sand group. Through systematic core observation, it
was found that this type of sand body was significantly different from the delta front sand body. The
study believed that it was an isolated slope formed
by the delta front sand body below the fault slope
break. Aiming at the current situation of low understanding and low research level of Ed32 sedimentary
reservoirs in the study area, based on the analysis of
logging, logging, seismic and other data, the sedimentary characteristics and reservoir distribution
laws have been systematically studied. The results of
the study show that controlled by paleomorphology
and fault slope breaks, the Ed32 sand group mainly
develops delta fronts in the broad and gentle slope
belts in the south, slope moving fans are developed
under the fault slope breaks, and turbidite fans are
developed in the depression zones, showing a delta
system overall the orderly deposition. Affected by
the composition of gray matter, it is difficult to identify and describe reservoirs using conventional earthquakes. The author prefers pre-stack inversion technology to improve the accuracy of the identification
and description of slope-moving fans and turbidite
reservoirs, and provides strong support for well location deployment.

The Paleogene exploration level in the ZH area
in the southern Bohai Sea has only discovered sporadic oil and gas. The distribution of oil and gas in
the horizontal and vertical directions is uneven. With
the advancement of oil and gas exploration and development technology, mid-deep lithological oil and
gas exploration has become a hot spot, and the search
for Paleogene lithological oil reservoirs in the ZH
area has become the next important exploration direction in this area [1-2]. Predecessors believed that
this area mainly developed large-scale delta deposits
from southern provenance, and the reservoir was
connected with thick sand bodies in the south, oil and
gas did not accumulate in this area, and the accumulation conditions were unfavorable [1-2].
Well A8 sees oil and gas in the Ed32 sand group.
Its SP curve is characterized by reverse cycle from
bottom to top. The lithological combination is thick
mudstone intercalated with sandstone, and the thickness of sandstone is less than 10m. Some researchers
believe that the sedimentary facies type in this area
may be delta Sliding body at the front end. Well A3
was tested in the Ed32 sand group, and the daily oil
production was 300m3, which further confirmed that
the sand body was isolated. Lithographic observation and analysis indicated that the sand body has
both gravity flow and traction flow characteristics,
and the sand body type is uncertain. Because the reservoir is developed in the background of gray matter
composition, it is difficult to identify and describe
the conventional seismic profile, and there are few
studies on reservoir prediction. In order to clarify the
sand body types and distribution characteristics of
the Dongying Formation, the author combined sedimentary environment analysis and geophysical inversion to carry out a systematic study on the sedimentation and distribution characteristics of the
Dongying Formation sand bodies, and corrected
them through drilling exploration data and geophysical data. Obtained the sand body types and distribution patterns of Dongying Formation in ZH area.

KEYWORDS:
Dongying Formation, Reservoir, Sedimentary Characteristics, Prestack Inversion
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FIGURE 1
Bottom structure map of Dongying Ed 32 sand group in ZH area
lake level at the end of the Ed4 sand group. Ed3 can
be subdivided into Ed32 and Ed31 according to sedimentary cycles and sedimentary facies belts. The
sedimentation period of Ed32 sand group has entered
the stage of lake level decline. Sandstone is obviously more developed than Ed4-6 sand group. Gray
mudstone and fine sandstone are mainly developed
on the fault terrace. Each set of sand bodies is dominated by reverse cyclic characteristics. The percentage of sandstone is generally 30%, and the sand-toland ratio is moderate, which is conducive to oil and
gas storage and becomes the main exploration target
strata of the Dongying Formation in this area. Up to
the Ed31 sand group evolved into a large-scale
braided river delta deposit, with thick layers of sand
bodies widely distributed, with high sand-to-land ratio. The Ed1 and Ed2 sand formations are in the stage
of lake level decline, and the sand-to-land ratio decreases. They are typical fluvial facies deposits[3-6].

GEOLOGICAL
CHARACTERISTICS AND METHODS
Geological Characteristics. The ZH area in
the southern Bohai Sea is located in the tidal flat and
extremely shallow sea area in the southern Bozhong
Depression, with an average water depth of about
15m. The current structure is simple, and the overall
structure is high in the southeast and low in the
northwest. There are mainly north-east and neareast-trending faults, forming a faulty step belt that
drops northward (Figure 1).
During the deposition of the Dongying Formation in the ZH area, the source mainly came from
the large delta in the south, which continued to advance northwest. The Dongying Formation can be
divided into the East 1st Member, East 2nd Member
and East 3rd Member according to lithology, electrical combination and sedimentary cycle. It includes
six sand groups of Dongying Formation Ed1, Ed2,
Ed3, Ed4, Ed5 and Ed6. The Ed5 and Ed6 sand formations are in a period of rapid lake level rise. The
lithology is dominated by gray mudstone, which is a
semi-deep lake or deep lake deposit; the Ed4 sand
formation is still a semi-deep lake deposit during the
deposition period, and the sand bodies are still not
developed, isolated sand bodies mainly positive cycles, reflecting that the whole is in the stage of continuous rise of the base level, reaching the maximum

Reservoir prediction Methods. Pre-stack inversion uses seismic data that retains the information
of amplitude changes with offset, which has the advantages of multi-information and assurance. The
prediction of the Dongying Formation in the ZH area
of the Bohai Basin uses the pre-stack inversion
method. The maximum incident angle of the original
angle gather in the study area is 35°. According to
the buried depth of the target layer, the signal-to-
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noise ratio of the data and the pre-stack inversion requirements, the pre-stack gathers are superimposed
according to three angle intervals to obtain 3 partially superimposed data volumes , namely close-angle stacking (0°~15°), medium-angle stacking
(15°~25°) and far-angle stacking (25°~35°). On this
basis, the corresponding wavelets are extracted from
the near, middle, and far part of the angle superimposed data volume to eliminate the influence of the
wavelet frequency, phase, etc. with the offset. In addition, the natural proximity algorithm is used to remove the P-wave velocity, S-wave velocity and density curves are spatially interpolated as the low-frequency constrained model of the inversion. Finally,
the pre-stack simultaneous inversion technology is
used to solve the three partially superimposed angle
data volumes simultaneously, and the P-wave impedance and S-wave impedance are obtained at the
same time. On this basis, the P-wave impedance and
S-wave impedance can be further used to construct a
variety of elastic parameter bodies for reservoir prediction, such as P-wave velocity ratio and Poisson’s
ratio. The inversion results obtained by this method
are loyal to the seismic response and have high reliability. The disadvantage is that the vertical resolution is not high due to the limitation of seismic resolution. The research has improved the pre-stack inversion results by performing frequency extension
processing on 3 partially superimposed data volumes
The resolution and accuracy of reservoir prediction.
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RESULTS AND DISCUSSION
Reservoir Sedimentary Characteristics of
Dongying Formation in ZH Area. Wells A3, A8,
and A6 in the ZH area have encountered an isolated
lithological body that is disconnected from the delta
front sand body[7-8]. In order to clarify the deposition type of this lithological body, the development
Research on sedimentary characteristics and sand
body types.
Lithology. The lithology of Ed32 sand group in
ZH area is mainly fine sandstone, with multiple sets
of mudstone and fine sandy mudstone interbeds. The
lithology of the coring section of Well A3 is dominated by light gray fine sandstone, containing multiple sets of sandstone, and the thickness of a single
layer of sand is less than 10m (Figure 2), which is
lower than the delta front sand and thinner; the top
of the coring sand body A large section of dark mudstone is developed at the bottom, which is generally
considered to be a turbidite formed by gravity flow.
However, the Bauma sequence characteristics of the
classic turbidite are not found in the core observation, but it is a set of massive fine sandstone; the top
of coring section. The layered mudstone tearing debris mixed with argillaceous sandstone reflects that
it is deposited in the delta plain facies. It is speculated that it may be caused by the sliding and slumping effects of the underwater channel of the delta
front after the sedimentation at the slope break.
These sand bodies with sedimentary characteristics
dominated by the delta front traction currents are retained, but they are not the delta front sediments.

FIGURE 2
Sedimentary facies analysis diagram of the core section of Well A3

10775

© by PSP

Volume 31– No. 11/2022 pages 10773-10783

Sedimentary structure. There are landslide
structures and deformed structures at the bottom of
the coring section of Well A3; the middle and upper
parts of the sand body present weakly deformed
structures and retain the characteristics of delta
fronts, such as cross bedding and parallel bedding; in
addition, there are typical bottom-up Anti-rhythm
features (Figure 2). These sedimentary characteristics indicate that this type of sand body has both the
characteristics of gravity flow and traction flow, and
is a sand body separated from the main body of the
delta front sand body. From the logging curve, the
SP curve of the Dongying Formation shows anticyclic characteristics from bottom to top, with funnelshaped or box-shaped combination characteristics;
this is similar to the anticyclic characteristics at the
bottom of the delta front, but the top of the delta front
is upward It has the characteristics of a positive cycle; this reverse cycle is also significantly different
from the bell-shaped trend of the typical turbidite in
a positive cycle (Figure 2).
The lithological body has three notable characteristics through research: The sand body has both
the sedimentary characteristics of traction flow and
gravity flow; The sand-to-ground ratio is moderate,
compared with the delta front, the sand body thickness is small and the sand-to-ground ratio is low; It
is a sedimentary feature of reverse cycle. Compared
with the adjacent area, the sedimentary characteristics of this sand body are the same as those of the
slope-moving fan in the slope zone of the Dongying
Sag. It is clear that the sedimentary facies type of this
type of sand body is "slope moving fan". It is under
the environment with abundant provenance that the
rapidly advancing delta front leaf fronds fractured
under the influence of faults, earthquakes, lake hydrodynamics and other factors, sliding forward and
slumping under the action of gravity, before being
transformed into turbidity currents the lithological
body formed before accumulation under the slope
break [7-9].

Fresenius Environmental Bulletin

dark mudstone section next to the bottom of the slipdeformed interval. When the semi-plastic fluid
moves down from the lake slope to the foot of the
slope, its density is greater than the density of the
muddy soft sediment at the bottom of the lake. There
is a process of cutting and drilling into the sedimentary layer at the bottom of the lake. Deformed structures are the main sedimentary features, which are
common in core observations. Stretch-deformed interval: above the slip-deformed interval is stretch-deformed bedding, with lenticular sand bodies or annular layers as the main sedimentary features. It is an
important evidence for the overall slippage of the
sliding fan, which is relatively rare in the core observation of this area. Remaining interval: The remaining interval of the delta front is located above the
stretch-deformed interval, and is an important part of
the overall sliding sedimentary body. The front sand
body slides forward by gravity, and the bedding is
destroyed during the transportation process, and remains Small-scale cross bedding, parallel bedding
and other bedding.
According to the difference in the development
degree of each interval in the longitudinal direction,
the slope-moving fan sand bodies are divided into
three types: sandy sliding, sandy landslide and sandy
clastic flow [7-10,15]. The sand body of the core section of Well A3 mainly develops dark mudstone section, slip deformation interval and residual interval
in the longitudinal direction, among which the
stretch deformation interval is not very obvious. It is
inferred that the slope sliding fan of the Ed32 sand
group of this well is mainly in sandy sliding stage,
and the sliding stage has just begun.
Sand body distribution mode. Vertical
spread mode. On the basis of the comparative study
of sand bodies, the longitudinal sedimentary facies
research was carried out. The results show that sand
bodies of different stages are superimposed and developed vertically, and from bottom to top are turbidite-slope fan-delta front sandbodies (Figure 4).

Sandbody type. The complete slope-moving
fan deposition can be divided into 5 sections in the
longitudinal direction, from bottom to top, they are
dark mudstone section, slip deformation section, extension deformation section, margin residual section,
and massive fragments. Chip flow section. Each
layer has obvious differences and identification
marks, which may reflect the sedimentary environment of the sliding fan, or reflect the different forces
inside the sliding fan and the degree of fluid evolution during the transportation process [7-9].
It can be clearly seen in the coring section of
Well A3 from bottom to top, but section ᬇ is not
very obvious (Figure 3). Dark mudstone section: The
bottom of the coring section is a dark mudstone section with muddy bands inside, which is an important
symbol for identifying the macro-sedimentary background of the sliding fan. Slip-deformed interval: the

Horizontal spread mode. The southern part of
the ZH area mainly develops 4 syn-sedimentary
faults with a near-north-east trend. The southern part
of the ZH area is divided into 4 zones from southeast
to northwest: the slope zone is drilled with wells A12
and A1; the first slope break zone is drilled with
wells A6 and A8; Well A3 was drilled in the second
slope break zone; no well has been drilled in the depression zone.
During the deposition of Ed32 sand group in ZH
area, the delta sand bodies in the south advanced
from southeast to northwest, and developed three
types of sedimentary facies: delta front-slope-moving fan-turbidite fan. The sand bodies of the delta
front are mainly distributed in the wide and gentle
slope belt. Wells A1 and A12 in the slope belt have
encountered the delta front sand bodies in the Ed32
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sand group. Slope fans mainly developed during the
period of strong syndepositional faults. The delta
front sand body quickly separated from the main
body, fractured and slipped, and re-deposited in the
semi-deep lake area below the slope break zone to
form a slope fan. The extension distance is generally
far, the range is relatively large, and the phenomenon
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of oblique product is obvious. Slope fan sand bodies
can be seen in the first slope break zone A6, A8 and
the second slope break zone A3 well Ed32 sand
group. Slope fans are generally related to topographic slope breaks and occur in matching with

FIGURE 3
Sedimentary Environment Characteristics of Dongying Formation in Well A3

FIGURE 4
X-A12-A6-A8-A3 well Paleogene near-south-trending sedimentary facies profile
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faults. It is also similar to the hydrocarbon protolith
deposited in the semi-deep lake, so it has good reservoir forming ability. Slump turbidite fans are developed in the delta front, and the deep lake area sags
along the slope to the depression zone to form a turbidite fan. This type of lithological body is widely
developed in the bottom layer of the depression zone
far from the front sand body , Generally lenticular,
relatively small.
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petrophysical analysis, it can be seen that the P-wave
impedance of the reservoir is concentrated in 600010000, and the distribution range of the non-reservoir P-wave impedance is 4500-11000. The difference between the reservoir and the non-reservoir The
P-wave impedance distribution intervals are almost
completely overlapped and cannot be distinguished
(Figure 6), which indicates that the post-stack Pwave impedance inversion technology has strong
ambiguity in reservoir prediction [11-14,16].
There is no measured shear wave logging data
in the study area. Wells with measured shear wave
velocities in the neighboring area are used to establish a petrophysical model, and the shear wave velocities of the wells in the study area are estimated.

Seismic inversion and accumulation model
of Dongying Formation reservoir. Petrophysical
analysis. Both the reservoir and the non-reservoir on
the post-stack seismic profile show continuous
strong axis reflection (Figure 5), and it is difficult to
describe the lateral distribution of the reservoir using
conventional seismic data. Using well-drilled logging curves and logging lithology data to carry out

FIGURE 5
Joint seismic profile in the study area

FIGURE 6
P-wave impedance and GR intersection diagram of different lithologies
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FIGURE 7
Sketch of prediction model for predicting shear wave velocity based on DFNN

FIGURE 8
The crossplot of P-wave impedance and Vp/Vs ratio of different lithologies in ZH area
The study uses a deep learning-based method to replace the traditional rock physics modeling method
to predict the shear wave velocity on the well. The
main idea is to use the deep neural network algorithm
based on deep feedforward neural network (DFNN)
to establish a shear wave velocity (S-velocity) predicting model using longitudinal wave velocity (Pvelocity), Density, CNL, Porosity, and shale content
(Vsh) (Figure 7). By using a large number of wells
with measured shear wave velocities to train and test
the model, a stable and high-precision model is finally obtained. Finally, the model is applied to the
wells in the study area where there is no measured
shear wave velocity, and a shear wave velocity curve
is directly predicted. Based on this, the sensitivity
analysis of elastic parameters of different lithologies
is carried out. It can be seen from the intersection that
the ratio of P-wave velocity and S-wave velocity

(Vp/Vs ratio) has a good ability to distinguish between reservoirs and non-reservoirs (Figure 8), and
the Vp/Vs ratio inversion of the reservoir is significantly smaller than that of the non-reservoir It is feasible to use this parameter to predict the spatial distribution of the reservoir.
Analysis of pre-stack inversion. Through the
above-mentioned petrophysical analysis, it can be
seen that the Vp/Vs ratio inversion has a strong ability
to distinguish between reservoirs and non-reservoirs.
The study uses prestack inversion technology to obtain a three-dimensional P/S wave velocity ratio inversion data volume to carry out reservoir prediction.
From the comparison between the post-stack seismic
profile and the pre-stack inversion profile of the
Vp/Vs ratio (Figure 9), the original seismic profile
sandstone and lime mudstone have strong amplitude
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characteristics, which are difficult to distinguish.
The lime mudstone and sandstone on the Vp/Vs ratio
inversion profile show different response characteristics. The pre-stack inversion results can effectively
distinguish sandstone reservoirs from lime mudstone, which can be used for reservoir prediction.
In addition, it can be seen from the pre-stack
inversion profile of the Vp/Vs ratio inversion of wells
A10 and A6 (Figure 10) that the distribution of sand
bodies (yellow part) predicted by the Vp/Vs ratio inversion and the sand revealed by drilling. The distribution of sand bodies is in good agreement, and the
development characteristics of sand bodies with lateral pinching and proliferation conform to the sedimentary understanding of the study area. The inversion results can effectively guide reservoir prediction
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and description of lithological traps.
Reservoir prediction. The inversion results of
the pre-stack Vp/Vs ratio inversion were used to characterize the lateral distribution of the reservoirs in
the Ed32 sands of Dongying Formation in ZH area.
Combined with the actual drilling analysis, it can be
seen that the Dongying Formation Ed32 Sand Group
mainly develops three stages of sand bodies. The appropriate time window is selected to extract the attributes of the Vp/Vs ratio inversion data body, and
attribute maps are obtained, reflecting the different
stages of the Dongying Formation Ed32 Sand Group.
Sand body distribution (Figure 11).

FIGURE 9
Comparison of the post-stack seismic profile and the pre-stack Vp/Vs ratio inversion profile

FIGURE 10
Pre-stack Vp/Vs ratio inversion profile of Well A10-A6

FIGURE 11
Plane distribution map of Ed32 sand group reservoir prediction in ZH area
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FIGURE 12
Ed32 accumulation model in ZH area
It can be seen that the main delta developed in
the Ed32 sands of the Dongying Formation in the ZH
area migrated from east to west from bottom to top:
the main delta in the early deposition of the Ed32
sands was in the east of the study area, and a largescale sliding fan developed near Well A6 Sand bodies; sand bodies developed in the middle of the study
area in the middle of the Ed32 sand group deposition;
at the end of the Ed32 sand group deposition, the
main body of the delta further migrated westward
and advanced to the northeast, and more developed
in wells A6 and A8 Isolated slope sliding fan sand
body.

CONCLUSION
Through lithology, sedimentary structural features and logging facies, and analogy to neighboring
areas, a comprehensive analysis shows that the lithological body that is disconnected from the delta
front sand body is a sliding fan.
Controlled by paleomorphology and fault slope
breaks, the Ed32 sand group mainly develops delta
front sand bodies in the gentle slope belt in the south,
slope moving fans develop under the fault slope
break belts, and turbidite fans develop in the depression belt, showing the overall appearance Orderly
deposition of the delta system.
Pre-stack seismic inversion technology is used
to describe the reservoir plane distribution of the
Ed32 sand group in the ZH area at different stages,
which provides a basis for the description of lithological traps.
Sedimentary facies analysis and pre-stack reservoir prediction results show that the development
of Dongying Formation reservoirs in the ZH area is
controlled by the sedimentary environment, and the
distribution of oil and gas reservoirs is mainly controlled by faults. The traps on both sides of the main
fault connecting the oil source are The most favorable accumulation area for oil and gas.

Hydrocarbon accumulation characteristics.
The Ed31 reservoir in the ZH area has a thickness of
150-200m, a fault distance of 60-80m, a large thickness of sandstone in the reservoir, a high sand-toground ratio, and unfavorable accumulation conditions. Ed32 has a low sand-to-land ratio and a thin
sand body thickness. The two faults sandwich the oil
and gas reservoirs within the fault block (Figure 12).
Sedimentary environment and pre-stack seismic inversion results show that the development of Dongying Formation reservoirs in ZH area is controlled by
the depositional environment, and the distribution of
oil and gas reservoirs is mainly controlled by faults.
The traps on both sides of the fault that communicate
the oil source are the most favorable accumulation of
oil and gas area.
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trend of future development [2-4]. In the dry-wet alternate environment of marine atmosphere such as
cross-sea bridges and subsea tunnels, steel structure
bridge will be corroded to varying degrees [5,6]. In
the process of repair and reinforcement, it will not
only bring huge economic losses, but also cause environmental pollution, especially heavy metals Hg,
Cr, Pb in the material, which will have different degrees of impact on the hydrological environment and
atmospheric environment [7-9]. Steel material loss
in bridge is mainly caused by overall corrosion and
local corrosion and crevice corrosion is a common
local corrosion. There are many inevitable crevices
in the use of steel components, such as cracks in the
components, welds, and the joint between nuts and
components [10-12]. The probability of crevice corrosion is high and has strong concealment, which
leads to the decrease of component strength and even
the reduction of bearing capacity, resulting in catastrophic fracture [13]. Therefore, it is particularly
necessary to study the crevice corrosion behavior of
bridge steel members in the dry-wet alternating environment of marine atmosphere.
Scholars in various countries have done a lot of
research work on the corrosion of steel structure
bridges. Asghshahr et al. [14] measured the axial
bearing capacity of reinforced concrete columns exposed for about 1.5 years in the Persian Gulf, and
proposed a new seismic evaluation model of existing
reinforced concrete bridges in marine areas. Groshek
et al. [15] studied the crevice corrosion behavior of
low chromium stainless steel ASTM A1010 of
bridge components when connected with conventional steel components, experimental steel components and steel components covered with surfactant.
Martin et al. [16] studied the relationship between
corrosion degree and surface irregularity of bridge
rigid components and stress through static experiments, so as to further evaluate the bearing capacity
and residual life of components. During long-term
use in harsh marine environment, coastal bridges
will inevitably suffer corrosive damage due to high
sea salt and high humidity. Guo et al. [17] investigated the uneven corrosion behavior of bridge piers
in marine environment, and calculated the time-varying interaction diagram of pier sections in atmos-

ABSTRACT
In order to explore the crevice corrosion damage of bridge weathering steel in marine atmospheric
environment, the corrosion of Q420qNH weathering
steel was carried out by indoor dry-wet alternation
experiment. The corrosion morphology of weathering steel specimens was observed by scanning electron microscope (SEM) and laser scanning confocal
microscope (LSCM). The phase change of rust layer
was analyzed by X-ray diffractometer (XRD), and
the corrosion resistance was evaluated according to
the change of self-corrosion potential. The results
showed that in the dry-wet alternate environment of
marine atmosphere, pitting corrosion is the main corrosion type in the seamless and outer crevice, while
surface corrosion is the main corrosion type in the
crevice. The rust layer on the surface of the seamless
specimen was loose, and the corrosion medium was
sufficient. The weight loss during the experiment
was 60.1mg/cm2, which was 4.95 times that of the
specimen with crevices. The phase types of the three
positions are the same, but their phase contents are
different, especially the diffraction peak intensity of
Į-FeOOH and Fe3O4 in the outer rust layer is the
highest. The final self-corrosion potentials of seamless, inside crevice and outside crevice are -0.74V, 0.69V and -0.57V respectively. The protective performance of the rust layer on the matrix is as follows:
rust layer outside the crevice > rust layer inside the
crevice > seamless rust layer.

KEYWORDS:
Weathering bridge steel, marine, atmospheric environment,
dry-wet alternation, crevice corrosion, corrosion protection

INTRODUCTION
With the improvement of economic strength,
bridge construction has developed rapidly [1]. Under
the development background of large span, light
weight and heavy environmental protection, the new
steel structure bridge will inevitably replace the traditional concrete bridge and become the mainstream
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pheric area, splash area and tidal area under the combined action of axial force and bending moment by
using the discretization method with fiber element.
Taking a reinforced concrete bridge in the east of
Shenzhen as an example, Zhou et al. [18] studied the
corrosion damage of bridges in the marine environment through the mass loss and mechanical strength
measurement results of indoor corroded reinforcement samples. Yuan et al. [19] proposed a method to
analyze the seismic performance of coastal bridges
by modifying the elastic modulus of reinforcement
considering the effects of bond slip and non-uniform
corrosion. In the above research, most of them are
immersion corrosion of stainless steel and carbon
steel, while the research on crevice corrosion of
weathering steel is relatively small in the dry-wet alternate environment of marine atmosphere.
Therefore, the corrosion of Q420qNH weathering bridge steel was simulated by the dry-wet alternation experiment, and the corrosion behavior of the
crevice specimen and the seamless specimen was
compared and analyzed from the aspects of corrosion morphology, corrosion weight loss, rust phase
and electrochemical performance. The microstructure changes were observed by scanning electron microscope, and the corrosion type was determined by
laser scanning confocal microscope. At the same
time, the corrosion degree, phase change and corrosion resistance of the rust layer on the surface of the
specimen were evaluated according to the changes of
corrosion weight loss rate, X-ray diffraction peak intensity and self corrosion potential.
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use.
The dry-wet alternate corrosion experiment
was carried out in a constant temperature and humidity test box. The average temperature and humidity
of Hong Kong-Zhuhai-Macao Bridge in summer
were selected as the experimental environment conditions. The experimental temperature and relative
humidity were set to (38 ± 1)°C and ( 85 ± 2 )%, and
the samples were taken every five kilometers along
the bridge as the experimental scheme to simulate
the marine atmospheric environment. The experiment took 24h as a cycle, a total of 720h. The dosage
of corrosive solution was ȝL/cm2 [20, 24]. In the
analysis of corrosion morphology, digital camera,
scanning electron microscope (SEM) and laser scanning confocal microscope (LSCM) were used to
photograph and scan the macroscopic corrosion morphology, microstructure of rust layer and surface
morphology of specimens after derusting at different
time periods. The three-dimensional diagram of
specimens after derusting was reconstructed, and the
corrosion pit morphology of the corroded surface
was truly restored [25-28]. The average corrosion
rate and trend of weathering steel structure specimens were calculated by weight loss analysis
method. In this experiment, three corrosion samples
were weighed at five time points of 48h, 120h, 240h,
480h and 720h to obtain mass. X-ray diffraction
(XRD) was used to determine the phase transformation of the rust layer on the surface of the sample
in each time period under the marine atmospheric
corrosion environment, and then the protective effect
of the rust layer on the experimental specimen was
analyzed and verified [29-31]. Electrochemical experiment was carried out with a three electrode system and 0.01mol/L Na2SO4 solution as electrolyte at
a constant temperature of ႏThe uniformity and
corrosion resistance of the rust layer are reflected by
measuring the self-corrosion potential [32].

MATERIALS AND METHODS
The Hong Kong-Zhuhai-Macao Bridge is in the
marine climate environment, and its high temperature and high humidity environment put forward
more stringent requirements for bridge steel. The
metal materials used need to have superior corrosion
resistance. The new high-performance weathering
bridge steel (Q420qFNH) uses stable rust layer to
prevent corrosion, so as to meet the requirements of
the design life of the bridge (120 years). This is also
the first time that weathering steel has been applied
to the domestic cross-sea bridge project [20-23].
Therefore, this study analyzes the corrosion form of
Q420qFNH weathering bridge steel by a series of
technical means, the specific process is as follows:
the experimental material is Q420qNH bridge
weathering steel provided by Hebei Iron and Steel
Group. The specimen size is 50 mm×50 mm×7 mm,
and the seamless specimen remains unchanged. The
specimen with crevices is drilled in the middle and
fixed with plastic clips. There is a crevice of 0.1 mm
between the two [24-26]. After the weathering steel
samples used in the experiment were polished,
cleaned and blown dry, they were dried in vacuum
for more than 12h at room temperature for further

RESULTS AND DISCUSSION
Macroscopic corrosion morphology analysis.
Figure 1 shows the macroscopic rust layer morphology of the two specimens at different time periods in
the marine atmosphere dry-wet alternate environment. Due to the long test time, each experimental
specimen showed different degrees of corrosion.
Seamless weathering steel specimens in the corrosion of 48h, the overall average adhesion to black
brown rust layer, edge corner corrosion is not obvious. With the passage of time, the corrosion degree
further deepened and obvious gully appeared. The
main reaction product was yellow-brown ȕ-FeOOH,
and some black Fe3O4 distributed at the edge of the
gully. After further corrosion until the end of the experiment, the black rust spots basically disappeared,
the surface of the specimen was covered with loose
yellowish brown rust layer, distributed in a hole
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tween particles, and the width is about ȝm. The micro-morphology of rust layer outside the crevice is
plate-like, and there are obvious pitting pits on the
surface, and the crack width is about ȝm, and the
crack is more developed than that in the crevice.
Comparing Figure 2(e) and (h), it can be seen that
when the experiment was carried out to 480h, with
the further increase of corrosion degree, the pitting
pits inside and outside the crevice developed into pitting grooves, but the product morphology was different. The corrosion products inside the crevice were
short rods, while the corrosion products outside the
crevice were agglomerated particles. The latter pitting groove size was larger. At this time, the product
ȕ-FeOOH had strong reducibility and the stability of
the rust layer was poor. From Figure 2(f) and (i), it
can be seen that at the end of the experiment, the rust
layers inside and outside the crevice are further decomposed and agglomerated to form flaky and agglomerated corrosion products respectively. The
structure has strong adhesion ability and forms a
dense rust layer, which effectively prevents the entry
of corrosive media such as chloride ions and improves the corrosion resistance of weathering steel
specimens. That is to say, under the simulated drywet environment of marine atmosphere, the micromorphology of the rust layer product of the seamless
specimen is the most loose, followed by the rust
layer product in the crevice, and the rust layer product outside the crevice is the most dense, with high
adhesion to the matrix and the best corrosion resistance.

shape, and the local rust spots fell off, exposing the
base metal matrix, with poor adhesion.
SEM corrosion morphology analysis. SEM
was used to further analyze the microscopic morphology of corrosion products at different time periods in the dry-wet alternation environment of marine
atmosphere. Figure 2(a)-(c) are the microscopic
morphology of corrosion products of seamless
weathering steel specimens at 48h, 480h and 720h,
respectively. At the initial 48h of corrosion, a large
number of massive granular corrosion products are
distributed on the matrix, and the connectivity is
poor. When the experiment was conducted for 480h,
the morphology of corrosion products changed from
granular to flocculent, and a large number of holes
appeared on the surface of rust layer. At the later
stage of corrosion test, with the further erosion of
chloride ions, flocculent particles agglomerate at different speeds, forming blocky corrosion product ȕFeOOH of different sizes, and cracks appear on the
surface of the specimen.
Figure 2(d)-(f) and (g)-(i) are the micro-morphology of corrosion products within and outside the
crevice of weathering steel specimens for 48h, 480h
and 720h, respectively. It can be seen that the micromorphology inside and outside the crevice is quite
different. Comparing Figure 2(d) and (g), it can be
seen that in the early 48h of corrosion experiment,
the micro-morphology of rust spots in the crevice is
mainly small particles, and there are slight cracks be-

FIGURE 1
Macroscopic rust layer morphology of two specimens at different time periods
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FIGURE 2
Micro-corrosion morphology of two specimens in different time periods

FIGURE 3
Three-dimensional corrosion state diagram of two specimens after rust removal
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ȝm and ȝm of seamless, ȝm and ȝm outside the crevice.

Analysis of corrosion morphology after rust
removal. Figure 3 is the three-dimensional corrosion
state diagram of the seamless weathering steel specimen, the weathering steel specimen with crevices
inside and outside the crevices. In general, the average corrosion depth of the three locations is not
much different. Among them, the corrosion surface
of seamless specimen is relatively flat, small size
corrosion pits are densely distributed, and large corrosion pits appear locally. The corrosion surface in
the crevice can be subdivided into concave surface
and convex plate, which are connected in flakes. The
crevices are alternately distributed as corrosion pits
and convex plate. Therefore, in the marine atmospheric dry-wet alternating environment, the corrosion type of weathering steel specimens is surface
corrosion + pitting corrosion.
In order to further quantify the corrosion degree
of weathering steel specimens, the waviness curve is
obtained by line scanning, and then the corrosion pit
size is obtained, as shown in Table 1. The depth of
corrosion pits in three different locations is basically
the same, the maximum depth is about ȝm, and the
average depth is between 6-ȝm; However, the
width of the corrosion pit is quite different. Affected
by the crevice space, the internal corrosion medium
cannot be supplemented in time, and the corrosion
pit is not developed longitudinally, thus forming a
wide and shallow corrosion ditch. The variation
trend of the maximum width and average width of
the corrosion pit is the same, and the order from large
to small are ȝm and ȝm inside the crevice,

Corrosion kinetics analysis. Figure 4 shows
the variation of corrosion kinetics with time of seamless weathering steel specimens and weathering steel
specimens with crevices in the marine atmosphere
dry-wet alternate environment. It can be seen from
the figure that with the passage of corrosion test time,
the mass loss of the two specimens showed a trend
of slow increase in the early stage and rapid increase
in the late stage. In the first 120h of the experiment,
the corrosion weight loss is low, the corrosion weight
loss of seamless and crevice samples is almost the
same, and the loss per unit area is about 2mg. In the
middle and late stage of corrosion, with the increase
of dry and wet cycles, the corrosion medium gradually infiltrates into the matrix, the corrosion degree
intensifies, and the mass loss of the specimen increases. Due to the different inhibition effects of the
rust layer on the chloride ions of the two specimens,
the weight loss rate also changed greatly. In the
whole corrosion stage, the corrosion weight loss of
the seamless specimen was 60.11mg/cm2, which was
4.95 times that of the specimen with crevices.Because in the corrosion reaction of specimens with
crevices, the ions around the crevices will diffuse
and migrate to varying degrees, which promotes the
rearrangement of corrosion medium inside and outside the crevices.The diffusion rate of medium inside
the crevices is less than that outside the crevices, so
the weight loss is less.

TABLE 1
Corrosion pit size at three locations ȝm)
Corrosion pit size
Maximum depth
Average depth
Maximum width
Average width

Seamless
13
8
66
39

In the gap
11
6
220
51

FIGURE 4
Corrosion weight loss curves of two specimens
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Outside the gap
12
7
55
32
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FIGURE 5
Corrosion phase test curves of two specimens

FIGURE 6
Polarization curves of rust layer of two specimens in different time periods
Phase analysis of rust layer. Figure 5 shows
the phase test results of seamless, inside the crevice
and at the edge of crevice in the dry-wet alternating
environment of marine atmosphere. It can be seen
from the diffraction peak intensity that the amount of
corrosion products of the seamless specimen is the

largest, followed by the outside of the crevice, the
amount of corrosion products in the crevice is the
smallest, and the phase types of the three positions
are the same, but the content of each phase is different.The diffraction peak intensity of ȕ-FeOOH and
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FeOCl in rust layer of seamless specimen is the highest, and the content of stable Į-FeOOH is less, which
shows the worst protection ability to matrix. The
phase of the rust layer outside the crevice is mainly
stable Į-FeOOH and dense Fe3O4, which can effectively inhibit the diffusion of chloride ions. The
thickness of the rust layer is relatively large, and the
protection of the rust layer on the matrix is the best
among the three.The crevices are also dominated by
Į-FeOOH and Fe3O4, but the diffraction peak intensity is weaker than the rust layer outside the crevices,
and the rust layer thickness is thin, so the protection
of the matrix is slightly worse than that outside the
crevices. From the above analysis, it can be seen that
the corrosion resistance strength of the three positions is outside the crevice > inside the crevice >
seamless.
Electrochemical analysis. Figure 6 is the polarization curves of the seamless weathering steel
specimen, the weathering steel specimen with crevices in the crevice and the edge of the crevice under
the dry-wet alternate environment of the marine atmosphere. It can be seen from that with the progress
of corrosion, the stability of the rust layers at the
three positions all developed well, and the self-corrosion electricity showed an increasing trend. The
self-corrosion potential of the rust layer of the seamless specimen gradually increased from -0.89V to 0.74V, and the anode current fluctuated significantly
in the first 48h, and the corrosion rate was fast, and
the rust layer had poor protection to the matrix. The
self-corrosion potential of the rust layer in the crevice changed greatly in the early stage, from -0.88V
to -0.71V. With the corrosion test, the corrosion
products gradually increased, which played a certain
shielding effect on the corrosion medium. The selfcorrosion potential of 720h was -0.69V, with little
change, indicating that the rust layer in the crevice
had a certain protective effect on the matrix. Compared with the above two positions, the self-corrosion potential of the rust layer outside the crevice
moves to the right most, and the potential values in
each period are the highest. The self-corrosion potential at 48h, 480h and 720h is -0.83V, -0.62V and 0.57V, respectively, which is 2.1%, 15.9% and 21.3%
higher than that in the crevice, and the protection to
the matrix is the best. Therefore, the corrosion resistance effect of the rust layer at the three positions
is as follows: rust layer outside the crevice > rust
layer inside the crevice > seamless rust layer.

CONCLUSIONS
(1) In the dry-wet alternating environment of
marine atmosphere, pitting corrosion is the main corrosion type in the seamless and outside the crevice,
while surface corrosion is the main corrosion type in
the crevice, which is mainly affected by the space in
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the crevice, the corrosion medium can not be supplemented in time, and the corrosion pit is not developed longitudinally, resulting in a wide and shallow
corrosion surface.
(2) According to the analysis of corrosion kinetics, in the whole corrosion stage, the surface rust
layer of seamless specimen is loose, the corrosion
medium is relatively sufficient, the surface corrosion
weight loss is large, and the cumulative weight loss
is 60.11mg/m2, which is 4.95 times that of the specimen with crevices.
(3) From the phase test results, the phase types
at the three positions of seamless, outer and inner
crevices are the same, but the content of each phase
is different. The diffraction peak intensity of ĮFeOOH and Fe3O4 in the rust layer outside the crevice are the highest, which can effectively inhibit the
diffusion of chloride ions, and the protection of the
matrix is the best among the three. In the polarization
curve results, the corrosion resistance effect is as follows: rust layer outside the crevice > rust layer inside
the crevice > seamless rust layer.
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the management of microbial resources. Soil microbial community diversity, as one of the indicators of
soil state, can be used to reflect soil fertility and ecological characteristics [3].
Mangroves are one of the most productive ecosystems. They mainly grow in anoxic and saline substrates in tropical and subtropical low-lying intertidal
zones [4-5]. At the same time, mangroves have
strong carbon sequestration capacity and are considered to be one of the carbon-rich ecosystems. Its carbon storage is 4-8 times that of terrestrial forests [6].
In recent years, due to various disturbances such as
sea level rise, eutrophication and land use change,
the area of mangroves has decreased [7]. Relevant
studies have shown that the key components of the
mangrove wetland ecosystem are inseparable from
soil and microorganisms, thus forming a soil-plant
local ecosystem [8-9]. In this case, it is necessary to
study the microbial diversity of wetland soil. Therefore, this study mainly focuses on the exploration of
soil microbial community diversity and its influencing factors in mangrove wetlands, which provides
necessary reference and reference value for the comprehensive management and protection of wetland
environment in my country.

ABSTRACT
Microbial diversity is a sensitive indicator of
soil quality change. The purpose of this study was to
evaluate the effects of fertilization on soil microorganisms in mangrove wetlands from the perspective
of functional diversity of soil microorganisms. The
results showed that the application of fertilizer could
enhance the utilization of carbon sources (average
absorbance) and increase the functional diversity of
microorganisms (Shannon index). The Shannon
evenness and Simpson index of soil microorganisms
changed under different fertilization treatments, but
the difference was not significant. Clustering and
principal component analysis showed that there were
great differences in the utilization of carbon sources
among different fertilization treatments, and different fertilization treatments aggravated the differentiation of soil microbial community to some extent.
Soil microbial diversity is related to soil physical and
chemical properties. In general, the content of carbon and nitrogen in soil has the greatest impact on
the metabolic activity and biodiversity of soil microorganisms.

KEYWORDS:
Fertilization, soil microorganisms, community diversity,
average absorbance value

MATERIALS AND METHODS
Overview of the study area. The research area
is located in Zhenhaiwan Mangrove National Wetland Park, Taishan, Guangdong Province, which is
located in the western coastal area of Jiangmen City,
Guangdong Province, at the junction of Taishan and
Enping. Its total planned area is 100.8 square kilometers. Among them, the wetland area is 35 square
kilometers, and the mangrove area is about 1,000
hectares. The wetland rate is 93.8%. The geographic
location is shown in Figure 1. The climate in this region is a subtropical marine monsoon climate, with
abundant rainfall, mild and humid all year round, and
a long frost-free period. The relevant climatic and
environmental factors are shown in Table 1.

INTRODUCTION
Soil microorganisms are the most active part of
the soil ecosystem, participating in about 90% of the
soil reaction process, and are responsible for regulating the biogeochemical cycle of soil nutrients, promoting plant growth, and maintaining the stability of
the ecosystem [1-2]. Microbes are one of the key
drivers of soil fertility. Its distribution and activity in
the soil is a comprehensive reflection of the interaction and adaptation between the soil environment
and the microbial community. The activity of soil
microorganisms is proportional to soil fertility.
Study soil microorganisms, understand their relationship with soil structure, soil fertility, soil potential, etc., and rationally achieve macro goals through

Experimental Design. The experiment set up
1 blank control and 5 fertilization treatments. Respectively: including no fertilization as a control
(CK), nitrogen fertilizer alone (N4), nitrogen and
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phosphorus fertilizer combined application (N4P2),
organic fertilizer only (M4), organic fertilizer combined with nitrogen fertilizer (M2N2), organic fertilizer nitrogen fertilizer combined with phosphorus
fertilizer (M2N2P1). The specific experimental
treatments are shown in Table 2 (The amount of nitrogen applied was the same for all treatments except
the control). The nitrogen fertilizer is urea. Phosphate fertilizer is diammonium phosphate. The organic fertilizer is pig manure. The nitrogen content
of organic fertilizer over the years is 10~15 g·kg-1.
The organic carbon content is 120~150 g·kg-1.

Fresenius Environmental Bulletin

Shannon index (H), Shannon evenness index (E),
Simpson index (1-G), McIntoch index (U) to evaluate soil microbial richness, evenness and dominance,
respectively. The calculation formula refers to the research of Cui Peipei et al. [10]. Data were statistically analyzed with SPSS 22 and Excel.

Test method. Basic physical and chemical
properties of soil. The basic physical and chemical
properties of the soils in the experiments are shown
in Table 3. For the specific measurement methods of
soil-related indicators, please refer to "Soil Agrochemical Analysis".
Guangdong Province

Determination of functional diversity of microbial communities. Common methods of soil
community diversity determination are shown in
Figure 2. The experimental materials based on this
study will be determined by the Biolog microplate
method. The operation steps are: weigh 10 g of fresh
soil, put it in 100 ml of sterile 0.1 M phosphate buffer,
and shake for 20 min. Let stand for about 25 minutes.
Dilute to 10-3 dilution on a clean bench. Add 150 ul
of the diluted suspension to each well of the 96-well
plate of the BIOLOGGN plate with an 8-channel pipette. Incubate at 25°C. After 24, 36, 48, 60, 72, 84,
96, 108, 120, 132, 144, 156, and 168 h, the light absorption of each well at a wavelength of 590 nm was
read using a BIOLOGEMAX plate reader. Three
replicates were performed for each soil sample (the
above operations were performed in a sterile room).

Jiangmen City

Analysis method. The soil microbial community diversity index was calculated using the data of
48h of culture. The selected diversity indices are

FIGURE 1
Location map of the pilot site

TABLE 1
Climatic and environmental factors of the test site
Site
MAT
MAP
TSR
ASD
FFP
Soil type
Zhenhaiwan Mangrove
2006 h
352 d
sandy soil
ႏ
1963 mm
110 kca/cm2
National Wetland Park
Note: MAT represents the annual mean temperature. MAP indicates annual precipitation. TSR stands for total solar radiation.
ASD stands for annual sunshine duration. FFP stands for frost free period.

Treatment
CK
N4
N4P2
M4
M2N2
M2N2P1

TABLE 2
Descriptions of the treatments
Inorganic P
Inorganic N
(kg·hm-2)
(kg·hm-2)
0
0
270
0
270
135
0
135
135
0
270
0
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Organic N
(kg·hm-2)
0
0
0
270
135
0

Total N
(kg·hm-2)
0
270
270
270
270
270
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TABLE 3
The physicochemical properties of soil samples tested
Treatment

pH

CK
N4
N4P2
M4
M2N2
M2N2P1

6.12
5.03
5.24
6.35
6.15
6.22

Total
C
(g/kg)
9.63
9.64
9.14
16.37
16.18
16.24

Total
N
(g/kg)
1.36
1.43
1.36
2.30
2.35
2.33

Available N
(mg/kg)
89.56
158.06
113.76
189.03
212.05
194.84

Total
P
(g/kg)
0.51
0.52
0.54
2.14
1.92
2.23

Olsen P
(mg/kg)
19.31
14.23
24.18
245.24
231.75
265.98

Total
K
(g/kg)
20.56
18.43
19.72
19.06
20.90
19.57

Available K
(mg/kg)
90.28
57.79
61.82
455.79
508.74
433.43

C/N

Sand
(g/kg)

Clay
(g/kg)

S/C

7.08
6.74
6.72
7.04
6.89
6.97

180.88
158.35
138.29
175.54
217.74
174.26

247.14
261.04
262.58
247.47
215.64
238.14

0.73
0.61
0.53
0.71
1.01
0.73

FIGURE 2
Methods for laboratory analysis of biodiveristy in soil
inorganic fertilizers (M2N2P1). Although Shannon
uniformity, Simpson index and McIntoch index were
different in different fertilization treatments, their
numerical performance was not very prominent.
The ability of microorganisms to utilize different carbon sources can characterize the metabolic
functional groups of soil microorganisms. The Biolog microplate method divided 31 carbon sources
into 6 categories according to different functional
groups, and calculated the relative utilization of carbon sources by microorganisms using the AWCD
value of 168 h (Fig. 3). It can be seen from Figure 3
that the microorganisms under each fertilization
treatment increased the relative utilization rate of
polyphenols and amino acid carbon sources, and decreased the relative utilization rate of polymer carbon sources. In addition, the relative utilization rate
of amino acid carbon sources in the treatment of applying organic fertilizer was lower than that in other
treatments. The relative utilization of polyphenols
and polymers carbon sources was always higher than
other treatments. This indicated that bio-organic fertilizer changed the relative utilization of carbon
sources by microorganisms, decreased the relative
utilization of amino acid carbon sources by microorganisms, and improved the relative utilization of polyphenols and polymers by microorganisms.

RESULTS
Effects of different fertilization treatments
on the average absorbance value and diversity index of soil microorganisms. The average absorbance value and diversity index of different fertilization treatments are shown in Table 4. The average
absorbance values of the treatments with pig manure
(M4, M2N2, M2N2P1) were higher, and the difference reached a significant level compared with the
other three treatments (P < 0.05). Among them, N4
and N4P2 treatments have lower average absorbance
values. It is worth noting that, except for N4P2 treatment, the average absorbance value of each treatment is in the same order as its soil organic carbon
content. The order of average absorbance value is
CK < N4 < N4P2 < M2N2 < M2N2P1, which is the
same as the order of soil pH in each treatment. There
are many parameters used to characterize biodiversity indicators in related studies. In this study, Shannon index, Shannon evenness, Simpson index, and
McIntoch index were used to characterize soil microbial richness, evenness, and dominance. The
Shannon index was significantly increased in all fertilization treatments compared with the control, especially in the combined application of organic and

10795

© by PSP

Volume 31– No. 11/2022 pages 10793-10800

Treatment
CK
N4
N4P2
M4
M2N2
M2N2P1

Fresenius Environmental Bulletin

TABLE 4
AWCD and diversity index of soil microorganisms under different treatments
AWCD
Shannon index
Shannon evenness Simpson index McIntoch index
0.37a
3.07a
0.94a
0.96a
0.91a
0.43ab
4.03b
0.97a
0.95a
0.90a
0.50b
4.17b
0.93a
0.96a
0.93a
0.78d
4.19b
0.94a
0.95a
0.93a
0.65c
4.27b
0.92a
0.95a
0.94a
0.69c
4.46b
0.95a
0.94a
0.95a

Relative value of carbon sources (%)

100%
Carbohydrates
80%

Amino acids

60%

Carboxylic
acids
Polymers
Polyamines

40%

Polyphenols
20%

0%
CK

N4

N4P2
M4
Treatment

M2N2

M2N2P1

FIGURE 3
Relative utilization rates of carbon sources by microbes in soils under different fertilizer treatments
gregated 38.59% of the data variation, and the second principal component (PC2) was 28.37%. The
low-fertilizer treatments (CK, N4, N4P2) were
mainly distributed in the negative direction on the
PC1 axis. The high fertilizer treatments (M4, M2N2,
M2N2P1) were mainly distributed in the positive direction of the PC1 axis. This indicated that different
fertilization treatments had obvious differences on
the PC1 axis. On the PC2 axis, the distribution of
different fertilization treatments was relatively scattered, indicating that in the PC2 direction, different
fertilization treatments had greater differentiation,
which increased the instability of the microbial community.
Taking the proportion of the contribution rate
corresponding to the selected principal component to
the sum of the contribution rates of the two extracted
principal components as the weight, calculate the
multiplication and accumulation of the scores of the
first two principal components of each sample and
the corresponding weights to obtain the comprehensive score Dn. In this way, the effect of different fer-

Cluster analysis and principal component
analysis of different fertilization treatments. Using the average absorbance values of different treatments as statistical variables for cluster analysis can
clearly and intuitively reflect the relationship between the fertilization treatments. The cluster analysis results can more intuitively display the distance
relationship between the research objects. The cluster analysis results are shown in Figure 4. M4, M2N2,
M2N2P1 processing is divided into one broad category. N4, N4P2, and CK processing are divided into
one broad category. The treatments M4, M2N2 and
M2N2P1 applied with organic fertilizer had more
similar carbon source utilization patterns. Under the
N4, N4P2, and CK treatments, the soil was relatively
poor, and the microbial community used carbon
sources to be similar. In order to change the structure
of soil microbial community under different fertilization treatments, 48h data were normalized, and
then principal component analysis was performed.
The principal component analysis results are shown
in Figure 5. The first principal component (PC1) ag-
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tilization treatments on soil microbial community diversity was evaluated. The comprehensive evaluation score Dn=F1×0.386+F2×0.283. It can be seen
from Table 5 that the top 3 treatments in terms of
comprehensive scores are: M2N2P1, M2N2, and
N4P2. All of them were combined with two kinds of

fertilizers, which indicated that the combination of
fertilizers was more beneficial to the diversity of soil
microorganisms. At the same time, the scores of all
treatments were higher than those of CK treatments,
which further indicated that applying fertilizer was
beneficial to soil microbial community diversity.

FIGURE 4
Cluster analysis of different fertilization treatments

0,8

PC2 (28.37%)

N4
0,4
M2NP1

N4P2
0
-2

-1

0

CK

M2N2

1
M4

2

-0,4

-0,8

PC1 (38.59%)
FIGURE 5
Principal component analysis of soil microbial carbon source utilization under different treatments
TABLE 5
Comprehensive score of soil microorganisms under different fertilization treatments
Treatment
F1
F2
Dn
CK
-0.532
-1.765
-0.970
N4
-1.515
1.366
-0.492
N4P2
-0.295
0.321
-0.077
M4
-0.581
-0.683
-0.617
M2N2
0.697
-0.079
0.422
M2N2P1
0.984
0.631
0.859

10797

Rank
6
4
3
5
2
1
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TABLE 6
Correlation analysis between diversity index and soil physical and chemical factors
Total
N
0.92**

Available N
0.82*

Total
P
0.94**

Olsen
P
0.93*

Total
K
-0.07

Available K
0.90*

C/N

Sand

Clay

S/C

0.61

Total
C
0.92**

0.30

0.34

-0.47

0.37

-0.02

0.59

0.63

0.78

0.63

0.62

-0.31

0.56

-0.40

-0.01

-0.22

0.09

-0.43

-0.29

-0.29

-0.07

-0.25

-0.29

-0.81

-0.39

-0.17

-0.43

0.55

-0.51

-0.34

-0.74

-0.75

-0.82*

-0.76

-0.75

0.29

-0.67

-0.13

-0.30

0.41

-0.31

Traits

pH

AWCD
Shannon
index
Shannon
evenness
Simpson
index

[15]. Different fertilization methods are usually accompanied by changes in microbial communities,
and fertilization can significantly affect microbial
richness and biodiversity [16]. The Shannon index is
usually an important indicator for evaluating the degree of carbon utilization of soil microbial communities, which can reflect the functional diversity of
soil microbial communities [17]. In this study, the
Shannon index was significantly increased in the fertilization treatments, which was related to the application of organic and inorganic fertilizers to provide
nutrients to microorganisms. Shannon evenness and
Simpson index did not differ significantly under different fertilization treatments, which may be because
the dominant populations in the microflora have
strong resistance to external disturbances.
Cluster analysis was performed using the mean
absorbance values under various fertilization treatments. The results showed that under the application
of organic fertilizer, soil microorganisms were similar in the utilization of carbon sources and were classified into one category; under the application of inorganic fertilizer and the control treatment, soil microorganisms were similar in the utilization of carbon sources and were classified into one category.
This may be because different fertilization treatments largely changed the soil microenvironment
and correspondingly changed the transformation of
soil microbial nutrients. Principal component analysis can show the response of soil microbial communities to carbon sources under different fertilization
treatments, and is an effective means to reflect the
structural characteristics of soil microbial communities [18]. Figure 2 shows that different fertilization
treatments have different carbon source utilization
capacities for the first principal component and the
second principal component. There were obvious
differences on the PC axis of each treatment, indicating that fertilization significantly changed the utilization characteristics of soil microorganisms for carbon sources. In this study, the low-fertilizer treatments (CK, N4, N4P2) on the PC1 axis were mainly
distributed in the negative direction. The high fertilizer treatments (M4, M2N2, M2N2P1) were mainly
distributed in the positive direction of the PC1 axis.
Different fertilization treatments showed obvious
differentiation on the PC1 axis, which can indicate
that the effect of organic fertilizer on the microbial

Correlation between soil microbial diversity
indicators and physicochemical properties. The
correlation analysis results are shown in Table 6. The
average light absorption value of microorganisms
was positively correlated with total carbon, total nitrogen, available nitrogen, total phosphorus, available phosphorus and available potassium, reaching
extremely significant or significant levels. Soil microbial diversity was mainly related to total carbon,
total nitrogen and available nitrogen. The Simpson
index was significantly negatively correlated with
available nitrogen. Overall, soil carbon and nitrogen
content had the greatest impact on soil microbial
metabolic activity and biodiversity. Available nitrogen, as an easily available energy source for microorganisms, has the most profound impact on the biological activity and diversity index of microorganisms.

DISCUSSIONS
The average absorbance value (AWCD) reflects the overall ability and microbial activity of soil
microorganisms to utilize carbon sources, and can be
used as an effective indicator of soil microbial activity [11]. The treatments (M4, M2N2, M2N2P1) that
applied swine manure in this study had higher mean
absorbance values of soil microorganisms, which
was consistent with the results of most studies. That
is, the application of organic fertilizers such as manure and green manure is conducive to maintaining
the diversity and activity of soil microorganisms.
However, if nitrogen fertilizer is applied alone or nitrogen and phosphorus fertilizers are applied together, the utilization rate of carbon sources by microorganisms will be lower [12-14]. Most of the
treatment AWCD values were in the same order as
their soil organic carbon content, which may be because soil with high organic carbon content can provide more bioavailable carbon sources, which can be
used to maintain soil microbial activity. In addition,
this study also found that the AWCD values of different fertilization treatments were in the same order
as the soil pH of each treatment, which was consistent with the research results of foreign scholars
on factors affecting soil microbial activity. pH is an
important factor affecting soil microbial diversity
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community is greater than that of inorganic fertilizer
[19]. Therefore, organic fertilizers can be used to
change the community structure of soil microorganisms [20], thereby regulating the number of soil microorganisms, community functional diversity and
structural diversity [21].
As the most active part of the ecosystem, soil
microorganisms play an important role in energy
flow, nutrient cycling, soil formation, and plant
growth in the ecosystem. Microbial diversity can be
used as an important indicator for evaluating ecosystem stability [22]. There are many environmental
factors that affect soil microbial diversity, including
climatic factors, plant factors and soil factors [23].
Soil is the most direct factor affecting microbial diversity. Generally speaking, soils with higher nutrients have higher microbial diversity [24-25]. In this
study, soil carbon and nitrogen content had the greatest impact on the metabolic activity and biodiversity
of soil microorganisms. Available nitrogen, as an
easily available energy source for microorganisms,
has the most profound impact on the biological activity and diversity index of microorganisms. In conclusion, the activity and diversity of soil microorganisms are greatly affected by soil nutrients. After fertilization treatment, on the one hand, due to the
change of soil environment, it will affect the community structure and function of microorganisms.
On the other hand, long-term fertilization management will inevitably make the nutrients in the soil the
transformation of microbial has been significantly
changed, thus affecting the metabolic function of microorganisms.
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[2] Peng, S.L., Wu, R.J., Zhang, X., Ge, Z.W., Yang,
N. (2021) Effects of temperature and moisture
treatments on microbial characteristics of arable
and grassland soil in dry-hot valley. Pratacultural Science. 38(12), 2350-2362.
[3] Cai, J., Zhang, J., Yu, S., Lin, H., Li, K., Chen,
S., Ou, W. (2022) Effect of fertilization on bacterial diversity and community structure characteristics in cassava rhizospheric soil. Journal of
Fujian Agriculture and Forestry University
(Natural Science Edition). 51(1), 15-20.
[4] Ribeiro, R.D.A., Rovai, A.S., Twilley, R.R.,
CastañedaဨMoya, E. (2019) Spatial variability
of mangrove primary productivity in the neotropics. Ecosphere. 10(8), e02841.
[5] Ellison, A.M., Felson, A.J., Friess, D.A. (2020)
Mangrove rehabilitation and restoration as experimental adaptive management. Frontiers in
Marine Science. 7, 327.
[6] Gress, S.K., Huxham, M., Kairo, J.G., Mugi,
L.M., Briers, R.A. (2017) Evaluating, predicting
and mapping belowground carbon stores in
Kenyan mangroves. Global Change Biology.
23(1), 224-234.
[7] Alongi, D.M. (2002) Present state and future of
the world’s mangrove forests. Environmental
Conservation. 29(3), 331-349.
[8] Meng, Y., Qin, P. (2020) Coupling relationship
between microbial community diversity and soil
nutrients in different wetlands in coastal area of
Pearl Rive Delta. Research of Soil and Water
Conservation. 27(6), 77-84.
[9] Fu, M., Yang, N., Yang, M., Lin, Z. (2015) Coupling relationship between soil microbe with
soil nutrient in re-vegetation stages on slopingland with purple soils in Hengyang of Hunan
Province, south-central China. Ecology and Environmental Sciences. 24(1), 41-48.
[10] Cui, P., Wu, A., Wang, J., Dong, E., Nan, J., Bai,
W., Jiao, X. (2018) Effect of different fertilization treatments on soil microbial function diversity in rhizosphere of sorghum. Acta Agriculturae Boreali-Sinica. 33(5), 195-202.
[11] Garland, J.L., Mills, A.L. (1991) Classification
and characterization of heterotrophic microbial
communities on the basis of patterns of community-level sole-carbon-source utilization. Applied and Environmental Microbiology. 57(8),
2351-2359.
[12] Sun, F., Zhao, C.C., He, Q.J., Lu, H.H., Guan,
Y.X., Gu, Y.F. (2015) Effects of fertilization and
diversity of weed species on the soil microbial
community. Acta Ecologica Sinica. 35(18),
6023-6031.
[13] Shi, P., Gao, Q., Wang, S.P., Zhang, Y. (2010)
Effects of continuous cropping of corn and fertilization on soil microbial community functional diversity. Acta Ecologica Sinica. 30(22),
6173-6182.

CONCLUSIONS
The results of this study show that the application of organic fertilizer can greatly improve the utilization of carbon sources by soil microorganisms.
Fertilization can increase the functional diversity of
soil microbial communities. Among them, the combined application of organic fertilizer and nitrogen
and phosphorus fertilizer has the most significant
improvement effect. Soil microbial diversity is related to soil physicochemical properties. Overall,
soil carbon and nitrogen content had the greatest impact on soil microbial metabolic activity and biodiversity.
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oil-gas market [1]. China's apparent oil consumption
reached 590 million tons in 2017, the crude oil imports reached a record high of 420 million tons, up
to 10.1% increase yearly since 2011, and China surpassed United States to become the world's largest
crude oil importer. The external dependence of oil
increased to 67.4% which is expected that the oil demand will reach to 615 million tons for the first time,
and the external dependence will approach 70%,
posing severe challenges to the oil industry supply
structure of China.
With the increasing demand of China's market,
the degree of oil-gas exploration and development
continues to deepen. Most of the oil-gas basins have
entered the middle and late stage of development,
high or extremely high water cut characteristics are
obvious, single well oil-gas production continues to
decrease [2]. While conventional reservoir capacity
is falling, the unconventional ultra-low permeability
of low permeability reservoir exploration and development scale are increasing [3-4], which need the
work of hydraulic fracturing construction [5-7], optimized design of horizontal wells [8-9]. Those increase the difficulty of exploration and development,
as well as the cost, because of the international oil
price shocks and the accumulation of oil-gas resources environment restriction caused a huge supply gap. At present, using big data [10], cloud computing and other emerging technologies, integrating
a variety of data and research methods, with data
value deeply mining [11], bring the hope of realtime data acquisition, storage, and analysis, as well
as the real-time monitoring and auxiliary decisionmaking, make the remote operation and accidents
prevention reliable, which effectively improve the
efficiency and capacity of oil exploration and development. With the gradual reduction of petroleum reserves, the informatization level has become the primary factor affecting the development of petroleum
industry.
The domestic refining industry is concentrated
and regionalized, and the main body of refining is
diversified. With the stabilization and recovery of oil
prices, the profitability of China's refining industry

ABSTRACT
At present, the big data industry is developing
rapidly in many fields around the world, and it brings
opportunities for the transformation and upgradation
of the traditional oil industry. The whole oil business
chain is of large scale, and there are urgent needs to
apply big data technologies to the fields of petroleum
exploration and development, transportation, refining,enviroment and other fields. However, the oil big
data industry is still in its infancy and has encountered many challenges, including oil data storage and
management being not standardized, technical
standards being not unified, and security concerns.
These issues further lead to the poor data sharing, repeated business deployment within the enterprise
and the compromised of the systems. To solve the
problems above, this paper proposes the overall architecture for the development of the oil big data industry. The architecture scheme integrates all the
data and business of the oil industry chain, which allows the secure data sharing, effective business management and scientific allocation of resources.
Therefore, the oil big data solution can provide an
important research idea for the dynamic management of production process and industrial business,
which improves the overall productivity of oil industry.

KEYWORDS:
Big data, Oil industry, Environment, Data management,
Artificial intelligence, Data security

INTRODUCTION
In recent years, the demand for oil-gas in China
remains high and the global trade increases anually,
which has great impact on the regulation and pricing
of the international oil market, and the international
oil purchase and domestic oil consumption have become the normal business development of China's
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has gradually increased. The utilization rate of local
refineries has increased rapidly, and the marketization of the refining industry has accelerated. However, due to the influence of excess refining capacity,
the utilization rate of main domestic refineries has
shown a downward trend. Due to the high cost of refinery construction and the poor positive correlation
between investment cost and refining ability, the
business-driven refining management method and
high energy consumption refining process have reduced the benefits of industry, so it is urgent to innovate the refining management method and refining
process.
Oil storage and transportation plays a crucial
role in the entire oil industry chain. Pipeline management in the process of oil-gas transportation safety is
also of great significance. However, it is still in its
infancy at current stage. The pipeline database construction just started, and the scheme design is not
scientific. Besides, the management demands industrial standards [12], as well, incomplete data influence the effectiveness of the pipeline risk assessment. Therefore, pipeline database construction requirements, programs and applications have been
put on the agenda.
As a whole, there are great space for improvement of China's oil exploration and development, refining, transportation, trade and sales. To reduce the
cost of oil-gas exploration and production, improve
the refining efficiency, optimize the network design,
and meet the demand of oil supply, the big data
thoughts should be fully fused. To improve China's
economic benefit of overall oil industry chain and
market competitiveness, as well as the traditional
management technology and methods, big data technology is expected to dig into data information effectively.
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the big data plan. The US government has announced the investment of $200 million to promote
the development of relevant industries, calling big
data "the new oil of the future". The European Union
also formally promulgated "the General Data Inclusion Regulation" in 2016, which escorts the healthy
development of the big data industry. The UK has
promoted data openness actively, to effectively promote the transformation of scientific research
achievements of big data technology, which strongly
supports the application of big data technology in agriculture, business, medical care and academic research within the funding and policies, and 189 million pounds were invested to develop big data technology in 2011. In 2014, the UK government invested a further 73 million pounds to develop big
data technology in a government project. In 2012,
Japan launched the "ICT Integrated Strategy for
2020", to promote the application and development
of big data in the fields of intelligent technology, traditional IT industry, new medical technology, and
easing traffic congestion. India, Singapore, South
Korea, Australia and other countries have also released relevant policies to promote the integration of
big data technology with traditional industries and
services, aiming to improve the national economic
and technological development level.
In March 2014, the concept of big data was first
proposed in China's government work report. Up to
now, the big data industry has developed rapidly. In
2017, to deeply implement the spirit of the 18th CPC
National Congress, and the national big data strategy, it is necessary to actively and stably promote the
development of China's big data industry, and the
Ministry of Industry and Information Technology issued the "Big Data Industry Development Plan
(2016-2020)". In July 2016, The Ministry of Land
and Resources has issued the "Implementation Opinions on Promoting the Application and Development
of Land and Resources Big Data". This has strongly
promoted the opening and sharing of land and resources data, promoting the application of land and
resources data in public services. In February 2016,
the National Development and Reform Commission,
the Energy Administration, and the Ministry of Industry and Information Technology jointly issued
the "Guiding Opinions on Promoting the Development of Internet+Smart Energy". It is pointed out
that the collection range of energy big data should be
expanded actively, and gradually covering electricity, coal, oil, gas and other energy sectors, realize the
integration and sharing of multi-domain energy big
data, which can improve the accuracy of the data statistics, analysis and forecast.
The oil industry is an important energy pillar
industry in China. The advent of big data has brought
both opportunities and challenges to the oil-gas industry. Big data policies issued by various countries
have strongly promoted the integration development
of big data technology and traditional industries, and

MATERIALS AND METHODS
Policy and influence to oil industry. At present, the world has entered a new stage of economic
development dominated by the information industry.
Data resources have become one new energy, driving the development of big data industry, which has
brought opportunities to the transformation and upgradation of national economic development. The
potential of various industries combined with big
data is huge, especially the oil industry estimated to
240-510 billion dollars[13], which takes a large lead
to other industries. Therefore, the development of
the oil big data industry is of great significance.
In May 2016, the US government has released
the "Federal Strategic Plan for Big Data Compression Law" (Figure 1). To accelerate the implementation of the "Big Data Research and Development Action" proposed in 2012, the US department of homeland security and department of energy participate in
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FIGURE 1
The World's Big Data Plan.
improve the industry’s informatization level by injecting the new energy power. A complete petroleum
and chemical industry chain consists of upstream,
midstream and downstream parts, which mainly include the exploration and production, transportation
and storage, oil refining and chemical industry and
sales [14-15]. A large amount of data will be generated in the exploration, production, refining and
other stages [16]. Moreover, the traditional data
management method and business management
method cannot meet the rapid growth of service demand. Driven by big data, artificial intelligence and
cloud computing technologies, the oil-gas industry
will further accelerate the pace of industrial transformation and upgradation [17-18].

and chemical production, trade and other related industries are also generating a very large amount of
data. Some foreign companies have begun to use big
data technologies to analyze and manage oil refining,
pipe network and other relevent data, and mine deep
value to improve service level, so as to meet more
needs. Big data will play an important role in the oil
industry, and China's oil big data development space
will be huge.
International oil companies in the field of big
data operations, and has achieved a large number of
research, practical results. Through a survey of 200
experts in the industry, Accenture and Microsoft
found that the international big oil company has invested a lot in building efficient information platform and related fields, to make full use of big data
resources to tap more wealth and value, guide the
company's strategic decisions, auxiliary production
and operation work. With the integrated exploration
and development project, centralized collection and
processing of massive data, which can support the oil
field production planning and decision-making,
Schlumberger company is able to keep the smooth
development of unconventional, deep water, polar
and other oil-gas resources. Chevron saves $50 million yearly by eliminating duplicate processes and
redundant systems in the "downstream systems" of
refining, marketing and transportation. Chevron has
received a net present value of about $200 million
over the past four years. Besides, the company applies Hadoop big data platform to process seismic
data and improves the accuracy of reservoir identification. Shell company uses the combination of the
main database and the project database to manage
the company's data, processing the most valuable
data separately from the general data, which not only
ensures information security but also improves the
efficiency of data utilization, so it lays a solid foundation for the application of big data in the petroleum
industry. By installing wireless sensors in refineries
to collect a large amount of data in real-time, BP
company uses big data approaches to make up for the

Oil industry development based on big data
technology. At present, big data, cloud computing
and artificial intelligence technologies have been
used in oil exploration, development, refining,enviromment and other relevant industries [19-20].
Many oil enterprises worldwide hope to use intend
to apply big data solutions to create more profits to
improve the comprehensive competitiveness.
In the upstream of the oil industry chain, oil
field information construction has a good foundation. Oil field business involves exploration, development and production, and big data has great potentials. The development of the oil-gas industry has entered the intelligent stage, in a transition of the manual stage to the digital stage, and intelligence is the
future development direction of the oil-gas industry
[21-23].
Currently, some advanced oil enterprises in the
world have higher information level and have entered the stage of intelligence. However, the informatization of Chinese oil industry is progressing
slowly, and it still stays in the stage of traditional
digital office. Compared with the international advanced level, there is still a big gap. In addition, in
the oil industry chain, downstream areas, refining
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influence of bad environment on the accuracy of sensors and finds that some kinds of crude oil are more
corrosive than others. The United States has developed a digital global information database, which
played an active role in various fields, including design and construction, emergency risk response, and
quantitative analysis of pipeline risk [24-25].
Our country started late in the field of oil big
data, which is still in the stage of collecting and storing oil field exploration and development data, and
the analysis and application of big data mining areare
still in the primary stage [26]. Considering the characteristics of public cloud, private cloud and hybrid
cloud, Sinopec created the big data platform in 2016
to improve data analysis and application capabilities,
resource sharing capabilities and technological innovation-driven capabilities.
Based on the information construction foundation of the oil-gas field industry, Nikon Technology
launched the integrated solution of oil-gas field production management in 2016, reducing the energy
consumption and production cost, improving the
economic benefits of the enterprise [27].
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planning (Figure 2). Enterprise system integration
and resource sharing are facing problems because of
the large numbers of business and application systems in enterprises. The technology and standards
adopted by different business systems are not uniform, leading to difficulties in sharing data among
different systems. In the process of digital information for enterprise, it is also necessary to reduce
the repetitive working system of the superior and
subordinate departments, which is one of the important challenges facing by the processing of oil big
data. Because the internal data format and standard
of the enterprise are not uniform, the integration difficulty is increased when the new system is built
based on the existing enterprise system, which is not
conducive to the sharing of enterprise data and information. The IT design is not always aligned with the
way of business thinking, IT design emphasizes integrity, social phenomena, and the IT infrastructure
adjustment is more difficult if without fully consideration of enterprise business architecture, which
will leads "compatibility" problem between the IT
architecture and business architecture. As result, information islands can not be eliminated, and there
will be system overlap problems, increasing system
maintenance cost [28-29].
The application of big data technology to promote transformation and upgradation of the oil industry is the systematic work, there are many problems in the actual working process. Besides the technical view, different oil companies leaders have different understanding to big data, they are failed to
fully understand the value of big data in production
and management, done poor in recognizing that big
data is an important strategic support point to improve the competitiveness of enterprises. To upgrade
the oil industry with the big data technologies, comprehensive renovation of enterprise information system is needed. In the construction of the digital process, combined closely with the business needs,
make it more tend to standardization. In addition, relevant workers should be trained with skills to effectively promote the integration and development of
big data in the oil industry. Furthermore, information
security is particularly important, because the existing IT infrastructure, operating systems and software

Problems in oil industry upgradation. In recent years, besides traditional exploration and production business, some domestic oil companies also
carried out the marketing business of refined oil
products. At the same time, the big data technology
and the information management method have been
gradually used in exploration, production, refining,
transportation and sales business. However, because
the oil big data in our country is still in its infancy,
oil-gas enterprises and public institutions do not responded rapidly in understanding and accepting the
emerging technologies. There are some problems
and challenges in incorporating big data technologies into the transformation and upgradation of the
oil-gas industry, which makes it necessary for people
to deeply understand the internal and objective development laws of the oil business chain from the
characteristics of the oil industry.
Technically, the common problems in the application of big data in the oil field are the inconsistency of enterprise data standards, the lack of
standards of business processes and rules, and the
poor integration of enterprise architecture and IT

FIGURE 2
Problems encountered in transformation and upgradation.
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FIGURE 3
Petroleum industry chain business.
are mainly from the foreign IT companies, which
call for security defence system [30-31], to reduce
the operation risk, avoid to bring possible losses to
the enterprise. Compared with other countries, our
country is still in the phase of information construction, the hardware and software input and cost are
greater than maintenance. In order to quickly improve the enterprise digital level in the era of big
data, and achieve curve overtaking, the experience
from foreign oil industrial upgradation are expected.

data mining technology can be utilized to assist and
establish the natural gas benchmark price.
(6) In terms of data storage and sharing, cloud
computing technology can be used to improve data
acquisition ability and work efficiency, as well as reducing information isolation.
(7) In the marketing and sales business, big data
technology can be used to analyze the international
and domestic market conditions in real-time, and
carry out precise marketing for oil industry related
products and services.
(8) For service objects in different fields, oil solution supporting units, software and instrument
equipment manufacturers can be integrate based on
the cloud platform, so as to establish a cross-professional comprehensive service platform and to provide business consulting and solutions.
The oil industry occupies an important position
in the energy industry, and the industrial chain is mature and complete, which is composed of upstream,
middle and downstream, mainly including oil exploration and production, transportation, storage, refining and chemical industry, sales businesses, as
shown in Figure 3.
Compared with the traditional oil industry, oil
big data not only contains all the business of the original industrial chain but also embodies the characteristics of the big data era, equipped with cloud computing, artificial intelligence and other related technologies. It is a high integration of big data and the
oil industry which can change oil business from digital to intelligent. Oil big data is a new kind of industrial ecology, it combines the oil industry, business
and the characteristics of the big data industry, focuses on reducing ecological energy consumption,
improving the ecological efficiency and benefits,
and tends to centralized management of the middle
and downstream business for the whole traditional
industry chain, which integrated production, operation, office, support services, data centre services
and security services, reflecting the open and inclusive ecological concept, reaching sharing, efficiency,
and security goals.
With big data technology, the paper upgrades
the traditional oil industry to production process

RESULTS
Planning and design to oil industry. The development of big data technologies has brought new
opportunities to the oil industry, however, although
there have been many successful applications of big
data technologies, but most of them are scattered and
proprietary, the standardized and systematic application pattern of big data has not been formed. Based
on the existing problems of the oil-gas industry and
the application cases of big data, and considering the
actual demand of the oil industry, the application
points of oil big data are mainly as follows:
(1) In the remote and real-time safety monitoring of oil-gas exploration and development, using
big data technology to analyze potential risks, improve the level of construction safety monitoring,
prevent and solve problems promptly.
(2) In the field of oil resource evaluation, artificial intelligence technology is used to build the big
data analysis platform, and the deep learning method
is applied to improve the prediction accuracy.
(3) In the real-time storage of video, image, text
and other form of data dealing, big data technology
can be applied to reduce energy consumption, analyze potential equipment failures; and reduce safety
risks.
(4) Big data technology will be used in regional
pipeline construction optimization, reasonable planning of pipeline network route, reducing the irrationality of gas storage and pipeline construction.
(5) Because the oil-gas trading rescentre can reflect the market price, supply and demand relationship and local imbalance, the cloud computing and
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management, security services, IDC services, business management, office management and support
services, which creates a 3-D intelligent management service system, as shown in Figure 4.
The production process management of the petroleum industry provides a powerful support to the
development of big data industry, including oil field
exploration-development and production business,
also including engineering construction, pipe network construction, oil-gas transportation, refining
and chemical industry, sales and other business, covering all production and operation business content
of the oil industry chain, and they are the main part
of petroleum big data.
Safety service is an important feature of the big
data era, including production safety, information security storage and transportation safety. Operation
management is designed to ensure the normal development of oil big data, which includes management
of project, investment, resources, sales and so on,
playing a key role in decision-making, mediation and
scheduling. Besides, IDC service is the important
supporting infrastructure of the petroleum big data
industry, which provides a guarantee for massive
data storage and normal network communication, so
it is an important fulcrum of industrial informatization.
Office management and support services are
essencial parts of oil big data, just like production
process management, they can not be missing and
play an important role in the construction and development of oil big data.
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stores and manages all the production, operation and
service data in the oil industry chain centrally, including drilling, logging, seismic, refining, transportation, sales, finance, statements, and multimedia.
The system uses big data technology to collect,
clean, analyze and mine data, and coordinate the
management of different departments office, production, security, IDC and other platforms. In the solution, real-time sharing and remote supervision of
industrial data are realized, resource control is
strengthened, redundant business and repetitive labour are reduced, and production and operation efficiency are improve.
The design of the oil big data solution is shown
as Figure 5, IaaS technology is used to manage the
storage resource pool and computing resource pool.
Photoelectric magnetic storage technology is used to
store "hot" and "cold" data respectively, and to convert the cold data to hot data. PaaS technology is an
important means to realize cloud computing management of the system. Based on the PaaS technology scheme, the system can provide cloud development and management work such as data acquisition,
cleaning, mining analysis and visualization. In terms
of production and operation, office management,
IDC management, security management and other
services, the system realizes convenient and efficient
management of the oil big data industry on the SaaS
module, which improves the design of system solution.
Data storage solution. The architecture system
adopts the integrated solution of optical and electromagnetic fusion storage to collect and store all kinds
of data (Figure 6). The data are classified into cold
and hot levels according to the frequency of use and
importance and stored by optical and electromagnetic technologies respectively, and the cold and hot

Solution design of big data. Based on the
planning and design of the oil big data industry(Figure 3, Figure 4), this paper proposes the oil big data
solution and technical architecture (Figure 5). In the
oil big data architecture, the oil big data system

FIGURE 4
Research strategy.
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FIGURE 5
Big data solution of oil.

FIGURE 6
Optical electromagnetic storage solution.
data can easily exchanged. The volume of cold data
is huge, accounting for more than 90% of the oil big
data, but the use frequency is low, so it is suitable to
adopt optical storage technology for data backup
management. Thermal data storage volume is small,
but the frequency of use is high, so it is suitable for
electromagnetic storage and management. The hierarchical storage of hot and cold data can greatly reduce the management cost and improve the efficiency of data reading.
The system scheme uses cloud technology to
manage a large number of servers and virtual machines, provides a reliable solution for computing
massive data, and combines the characteristics of
public cloud and private cloud to classify the data
management. The oil big data architecture system
unifies the data coding and software management

platform, which puts the core business of the oil industry on the cloud and integrates multi-stage business into the same system, including oil exploration
and production, engineering construction, pipeline
network planning, refining production, crude oil
trade and other businesses. Security management,
office management, investment management, server
management, human resource management, report
management, and financial management are deployed into the system to centralize the management
of structured and unstructured data, improving the
system's response to data information.
Security method with the cloud computing
technology. As important energy data, the petroleum
industry has a large amount of data. To ensure the
information security of the system, cloud computing
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security technology is used to detect and perceive security threats. Combined with border protection, security authentication and data encryption technology, a space security system is established to improve the system defence. In addition, to prevent and
reduce the occurrence of safety accidents in the process of production and refining, the system combines
big data and artificial intelligence technology to
evaluate the safety of production wells, and utilizes
the real-time monitoring technology of key wells to
remotely manage the production process, thus improving the early safety warning ability and emergency response ability. The centralized management
model of the architecture system can manage the exploration, development and production process in
real-time, optimize the refining process, and manage
the oil pipeline network and reservoir scientifically,
which can effectively reduce the resource consumption and improve the production, as well as operation
benefits.
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a poor intelligent level of oil-gas exploration and development problems as well as the data-sharing management problems. Based on big data technology,
this paper designs the IT architecture of oil-gas exploration and development, and it is shown as Figure
7. The architecture system uses information means
to make various kinds of geophysical prospecting
and oil-gas wells interconnected. With data lake
method, all the data of oil field, wellbore and seismic
data are managed. With the remote transmission
technology, the data is uploaded to the cloud automatically, the worksite is monitored in real-time, and
the professional services is provided to with remote
technical guidance, which can reduce the production
and operating costs effectively, improve the operation efficiency. Based on the cloud platform, the big
data system realizes the unified management of
online sales of oil-gas and chemical products, provides online sales services of oil-gas for urban enterprises and individuals, makes the business normalized and integrated. Of course, it can reduce the business cycle.

Solution design of oil exploration and development. In the field of oilfield management, there is

FIGURE 7
IT architecture design of oil exploration-development.

FIGURE 8
IT architecture of refining.
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Refining solution with big data method. The
oil refining industry is in the middle of the oil industry chain and is an important part of the business, refinery process is complex, and the refining yield are
affected by many factors. The FCC units consume
large amounts of energy during the refining process,
and there are some phenomena such as unplanned
shutdown, which seriously restrict the efficient operation of the refinery units. The complex management
structure of refinery enterprises and the poor informatization level restrict the operational efficiency
and response speed to data, which is not conducive
to the healthy development of enterprises. In addition, the amount of data produced by oil refining enterprises is huge, and the data accumulated by large
enterprises each year reached to TB magnitude,
which still maintains a high growth speed in recent
years. However, most of the unstructured data are
not stored, which makes it impossible to effectively
mine and utilize the data value, resulting in a serious
waste of data resources.For existing problems of oil
refining industry, this paper designs the IT architecture based on the technology of big data (Figure 8).
With using big data and cloud computing technology, a variety of business management platforms are
integrated to establish a unified management system,
which can be used to dig huge amounts of data, find
the potential problems in the process of refining, and
provide a reasonable solution to refining production.
Besides, this refining system can empower the production and business links with internal data value,
optimize the enterprise management process and the
catalytic cracking process. Thus, the refining solution will be conducive to achieving the goal of reducing energy consumption and improving the refining capacity, and bringing huge data resource power
and economic benefits to the enterprise.
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business are unified, industry infrastructure and information resources are integrated. Of course, it can
reduce the information island and resource conservation, and steadily improve the information security
protection level and management service level, as
well as the oil big data industry production efficiency. Of course, the solution can achieve the goals
of oil data sharing and information security, which
provides a solid boost to an open and inclusive big
data industry ecology, national economic development and industry upgradation.
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ABSTRACT
Human or animal populations living at high altitude developed biological acclimations to adapt to
a difficult climate described by reduced oxygen
availability. The conditions of high altitude affect the
gut microbiota composition. Metagenomics, or the
examination of microbial communities, exploit propels in sequencing advancement and assessment
strategies to completely look at microbial communities. We used metagenomics examination to analyze
the gut bacterial between the experimental group
presented to the high-elevation hypoxic condition
(H) and the control group at sea level (S). Therefore,
the relative abundance was analyzed at levels of Phylum, Class, Order, Family, Genus, and Species of
Bacteria in both examined areas. Result indicated
that the relative abundance of Firmicutes increased
in H level (55.3%) but Bacteroidetes decreased (7.2
%) but at S level, Firmicutes was 23.7% and
Bacteroidetes was 18.5%. Class Bacilli was the
major at H level (49.4%) while Bacteroidia was the
dominat (18%) at S level. Order Lactobacillales
(48.7%) at H level was the dominat but at S level,
Bacteroidales was the major order 17.9%.
Helicobacter was the main Genus (12%) at S level,
meanwhile, Lactobacillus (47.8%) at H level was the
dominant. The dominant Species at S level was
Helicobacter apodemus (9.4%) but Lactobacillus
acidophilus was the main species at H level with a
ratio of 17.4%. Our finding revealed that Lactobacillus was the dominant at H level. This genus use fermentation of carbohydrates to produce the lactic acid
as a major end-product and grow better under microaerophilic conditions. This may indicate the reason
of the increase of this Genus in H region (low oxygen
environment). Other investigations are needed to examine the metabolism of these bacteria in both regions to assess their correlation with organisms living at high altitudes.

INTRODUCTION
Diversity in microbial community flourish in
environments ranging from the animal and human
gut, to the mud in deep sea, to ordinarily unwelcoming territories [1]. Environmental DNA sequencing
has uncovered the expansive biodiversity of microbes and explained the relationship between hostmicrobial communities and host phenotype. Investigations of microorganisms reveal that they are basic
parts of these conditions and give fundamental biological system services [2]. Unfortunately, most microbes are famously hard to culture in the research
facility. Hence, there are tremendous measures of organismal practical curiosity still to be found. Metagenomics, or the investigation of microbial communities, exploit propels in sequencing innovation and
examination strategies to completely look at microbial communities straightforwardly from their normal environments, possibly uncovering novel content [3].
Metagenomic entire genome shotgun (mWGS)
sequencing gives experiences into species biodiversity, capacities and pathways present in variation microbiome. With the fast advancement of sequencing
innovation and informatics innovation, metagenomic studies with Next Generation Sequencing
(NGS), which is a central technique to concentrate
on the local area variety and qualities, are being well
known for its capacity to get colossal information
and abundant data [4,5]. Human and animal populations living at high altitude evolved biological adjustments to cope with a challenging environment
characterized by reduced oxygen availability. The
conditions of high altitude affect the gut microbiota
composition in these organisms [6]. At high altitude
conditions, the body will go through a progression of
changes to make up for the low oxygen climate.
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Changes in gut micro-organisms are a significant
piece of this. As of now, there are moderately couple
of concentrates on the progressions of gastrointestinal micro-organisms and metabolites in the low-oxygen climate of level [7].
Human gut (gastrointestinal tract) is populated
with trillions of microbial cells representing the various life domains (Archaea, Bacteria and Eukarya).
Bacteria are the most important and predominant
group that play indispensable role in digestion of human food [8]. Some bacterial species degrade bile
components as well as transform drugs and xenobiotics to protect other species in human gut [9,10].
Other components of gut microbiota have function
in the synthesis of various critical metabolites for human health including vitamins and neurotransmitters
which have major role in the regulation of immune
system [11-13]. Normal immunity and microbial
community of the gut microbiota are essential to human health and any disruption of microbiota
(dysbiosis) could cause various disorders including
malnourishment, inflammatory bowel disease
(IBD), metabolic disorders, neuronal diseases, colorectal cancer, rheumatoid arthritis, and autoimmune
disorders [14]. The adapted microbial community in
the gut of healthy individuals is named enterotypes
[15]. Numerous factors can influence the intestinal
microbiota including diet, environment, and genetics
[16,17].
Several studies linked changes in gut microbiota with altitude because oxygen concentration in the
gut is vital to sustain the normal gut microbiota
[18,19]. At HA, gut microbiota was suggested to
contribute to energy harvest [20-22] and the regulation of blood pressure [20]. Difference in altitude led
to differences in gut microbiota in wild mice which
indicated that the obligate anaerobes were positively
correlated with altitude, whereas other microbes
were negatively correlated with altitude [23]. The
genus Prevotella showed predominance at high altitude. Also, the renin-angiotensin was the highest enriched pathway at high altitude suggesting a microbiota-mediated regulation of blood pressure [23].
Similar changes in gut microbiota were reported in
various studies on high altitude in indigenous animals [24], pikas [25], and human [14,26].
Therefore, the gut bacterial was investigated
and compared of rats living at sea level and 2000m
above sea level. The compositions and diversity of
rat gut bacterial were investigated and the potential
functions at both locations.
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1900 m a.s.l.) and at King Fahad Institute of Research in Jeddah (Sea level) in accordance with Taif
University's Institutional Animal Care, and use
Committee that authorized all animal use. Rats were
divided into two groups (normal sea-level group and
High altitude group), ratmainatined for 60 days at
both selected locations. Fecal samples were collected on 59-60 days of experiment start from both
JURXSVDQGZHUHNHSWDWí°C before genomic DNA
extraction. About 0.5 g frozen samples were used for
DNA extraction using the cetyl trimethyl ammonium
bromide (CTAB) method [27].
Library Construction and Sequencing. Shotgun metagenomic sequencing was carried out using
the universal primers of 16S gene. For keeping the
reliability of the data, quality control (QC) was carried out at each step of the procedure.
Sample Quality Control. Sample quality control was done by Novogene’s QC report for all methods.
Library Construction, Quality Control and
Sequencing. The genomic DNAs were randomly
sheared to short fragments. These fragments were
end repaired, A-tailed and also ligated with Illumina
adapter. These fragments with adapters were amplified with PCR, size selected, and then purified. The
experimental method of DNA library preparation as
in the following sequence: Genomic DNA, fragmentation, end repair & A-tailing, adapter ligation, PCR
amplification and size selection & purification. The
library was checked with Qubit and real-time PCR to
quantify and bioanalyze for detection of size distribution. Quantified libraries were pooled and sequenced on Illumina platforms.
Bioinformatic Analysis. Data Quality Control:
Raw Data contained certain percentages of lower
quality data after sequencing. Therefore, quality control and host filtering of the raw data were done to
have the Clean Data (effective data). Then, metagenome was assembled according to Clean Data after quality control of all samples, and the unused
reads were putted of all samples together for mixed
assembly for exploring the data of lower abundance
species in all samples. Then, the gene predictions
were done by MetaGeneMark according to the
scaftigs which were assembled by single and mixed
samples. The predicted genes were polled together
for dereplication to construct gene catalogue. According to Clean Data of each sample from the gene
catalogue, the abundance data were obtained of the
gene catalogue for each sample. Taxonomy annotation involved comparing metagenomic reads to the
database of taxonomically informative gene families
(microNR database) for annotation of each metagenomic homolog. The abundance table of each taxonomic rank was based on gene abundance table.

MATERIALS AND METHODS
Animal handling and experimental design.
Twenty albino rats were kept at room temperature,
gained sterilized food, and autoclaved water at Biotechnology department, Taif (High altitude with
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Metagenome Assembly. The samples passing
QC were assembled initially MEGAHIT, then, each
Scaffold was cut off at N to get fragments without N
called Scaftigs. Clean data of each sample were
mapped to assembled Scaftigs using Bowtie2 and
unused PE reads were obtained. Mixed assembly
was carried out on the unused reads with the same
assemble parameter. Each scaftig which was < 500
bp of each sample and mixed assembled was
trimmed. Then, each effective Scaftig was used for
gene prediction.

The Statistics of scaftigs indicated that the total
length (bp) was higher in S level 285,938,851) than
that of H level 118,071,560). Also, the maximum
length (bp) was higher in S level (156,523) than that
of H level (121,181). Moreover, in the same trend,
the number of Scaftigs was higher in S level
(212,682) than that of H level (86,434). On the other
hand, Average length (bp), N50 length (bp) and N90
length (bp) were approximately similar in both levels
(S and H) (Table 2)
Results of the relative abundances at Phylum
level indicated that the main phylum at high altitude
level (H) is Firmicutes (55.3 %) followed by
Proteobacteria (16 %) and Bacteroidetes (7.2 %).
Meanwhile, at sea level (S), Proteobacteria (26.4 %)
is the dominant phylum followed by Firmicutes
(23.7 %), Bacteroidetes (18.5 %) and
Saccharibacteria (3 %) (Figure 1).
This result indicated that the relative abundance
of Firmicutes increased in H level but Bacteroidetes
decreased. This is in accordance of many previous
studies [29]. Moreover, a previous investigation
stated our finding where at the phylum level, the
black-necked cranes’ gut microbiota at high altitude
was dominated with Firmicutes (58.7 %) followed
by Proteobacteria (37.09 %), Actinobacteria (3.23
%) and Bacteroidetes (0.36 %) [30].
The relative abundance at Class level indicated
that Class of Bacilli was the major class at H level
(49.4%) while this class was found with a ratio of
6.2% at S level. Class of Bacteroidia was
approximately the dominat (18%) at S level but it
was with a ratio of 7% at H level. Other dominant
classes at S level were Epsilonproteobacteria (16%),
Clostridia (13.2%) and Deltaproteobacteria (8.2)
(Figure 2).

RESULTS AND DISCUSSION
Many investigations have expressed the results
of high-altitudes hypoxic openness on human gut
micro-organisms. The results of these examinations
were impacted by outer factors like eating routine,
way of life, and hereditary qualities of neighborhood
inhabitants [20,28]. In this investigation, we obliged
the obstruction of these determinants by restricting
their mediation in the creature model, and attempted
to keep up with the high-altitude hypoxic conditions
as the only variable. We utilized metagenomics investigation to analyze the digestive microbiome between the experimental group presented to the highelevation hypoxic condition and the control group at
sea level.
Results for data pre-processing indicated that
H level were closed to S level where Raw Data,
Clean Data, Effectiveness (%) were approximately
similar but Claen-GC content (%) was higher in S
level (43.48%) than in the H level (40.2%) (Table 1).
This indicated that both obtained data were valid for
further processing.

Sample
S
H

Fresenius Environmental Bulletin

TABLE 1
Statistics for data pre-processing for samples at sea and high altitude levels
Insert
Size Raw
Clean Data Clean_Q2
Clean_Q3 Clean_GC(
Effective(%)
(bp)
Data
0
0
%)
350
6,619.12 6,596.43
97.63
93.37
43.48
99.657
350
7,031.80 7,008.70
97.64
93.29
40.20
99.672

Clean_Q20 is (%) of bases whose quality score is more than 20 or error (%) is <0.01; Clean_Q30 is (%) of bases whose quality
score is more than 30 or error (%) is <0.01; Effective is (%) of the Clean Data over the Raw Data

Sample
S
H

Total len.(bp)
285,938,851
118,071,560

Num.
212,682
86,434

TABLE 2
6WDWLVWLFVRIVFDIWLJV ES
Average len.(bp)
N50 Len.(bp)
1,344.44
1,664
1,366.03
1,728

N90 Len.(bp)
596
606

Max len.(bp)
156,523
121,181

Total Len. (bp) : length of all the Scaftigs. Num. : the total number of Scaftigs. Average Len. (bp) : the average length of all
the Scaftigs. N50 Len.(bp) : the shortest sequence length at 50% of the genome. N90 Len.(bp) : the shortest sequence length
at 90% of the genome. Max Len : the maximum length of Scaftigs.
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FIGURE 1
Relative abundance of Phyla of gut bacterial at sea and high altitude levels

FIGURE 2
Relative abundance of Classes of gut bacterial at sea and high altitude levels
The main Order taxa is Lactobacillales (48.7%)
at H level followed by Desulfovibrionales (9.8%),
Bacteroidales (7%), Clostridiales (3.8%) and
Campylobacterales (2.2%). At S level, the Order of
Bacteroidales was found as 17.9% followed by
Campylobacterales (16%), Clostridiales (13.1%),
Desulfovibrionales (8%) and Lactobacillales (5%)
(Figure 3).
At Family level, the main family at sea level is
Helicobacteraceae with a ratio of 12% followed by
Desulfovibrionaceae (8%), Prevotellaceae (6.7%),
Clostridiaceae (4.8%), Lactobacillaceae (4.6%) and
Bacteroidaceae (4.2%). On the other hand, Family
Lactobacillaceae was the doninat family at H level
with
a
ratio
of
47.9%
follwed
by
Desulfovibrionaceae (9.7%), Prevotellaceae (2.6%)
and Helicobacteraceae (2%) (Figure 4).

At Genera level of S level, the Genus
Helicobacter was the main Genus with a ratio of
12% followed by Desulfovibrio (7%), Prevotella
(6.5%) and four genera of Lactobacillus,
Clostridium, Bacteroides and Campylobacter (about
4% for each). Meanwhile, Genus Lactobacillus was
with a ratio of 47.8% at H level followed by
Desulfovibrio (8.8%), Prevotella (2.5%) and
Helicobacter (1.9%) (Figure 5). Our results
indicated that the relative abundance of Genus
Lactobacillus was the higher at high altitude level.
The finding of enrichment of Genus Lactobacillus at
H level is in accordance with many of previous investigations [25]. This Genus (Lactobacillus) use
fermentation of carbohydrates to produce the lactic
acid as a major end-product [31]. This Genus is
Gram-positive, non-spore forming rods, facultative
anaerobic, catalase-negative, that grow better under
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microaerophilic conditions. This may indicate the
reason of the increase of this Genus in high altitude
region (low oxygen environment). Moreover, Lactobacillus address the species of microbes that mammalian immune systems have learned not to respond
to, which is perceived as a likely main thrust in the
advancement of the human immune system [32]. Our
finding revealed that the relative abundance of Genus Prevotella was higher in sea level than that of
high altitude. In contrast, this Genus was overrepresented in high-altitude environments across multiple
mammalian species [33] and it is known to produce
short-chain fatty acids (SCFA) those are produced
mainly from the saccharolytic fermentation of carbohydrates from the host diet, then, absorbed in the
host intestine. The increase in SCFA producers could
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trigger a more efficient energy intake for high-altitude populations compared to lowland populations
[34]. Also, for Genus Desulfovibrio, it was higher in
H level than S level as previously stated [35].
At species level, five species from Genus
Lactobacillus were detected with different ratios
between S and H levels (Lactobacillus acidophilus,
L. crispatus, L. johnsonii, L. hominis and L. reuteri).
The dominant Species at S level was Helicobacter
apodemus (9.4%) follwed by Prevotella sp.
CAG:485 (2.7%) and Bacteroides sp. CAG:927
(1.7%). The species of L. acidophilus was the main
species at H level with a ratio of 17.4% follwed by
L. crispatus (4.5%) and both Bacteroides sp.
CAG:927 and L. hominis (1.5%) (Figure 6).

FIGURE 3
Relative abundance of Orders of gut bacterial at sea and high altitude levels

FIGURE 4
Relative abundance of Families of gut bacterial at sea and high altitude levels
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FIGURE 5
Relative abundance of Genera of gut bacterial at sea and high altitude levels

FIGURE 6
Relative abundance of Species of gut bacterial at sea and high altitude levels
Animals living at high altitudes are subject to
low temperature, hypobaric hypoxia and high level
ultraviolet radiation. Many studies demonstrated that
bacteria play essential roles in health conditions, disease resistance and adaptation of their host to abiotic
and biotic stress [24]. Moreover, the gut microbiomes develop a symbiotic relationship with the
host’s animal aimed at capturing nutrients [36], synthetizing essential amino acids and fermenting fibers
[37]. The advantage of this relationship has been explored to attempt explanations of the ecological success of different species in their environment
[36,38]. Exposure to high altitude is related with in-

creased inflammation [39], increased risk of infection and illness [40], acute mountain sickness [41], a
constellation of symptoms [42]. Many studies suggested that host-gut microbiomes dynamics could
contribute to these responses, stating that exposure
to hypobaric hypoxia increases oxidative stress, gastrointestinal inflammation and permeability concomitant to variations in gut microbiota composition
and activity [43,44].
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[8] El Kaoutari, A., Armougom, F., Gordon, J.I.,
Raoult, D. and Henrissat, B. (2013) The
abundance and variety of carbohydrate-active
enzymes in the human gut microbiota. Nat. Rev.
Microbiol. 11(7), 497-504.
[9] Bäumler, A.J. and Sperandio, V. (2016) Interactions between the microbiota and pathogenic
bacteria in the gut. Nature. 535(7610), 85-93.
[10] Hsiao, A., Ahmed, A.M., Subramanian, S.,
Griffin, N.W., Drewry, L.L., Petri, W.A., Jr.,
Haque, R., Ahmed, T. and Gordon, J.I. (2014)
Members of the human gut microbiota involved
in recovery from Vibrio cholerae infection.
Nature. 515(7527), 423-426.
[11] Brennan, C.A. and Garrett, W.S. (2016) Gut
Microbiota, Inflammation, and Colorectal
Cancer. Annu Rev Microbiol. 70, 395-411.
[12] Chung, H., Pamp, S.J., Hill, J.A., Surana, N.K.,
Edelman, S.M., Troy, E.B., Reading, N.C.,
Villablanca, E.J., Wang, S., Mora, J.R.,
Umesaki, Y., Mathis, D., Benoist, C., Relman,
D.A. and Kasper, D.L. (2012) Gut immune
maturation depends on colonization with a hostspecific microbiota. Cell. 149(7), 1578-1593.
[13] Honda, K. and Littman, D.R. (2016) The
microbiota in adaptive immune homeostasis and
disease. Nature. 535(7610), 75-84.
[14] Das, B., Ghosh, T.S., Kedia, S., Rampal, R.,
Saxena, S., Bag, S., Mitra, R., Dayal, M., Mehta,
O., Surendranath, A., Travis, S.P.L., Tripathi,
P., Nair, G.B. and Ahuja, V. (2018) Analysis of
the Gut Microbiome of Rural and Urban
Healthy Indians Living in Sea Level and High
Altitude Areas. Sci. Rep. 8(1), 10104.
[15] Arumugam, M., Raes, J., Pelletier, E., Le
Paslier, D., Yamada, T., Mende, D.R.,
Fernandes, G.R., Tap, J., Bruls, T., Batto, J.M.,
Bertalan, M., Borruel, N., Casellas, F.,
Fernandez, L., Gautier, L., Hansen, T., Hattori,
M., Hayashi, T., Kleerebezem, M. and Bork, P.
(2011) Enterotypes of the human gut
microbiome. Nature. 473(7346), 174-180.
[16] Bonder, M.J., Kurilshikov, A., Tigchelaar, E.F.,
Mujagic, Z., Imhann, F., Vila, A.V., Deelen, P.,
Vatanen, T., Schirmer, M., Smeekens, S.P.,
Zhernakova, D.V., Jankipersadsing, S.A.,
Jaeger, M., Oosting, M., Cenit, M.C., Masclee,
A.A., Swertz, M.A., Li, Y., Kumar, V. and
Zhernakova, A. (2016) The effect of host
genetics on the gut microbiome. Nat. Genet.
48(11), 1407-1412.
[17] Wu, G.D., Chen, J., Hoffmann, C., Bittinger, K.,
Chen, Y.Y., Keilbaugh, S.A., Bewtra, M.,
Knights, D., Walters, W.A., Knight, R., Sinha,
R., Gilroy, E., Gupta, K., Baldassano, R.,
Nessel, L., Li, H., Bushman, F.D. and Lewis,
J.D. (2011) Linking long-term dietary patterns
with gut microbial enterotypes. Science. 334
(6052), 105-108.

CONCLUSION
The relative abundance of Firmicutes increased
in H level (55.3%) but Bacteroidetes decreased (7.2
%) but at S level, Firmicutes was 23.7% and
Bacteroidetes was 18.5%. Helicobacter was the
main Genus (12%) at S level, meanwhile,
Lactobacillus (47.8%) at H level was the dominant.
This indicated that Lactobacillus was the dominant
at H level which use fermentation of carbohydrates
to produce the lactic acid as a major end-product and
grow better under microaerophilic conditions. Further studies are needed to examine the metabolism of
these bacteria in both regions to assess their correlation with organisms living at high altitudes.
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ABSTRACT

INTRODUCTION

Living at high altitude (HA) represent several
risks to living organism mainly including oxidative
stress and its associated metabolic disorders and hypoxia with its associated metabolic alterations. The
focus of this study was to investigate the alteration
of transcriptome in response to HA in Taif region.
Two groups of rats were used in this study; sea level
(SL) and high altitude (HL). RNA was isolated from
rat liver and used in cDNA library construction, sequencing, and transcriptome analysis. Mapping of
clean reads to the reference genome differed between SL and HL especially mapping to introns,
where SL had more reads mapped to introns than
HL. Co-expression of genes revealed that 754 genes
were uniquely expressed in SL, 680 genes were
uniquely expressed genes in HL, and 10197 genes
were co-expressed in both groups. A total of 483 deferentially expressed genes (DEGs) were detected in
HL compared to SL of which 250 were downregulated and 233 were upregulated. DEGs were used in
the gene ontology (GO) and the KEGG pathway enrichment analysis. Forty-two GO terms were enriched including 15 biological process (BP) and 27
molecular functions (MFs), whereas no cellular
components were enriched. The enriched terms included iron transport, transmembrane transport, oxidation-reduction process, ATP synthesis coupled
proton transport, passive transmembrane transporter
activity, and heme binding. Twenty-seven KEGG
pathways were enriched including linoleic acid metabolism, nitrogen metabolism, drug metabolism-cytochrome P450, chemical carcinogenesis, necroptosis, and steroid hormone biosynthesis. Results of this
study will contribute to us in depth understanding of
HA impact on biological systems and how to enhance life at HA.

Elevation above sea level is defined as high altitude (HA) (1500 to 2000 m), moderate altitude
(2000 to 3500 m), and very high altitude (3500 to
5500 m) [1]. Organisms living at high altitude (HA)
are exposed to stressful environment because of
hypoxia (low oxygen pressure), low temperature,
and higher radiation. More than 140 million individuals live at high HA around the World [2]. Recently,
this number was updated to about 500 million and
broken down into three categories including 500.3
million living at altitude more than 1500 m, 81.6
million living at more than 2500 m, and 14.4 million
living at more than 3500 m [3]. Sudden change in
altitude causes different negative impacts on organs
including physiological, biochemical, hematological, and molecular changes to adapt to the extreme
environmental conditions [4]
HA affects the normal physiology and health
due to the low partial pressure of oxygen. Hypoxia
develops as a result of this low oxygen pressure,
therefore the biological system begins to acclimate
to HA via various molecular and physiological approaches [5]. They increase their blood pressure to
supplement their tissues with the required oxygen
[6]. Higher blood pressure leads to capillaries leakage and consequently result in various threatening
conditions including high-altitude pulmonary edema
(HAPE) and high-altitude cerebral edema (HACE)
[7]. Low air pressure at HA (hypoxia) lowers the oxygen pressure which affects different organs including lungs, brain, heart, and blood. Also, hypoxia can
be probed through the oxygen sensor prolyl hydroxylases (PHDs) [6]. PHDs induces the hypoxia-inducible factor-1 (HIF-1) [8]. Upon activation of the HIF1, it relys the hypoxia signal through the induction of
hypoxia adaptive responses throughout the body [6].
HA imposes range of different effects on biological
systems including hypoxia [9], change in transcriptome, and changes in gut microbiota (metagenome)
of microorganisms in the gut of living organisms
[10,11].

KEYWORDS:
High altitude, transcriptome analysis, differentially expressed genes, rat, hypoxia
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The molecular adaptations to living at HA and
its associated disorders including hypoxia are controlled by changes in gene expression of so many
genes (transcriptome) [10,11]. For example, transcriptome and proteome analysis of human platelets
under normoxia compared to hypobaric conditions
revealed changes in gene expression including membrane glycoproteins, integrin subunits, and alphagranule chemokines, which indicated that living at
HA triggered higher response to invoke thrombosis
[12]. Also, transcriptome analysis of lung and gluteus tissues of two species of cattle (living at sea
level), Tibetan cattle (living at a moderate altitude),
and yak (living at a high altitude) resulted in transcriptomic differences. The recorded DEGs included
CD36 antigen (up-regulated) and CD59 antigen
(down-regulated) in yak in comparison to the other
animals. These and other gene expression profile
suggested that these differences could inhibit blood
coagulation and reduce the risk of pulmonary edema
[13]. Transcriptome analysis of lncRNA expression
profile in human living at HA with deep vein thrombosis resulted in 1524 differentially expressed
mRNA and 973 lncRNAs with 722 co-expressed
protein-coding genes. The co-expressed genes were
involved in hypoxia, immune response and coagulation cascade [11].
Taif region is located about 1700-2500 m
above sea level and has a moderate temperature compared to other sea level parts of Saudi Arabia. Few
studies have been conducted to investigate the impact of HA at the molecular level. In one study, living at Taif region significantly lowered the level of
total antioxidant capacity, paraoxonase, vitamin E
and CoQ10 and these effects were counteracted by
CoQ10 [14]. In our recent study, living at Taif HA
increased biomarkers of liver and kidney functions,
decreased the level of indigenous antioxidant biomarkers, increased the level of inflammatory cytokines, upregulation of HA-inducible genes [15]. The
impact of high altitude on the global gene expression
in Taif region has not been investigated. Therefore,
the focus of this study was to investigate the global
gene expression and detect the HA-associated gene
expression profile in response to living at Taif region
(HA).
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same source of water in identical bottles. They were
handled and cared in similar way and the same timing under the same condition of temperature, humidity, and illumination. Samples were collected simultaneously under the same condition. The experiment
continued for 5 weeks to induce chronic HA exposure [16]. At the end of experimental period, animals
were anesthetized using isoflurane, liver tissues were
collected and kept at -20ºC until used. For RNA isolation, 50 mg of tissue was directly transferred into 2
mL tube containing 1 mL of QIAzol reagent.
RNA isolation. Total RNA was isolated using
QIAzol reagent (Qiagen, Germany). Tubes containing 1 mL of QIAzol with 50 mg of tissue were homogenized in TissueLyzer (Qiagen, Germany) for
20 seconds and then kept at room temperature (RT)
for 5 min. Chloroform, 0.2 mL, was added and
mixed thoroughly, and then kept at RT for 2 min.
Samples were centrifuged for 15 min at 12000 xg at
-4ͼC and the top aqueous phase was transferred into
new 1.5 mL tube. Equal volume of isopropanol was
added, mixed, and kept at RT for 10 min. Samples
were centrifuged for 10 min at 12000 xg at -4ͼC. Supernatant was discarded and RNA pellet was washed
with 1 mL of 70% ethanol, air dried, and dissolved
in RNase free water. Quantity and purity of RNA
samples were checked using Nanodrop and RNA integrity was determined using Agilent 2100 (California, USA). RNA samples with RIN of 7 or more
were used in library construction and transcriptome
analysis.
Library preparation for transcriptome sequencing. 7RWDO51$ȝJ, was used for cDNA library preparation. Six RNA samples were used to
construct cDNA libraries for each group (SL, HL).
Library and sequencing were carried out using NEBNext UltraTM RNA Library Prep Kit for Illumina
(NEB, USA) according to the manufacturer’s procedures. At last, PCR products were purified (AMPure
XP system) and library quality was assessed on the
Agilent Bioanalyzer 2100 system (Agilent, CA,
USA).
Transcriptome sequencing and raw data
analyses. Each 3 libraries were pooled giving 2
pooled libraries for each group. Library sequencing
was carried out on Illumina NovaSeq 6000 sequencing platform (HWI-ST1276 sequencer) with the following parameters: 150 million paired ends reads
and 6 Gbp sequencing depth per sample. The raw
data was combined and stored in FASTQ (fq) format
files. Raw reads were trimmed by elimination of
adaptor sequences, reads with Ns, and low-quality
reads using Trimmomatic program 0.38 [17]. The
obtained clean reads (trimmed data) were used to assemble the mapped sequences into transcripts
(genes) using StringTie version 1.3.4d. Clean reads
were mapped to the rat (Rattus norvegicus) reference

MATERIALS AND METHODS
Animals and sampling. Twelve male Wistar
rats about 150 g were used in this study. Animals
were obtained from King Abdulaziz University animal house. Animals were randomly distributed into
2 groups. All animals had free access to feed and water. The first group was kept at sea level (SL) at the
King Abdulaziz University animal house and served
as the sea level control, the second group was kept at
Taif University animal house and served as high altitude (HL). Animals received the same feed and the
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About 97.27% and 97.58 of reads had high quality at
Q20% phred quality in SL and HL respectively. At
Q30% phred quality, 92.63% and 93.31% had high
read quality at phred quality Q30% in SL and HL
consecutively (Supplementary Materials S1). Total
mapping rate was 94.47% and 95.56%, uniquely
mapping rate was 86.89% and 89.41%, and multiple
mapping rate was 7.58% and 6.15% in SL and Hl
consecutively (Table 1).

genome UCSCrn6 using the HISAT2 algorithm with
default parameters. The percentages of total mapped
clean reads, of multiple mapped reads, and of
uniquely mapped reads were calculated.
Transcriptome analysis. The mapped reads
were used in Cufflinks assembler and used to predict
novel genes by comparing the mapped reads to the
reference transcripts. Gene expression was estimated
as FPKM (Fragments Per Kilobase of transcript sequence per Millions base pairs sequenced) which reflects gene expression level directly taking into account sequencing depth and gene length [18].
DESeq2 R package was used to determine the padj
cut-off for DEGs detection based on log2FoldChange (log2FC) and the adjusted p value using the
Benjamini and Hochberg's (bh-adjusted p value) approach for controlling the false discovery rate. The
expression of a gene is considered differentially expressed if |log2FC|>=1 with bh-adjusted<0.05. Hierarchical cluster heat map was constructed using a
built-in R package pheatmap using log2(FPKM+1)
of DEGs among all comparison groups.

Mapping of reads to the reference genome.
Reads of the two groups (SL, HL) differed in their
mapping percentages to the reference genome. In
SL, 84.91%, 6.73%, and 8.63% of the reads were
mapped to exons, introns, and intergenic regions of
the reference genome respectively (Figure 1). In HL,
85.72%, 5.55%, and 8.73% of the reads were
mapped to exons, introns, and intergenic regions of
the reference genome respectively (Figure 1).
Gene co-expression. Gene co-expression is
presented in a Venn diagram to estimate the number
of genes uniquely expressed within each group and
the co-expressed genes in two or more groups. Coexpression of genes among SL and HL groups give
indication about the effect of HA in changing groups
of genes co-expressed in SL compared to HL. At sea
level, there were 754 uniquely expressed genes,
while at high altitude there were 680 uniquely expressed genes, and 10197 genes were co-expressed
(Figure 2).

Statistical analysis. Statistical analysis was
performed using log2Fold Change (log2FC) of
EdgeRR package [19]. Significance was based on
conditions of |log2FC|>=1 and bh-adjusted p-value
(padj) <0.05. GO and KEGG significance was based
on conditions of |log2FC|>=1 (|FC|>=2) and FDRpadj <0.05.

Differentially expressed genes (DEGs). The
comparison of SL and HL showed that 483 genes
were differentially expressed. Of these genes, 250
were downregulated and 233 were upregulated (Figure 3a). The 483 DEGs distribution is shown in
Figure 3b in a volcano diagrm. Level of gene expression was estimated as the ratio of expression level of
a gene in

RESULTS
Transcriptome data quality is measured by
some quality parameters including number of bases,
phred quality, number of reads, and read mapping to
the reference genome. Total reads ranged from
39.8x106 (HL) to 43.5x106 (SL), where clean reads
ranged from 39.3x106 (HL) to 42.8x106 (SL) reads.

Group name
Total reads
Clean reads
Q20%
Q30%
GC content%
Total mapped reads
Uniquely mapped reads
Multi-mapped reads
Total mapping rate
Uniquely mapping rate
Multiple mapping rate
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TABLE 1
Summary of transcriptome quality parameters
SL
HL
43582032
39814836
42806176
39333010
97.27
97.58
92.63
93.31
49.31
50.05
40438350 (94.47%)
37585926 (95.56%)
37193584(86.89%)
35166048(89.41%)
3244766(7.58%)
2419878(6.15%)
94.47%
95.56%
86.89%
89.41%
7.58%
6.15%
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Range
38971367-44143526
38571282-43159416
97.14-97.86
92.08-93.65
49.04-50.24
93.2% - 96.1%
85.92% - 90.03%
5.62%-7.87%
94.12% - 96.04%
85.92% - 90.03%
5.62%-7.87%
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FIGURE 1
The percentage of read mapping to reference genome in sea level (SL) and high altitude (HL) in rat liver.
HL divided by its expression level in the SL group.
A gene is considered differentially expressed when
|log2FC|>=1. The volcano plot (Figure 3b) shows the
distribution of the 483 DEGs between HL and SL
groups. The plot is a representation between -log pvalue and log2FC. Significant DEGs are distributed
at the left (downregulated, green dots) and the right
(upregulated, red dots) of the log2FC threshold limits (|FC|>=1). The closer the distance from the
log2FC threshold base line the lower/higher the expression level. The higher the -log10(padj) on the
vertical axis for gene the higher/lower its expression
is at the HL compared the SL (Figure 3b).

FIGURE 2
Venn Diagram of uniquely expressed and co-expressed genes among sea level (SL) and high altitude (HL) in rat liver.

FIGURE 3
Summary of differentially expressed genes (DEGs). Count of DEGs (a), volcano distribution of DEGs (b)
in rat liver at high altitude (HL) compared to sea level (SL).
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FIGURE 4
Hierarchal clustering heatmap of DEGs in high altitude (HL) compared to sea
level (SL) group in rat liver.
Hirarechal clustering heatmap. Heatmap is
the hierarchical clustering and complete linkage of
the similarity of genes and samples by the normalized values of expression level of the significant
DEGs. The heat map of the 483 significant DEGs
among SL and HL is shown in Figure 4. It is well
observed that some sets of genes showing differential expression indicated by the color density between SL and HL groups (Figure 4). At the top of the
map, highly differential expression set of genes are
located with red color is highly expressed and green
with lower expression according to the expression
level scale at the right of the map (Figure 4).

the KEGG analysis was conducted. High altitude led
to the enrichment of 27 pathways 20 of which are
shown in Figure (6). Among the top 20 enriched
pathways are linoleic acid metabolism, arachidonic
acid metabolism, nitrogen metabolism, drug metabolism-cytochrome P450, chemical carcinogenesis,
necroptosis, inflammatory mediator regulation of
TRP channels, autoimmune thyroid disease, prolactin signaling pathway, steroid hormone biosynthesis,
and mineral absorption (Figure 6).
Hypoxia-induced differentially expressed
genes. Comparison of gene expression at HL to SL
showed 15 differential expression of previously reported hypoxia inducible genes (Table 2). This group
of genes has |log2FC|>1 and range 2.51 to -2.47 (Table 2). These genes included the well described hypoxia inducible transcription factor hypoxia-inducible factor 1-DOSKD +LIĮ _ORJ)&_2WKHUZHOO
described hypoxia-inducible genes were also included in this group including HIG1 hypoxia inducible domain family, member 1A (Higd1a), 2A
(Higd2a), 1B (Higd1b); egl-9 family hypoxia-inducible factor 2 (Egln2); hypoxia inducible factor 3-alpha (Hif3a); vascular endothelial growth factor A
(Vegfa), B (Vegfb); and aryl hydrocarbon receptor
nuclear translocator (Arnt). Five of the DEGs function as transcription factors including Hif1a, Hif3a,
Hyou1, Arntl, and Arnt (Table 2).

Gene ontology (GO) analysis. High altitude
significantly enriched 42 gene ontology terms. The
enriched GO terms were distributed in two GO
groups including Biological Processes (BP), molecular functions (MF), whereas no significant cellular
components (CC) were enriched. A number of 15 BP
terms were significantly enriched related to iron
transport, transmembrane transport, lipid metabolic
process, oxidation-reduction process, energy coupled proton transport, and ATP synthesis coupled
proton transport (Figure 5). Regarding the enriched
MFs, 27 terms were enriched related to transmembrane transporter activity, transporter activity, oxidoreductase activity, ion transmembrane transporter
activity, channel activity, passive transmembrane
transporter activity, heme binding, tetrapyrrole binding, active transmembrane transporter activity (Figure 5). The enriched GO terms collective effect was
clear in the ion transport term as illustrated in supplementary materials S1.

DISCUSSION
Transcriptome analysis was used to investigate
the changes in global gene expression in response to
living at high altitude in rat model. Transcriptome
statistics parameters indicated that the correlation of

KEGG pathway enrichment analysis. To investigate the impacted metabolic and signal transduction pathways in response to HA of Taif region,
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different estimates in both groups. Clean read mapping to the reference genome showed some differences of read mapping. More reads were mapped to
exons, less reads were mapped to introns, and more
reads were mapped to intergenic regions at HL compared to SL. This could indicate more exonic transcription, less intronic transcription, and higher intergenic transcription at HL compared to SL. In this
study, co-expression analysis showed that less genes
were expressed at latitude (680 genes) compared to
sea level (754 genes). Also, high altitude altered the

Fresenius Environmental Bulletin

expression of 483 genes of which were 250 upregulated and 233 were downregulated at different magnitudes. The detected number of DEGs in the current
study is much lower than the detected DEGs number
in other studies. A number of 3910 DEGs were reported between Ladakhi and Sahiwal living at sea
level and high altitude respectively [11]. The difference in DEGs between our study and the cattle study
could be the difference in altitude between the two
studies and indicate that the higher the altitude the
higher the DEGs.

FIGURE 5
Top 10 terms of gene ontology (GO) of DEGs between high altitude (HL) and sea level (SL) in rat liver.
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TABLE 2
Hypoxia inducible genes with differential gene expression at high altitude (HL)
compared to sea level (SL) in rat liver.
Gene ID

1 ENSRNOG00000002814

SL
HL
count count

48

274

HL/SLlog2
Gene
Fold
Name
Change

2.51

2 ENSRNOG00000020947 375 1835

2.29

3 ENSRNOG00000054999

48

234

2.29

4 ENSRNOG00000017198 189

41

-2.18

5 ENSRNOG00000019428 178

757

2.02

6 ENSRNOG00000010944 621 2577

2.05

53

153

1.53

8 ENSRNOG00000014448 137

351

1.36

9 ENSRNOG00000021156 152

384

1.34

37

90

1.29

11 ENSRNOG00000008292 349

838

1.26

48

110

1.20

13 ENSRNOG00000017372 250

555

1.15

14 ENSRNOG00000019598 1429 2859

1.00

15 ENSRNOG00000014234 439

-2.47

7 ENSRNOG00000011416

10 ENSRNOG00000005053

12 ENSRNOG00000031174

79

Gene Description

HIG1 hypoxia inducible domain
Higd1b
family, member
1B

Egln2

egl-9 family hypoxia-inducible
factor 2

TF Family

Gene Function

-

Linked to tumorigenesis
and the progression of pituitary adenomas

-

Post-translational formation of 4-hydroxyproline in hypoxia-inducible
factor (HIF) alpha proteins.
Induced by hypoxia and
fatty acids, provokes storage of lipids

hypoxia inducible
Hilpda lipid droplet associated
hypoxia inducible
Negative regulators of hyPAS
Hif3a factor 3, alpha
poxia-inducible genes
subunit
HIG1 hypoxia inHypoxia induced; producible domain
posed subunit of cytoHigd1a
family, member
chrome c oxidase (COX,
1A
complex IV)
Induced by hypoxia and
hypoxia up-reguHyou1
HSP70
lated 1
accumulate in the ER
vascular endotheHypoxia induced, induce
Vegfc lial growth factor
angiogenesis
C
aryl hydrocarbon
Linked to infertility, alArntl receptor nuclear HLH tered gluconeogenesis,
translocator-like
and lipogenesis
vascular endotheHypoxia induced, induce
Vegfb lial growth factor
angiogenesis
B
Involved in apoptosis,
egl-9 family hypeptidyl-proline hydroxEgln3 poxia-inducible
ylation to 4-hydroxy-Lfactor 3
proline, and response to
hypoxia.
hypoxia-inducible
Transcription activation,
Hif1a factor 1, alpha bHLH
hypoxia inducible
subunit
aryl hydrocarbon
Transcription activation,
Arnt receptor nuclear PAS
hypoxia inducible
translocator
HIG1 hypoxia inHypoxia induced; producible domain
posed subunit of cytoHigd2a
family, member
chrome c oxidase (COX,
2A
complex IV)
vascular endotheHypoxia induced, inVegfa lial growth factor
volved in reproduction
A
and bone angiogenesis
Negative regulation of
hypoxia-inducible
transcription from RNA
Hif1an factor 1, alpha
polymerase II promoter in
subunit inhibitor
response to hypoxia

TF: Transcription factor
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FIGURE 6
To 20 enriched KEGG pathway in high altitude (HL) compared to sea level (SL) in rat liver.
JHQHVLQUHVSRQVHWRK\SR[LD>@+HUH+,)ĮZDV
XSUHJXODWHG DQG +,)Į ZDV GRZQUHJXODWHG 6LPL
larly, these two factors were differentially induced
by high altitude in previous reports [10].
ARNT is a transcription factor (HIF-ȕ  WKDW
stimulates cell survival and angiogenesis. It heterodimerizes with HIF-ĮDWGLIIHUHQWR[\JHQFRQFHQ
trations. Arnt, HIF-ĮDQG+,)-ĮFRRUGLQDWHOLYHU
function with metabolic dysfunction and elevation to
control the circulating glucose and lipids [23]. Also,
these proteins regulate the bHLH-PAS transcription
factors to modulate the circadian rhythm, immune
responses, oxygen-sensing [24]. Also, there have
been accumulative evidences that Arnt is upregulated in tumor cells under hypoxia [25]. Aryl hydrocarbon receptor nuclear translocator-like (Arntl) is a
basic helix-loop-helix (bHLH) transcription factor. It
regulates the expression of various genes by binding
at their E-box enhancer. It has been linked to infertility, gluconeogenesis and lipogenesis, as well as
sleep patterns [26]. In our study, both Arnt and Arntl
were upregulated in in response to high altitude in a
similar fashion reported in other studies [24].
Egl-9 family hypoxia-inducible factors
(EGLN1, EGLN2, EGLN3) genes encode for three

GO analysis showed the enrichment of various
GO terms. The enriched terms are related to transmembrane transport, oxidation-reduction processes,
energy production as ATP, passive transmembrane
activity, oxidoreductase activity, and iron and heme
binding. All of the enriched terms are related to the
function of the DEGs genes reported in this study
discussed below. Most of the reported DEGs in our
study are previously reported to be associated with
hypoxia (hypoxia-induced). Some others have not
been linked to hypoxia-induced by high altitude.
HIF-1 is transcription factor and mainly induced under hypoxia. It is considered the master regulator of hypoxia-inducible genes under low oxygen
concentration. It is a heterodimer consisting of one
RIWKUHHDOSKD ĮĮĮ VXEPLWVDQGRQHEHWD ȕ 
subunit (Arnt protein). Beta subunit is constitutively
expressed, whereas alpha subunit is induced in response to hypoxia. HIF-ĮLVDE+/+WUDQVFULSWLRQ
IDFWRUZKLOHĮ (3$6 ĮVXEXQLWVDUHEDVLF-helix-loop-helix proteins containing a PAS domain
(bHLH-PAS) that are produced by alternative splicLQJRIĮ>@. Besides its role in sensing hypoxia,
HIF1-ĮSOD\VLPSRUWDQWUROHLQFDQFHUSDWKRELRORJ\
[21]. HIF3-Į LV DQ R[\gen-regulated transcription
factor which modulate the transcription of many
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proteins which catalyzes the post-translational modification of two proline residues (Pro-402 and Pro564) to 4-hydroxyproline in the hypoxia-inducible
factor-alpha protein (HIF-Į  8QGHU QRUPDO FRQGL
tions, prolyl hydroxylation of HIF subunits is the
modification for HIF-Į GHJUDGDWLRQ E\ WKH E\ WKH
tumor suppressor pVHL (von-Hippel-Lindau protein), leading to the proteasomal degradation by von
Hippel-Lindau ubiquitylation complex. Loss of
function of this gene is correlated with erythrocytosis familial type 3 (ECYT3) [27]. Members of this
family are involved in the activation of apoptosis and
used as biomarker for renal cell carcinoma. Both
EGLN2 and EGLN3 were upregulated in our current
study in line with other reported results [28].
The three Vascular endothelial growth factors
(VEGFa, VEGFb, VEGFc) were upregulated in response to high altitude in our study. VEGFs are induced by hypoxia and function as endothelial cellspecific mitogen and angiogenic inducer [29]. It is
also expected to have a neuroprotection role, yet it
does not have a clear role in tumorigenesis [30].
Their upregulation at high altitude confirms their
role in high altitude adaptation. Induction of this
group of genes are in line with previously reported
results that showed their induction by high altitude
[9,31].
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[3] Tremblay, J.C. and Ainslie, P.N. (2021). Global
and country-level estimates of human
population at high altitude. Proc. Natl. Acad.
Sci. USA. 118(18):e2102463118.
[4] Johnson, N.J., Luks, A.M. (2016). HighAltitude Medicine. Med Clin North Am.
100(2):357-69.
[5] Irarrázaval, S., Allard, C., Campodónico, J.,
Pérez, D., Strobel, P., Vásquez, L., Urquiaga, I.,
Echeverría, G. and Leighton, F. (2017).
Oxidative Stress in Acute Hypobaric Hypoxia.
High Alt Med Biol. 18(2), 128-134.
[6] Giaccia, A.J., Simon, M.C. and Johnson, R.
(2004). The biology of hypoxia: the role of
oxygen sensing in development, normal
function, and disease. Genes. Dev. 18(18),
2183-2194.
[7] Mehta, S.R., Chawla, A. and Kashyap, A.S.
(2008). Acute Mountain Sickness, High
Altitude Cerebral Oedema, High Altitude
Pulmonary Oedema: The Current Concepts.
Med. J. Armed Forces India. 64(2), 149-153.
[8] Bishop, T. and Ratcliffe, P.J. (2014). Signaling
hypoxia by hypoxia-inducible factor protein
hydroxylases: a historical overview and future
perspectives. Hypoxia (Auckl). 5(2), 197-213.
[9] Hopfl, G., Ogunshola, O. and Gassmann, M.
(2003). Hypoxia and high altitude. The
molecular response. Adv. Exp. Med. Biol. 543,
89-115.
[10] Gurung, P.D., Upadhyay, A.K., Bhardwaj, P.K.,
Sowdhamini, R. and Ramakrishnan, U. (2019).
Transcriptome analysis reveals plasticity in
gene regulation due to environmental cues in
Primula sikkimensis, a high altitude plant
species. BMC Genomics. 20(1), 989.
[11] Verma, P., Sharma, A., Sodhi, M., Thakur, K.,
Kataria, R.S., Niranjan, S.K., Bharti, V.K.,
Kumar, P., Giri, A., Kalia, S. and Mukesh, M.
(2018). Transcriptome Analysis of Circulating
PBMCs to Understand Mechanism of High
Altitude Adaptation in Native Cattle of Ladakh
Region. Sci. Rep. 8(1), 7681.
[12] Shang, C., Wuren, T., Ga, Q., Bai, Z., Guo, L.,
Eustes, A.S., McComas, K.N., Rondina, M.T.
and Ge, R. (2020). The human platelet
transcriptome and proteome is altered and prothrombotic functional responses are increased
during prolonged hypoxia exposure at high
altitude. Platelets. 31(1), 33-42.
[13] Xin, J.W., Chai, Z.X., Zhang, C.F., Zhang, Q.,
Zhu, Y., Cao, H.W., Ji, Q.M., and Zhong, J.C.
(2019). Transcriptome profiles revealed the
mechanisms underlying the adaptation of yak to
high-altitude environments. Sci. Rep. 9(1),
7558.

CONCLUSION
Many genes were induced in response to high
altitude in the current study at Taif region. These
genes are involved in various vital metabolic pathways and biological processes including the regulation of hypoxia pathway, antioxidant activity, respiration and blood acidity, apoptosis, biotransformation and execration of xenobiotics, transport,
membrane transport, electron transport chain and energy production, angiogenesis, and tumorigenesis.
This will contribute to the enhancement of life quality at high altitude.
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MODEL ANALYSIS OF AGRICULTURAL PRODUCT
COLD CHAIN LOGISTICS EFFICIENCY BASED
ON A GREEN SUPPLY CHAIN
Xiaoming Li*
Changchun College of Electronic Technology, ChangChun, Ji Lin, 130000, P.R. China

chain logistics of agricultural product industry maintains an annual growth rate of 8% [4-6]. In contrast,
the supply of agricultural products cannot meet consumers' quality and quantity needs. Due to an underdevelopment of green supply chain, more than 80%
of meat and aquatic products have spoiled and deteriorated without cold chain protection during transportation, causing economic losses. Compared with
developed countries such as Europe, America, Japan,
and South Korea, China's agricultural product loss
rate is more than five times the development level of
cold chain logistics in the above-mentioned developed countries [7-9]. There are many reasons for this
phenomenon. The cold chain logistics of agricultural
products in green supply chain only recently began
developing, and its related supporting equipment is
backward [10-12]. Additionally, agricultural products have poor information flow in the cold chain logistics [13-15]. Therefore, the logistics and transportation costs of agricultural products remain high. In
addition, due to excessive losses during transportation, the logistics and transportation costs of cold
chain logistics agricultural products are relatively
high, resulting in 70% of the sales price of a large
number of agricultural products from logistics costs.
Such a high volume of losses severely impacts farmers' income and consumer welfare [16-19].
The support of the green supply chain is indispensable to achieve high efficiency of cold chain logistics of agricultural products. The green supply
chain is an advanced manufacturing system developed in recent years, based on the traditional supply
chain in combination with the related technologies of
green manufacturing. Behzadi et al. [20] studied the
impact of some products on the environment, proposed selecting appropriate raw materials through
environmental standards while focusing on recycling,
and proposed green procurement. The Manufacturing Research Association of Michigan State University in the United States first proposed "Environmentally Responsible Manufacturing (ERM)" known as
environmentally conscious supply chain or environmental supply chain. It is a modern management
model that comprehensively considers the entire
supply chain's environmental impact and resource
efficiency. It is based on green manufacturing theory
and supply chain management technology, involving

ABSTRACT
As an essential part of the food safety chain, agricultural products have become a symbol of a country's development and technological level. This paper improves the traditional (DEA) model by studying the cold chain logistics of agricultural products
in the green supply chain in Northeast China. The
network DEA model, combined with qualitative and
quantitative analysis, is applied to evaluate the efficiency of cold chain logistics of agricultural products
in Northeast China. The results show that the formation of the cold chain logistics agricultural product model is related to the development and evolution of the system. Different socio-economic environments in different regions lead to different directions and speeds of developing and evolving agricultural cold chain systems. Even if the initial models
are similar, different performance models will eventually evolve. The traditional DEA model is different
from the network DEA model in measuring the efficiency of the agricultural cold chain. The network
DEA measurement shows that the third-party cold
chain network DEA has the highest average efficiency at 0.7838, which is the highest average efficiency among the four models. DEA's agricultural
product cold chain network is the most efficient
dairy product cold chain, and the least efficient is the
fishery cold chain. This research can provide a policy reference for the government to improve the efficiency of the cold chain of agricultural products,
promote its sustainable development, and provide research experience for follow-up related research.

KEYWORDS:
Green supply chain, agricultural products, cold chain logistics, efficiency, DEA model

INTRODUCTION
In recent years, the demand for quick-frozen
fresh agricultural products has increased, and the
scale of cold chain logistics market has continued to
expand [1-3]. Recent data has shown that the cold
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suppliers, manufacturers, sellers, and users. Its purpose is to minimise the entire process of any product
acquisition, processing, packaging, storage, and
transportation from materials, thus reducing the negative impact on the environment and maximising resource efficiency [21]. Qi et al. [22] discussed how
to consider environmental protection factors in supplier selection decisions and the role of green procurement in reducing waste. Roccato et al. [23] introduced some environmental factors into the supply
chain model and proposed a more extensive supply
chain design method. Thewes et al. [24] studied how
to maintain ecological balance in the actual operation of the supply chain. Wang et al. [25] comprehensively considered the goals, objects, technical foundation, and content of the green supply chain and
constructed a green supply chain system structure.
Yu et al. [26] believed that public pressure, laws, and
environmental standards should be considered in
constructing a green supply chain. The key to green
supply chain management is implementing environmental protection practices in the product design,
material selection, and supply process. Zheng et al.
[27] pointed out that the successful operation of the
green supply chain requires high-level attention. The
concept of system and integration into the supply
chain environmental management was introduced,
emphasizing that the green supply chain is a production link and a systemic problem involving the entire
process from resource acquisition to final consumption. Wang et al. [28] also proposed that social systems (including, for example, regulations, culture,
and ethics) have a particular impact on the green supply chain. The prominence of environmental issues
makes it necessary for enterprises to improve the efficiency of environmental management. The green
supply chain is an essential means and effective
method for enterprises to achieve compatibility with
the environment.
This paper optimizes the traditional DEA twostep method, introduces the network DEA model
method, analyses and discusses the theoretical
framework of efficiency measurement, and compares and analyses the network DEA and traditional
DEA measurement results. The network DEA model
is then applied to the efficiency of the existing cold
chain of agricultural products based on the green
supply chain in Northeast China to analyse and
measure the current situation.
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and propose the most suitable economic measurement method. When analysing the measurement results, this study will use comparative analysis methods to compare the efficiency differences of various
cold chain logistics and the efficiency differences between different products. An index system is constructed to measure the agricultural product cold
chain's efficiency and analyse the input and output
status of the agricultural product cold chain based on
quantified input and output indicators. A two-level
network DEA model is adopted. The main goal is to
measure the efficiency of the agricultural cold chain
[30]. By comparing various measurement methods,
the results show that the DEA network model is more
suitable for measuring industrial chain efficiency.
While analysing the cold chain operation of agricultural products in Northeast China, this paper
uses some macro data from the industrial information network. The balance of the analysis process
is based on micro-data from primary research. The
micro-data originated from a survey conducted by
the research team on the main agricultural cold chain
products in Northeast China (Liaoning, Jilin, and
Heilongjiang) from June to August and December
2018. The research process is based on the five cold
chains considered in the existing research. The chain
logistics model chose the leading agricultural product processing companies model, supermarket
chains, third-party cold chains, and wholesale markets to find companies to include in this research.

RESULTS AND DISCUSSION
Connotation of green supply chain. Green
supply chain is a modern management mode that
comprehensively considers environmental impact
and resource efficiency in the whole supply chain. It
is based on green manufacturing theory and supply
chain management technology and involves suppliers, manufacturers, sellers and users. Its purpose is
to minimize the impact (negative effect) on the environment in the whole process of product acquisition,
processing, packaging, storage, transportation, use
and scrap disposal, The most resource efficient. It
considers the environmental problems in all links of
the supply chain, increases the awareness of environmental protection, and integrates "harmless and pollution-free" and "free of any adverse components"
and "free of any side effects" throughout the supply
chain, so as to promote the coordinated development
of economy and environment. At present, most of the
green supply chain refers to the supply chain effect
caused by green products proposed by the EU after
entering the 21st century. It covers a wide range and
basically covers all links of the enterprise supply
chain, as shown in Figure 1.

MATERIALS AND METHODS
The methods utilized in this study include a
comparative analysis method, index analysis method,
and econometric method [29]. The comparative
analysis method is used to show the particularity of
industrial chain efficiency measurement, compare
the differences between macro and micro-objects,

Comparison of green supply chain and traditional supply chain. The key to the operation of a
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green supply chain lies at its core. Like a traditional
supply chain, a general green supply chain has multiple node enterprises and an enterprise as its core. In
order to realize the value-added of the entire green
supply chain, under the premise of having a specific
core, each node enterprise also needs to use logistics,
information flow, and capital flow as media to carry
out different divisions of labor and cooperation. The
green supply chain is developed from the traditional
supply chain. It is the inheritance and innovation of
the traditional supply chain, which also determines
the similarities and differences between the two.
While pursuing economic benefits, the green supply
chain also incorporates new concepts of socially sustainable development, incorporates environmental
protection and resource conservation concepts, and
coordinates environmental protection and economic
benefits during the entire supply chain operation.
The green supply chain attaches great importance to
the negative impact on surrounding people and the
environment and recycling waste and emissions generated in the supply chain in the circulation process.
The green supply chain processes and recycles the
wastes and emissions generated in the entire supply
chain and improves the utilization rate of resources.
The green supply chain is a logistics system with no
end.
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ket is pursuing the maximisation of individual interests, as is every micro-body in the supply chain.
Their resources will be used to mobilize funds, technological advantages, market position, and obtain
monopoly profits in the market or market segments.
However, market efficiency and social welfare are
not the rational goals of economic entities. In addition, only when the supply chain and other microentities are pursuing the process of maximizing benefits can the "invisible hand" be used to improve the
market mechanism comprehensively, as shown in
Figure 2.
Network DEA model based on green supply
chain. Previous studies [16,31] involve selecting a
positive variable, with the entire agricultural product
cold chain tending to output, focused on maximizing
product output under constant input. In the first stage
of the agricultural product cold chain, capital and
raw materials are used as the input variables. The
product output value is the output variable of the second stage of the agricultural product cold chain: the
input variables of the agricultural product cold chain
next stage. For agricultural products and the second
stage, capital and raw materials are used as input elements. The product output of the previous sub-process is used as the raw material input coefficient, and
the final output value and profit rate are used as the
final product output.
For the first stage of the agricultural cold chain,
capital and raw materials are the input variables of
the first stage, and the product output value is the
output variable of the second stage of the agricultural
cold chain, that is, the input variable of the next stage.
Therefore, the efficiency of the second stage of the
agricultural cold chain can be calculated. For agricultural products and the second stage, capital and
raw materials are used as input factors. The product
output of the previous sub process is taken as the input coefficient of raw materials, and the final output
value and profit margin are taken as the final product
output. Because the first and second stages are output oriented models, in order to obtain the efficiency
of the whole process, it is necessary to obtain the secondary efficiency of the first and second stages of the
agricultural cold chain.

FIGURE 1
Green supply chain link

Comparative analysis of network DEA and
traditional DEA measurement results. The cold
chain efficiency measurement of agricultural products in this paper was undertaken using
MAXDEA5.0 software, and the output-oriented
non-radial CRS model is adopted. The first and second stages of the traditional DEA and the efficiency
of the entire cold chain are measured using DEAP2.1
software, again using the output-oriented CRS
model. The data in Table 1 shows that from the perspective of the overall efficiency of the agricultural
cold chain, the network DEA efficiency value of a
decision-making unit with a value of 1, its traditional

Green supply chain efficiency measurement
theory. This study defines the efficiency of the green
supply chain as the efficiency evaluation of the main
body of each supply chain link, which is consistent
with the efficiency of the industrial chain. The evaluation benchmark of supply chain efficiency is the
optimal input-output efficiency of the supply chain
determined by the input-output efficiency of each
link when the main body of each link in the supply
chain reaches the optimal input-output efficiency.
The theoretical assumptions in this article are in line
with economic reality. Every micro-body in the mar-
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DEA efficiency is also 1. The decision-making unit
is the same on the efficiency boundary. However,
there is a big difference between the traditional DEA
model and the network DEA model measurement results of the inefficient frontier efficiency decisionmaking unit. For example, according to the traditional DEA measurement results, the relative efficiency of efficient decision-making units such as 7,
8, and 9 are relatively low. In contrast, the results
from the network DEA show that the relative efficiency of efficient decision-making units such as 2,
3, and 10 is low. The following detailed comparative
analysis also shows the difference between the two
measurement datasets. For example, according to the
measurement results of the traditional DEA method,
the cold chain efficiency of the processing enterprise-led model is higher. In comparison, the thirdparty cold chain efficiency is lower. These data contradict the previous performance analysis results, but
once the network DEA model is used for analysis,
the results show that the efficiency of the third-party
cold chain is the highest among the four models.
Such different results from the two measurement methods are because in the traditional DEA
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measurement method, when measuring the efficiency of the entire green supply chain or industrial
chain, the input indicator is the total input index of
the entire green supply chain, and the output indicator is the total output index. The network DEA measurement method considers each link's actual input
and output in the entire green supply chain, establishing a networked input and output indicator system based on the input and output of each link. The
measurement value under this networked index system is more scientific and accurate.
Additionally, to better compare the differences
between the traditional DEA and the network DEA
model of this article, the assets, raw materials, and
sales revenue of the first stage process were used as
input indicators of the traditional DEA model. The
output indicators chosen were volume, sales profit,
and total labor force as key indicators from the second sales stage. The input-oriented linear programming model was chosen for the solution, MAXDEA
software, and the DEA value of each decision unit is
calculated as shown in Figure 3.

FIGURE 2
Framework for measuring the efficiency of agricultural Cold Chain
TABLE 1
Efficiency analysis of network DEA model and traditional DEA model
Agricultural product supFirst stage tradition
First stage tradition
Tradition
plier
DEA
DEA
DEA
DMU1
0.9210
0.0920
0.0659
DMU2
0.8650
0.0330
0.0451
DMU3
0.9320
0.0170
0.0732
DMU4
0.8810
0.0710
0.1776
DMU5
0.9230
0.0400
0.2143
DMU6
0.9270
0.0430
1.0000
DMU7
0.7690
0.0210
0.0256
DMU8
0.8580
0.4300
0.0308
DMU9
0.7750
0.5590
0.0239
DMU10
0.8040
0.1150
0.0355
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Tradition
DEA
0.6870
0.4580
0.3540
0.8500
0.9620
1.0000
0.1990
0.6560
0.6430
0.2930
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FIGURE 3
Comparison of efficiency between traditional DEA and network DEA
It can be seen that most of the network DEA
values are smaller than the traditional DEA values.
The average efficiency value of the network DEA is
0.881, while the average relative efficiency value of
the traditional DEA is 0.970. Therefore, the average
effective value obtained by the traditional DEA
model is greater than calculated by the network DEA
model. This shows that when the traditional DEA
model is used to analyse agricultural cold chain logistics efficiency, some inefficiency factors, such as

supply, may be ignored. Some problems in the chain
operation process may not be included or addressed.
The network DEA model enables a deeper understanding of the operation process of the supply chain
so that the problems that were initially ignored by the
traditional DEA method can be identified, and the efficiency of supply chain decision-making is improved, thereby improving the efficiency of the overall cold chain logistics of agricultural products.

FIGURE 4
Results of DEA, traditional DEA and network DEA at different stages
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FIGURE 5
Product efficiency of cold chain production of agricultural products of different types
cold chain network DEA has the highest average efficiency, which is 0.9127. The average efficiency of
DEA in the first stage was 0.884. The average efficiency of DEA in the second stage is 0.5642, and the
average efficiency of traditional DEA is 0.7473,
which is the highest efficiency among the five product types. Since the DEA efficiency value of the second stage has the highest efficiency among the five
types, this leads to the highest efficiency value of traditional DEA and network DEA.

Comparative analysis of efficiency of different cold chain modes. Figure 4 shows the average
efficiency values of DEA, traditional DEA, and network DEA at each stage of different cold chain
modes. It can be seen that the agricultural product
cold chain efficiency is divided into four types according to different cold chain models. The thirdparty cold chain network DEA has the highest average efficiency of 0.7838, and the average efficiency
of DEA in the first stage is 0.9125. The average efficiency of the two-stage DEA is 0.1732, which is the
lowest among the four cold chain modes. The average efficiency of traditional DEA is 0.3941. Due to
the low efficiency of DEA in the second stage, the
overall efficiency of traditional DEA is very low. On
the one hand, network DEA studies the efficiency of
input and output, and on the other hand, it also studies intermediate variables. Subsequently, the high efficiency of the third-party cold chain network DEA
is mainly due to the high efficiency of the first stage.

CONCLUSIONS
The traditional DEA model and the network
DEA model have different measurement outcomes.
The reason is that in the traditional DEA measurement method, while measuring the efficiency of the
entire green supply chain or industrial chain, the input indicator is the total input index of the entire
green supply chain, and the output indicator is the
total output index. In contrast, the network DEA
measurement method considers each link's entire
green input and output in the supply chain. The established networked input and output indicator system is based on the input and output of each link.
The third-party cold chain network DEA has
the highest average efficiency of 0.7838. The average efficiency of DEA in the first stage is 0.9125, and
the average efficiency of DEA in the second stage is
0.1732, which is the lowest of the four cold chain
modes. The average efficiency of traditional DEA is
0.3941. Due to the low efficiency of DEA in the second stage, the efficiency of traditional DEA is also
very low. The high efficiency of the third-party cold

Comparative analysis of efficiency of different product categories. During analysis, the cold
chains of all agricultural products samples are divided into five categories according to the types of
agricultural products they operate. One is the cold
chain of livestock and poultry products, the other is
the cold chain of dairy products, the third is the cold
chain of fruit and vegetable products, and the fourth
is the cold chain of dairy products. The fifth is the
cold chain of any other products not included in the
first four. According to product types, data from the
agricultural product DEA cold chain efficiency five
categories is shown in Figure 5. The dairy product
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chain network DEA is primarily due to the high efficiency of the first stage.
Across the product types, the fruit and vegetable cold chain has the highest efficiency value in the
first stage of the agricultural product cold chain. In
contrast, the dairy product cold chain has the lowest
efficiency value. The dairy product cold chain has
the highest efficiency value in the second stage of the
agricultural product cold chain. Poultry products
have the lowest cold chain efficiency value. In traditional DEA, the product with the highest efficiency
value is the dairy product cold chain, and the product
with the lowest efficiency value is the aquatic product cold chain.
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gas and the influencing factors of discharge and
production [4-6]. Shale gas reservoirs are dominated
by nano-scale pore spaces, and the diffusion and
migration characteristics of fluid molecules are
different from those of conventional reservoirs. For
conventional reservoirs, the observation scale of
coring or macroscopic geological observation is
significantly larger than the observation scale of rock
microscopic grain size, so it is often assumed that the
rock mass is an isotropic medium [7-9]. However,
for shale reservoirs, the interlayer lamination
fractures are extremely developed, so they can only
be called "transversely isotropic media" with strong
vertical heterogeneity. At the same time, shale gas
reservoirs are often self-generated and self-storage
types, and their enrichment and accumulation
mechanism is also different from that of
conventional gas reservoirs. These differences result
in insufficient understanding of the occurrence state,
migration characteristics and production measures of
various fluids in shale reservoirs. The material
balance equation analysis applicable to conventional
reservoir development may not be applicable to
shale gas reservoirs [10-11].
Different scholars have carried out extensive
research on predicting the original gas content of
various reservoirs using the material balance
equation. For example, Ramogost et al.[8] modified
the conventional material balance equation to take
into account the matrix shrinkage effect caused by
the expansion of formation and retained fluids.
Jensen and Smith [9] proposed a simplified material
balance equation suitable for unconventional gas
reservoirs by assuming that free gas is negligible and
ignoring the effect of water saturation on gas
content. King [10] made a comprehensive
improvement to the material balance equation
proposed by Jenen et al.[9], which took into account
factors such as free gas, adsorbed gas, water invasion
and formation compressibility. Seidle [11] believes
that the change of water saturation has little effect on
the analysis results of the reservoir material balance
equation, so the reservoir water saturation can be
defined as a constant.

ABSTRACT
There are multiple pressure formations in the
process of shale gas drilling, which are prone to
overflow accidents, thereby increasing the nonproductive time and drilling costs. In order to study
the law of fracture closure under gas intrusion, a
fracture deformation model considering the
elastoplastic deformation of asperities is established
in this study. The model realizes the coupling of the
wellbore multiphase flow model and the bottom hole
pressure boundary. The calculation of fracture
deformation under load conditions is carried out, and
the numerical calculation results are compared with
the test data in the reference, and the error is 8.6%.
In addition, the influence degree of factors such as
fracture width, fracture roughness, fracture length
and fracture inclination angle was analyzed based on
the actual shale gas well data. The results show that
fractures with large fracture width, long radius and
low roughness have larger fracture deformation and
pressure drop, and the effect of fracture inclination
is relatively small. After taking control measures to
restore the original bottom hole pressure, the fracture
still has a deformation of 1.67%, which reduces the
permeability in the near-wellbore zone. Therefore,
with the continuous gas invasion, the width of the
fracture is in a state of fluctuation, which will affect
the later fracturing and production.

KEYWORDS:
Shale gas reservoir, numerical simulation, fracture; bottom
hole pressure, influencing factors

INTRODUCTION
Shale gas is one of the important alternative
energy sources for conventional oil and gas
resources [1-3]. The production of shale gas
reservoirs under different geological conditions is
different, and the influencing factors that restrict
shale productivity are still unclear. Therefore, it is
necessary to use different methods to study the
influencing factors of shale gas productivity, and to
correctly understand the original gas content of shale
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The above studies are mostly focused on tight
reservoirs with dual pore structures, and relatively
few studies on shale gas reservoirs. Shale gas
reservoirs have poor physical properties, developed
micro-fractures and strong heterogeneity, and have
multiple pressure layers. During the drilling process,
the use of high-density drilling fluid is likely to cause
induced fractures and cause drilling fluid leakage,
which may further lead to the coexistence of leakage
[1-5]. When using lower density drilling fluid to drill
abnormally high pressure reservoirs, gas will enter
the wellbore and cause overflow, and improper
handling will also lead to complex drilling accidents.
Fractures in shale gas reservoirs are both spaces for
gas storage and main channels for seepage. When the
gas invades the wellbore, the fractures will close
under the action of pressure difference, reducing the
seepage capacity of the fractures [6-9]. At present,
the research on fracture closure mainly focuses on
the fracturing process [10-12] and the leakage
process [13-15], while the research on the gas
invasion process is less. The coupling of wellbore
flow and formation seepage in the process of gas
invasion has always been a research hotspot, and
establishing a quantitative description model is of
great significance for accurate analysis of flow
dynamics [16-19]. In this paper, a coupling model of
fracture closure and wellbore multiphase flow
considering the elastic-plastic deformation of
asperities is established. It effectively combines
small-scale microscopic fracture propagation with
large-scale wellbore flow. In addition, we
systematically analyze the main influencing factors
in the process of fracture closure and determine the
weights of different influencing factors, and study
the deformation law of fractures under the condition
of pressure recovery. The research can provide
decision-making basis for the optimal design of
engineering parameters.
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(1)

2 f m U m vm2
 U m g sin T 
Dd
according to the gas-liquid two-phase model are
shown in formula (1):
In the formula: ȡg, ȡl, ȡm are the density of gas,
liquid and gas-liquid mixture respectively, kg/m3; Įg
and Įl are the holding rates of gas and liquid,
Įg+Įl=1; vg, vl, and vm are the velocity of gas, liquid,
and gas-liquid mixture, respectively, m/s; P is the
pressure, Pa; g is the acceleration of gravity, m/s2; D
and d are the inner diameter of the annulus and the
outer diameter of the drill string, respectively, m; fm
is the friction coefficient, dimensionless.
Fracture closure model. The expression of the
effective stress of the fracture surface is shown in
Equation (2).

Vn

§ 1  2Q
·
sin 2 T ¸ U m gh  Pp
¨1 
© 1 Q
¹

(2)
In the formula (2), v is the Poisson’s ratio of the
rock, no unit; Pp is the formation pore pressure, MPa;
ș is the angle between the fracture surface and the
horizontal direction, degrees; ȡm is the average
density of the rock formation, 103 kg/m3; h is fracture
depth, m [23-24].
In the plastic stage, the rock constitutive model
is described by Hooke's law (Equation 3) [25-26]:


° 'H1
°
°
®'H 2
°
°
° 'H 3
¯

1
['V 1  v('V 2  'V 3 )]
E
1
['V 2  v('V 1  'V 3 )]
E
1
['V 3  v('V 1  'V 2 )]
E

(3)
,Q WKH IRUPXOD   ǻİ is the strain,
GLPHQVLRQOHVV ǻı is the stress, MPa; E is the
Young's modulus, MPa.
The elastic to shaping stage is described by the
Drucker-Prager criterion (Equations 4~6):

MATERIALS AND METHODS

D I1  J 2

Wellbore multiphase flow model. When gas
invasion occurs, the gas entering the wellbore
displaces the drilling fluid in the annulus, causing the
bottom hole pressure to decrease continuously [2022]. It can further expand the bottom hole pressure
difference, accelerate gas intrusion and fracture
closure. The governing equations established

k

(4)

I1 V 1  V 2  V 3
J1

1ª
V1  V 2
6¬

2

(5)

 V2 V3

2

2
 V1  V 3 º
¼

(6)
Where Į and k are expressed in Equations 7 and
8, respectively [27-28]:
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D

2sin M
3 3  sin M

(7)

k

6c cos M
3 3  sin M

(8)

In the formula (10), z is the height of the
asperities, mm; w is the standard deviation of the
height distribution of the asperities, mm.

RESULTS

Where c is the cohesive force and ĭ is the
friction angle.
The average fracture pressure is (Equation 9):

In order to verify the accuracy of the
established model, the experimental data in
reference [31] was used for comparison (Figure 1).
The calculated results of strain of the established
model are smaller than the measured data, and the
average error is 8.6%, indicating that the model has
good accuracy. At the same time, in order to compare
the errors of different models, the Hertz contact
model is used for calculation, and the average error
is 21.3%, which is quite different from the measured
data. The Hertz contact model is an elastic
deformation model. The deformation of the actual
asperities is elastic-plastic deformation, and it is
mainly plastic deformation.

n

pf

¦Si

2

pi

i 1
n

(9)

¦Si

2

i 1

Where pf is the average fracture pressure, MPa;
pi is the fracture pressure value of the i-th grid, MPa.
The grid is divided from the borehole wall to
the far end of the fracture, and the bottom hole
pressure is where i=0. Therefore, it realizes the
pressure coupling between the multiphase flow in
the wellbore and the fracture. Shale gas has
developed micro-fractures and strong heterogeneity,
so it is difficult to quantitatively describe the position
of asperities inside [29-30]. For this reason,
Gaussian distribution is used to describe the
distribution of asperities (Equation 10):

Analysis of factors influencing fracture
closure. (1) Main calculation parameters. The
calculation model data comes from actual shale gas
wells in the Sichuan Basin, and the main parameters
are shown in Table 1. The main influencing factors
in the process of fracture closure include fracture
width, fracture length, fracture surface roughness
and fracture inclination. In this study, a univariate
approach was used for computational analysis.

z2

h z
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FIGURE 1
Comparison of calculated strains with measured data.

Well depth
Asperity density
Fracture length
Fracture dip angle

TABLE 1
Main calculation parameters in fracture calculation.
Drilling fluid dis4085 m
Drilling fluid density
1.93 g/cm3
placement
20 mm-2
Overburden rock density
2.5 g/cm3
Poisson's ratio
15 m
Elastic modulus
23 GPa
Asperity radius
0°
Formation temperature
373 K
Wellbore diameter

10840

25 L/s
0.25
0.2 mm
215.9 mm
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FIGURE 2
Amount of fractur deformation for different fracture widths.
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FIGURE 3
Bottom hole pressure variation with different fracture widths.
(2) Fracture width. The amount of fracture
closure with different fracture widths is shown in
Figure 2, and the variation of bottom hole pressure is
shown in Figure 3. With the increase of gas invasion
time, the bottom hole pressure gradually decreased.
This is due to the continuous upward migration of
the gas, and the drilling fluid in the annulus is
replaced by the gas, which further reduces the
bottom hole pressure and intensifies the gas intrusion
[32-34]. Bottom hole pressure is the pressure at
which the fracture is at the boundary, and the amount
of fracture closure increases rapidly with the
decrease of bottom hole pressure. Under the three
fracture widths from large to small, the amount of
fracture FORVXUH LV  ȝP  ȝP DQG 
ȝP UHVSHFWively, and the ratios to the original

fracture width are 9.9%, 8.8% and 7.4%. When the
width of the fracture decreases, the effective flow
space decreases, the magnitude of pressure
attenuation slows down, and the pressure in the
fracture is maintained at a high level.
(3) Fracture roughness. Figure 4 and Figure 5
show the fracture deformation and bottom hole
pressure under different numbers of asperities. When
the number of asperities increases, the fracture
GHIRUPDWLRQGHFUHDVHVIURPȝPWRȝP
DQGȝPDQGWKHSUHVVXUHGURSGHFUHDVHVIURP
24.48 MPa to 18.04 MPa and 12.90 MPa at 3000 s.
The greater the number of asperities, the more
uneven the fracture surface under the Gaussian
distribution and the rougher the whole. When more
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FIGURE 4
Fracture deformation with different fracture roughness.
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FIGURE 5
Bottom hole pressure variation with different fracture roughness.
asperities are deformed by contact, the stress
difference is reduced. Therefore, the degree of
deformation of the fracture decreases to a certain
extent, and the speed of pressure transmission also
slows down. The smoothness of the fracture surface
has a great influence on the deformation of the
fracture, and further affects the variation of the
bottom hole pressure [35-36].

related to the Poisson's ratio. With the increase of the
fracture inclination angle, the fracture deformation
GHFUHDVHVIURPȝPWRȝPDQGȝP
and the pressure drop decreases from 24.48 MPa to
22.60 MPa and 20.86 MPa at 3000 s. The larger the
fracture inclination angle, the smaller the effective
stress in the fracture, which in turn reduces the
deformation of the fracture. However, the wellbore
pressure remains coupled with the pressure in the
fracture and is less affected by the formation dip.
Therefore, in general, the deformation of the fracture
with the change of the dip angle is relatively small
[37-38].

(4) Fracture dip angle. Figures 6 and 7 show
the fracture deformation and bottom hole pressure at
different fracture dip angles. The effect of different
dip angles on the fracture closure is relatively small.
Combined with the calculation of the stress
parameters, it can be known that the stress is related
to the square of the sine of the dip angle, and it is also

(5) Fracture length. Figure 8 and Figure 9
show the fracture deformation and bottom hole
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pressure at different fracture lengths. With the
increase of fracture length, the fracture deformation
GHFUHDVHV IURP  ȝP WR  ȝP DQG 
ȝPDQGWKHPD[LPXPSUHVVXUHGURSGHFUHDVHVIURP
24.48 MPa to 20.81 MPa and 15.91 MPa. The longer
the fracture length, the smaller the pressure gradient
per unit length in the fracture, and the more balanced
the average effective pressure on the fracture
asperities, so the fracture deformation is relatively
lower. At the same time, the longer the fracture
length, the more gas stored in the fracture, the gas
flowing out can be replenished in time, and the
pressure decay is slower.

Weight of different influencing factors. The
effects of fracture roughness, fracture width, fracture
length and fracture dip angle on fracture closure
were compared. Based on the grey correlation
coefficient method, the weights of these four factors
were obtained as 0.35, 0.32, 0.21 and 0.12
respectively (Figure 10). Then, the ranking of the
influence degree of fracture deformation is: fracture
roughness > fracture width > fracture length >
fracture inclination angle. Therefore, both the
heterogeneity of shale gas and the characteristics of
fractures have a significant impact on fracture
closure, and further affect the pressure distribution
during the gas invasion process.
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FIGURE 6
Fracture deformation at different fracture inclination angles.
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FIGURE 7
Variation of bottom hole pressure with different fracture dip angles.
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Fracture deformation for different fracturek lengths.
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FIGURE 9
Bottom hole pressure variation with different fracture lengths.
continues, the width of the fracture is in a state of
fluctuation and cannot be restored to the original
state after the bottom hole pressure is restored.
Furthermore, it leads to a decrease in the seepage
capacity in the near-wellbore fractures, and affects
both fracturing and production in the later stage.

Deformation of fractures under pressure
recovery. For gas invasion during drilling, managed
pressure drilling is an effective control measure. In
the simulation analysis, the bottom hole constant
pressure method was used to control the pressure at
2000 s, so that the bottom hole pressure returned to
above the formation pressure (Figure 11). The
deformation of the fracture reached the maximum at
2000 s, and then began to recover under the action of
SUHVVXUH DQG WKH ILQDO GHIRUPDWLRQ ZDV  ȝP
This is because the deformation process of the
asperities is an elastic-plastic deformation process.
After the effective stress difference is reduced, the
asperities cannot be restored to their original shape,
and eventually a certain amount of fracture
deformation will occur. As the gas invasion

CONCLUSIONS
(1) In order to study the law of fracture closure
under gas intrusion, a fracture deformation model
considering the elastoplastic deformation of
asperities is established in this study. The model
realizes the coupling of the wellbore multiphase flow
model and the bottom hole pressure boundary.
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(2) The calculation of fracture deformation
under load conditions is carried out, and the
numerical calculation results are compared with the
test data in the reference, and the error is 8.6%. In
addition, the influence degree of factors such as
fracture width, fracture roughness, fracture length
and fracture inclination angle were analyzed based
on the actual shale gas well data. The results show
that fractures with large fracture width, long radius
and low roughness have larger fracture deformation
and pressure drop, and the effect of fracture
inclination is relatively small.
(3) After taking control measures to restore the
original bottom hole pressure, the fracture still has a

Fresenius Environmental Bulletin

deformation of 1.67%, which reduces the
permeability in the near-wellbore zone. Therefore,
with the continuous gas invasion, the width of the
fracture is in a state of fluctuation, which will affect
the later fracturing and production.
(4) The fracture closure model used in this
paper does not consider the distribution of complex
fractures and the number of fractures in shale gas
formations, which is quite different from the actual
situation. Therefore, it is necessary to establish a
more refined model in future research to describe the
deformation law and pressure evolution dynamics of
complex fractures.
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Weight of different influencing factors.
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FIGURE 11
Fracture deformation under pressure recovery conditions.
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EXLOGLQJ HQHUJ\ FRQVXPSWLRQ DV WKH PDLQ HQHUJ\
FRQVXPSWLRQ LV VHFRQG RQO\ WR LQGXVWULDO HQHUJ\
FRQVXPSWLRQ >@ :LWK WKH DGYDQFHPHQW RI HFR
QRPLF DQG VRFLDO GHYHORSPHQW DQG XUEDQL]DWLRQ
EXLOGLQJ HQHUJ\ FRQVXPSWLRQ FRQWLQXHV WR JURZ
ZKLFKKDVDQLPSRUWDQWLPSDFWRQUHVRXUFHVDQGHQ
YLURQPHQW%\WKHEXLOGLQJHQHUJ\FRQVXPS
WLRQLVDPDMRUVRXUFHRIFDUERQHPLVVLRQV>@7KHUH
IRUHXQGHUVWDQGLQJWKHFDUERQIRRWSULQWRIWKHZKROH
OLIHF\FOH RI D EXLOGLQJ DQG HVWDEOLVKLQJ D PRGHO WR
SURYLGHDTXDQWLWDWLYHEDVLVIRUUHGXFLQJWKHFDUERQ
IRRWSULQWZLOOVXSSRUWWKHGHVLJQDQGFRQVWUXFWLRQRI
JUHHQEXLOGLQJV
7RGHYHORSJUHHQEXLOGLQJVZHPXVWVWDUWIURP
WKHDVSHFWVRIRSHQVRXUFHWKURWWOLQJDQGUHF\FOLQJ
:HFDQQRWVLPSO\WKLQNWKDWZHVKRXOGUHGXFHWKH
FDUERQIRRWSULQWIURPWKHEXLOGLQJLWVHOIDQGUHDOL]H
WKH GHYHORSPHQW RI JUHHQ EXLOGLQJV IURP D PDFUR
SHUVSHFWLYH+RQJHWDO>@IRXQGWKDWPDWHULDOPLQ
LQJDQGSRZHUFRQVXPSWLRQDUHWKHPDLQVRXUFHVRI
FDUERQIRRWSULQWRQWKHFRQVWUXFWLRQVLWH%\FRPSDU
LQJ WKH UHODWLRQVKLS EHWZHHQ HQHUJ\ FRQVXPSWLRQ
DQG FDUERQ IRRWSULQW RI GLIIHUHQW VFKHPHV RI WKH
VDPHEXLOGLQJ0LLPXHWDO>@IRXQGWKDWWKHUH
GXFWLRQRIHQHUJ\XVHKDVDGLUHFWDQGHIIHFWLYHUHOD
WLRQVKLSZLWKWKHUHGXFWLRQRIFDUERQIRRWSULQW&RO
OLQVHWDO>@IRXQGWKDW/&$PRGHOLVPRUHDFFX
UDWHIRUWKHVWXG\RIFRQFUHWHOLIHF\FOHFDUERQIRRW
SULQW*X]PDQHWDO>@FRPELQHGZLWKWKHFDUERQ
IRRWSULQWRIFRQVWUXFWLRQSURMHFWVHVWDEOLVKHGDFRP
SOHWHVHWRIFDUERQIRRWSULQWTXDQWLILFDWLRQPHWKRG
ZKLFKFDQPHDVXUHWKHUHVRXUFHFRQVXPSWLRQJHQHU
DWHG LQ WKH SURFHVV RI SURMHFW FRQVWUXFWLRQ %LVZDV
>@VWXGLHGWKHFDUERQIRRWSULQWDQGEXLOGLQJHQHUJ\
FRQVXPSWLRQLQUHDOWLPHLQFRPELQDWLRQZLWKDFWXDO
FDVHV:LWKWKHKHOSRIV\VWHPUHDOWLPHPRQLWRULQJ
WKHRSHUDWLRQDQGPDLQWHQDQFHFDUERQIRRWSULQWFDQ
EH HIIHFWLYHO\ UHGXFHG 9HUEHHFN HW DO >@ HVWDE
OLVKHG D FDUERQ IRRWSULQW LQYHQWRU\ PRGHO IRU WKH
ZKROHOLIHF\FOHRIEXLOGLQJVFRQGXFWHGFDUERQIRRW
SULQW FDOFXODWLRQ UHVHDUFK DQG DQDO\VLV DQG FRQ
FOXGHGWKDWWKHGHVLJQVWUXFWXUHDOVRKDVDJUHDWLP
SDFWRQWKHFDUERQIRRWSULQW5DPHVKHWDO>@VWXG
LHGWKHHQHUJ\FRQVXPSWLRQLQWKHZKROHOLIHF\FOH

.(<:25'6
%XLOGLQJ VWDJH FDUERQ IRRWSULQW HPLVVLRQ FRHIILFLHQW
PHWKRG%,07HFKQRORJ\&2



,1752'8&7,21

$PRQJWKHJOREDOSUREOHPVHFRORJLFDOLPEDO
DQFH HQYLURQPHQWDO SROOXWLRQ DQG HQHUJ\ VKRUWDJH
DUHWKHWKUHHPDMRUJOREDOSUREOHPVDWWKLVVWDJH>
@7KH\KDYHWKUHHFKDUDFWHULVWLFVRIJOREDOL]DWLRQ
FRPSUHKHQVLYHQHVVDQGJUHDWFKDOOHQJHZKLFKVHUL
RXVO\ DIIHFW SHRSOH V GDLO\ OLIH >@ 0DQ\ HQYLURQ
PHQWDO SUREOHPV FDXVHG E\ HQHUJ\ FRQVXPSWLRQ
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IRRWSULQWDQGWKHQFRQWUROEXLOGLQJHQHUJ\FRQVXPS
WLRQUHGXFHWKHJHQHUDWLRQRIJUHHQKRXVHJDVHVDQG
UHGXFH HQYLURQPHQWDO SUREOHPV $FFRUGLQJ WR WKH
VRXUFHRIFDUERQIRRWSULQWLQGLIIHUHQWVWDJHVWKHWR
WDOPRGHODQGVXEPRGHORIEXLOGLQJFDUERQIRRWSULQW
FDOFXODWLRQDUHHVWDEOLVKHG7KHFDUERQIRRWSULQWIDF
WRUVLQYROYHGLQWKHPRGHODQGWKHPHDVXUHPHQWIDF
WRUVVXFKDVPDWHULDODQGPDFKLQHU\FRQVXPSWLRQDUH
DQDO\]HGWKHFDUERQIRRWSULQWIDFWRUGDWDEDVHLVHV
WDEOLVKHG 7KH WKUHHGLPHQVLRQDO PRGHO LV HVWDE
OLVKHG EDVHG RQ %,0 7HFKQRORJ\ WKH HQJLQHHULQJ
TXDQWLWLHV DUH FRXQWHG TXLFNO\ DQG WKH FRQYHUVLRQ
FDOFXODWLRQ RI FRQVXPSWLRQ LV FDUULHG RXW VR DV WR
SURYLGHDGDWDEDVLVIRUPRGHODSSOLFDWLRQ


0$7(5,$/6$1'0(7+2'6

,Q WKLV SDSHU %,0 WHFKQRORJ\ DQG %RUODQG
'HOSKLGHYHORSPHQWVRIWZDUHDUHDGRSWHG,QZKLFK
ZH XVH $XWRGHVN V 5HYLW SURIHVVLRQDO PRGHOOLQJ
VRIWZDUH WR EXLOG WKH DUFKLWHFWXUDO PRGHO DQG XVH
5HYLW$UFKLWHFWXUHDQG5HYLW6WUXFWXUHIRUFROODERUD
WLYHGHVLJQWRSURYLGHEDVLFPRGHOGDWDIRUTXDQWLI\
LQJWKHEXLOGLQJ VFDUERQIRRWSULQW>@%RUODQG
'HOSKLWHFKQRORJ\LVDQLQWHJUDWHGGHYHORSPHQWHQ
YLURQPHQW ,'( WKDWFDQEHXVHGXQGHUGLIIHUHQWRS
HUDWLQJV\VWHPVDQGSURYLGHVPRUHFRPSRQHQWVIRU
XVHZKLFKFDQTXLFNO\FRQVWUXFWDQDSSOLFDWLRQV\V
WHP7KLVSDSHUXVHV'HOSKLIRUV\VWHPGHYHORSPHQW
DQG SUDFWLFDO DSSOLFDWLRQ RI WKH PRGHO WR SURYLGH
WHFKQLFDO VXSSRUW IRU JUHHQ EXLOGLQJ GHYHORSPHQW
7KHVRXUFHVRIFDUERQIRRWSULQWLQHDFKVWDJHRIWKH
EXLOGLQJSURFHVV DUH GLIIHUHQW LQFOXGLQJUDZ PDWH
ULDO PLQLQJ SURGXFWLRQ  VWDJH PDWHULDO WUDQVSRUWD
WLRQVWDJHPDLQFRQVWUXFWLRQVWDJHDQGFRQVWUXFWLRQ
VXSSRUWLQJIDFLOLWLHV7KHFDOFXODWLRQPHWKRGDGRSWV
WKHHPLVVLRQFRHIILFLHQWPHWKRG

DQG FRQFOXGHG WKDW WKH HQHUJ\ FRQVXPSWLRQ DF
FRXQWHG IRU WKH ODUJHVW SURSRUWLRQ LQ WKH RSHUDWLRQ
DQGPDLQWHQDQFHSURFHVV6RQQHPDQQHWDO>@DQ
DO\]HGWKHEXLOGLQJFDUERQIRRWSULQWXQGHUGLIIHUHQW
JHRJUDSKLFDOORFDWLRQVE\VHOHFWLQJJHRJUDSKLFDOOR
FDWLRQDVWKHLQGH['LIIHUHQWWHFKQRORJLHVZLOOKDYH
DQLPSDFWRQWKHEXLOGLQJFDUERQIRRWSULQW/LHWDO
>@TXLFNO\RSWLPL]HGWKHLPSOHPHQWDWLRQVFKHPH
LQFRPELQDWLRQZLWK%LPDQGYHULILHGWKHFDVHRIDF
WXDO EXLOGLQJ PDWHULDOV <X HW DO >@ FRQFOXGHG
WKURXJK YDULRXV WHVWV WKDW DGGLQJ PDWHULDOV VXFK DV
IO\DVKLQWKHFRQFUHWHSURGXFWLRQSURFHVVFDQUHGXFH
WKHFDUERQIRRWSULQWJHQHUDWHGLQWKHSURGXFWLRQSUR
FHVV <H HW DO >@ FRQVWUXFWHG WKH FDOFXODWLRQ
PRGHO RI EXLOGLQJ FDUERQ IRRWSULQW DQG FRPELQHG
%,07HFKQRORJ\ZLWKFDUERQIRRWSULQWLQFRQVWUXF
WLRQ VWDJH WR UHDOL]H G\QDPLF FRQWURO :DQJ HW DO
>@PDLQO\VWXGLHGWKHFDUERQIRRWSULQWRIFRQVWUXF
WLRQPDFKLQHU\DQGFDOFXODWHGWKHFDUERQIRRWSULQWRI
FRQVWUXFWLRQPDFKLQHU\LQFRPELQDWLRQZLWKSURMHFW
TXRWD=KDQJHWDO>@DQDO\]HGWKHPDLQVRXUFHVRI
FDUERQIRRWSULQWLQWKHFRQVWUXFWLRQSURFHVVDQGGH
YHORSHGWKHEXLOGLQJFRQVWUXFWLRQFDUERQIRRWSULQW
FDOFXODWRUWRTXLFNO\TXDQWLI\WKHFDUERQIRRWSULQW
LQWKHFRQVWUXFWLRQSURFHVVVRDVWRUHGXFHWKHFRQ
VWUXFWLRQ FDUERQ IRRWSULQW DW WKH VRXUFH *DR HW DO
>@ HVWDEOLVKHG D FRPSOHWH FDUERQ IRRWSULQW IDFWRU
GDWDEDVHWRDQDO\]HWKHLPSDFWRIGLIIHUHQWVWUXFWXUHV
RQEXLOGLQJFDUERQIRRWSULQW-LHWDO>@VKRXOGVH
OHFWWKHFDOFXODWLRQPHWKRGDSSOLFDEOHWRWKHPLFUR
OHYHOIRUWKHFRQVWUXFWLRQSURMHFWWRHQVXUHWKHDFFX
UDWHFROOHFWLRQRIFDOFXODWLRQGDWDVRXUFHVDQGFRQ
YHQLHQWFDOFXODWLRQSURFHVV
%XLOGLQJ HQHUJ\ FRQVXPSWLRQ LV JHQHUDOO\
PHDVXUHGE\FDUERQIRRWSULQWEXWWKHUHLVQRHIIHF
WLYHDQGVWDQGDUGL]HGFDOFXODWLRQPRGHODQGDSSOLFD
WLRQV\VWHP7KHUHIRUHLWLVRIJUHDWWKHRUHWLFDOYDOXH
DQG SUDFWLFDO VLJQLILFDQFH WR IXOO\ XQGHUVWDQG WKH
VRXUFHVDQGODZVRIEXLOGLQJFDUERQHPLVVLRQVRSWL
PL]HEXLOGLQJGHVLJQE\TXDQWLI\LQJEXLOGLQJFDUERQ


),*85(
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2YHUDOOV\VWHPIUDPHZRUN


7\SH
&DVH
&DVH

7$%/(
&DUERQIRRWSULQWPHDVXUHPHQW
6WDJH
PDWHULDOPLQLQJ SURGXFWLRQ VWDJH
PDWHULDOWUDQVSRUWDWLRQVWDJH
PDLQFRQVWUXFWLRQVWDJH
PDWHULDOPLQLQJ SURGXFWLRQ VWDJH
PDWHULDOWUDQVSRUWDWLRQVWDJH
PDLQFRQVWUXFWLRQVWDJH


$FFRUGLQJWRWKHV\VWHPUHTXLUHPHQWVDQDO\VLV
IHDVLELOLW\DQDO\VLVDQGV\VWHPGHVLJQSULQFLSOHVWKH
V\VWHP IUDPHZRUN LV GHVLJQHG $IWHU WKH V\VWHP LV
GHVLJQHGWKHRYHUDOOIUDPHZRUNLVGLYLGHGLQWRIRXU
OD\HUVIURPERWWRPWRWRSLQFOXGLQJWHFKQLFDOVXS
SRUWOD\HUGDWDSURFHVVLQJOD\HUV\VWHPDSSOLFDWLRQ
OD\HUDQGXVHUOD\HU7KHFXVWRPHUDSSOLFDWLRQSUR
JUDP DQG GDWDEDVH DSSOLFDWLRQ SURJUDP DUH FRP
ELQHG WRIRUP DQ RYHUDOO &V V\VWHP VWUXFWXUH 7KH
XVHUOD\HURIWKHRYHUDOOIUDPHZRUNLQGLFDWHVWKDWWKH
V\VWHP FDQ EH LQVWDOOHG DQG RSHUDWHG RQ GHVNWRS
FRPSXWHUVSRUWDEOHQRWHERRNVDQGWDEOHWFRPSXWHUV
>@7KHV\VWHPDSSOLFDWLRQOD\HULQGLFDWHVWKHIXQF
WLRQDOPRGXOHVFRQWDLQHGLQWKHV\VWHPWKHGDWDSUR
FHVVLQJOD\HULVWKHEXLOWLQFRPSXWLQJV\VWHPRIWKH
V\VWHP ZKLFK FDQ EH FDOFXODWHG DFFRUGLQJ WR UH
TXLUHPHQWVDQGWKHWHFKQLFDOVXSSRUWOD\HULQGLFDWHV
WKHUHOHYDQWFRPSXWHUWHFKQRORJLHVXVHGLQWKHSUR
FHVVRIV\VWHPGHYHORSPHQW7KHIRXUOHYHOVFRPSUH
KHQVLYHO\ FRPSOHWH WKH V\VWHP GHYHORSPHQW WR DS
SOLFDWLRQDVVKRZQLQ)LJXUH


5(68/76$1'',6&866,21

&DUERQ IRRWSULQW VWDWLVWLFV 7ZR UHVLGHQWLDO
EXLOGLQJVZLWKGLIIHUHQWVWUXFWXUHVLQ6KDDQ[L3URY
LQFHZHUHVHOHFWHGIRUFDUERQIRRWSULQWFDOFXODWLRQ
DQGWKHFDUERQFRQFHQWUDWLRQOHYHOVRIWKHWZREXLOG
LQJVZHUHFRPSDUHGWRYHULI\WKHDSSOLFDELOLW\RIWKH
PRGHO &DVH  7KH SURMHFW LV DQ H[SHULPHQWDO UH
VHDUFKEXLOGLQJRIDXQLYHUVLW\LQ6KDDQ[L,WLVDUH
LQIRUFHGFRQFUHWHVWUXFWXUHDQGFRQVLVWVRIIRXUVLQ
JOHEXLOGLQJV7KHWRWDOFRQVWUXFWLRQDUHDLV
PRIZKLFKWKHDERYHJURXQGFRQVWUXFWLRQDUHDLV
PDQGWKHXQGHUJURXQGFRQVWUXFWLRQDUHDLV
P7KHUHDUHIORRUVRQHRIZKLFKLVXQ
GHUJURXQGDQGWKHVWUXFWXUDOGHVLJQOLIHLV\HDUV
7KHVHLVPLFIRUWLILFDWLRQLQWHQVLW\LV&DVH7KH
SURMHFWLVDFRPPHUFLDOFRQFUHWHUHVLGHQWLDOEXLOGLQJ
FRQVWUXFWLRQSURMHFWLQDFRPPXQLW\LQ6KDDQ[L,WLV
D FDVWLQSODFH UHLQIRUFHG FRQFUHWH IUDPHVKHDU
VWUXFWXUH7KHWRWDOFRQVWUXFWLRQDUHDLVDERXW
PWKHDERYHJURXQGFRQVWUXFWLRQDUHDLVP
DQGWKHXQGHUJURXQGFRQVWUXFWLRQDUHDLVP
'XH WR D ODFN RI GDWD UHJDUGLQJ WKH XQGHUJURXQG
EXLOGLQJSDUWRQO\WKHDERYHJURXQGSDUWLVXVHGLQ
WKHFDUERQIRRWSULQWVWDWLVWLFV7KHUHDUHQLQHIORRUV

&DUERQIRRWSULQW
NJ&2HT
NJ&2HT
NJ&2HT
NJ&2HT
NJ&2HT
NJ&2HT

WKHWRWDOEXLOGLQJKHLJKWLVPWKHVWUXFWXUDOGH
VLJQOLIHLV\HDUVDQGWKHVHLVPLFIRUWLILFDWLRQLQ
WHQVLW\LV

&RPSDULVRQRIFDUERQFRQFHQWUDWLRQVLQGLI
IHUHQW EXLOGLQJV :H FRPSDUHG DQG DQDO\]HG WKH
FDUERQIRRWSULQWOHYHOVRIWKHGLIIHUHQWVWUXFWXUHVRI
&DVHVDQGDVVKRZQLQ7DEOH7KHWRWDOFDUERQ
IRRWSULQWRIWKHSK\VLFDODQGFKHPLFDOSURFHVVHVRI
&DVHLVNJ&2HT7KHFDUERQIRRW
SULQWRIWKHWKUHHVWDJHVRIPDWHULDOSURGXFWLRQWUDQV
SRUWDWLRQDQGPDLQFRQVWUXFWLRQDUH
NJ&2HTUHVSHFWLYHO\7KH
WRWDO FDUERQ IRRWSULQW RI &DVH  LV 
NJ&2HT7KHFDUERQIRRWSULQWVRIWKHWKUHHVWDJHV
RIPDWHULDOSURGXFWLRQWUDQVSRUWDWLRQDQGPDLQFRQ
VWUXFWLRQ DUH   DQG
NJ&2HTUHVSHFWLYHO\7KHFDUERQFRQ
FHQWUDWLRQRIWKHWZRFDVHVZLWKGLIIHUHQWVWUXFWXUHV
LVGLIIHUHQW&RPSDUHGZLWKSUHYLRXVVWXGLHVWKHFDU
ERQFRQFHQWUDWLRQVRIWKHWZRFDVHVLQWKLVSDSHUDUH
KLJKHUDVVKRZQLQ)LJXUH 7KHFDUERQIRRWSULQW
FRQFHQWUDWLRQRI&DVHLVKLJKHUWKDQWKDWRI&DVH
7KHFRQFHQWUDWLRQFDQEHFRPSDUHGKRUL]RQWDOO\DQG
YHUWLFDOO\7KHUHIRUHFRPSDULQJWKHWZRFDVHVZLWK
GLIIHUHQW VWUXFWXUHV WKH FDUERQ IRRWSULQW RI WKH
IUDPHVKHDUVWUXFWXUHLVIDUIURPWKHIUDPHVWUXFWXUH
,Q&DVHWKHFDUERQIRRWSULQWRIPDWHULDOSUR
GXFWLRQPDWHULDOWUDQVSRUWDWLRQDQGPDLQFRQVWUXF
WLRQDFFRXQWHGIRUDQGUHVSHF
WLYHO\ZKLOHLQ&DVHWKHSURSRUWLRQVDUH
DQGUHVSHFWLYHO\ )LJXUH ,QERWKWKH
IUDPH VWUXFWXUH DQG WKH IUDPHVKHDU VWUXFWXUH WKH
ODUJHVWFRQWULEXWLRQWRWKHFDUERQIRRWSULQWLVWKHFDU
ERQ IRRWSULQW RI WKH EXLOGLQJ PDWHULDOV SURGXFWLRQ
7KHIUDPHVKHDUVWUXFWXUHKDVDODUJHUFDUERQIRRW
SULQWWKDQWKHIUDPHVWUXFWXUHGXULQJWKHPDLQFRQ
VWUXFWLRQVWDJHPDLQO\GXHWRWKHFRQVWUXFWLRQWHFK
QRORJ\RIWKHIUDPHVKHDUVWUXFWXUH:KHQDQDO\]LQJ
WKH FDUERQ IRRWSULQW RI WKH SURGXFWLRQ RI EXLOGLQJ
PDWHULDOV WKH PDLQ PDWHULDOV FDQ EH FODVVLILHG
PDLQO\LQWRPDVRQU\FRQFUHWHVWHHOFHPHQWDQGZD
WHUSURRIPDWHULDOVDQGWKHFDUERQIRRWSULQWSHUXQLW
DUHDRIWKHILYHW\SHVRIPDWHULDOVDUHVKRZQLQ)LJ
XUH%\FDUERQIRRWSULQWSHUXQLWDUHDVWHHOKDVWKH
ODUJHVWYDOXHIROORZHGE\FRQFUHWHZDWHUSURRIPD
WHULDOVFHPHQWDQGILQDOO\EULFNV7KHFDUERQIRRW
SULQWWUHQGVRIWKHILYHW\SHVRIEXLOGLQJPDWHULDOVDUH
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FRQVLVWHQW 7KH PDLQ GLIIHUHQFH OLHV LQ FHPHQW DQG
VWHHO DQG IUDPHVKHDU VWUXFWXUH ,W LV DOVR PXFK

ODUJHUWKDQWKHIUDPHVWUXFWXUH


),*85(
&RPSDULVRQRIFDUERQIRRWSULQWFRQFHQWUDWLRQVRIFDVHDQGFDVH


),*85(
3URSRUWLRQRIFDUERQIRRWSULQWDWHDFKVWDJHRIFDVHDQGFDVH

)URPWKHUHVXOWVWKHFRQVXPSWLRQRIVWHHOLVQRW
WKHODUJHVWEXWLWVFDUERQIRRWSULQWFRQFHQWUDWLRQLV
WKHKLJKHVWDPRQJWKHILYHW\SHVRIEXLOGLQJPDWHUL
DOV7KHUHIRUHDODUJHDPRXQWRIPDWHULDOGRHVQRW
QHFHVVDULO\KDYHDKLJKFDUERQIRRWSULQWFRQFHQWUD
WLRQDQGYLFHYHUVD,IWKHFDUERQIRRWSULQWFRQFHQ
WUDWLRQLVORZWKHEXLOGLQJ VFDUERQIRRWSULQWFDQQRW
EHUHGXFHGE\UHGXFLQJWKHDPRXQWRIPDWHULDOVGXU
LQJWKHFRQVWUXFWLRQSURFHVV+RZHYHUUHGXFLQJWKH
DPRXQWRIVWHHOZKLFKKDVWKHKLJKHVWFDUERQIRRW
SULQW FRQFHQWUDWLRQ FDQ HIIHFWLYHO\ UHGXFH WKH FDU
ERQIRRWSULQWRIDEXLOGLQJ$FFRUGLQJWRWKHUHF\
FODELOLW\RIVWHHOUHGXFLQJWKHFDUERQIRRWSULQWIDFWRU
FDQEHDFKLHYHGE\LPSURYLQJLWVSURGXFWLRQSURFHVV
RULQFUHDVLQJWKHUHF\FOLQJUDWH7KHFDUERQIRRWSULQW



OHYHOVRIWKHWZRGLIIHUHQWVWUXFWXUHVLQWKHPDWHULDO
WUDQVSRUWDWLRQ VWDJH DUH GLIIHUHQW HYHQ WKRXJK WKH
FDUERQIRRWSULQWFRQFHQWUDWLRQVDWWKLVVWDJHDUHVLP
LODU7KHFDUERQIRRWSULQWFRQFHQWUDWLRQRIPDWHULDO
WUDQVSRUWDWLRQLQ&DVHLVNJ&2HTPDQG
NJ&2HTPLQ&DVH7KHUHDUHPDQ\IDFWRUVWKDW
DIIHFWWKHFDUERQIRRWSULQWRIPDWHULDOWUDQVSRUWDWLRQ
7KHUHIRUHLQWKHPDLQFRQVWUXFWLRQSKDVHWKHWRWDO
FDUERQIRRWSULQWRI&DVHLVNJ&2HT
DQG WKH FDUERQ IRRWSULQW FRQFHQWUDWLRQ LV 
NJ&2HTP7KHFDUERQIRRWSULQWRIWKH&DVHFRQ
VWUXFWLRQSKDVHLVNJ&2HTDQGWKHFDUERQ
IRRWSULQW FRQFHQWUDWLRQ LV  NJ &2HTP 7KH
FDUERQIRRWSULQWFRQFHQWUDWLRQYDULHVJUHDWO\PDLQO\
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EHFDXVHRIWKHFRQVWUXFWLRQWHFKQRORJLHVRIWKHGLI
IHUHQWVWUXFWXUHV



),*85(
&DUERQIRRWSULQWFRQFHQWUDWLRQRIILYHPDLQPDWHULDOVRIFDVHDQGFDVH



),*85(
&DUERQIRRWSULQWFRQFHQWUDWLRQFRPSDULVRQRIWKHPDLQFRQVWUXFWLRQPDFKLQHU\

0DMRUPHFKDQLFDOFDUERQIRRWSULQWFRQFHQ
WUDWLRQVIRUFDVHDQGFDVH,QRUGHUWRDQDO\VH
WKHFDUERQIRRWSULQWFRQFHQWUDWLRQRIWKHPDLQFRQ
VWUXFWLRQPDFKLQHU\LQPRUHGHWDLOWKHPDFKLQHU\LV
GLYLGHGLQWRILYHFDWHJRULHVHOHFWULFKRLVWVWHHOUHLQ
IRUFHPHQW WHFKQRORJ\ FRQFUHWH WHFKQRORJ\ KRUL
]RQWDO WUDQVSRUWDWLRQ DQG YHUWLFDO WUDQVSRUWDWLRQ ,Q
DGGLWLRQ VRPH FRQVWUXFWLRQ PDFKLQHU\ KDV D VPDOO
FDUERQIRRWSULQWDQGKDVDVPDOOLPSDFWRQWKHRYHU

DOOFDUERQIRRWSULQW2QO\WKHILYHPDLQW\SHVRIFRQ
VWUXFWLRQPDFKLQHU\DUHFRQVLGHUHGIRUFRPSDULVRQ
7KH FDUERQ IRRWSULQW FRQFHQWUDWLRQ FRPSDULVRQ RI
WKHPDLQFRQVWUXFWLRQPDFKLQHU\LVVKRZQLQ)LJXUH
7KHGLIIHUHQFHLQWKHFDUERQIRRWSULQWFRQFHQWUD
WLRQRIVWHHOEDUFRQFUHWHDQGYHUWLFDOWUDQVSRUWDWLRQ
FRQVWUXFWLRQPDFKLQHU\EHWZHHQ&DVHDQG&DVH
LVUHODWLYHO\VPDOODQGLVPDLQO\GXHWRWKHGLIIHUHQFH
EHWZHHQHOHFWULFZLQFKHVDQGKRUL]RQWDOWUDQVSRUWD
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WLRQ%RWKWKHKRUL]RQWDODQGYHUWLFDOWUDQVSRUWPD
FKLQHU\ LQ WKH IUDPH VWUXFWXUH LV ODUJHU WKDQ WKRVH
XVHG LQ WKH IUDPHVKHDU VWUXFWXUH LQGLFDWLQJ WKDW
WKHUH LV PRUH WUDQVSRUW PDFKLQHU\ XVHG LQ WKH FRQ
VWUXFWLRQRIWKHIUDPHVWUXFWXUHZKLFKLVPDLQO\GXH
WRWKHODUJHSURMHFWDUHDDQGWKHVLWHOD\RXW7KHFDU
ERQ IRRWSULQW FRQFHQWUDWLRQ RI WKH VWHHO UHLQIRUFH
PHQWWHFKQRORJ\XVHGLQWKHWZRFDVHVVKRZVWKDWWKH
IUDPHVWUXFWXUHFRQFHQWUDWLRQLVKLJKHUWKDQWKDWRI
WKH IUDPHVKHDU VWUXFWXUH 7KLV LV PDLQO\ EHFDXVH
WKHUHDUHPRUHVWUXFWXUDOFROXPQVLQWKHIUDPHVWUXF
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SIMULATION STUDY ON INFLUENCING FACTORS OF
RESERVOIR DAMAGE CAUSED BY DRILLING FLUID
INVASION IN SANDSTONE FORMATION
Xiang Wang*
Research Institute of Petroleum Engineering Technology of Sinopec North China Petroleum Bureau (Oil and Gas Company),
Zhengzhou 450006, China

establishment of targeted technical countermeasures
for reservoir protection.
In order to simulate the reservoir damage
caused by the invasion of liquid phase of drilling
fluid, domestic and foreign scholars have carried out
a series of simulation experiments of drilling fluid
invasion [11-20]. Chang et al. [21-23] established
the analysis model of liquid saturation and resistivity
after filtrate self-absorption damage by core self-absorption experiment, and discussed the influence of
filtrate self-absorption invasion on reservoir damage.
Lei et al. [24] analyzed the influence of liquid phase
invasion on reservoir sensitivity by core flow experiment. Xu et al. [25] analyzed the influence of filtrate
invasion and drilling fluid treatment agent adsorption on reservoir damage degree by using multifunctional dynamic damage simulation evaluation device. The preliminary research is mainly based on
physical experiment simulation, and the damage degree of drilling fluid to reservoir is evaluated through
core displacement experiment. Because this method
is limited by the simulation scale, it can't evaluate the
pollution damage degree from the macroscopic scale
of formation.
Aiming at the shortcomings of simulation experiment research, this paper establishes an evaluation model of drilling fluid invasion damage based
on oil-water two-phase seepage equation and solute
convection-diffusion equation. Combined with the
characteristics of sandstone formation, the influence
of invasion time, invasion pressure difference, rock
porosity and permeability characteristics and formation fluid characteristics on invasion damage degree is analyzed. This research is of great significance to guide the research of reservoir protection
technology in sandstone formation.

ABSTRACT
Aiming at the technical problem of reservoir
damage caused by drilling fluid invasion in sandstone formation, the reservoir damage simulation research was carried out. Based on the oil-water twophase seepage equation and convection-diffusion
equation, a mathematical model for evaluating reservoir damage caused by drilling fluid invasion is established. The evaluation indexes of pore pressure
and water saturation are constructed to analyze the
influence of drilling fluid invasion damage, and the
influences of invasion time, formation permeability,
porosity, invasion pressure difference and fluid viscosity are discussed. The results show that invasion
time, invasion pressure difference and formation porosity and permeability characteristics have significant effects on pore pressure transmission, and formation fluid viscosity mainly slows down filtrate invasion damage by increasing mobility resistance.
When drilling reservoirs, we should try our best to
use underbalanced pressure drilling fluid, adopt temporary plugging agent with broad-spectrum plugging
effect according to formation porosity and permeability characteristics, and appropriately use viscoelastic temporary plugging particles to improve the
flow resistance after filtrate invasion.

KEYWORDS:
Sandstone formation, reservoir protection, two-phase
flow, finite element method, drilling fluid

INTRODUCTION
In the process of sandstone reservoir drilling,
reservoir damage caused by liquid phase invasion often exists due to wellbore pressure fluctuation or in
order to prevent overflow. Reservoir damage will
lead to formation pollution near the well, which will
seriously affect oil and gas productivity, and it needs
measures such as later acidification and fracturing to
recover [1-10]. Therefore, it is of great significance
to carry out the simulation study on the impact of
drilling fluid reservoir damage and pollution on the

MATERIALS AND METHODS
Oil-water two-phase seepage equation. Assuming that the reservoir is oil-water two-phase
fluid, ignoring the influence of physical force, the
oil-water two-phase seepage equation can be obtained according to Darcy's law as Formula (1)~Formula (4) [26-28]: (Eq. 1, 2, 3, 4)
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Assuming that drilling fluid filtrate invades the
formation under the action of wellbore pressure difference, the initial and boundary conditions of the
model are [30]:
 |)ݎ(௧ୀ = 
ݏ௪ ( |)ݎ௧ୀ = ݏ௪
(7)
ܿ௪ ( |)ݎ௧ୀ = ܿ
)ݎ(ห ୀೢ = ௪ , )ݎ(ห ୀ =  ,

(1)
(2)

Pc=po-pw
(3)
(4)
sw+so=1
Where ĳ is formation porosity; ȡo and ȡw are the
densities of oil phase and water phase, respectively;
k is formation permeability; kro and krw are the relative permeability of oil phase and water phase, respectively; ȝo and ȝw are the viscosities of oil phase
and water phase respectively; po, pw and pc are oil
phase pressure, water phase pressure and capillary
pressure respectively; And so sw are saturation of oil
phase and water phase, respectively.
The capillary pressure is calculated by fitting
the J function [29]: (Eq. 5)
Where ıow is the interfacial tension between oil
and water; șow is the coct angle.

ݏ௪ ()ݎห ୀೢ = 1 െ ݏ , ݏ௪ ()ݎห ୀ = ݏ௪ (8)
ܿ௪ ()ݎห ୀೢ = ܿ௪ , ܿ௪ ()ݎห ୀ = ܿ
It can be known from formula (7) that the initial
pore pressure, water saturation and fluid salinity are
the original pore pressure, water saturation and salinity of the formation respectively.
It can be known from formula (8) that the pore
pressure and salinity at the wellbore are wellbore
pressure and salinity of drilling fluid filtrate, and the
water saturation at the wellbore is the maximum water saturation of formation pores [31]. The infinite
pore pressure, water saturation and salinity are the
same as the initial conditions of the formation.
The basic parameters of the model are shown in
Table 1.

Drilling fluid invasion convection equation.
When drilling fluid invades the formation, due to the
difference of salinity between filtrate and formation
fluid, solute diffusion exists, thus affecting pore
pressure distribution. The convection-diffusion
equation is: (Eq. 6)
Where cw is the salinity of the fluid.

RESULTS
Impact of invasion time. Figure 2 shows the
impact of invasion time on reservoir damage. It can
be seen from Figure 2(a) that with the increase of
time, the drilling fluid gradually invades the formation, and the pore pressure from the wellbore to
the depth of the formation gradually increases. It can
be seen from Figure 2(b) that with the continuous invasion of drilling fluid, the water saturation of nearwellbore formation gradually increases. According
to the change of water saturation, the invasion depth
of drilling fluid and the formation damage degree of
different depths can be analyzed. According to the
change of water saturation, the invasion depth of
drilling fluid can reach 2m within 1h. It can be
known from the influence of invasion time that when
drilling into the reservoir, shielding temporary plugging agent should be added in advance to quickly
bridge and plug the borehole wall pores, so as to reduce the pollution time of drilling fluid.

FIGURE 1
Geometry and grid division of the model.
Initial and boundary conditions of the
model. COMSOL software is used to solve the partial differential equation, and the geometric shape of
the model is shown in Figure 1. According to the
principle of symmetry, 1/4 formation profile is used
for analysis. In order to eliminate the influence of
boundary conditions, the wellbore radius of the
model is 0.1m and the formation radius is 10m.

Impact of invasion pressure difference. Figure 3 shows the influence of invasion pressure difference on reservoir damage. It can be seen from Figure 3(a) that the increase of invasion pressure difference makes more drilling fluid penetrate into the formation, thus increasing the pore pressure inside the
formation. It can be seen from Figure 3(b) that the
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invasion depth increases to 2.5m when the invasion
pressure difference increases by 2 times. This is because the larger pressure difference drives the migration of drilling fluid filtrate to speed up, which makes
the invasion degree more obvious. According to the
influence of invasion pressure difference, we should
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strengthen the prediction and identification of the
three pressure density windows in the reservoir interval and design the drilling fluid density reasonably, so as to reduce the influence of overbalanced
pressure drilling on reservoir damage.

TABLE 1
Basic parameters of model
Parameter
Porosity
Permeability
Initial pore pressure
Wellbore pressure
Oil phase viscosity
Viscosity of water phase
Oil phase density
Water phase density
Irreducible water saturation
irreducible oil saturation
Oil-water interfacial tension
Contact angle
Diffusivity

numerical value
0.1
100 mD
10 MPa
12 MPa
20 mPa·s
1 mPa·s
0.8 g/cm3
1.0 g/cm3
0.2
0.1
55 mN/m
60°
1×10-11 m2/s

FIGURE 2
Influence of invasion time on pore pressure and water saturation.

FIGURE 3
Influence of invasion pressure difference on pore pressure and water saturation.
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FIGURE 4
Influence of formation permeability on pore pressure and water saturation.
Influence of formation permeability. Figure
4 shows the influence of formation permeability on
reservoir damage. As can be seen from Figure 4(a),
the influence of formation permeability on pore pressure is obvious, and with the increase of formation
permeability, the pore pressure in the formation also
gradually increases. This is because the larger permeability makes the diffusion speed of pore fluid
faster, thus promoting the transmission of wellbore
drilling fluid pressure to formation pore pressure. It
can be seen from Figure 4(b) that the increase of formation permeability makes the invasion of drilling
fluid more obvious. When the formation permeability increases to 1D, the invasion depth of drilling
fluid reaches 4m. From the influence of formation
permeability, it can be known that the pollution damage of formation drilling fluid with better reservoir
properties is more serious. Therefore, the research on
reservoir temporary plugging protection technology
in high permeability formation should be strengthened.

Influence of formation porosity. Figure 5
shows the influence of formation porosity on reservoir damage. It can be seen from Figure 5(a) that
with the increase of formation porosity, formation
pore pressure gradually decreases. This is because
the initial filtration loss is small due to the small porosity, and the mud cake cannot be effectively
formed in a short time. Therefore, the drilling fluid
gradually diffuses into the formation, making the
pore pressure transmission more obvious. It can be
seen from Figure 5(b) that the smaller porosity
makes the invasion of drilling fluid more obvious.
From the influence of porosity, it can be known that
the drilling fluid temporary plugging agent should
have a wide particle size distribution range, so that it
has a better broad-spectrum temporary plugging effect in formations with different porosity and permeability types.

FIGURE 5
Influence of porosity on pore pressure and water saturation.
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FIGURE 6
Effect of oil phase viscosity on pore pressure and water saturation.
Influence of fluid viscosity. Figure 6 shows
the influence of oil phase viscosity on reservoir damage. It can be seen from Figure 6(a) that the viscosity
of oil phase has relatively little influence on formation pore pressure transmission. Therefore, pore
pressure transmission is mainly affected by plugging
pressure difference and formation porosity and permeability characteristics. It can be seen from Figure
6(b) that with the increase of oil phase viscosity, the
invasion degree of drilling fluid gradually decreases.
This is because the greater the viscosity of oil phase,
the greater the flow resistance of drilling fluid filtrate, which leads to its invasion degree decreasing
with the increase of flow resistance [32-33]. According to the influence of oil phase viscosity, increasing
the flow resistance of filtrate can reduce the impact
of invasion damage. Therefore, viscoelastic plugging particles should be appropriately used to improve the reservoir protection effect.

The increase of formation permeability promotes the diffusion of pore fluid and the transmission of pore pressure. The decrease of formation porosity makes it impossible to form effective plugging
at the borehole wall, which leads to the increase of
drilling fluid invasion. The increase of reservoir fluid
viscosity slows down the invasion of drilling fluid
filtrate by increasing the flow resistance. Broadspectrum temporary plugging agent and viscoelastic
plugging particles should be selected to improve the
temporary plugging effect of reservoir.
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ABSTRACT
To study on the synergy degree of energy economy in resource-based cities under the background
of carbon peak and realize the coordination of economy and energy in resource-based cities, this study
takes Anhui Province as an example, based on the
low carbon background, constructs a collaborative
evaluation indicator system from two aspects of energy environment and economic development, and
improves the energy environment system. The synergy degree model is used to comprehensively evaluate the synergy degree of the energy economy in
Anhui Province from 2010 to 2019. The resistance
model combined with entropy weight method is used
to diagnose the resistance factors that affect the energy economy synergy in Anhui. The grey neural
network model (GM-BP) is used to predict the energy economic synergy degree of Anhui Province
from 2020 to 2022. The analysis shows that. (1)The
synergy degree of energy and environment composite system has a good development trend, which is
at the primary synergy level and tends to be a good
synergy level. (2) The energy environment system is
currently the main system that restricts the improvement of energy economic synergy in Anhui Province
and will be replaced by the economic development
system in the future. (3) The coordination degree of
the energy economy in Anhui Province is closely related to the industrial structure and energy structure
of Anhui Province. (4) Low carbon promotes the
transformation of economic structure to energy-saving and intensive, and will achieve and maintain
good synergy in the coming years.

INTRODUCTION
Due to China’s rapid economic growth, the demand for energy is gradually increasing. The extensive economic development model has caused the
continuous energy depletion and ecological balance
destruction of resource-based cities, which seriously
threatens the survival and development of resourcebased cities. The goal of carbon peak means that economic development will change from high emissions
and high energy consumption to clean low energy
consumption mode, and promote economic development in the process of reducing ecosystem damage.
From the perspective of carbon peak, scientifically
and reasonably estimating and predicting the energy
economic synergy degree of resource-based cities
will provide theoretical support for the decisionmaking of relevant governance subjects.
Because the ecosystem has been threatened by
carbon dioxide emissions, countries around the
world to reduce greenhouse gas emissions by agreement, China’s carbon peak target came into being. In
2015, China released its national independent contribution, promising to reduce carbon dioxide emissions per unit of GDP by 60%– 65% by 2030 compared with 2005. The goal of carbon peak is put forward in the general debate of the seventy-fifth
United Nations General Assembly on September 22,
2020. Xi Jinping announced at the General Assembly that China will take more powerful measures and
policies to improve national independent contributions, strive to achieve carbon peak by 2030 and
achieve carbon neutrality by 2060. This goal requires
our country to further improve the efficiency of energy use, and the energy economic system needs to
carry out profound transformation [1].
The problems of global warming and ecosystem deterioration caused by increased greenhouse
gas emissions are seriously threatening the survival

Highlights. (1) Carbon is incorporated into the
energy environment system to study the coordinated
development of the energy economy from the perspective of carbon peak.
(2) Introducing the resistance model to explore
the resistance factors that affect the coordinated development of the energy economy.
(3) GM-BP model is used to predict the synergy
of energy and environment composite systems.
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FIGURE 1
Research path of energy economy synergy.
and development of mankind [2]. Energy and economic factors are the main factors affecting carbon
dioxide emissions.First, carbon emissions from fossil fuel combustion are the main contributors to climate change [3-5]; with the proposal of Environmental Kuznets Hypothesis (EKC) that describes the
relationship between economy and carbon dioxide
[6], many scholars have proved the effectiveness of
this theory [7-9]. At the same time, it is pointed out
that the decoupling of economic development and
carbon emissions is the key to achieving sustainable
development [10-11]. Extensive economic growth
leads to environmental pollution and energy depletion, and only intensive growth is sustainable [12-14].
Promoting the coordinated development of economy
and energy is the only way to control air pollution
and achieve sustainable development, and realizing
the coordinated development of economy and energy
environment has become an important issue at present.
Synergy is widely used in the field of studying
the synergy law of natural and social systems. Its
origin can be traced back to the Introduction To Synergetics published by Hermanha in 1977, which was
first proposed in 1969. In 1971, Haken gave the main
conceptual framework of synergetics in his book,
and comprehensively introduced the theoretical system of synergetics in 1977. The environmental conditions that determine the change of the system are
called parameters. With the change of parameters,
the system changes from disorder to order.
Synergy has been applied to study the synergy
between regional energy environment and economic
development. Allan G, Carla Oliveira, De Carvalho
A L, introduced the concept of synergy to describe
the interaction degree of regional 3E system [15-17].
[18-20] Lu Jin, Song Yuchen and Cao Chenglong
used synergy degree to study the spatio-temporal
evolution characteristics of Hubao Yinyu Economic

Zone and Ningbo City. With the help of the synergy
model, Wu Caixia studied the path of sustainable development from two aspects of energy flow and resource flow, and showed that China had achieved
rapid and high-quality economic growth while taking energy conservation and emission reduction
measures and coping with climate change [21]. Feng
Yuguang established a quantitative description of
PREE (population, resources, environment, economy) system development coordination degree formula, to evaluate the sustainable development of
Panjin City, Liaoning Province [22]. It can be seen
that there are few scholars who focus on low-carbon
factors in constructing multi-system models, and
most of the existing studies focus on the evaluation
analysis, and pay less attention to the influencing
factors of the synergy of urban energy and economic
composite systems.
Since the single prediction model has certain
shortcomings in data prediction, the grey GM (1,1)
model has weak prediction ability when there is regular fluctuation or mutation in the prediction sequence. The neural network model is relatively complex and requires more training samples, but it has
good prediction ability for regular fluctuations and
mutations in data. In order to solve the influence of
this problem on the research, Bates and Granger
(1969) proposed for the first time the method of
combining two or more models for prediction. BP
neural network model can fit a nonlinear function,
and GM (1,1) grey model can better predict the general trend of parameter change. The cumulative generation in the GM(1,1) grey model makes the sequence monotonically increasing, which is more
suitable for BP neural network fitting. Therefore,
GM-BP model can enhance the prediction ability and
improve the prediction accuracy.
Zhou Yibin applied the GM-BP model to the
prediction of cocoon sales price. Bi Shuoben used it
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to predict the price of China’ s rice market. Sobo applied the combination model to the prediction of
China ’ s grain output, and Shan Rui predicted the
time series of GDP in Shanxi Province. These models have achieved good prediction results [23-26].
The influencing factors of energy and environment
synergy degree are complex and the research time
span of this paper is short, so GM-BP prediction is
more convincing.
Through the research on the literature at home
and abroad, it can be concluded that scholars maintain an acceptable attitude towards the synergy
model and the GM-BP model. However, the synergy
model still needs to be improved and perfected. First
of all, in the construction of the subsystem, carbon
can be incorporated into the system, combined with
the background of carbon peak and the actual situation of the region to select the corresponding indicators. Secondly, we can further study the influence
factors of composite system coordination, combined
with a variety of methods to study the region.
On the basis of relevant research, combined
with the 2030 carbon peak target, 20 representative
evaluation indicators are selected to construct the energy environment-economic development composite
system, focusing on the coordination relationship between economy and energy ; the obstacle factors affecting energy economic cooperation are analyzed,
and the indicator weight is determined by entropy
method to avoid subjective weighting error. GM (1,1)
model and BP neural network model are established
by MATLAB software to predict the synergy degree.
Taking Anhui Province as an example, this paper
measures the synergy degree of energy and economy
composite system in Anhui Province from 2010 to
2019. Through theoretical explanation and empirical
analysis, it evaluates and analyzes the coordination
level of energy economy in Anhui Province, combines the synergy development of energy environment with the goal of carbon peak, and forecasts the
data. This paper mainly studies how to develop and
improve the energy economy in Anhui Province, so
as to achieve the goal of sustainable development of
energy economy and carbon peak. It provides a theoretical basis for the sustainable development of ecological environment construction in the province and
a reference for future data prediction, which is of
clear realistic significance, as shown in Figure 1.
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the Wanjiang Economic Belt, which are in the docking zone between the strategic focus of national economic development and several major domestic economic plates. In 2019, the total energy production of
Anhui Province was 89.4362 million tons of standard coal, which was 7.55% lower than that in 2010.
The regional GDP was 368.4549 billion yuan, which
was 2.78 times of 2010. From 2010 to 2019, the coordination level of energy environment and economic development in resource-based cities is not
the same. The coordination degree of energy economy affects the high-quality development of the region. This paper selects Anhui Province as the research object, as shown in Figure 2.
The Evaluation System. Based on the theory
of energy economy [28], this paper constructs the
synergy model of energy-economy composite system, and clarifies the core meaning of energy economy from the empirical level by providing practical
experience evidence of Anhui. Considering the influence of each indicator on synergy degree, the background of carbon peak and the actual situation of Anhui Province in the study area, the energy development system including energy production and energy
consumption is designed, and the economic development system including factors such as industrial
structure and urbanization level is designed. The energy economy composite system with a total of 20
indicators is constructed, as shown in Table 1 [29-34,
25]. By using the data of specific indicators, this paper analyzes the synergy degree of the system and
evaluates the coordinated development of energy
economy, so as to clearly understand the synergistic
relationship between energy environment and economic development in Anhui under the background
of carbon peak after entering the 21st century, explore the resistance factors affecting the coordinated
development of energy economy, and provide sufficient arguments for the development path of energy
economy in Anhui under the background of carbon
peak in the new stage.
Energy Resources Subsystem. Energy production structure largely affects a country’s energy
consumption structure, carbon emission intensity
and energy intensity [35]. Many studies on the realization path of carbon peak believe that electric energy is an important way to save energy and reduce
emissions at the end. Therefore, this study adds
power-related indicators [36], and selects the proportion of raw coal production, primary power and other
energy production, power production elasticity coefficient and energy production elasticity coefficient to
characterize. Energy consumption structure selects
the proportion of coal consumption, oil consumption,
natural gas consumption, primary power and other
energy consumption, power consumption elasticity
coefficient, energy consumption elasticity coefficient six indicators to characterize ; carbon emission

MATERIALS AND METHODS
Study Area. The study area of Anhui is located
in the Huaihe River Basin, between 114°54 ƍ í
119°37 ƍE and 29°41 ƍí34°38 ƍN, with a total area
of 140,100 square kilometers. The reserves of coal
resources in this area are among the top ten in China
[27]. Anhui is near the sea, with eight hundred miles
of urban agglomerations along the Yangtze River and
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intensity is directly affected by the energy consumption structure, and the development and investment
of new energy technologies should be increased to
promote the green transformation of energy structure
and the development of various types of clean energy
[37]. Energy intensity is characterized by the energy
intensity per unit of GDP, which is calculated at constant prices in 2010 to measure the proportion of energy consumption and economy. Energy intensity is
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a negative indicator. In order to achieve the dual-carbon target, energy intensity should be reduced. Carbon intensity, this paper selects the unit GDP carbon
emission intensity and unit energy consumption carbon emission intensity two indicators, carbon emission intensity depends on technological progress and
economic growth, is an important standard to calculate carbon emission efficiency [38].

TABLE 1
Anhui energy economy evaluation indicator system.
Composite
system

Subsystem

Criterion layer

Energy
Production
Structure

Indicator layer
A1- Proportion of raw
coal production
A2- Proportion of primary
power and other energy
production
A3- Elasticity coefficient
of electric power production
A4- Energy production
elasticity coefficient

Energy
Environment
System

Energy
Consumption
Structure

A5- Proportion of coal
consumption
A6- Oil consumption proportion
A7- Natural gas consumption proportion
A8- Proportion of primary
power and other energy
consumption
A9- Power consumption
flexible coefficient

EnergyEconomy
System

A10- energy consumption
elasticity coefficient
Energy
Strength

A11- Energy intensity per
unit GDP
A12- Carbon emission intensity per unit GDP

carbon intensity

GDP
Growth rate

Economy
Development
System

Industry
Structure

urbanization
level

A13- Carbon emission intensity per unit energy
consumption
B1- GDP growth rate
B2- Contribution of primary industry to GDP
B3- Contribution of Secondary Industry to GDP
B4- Contribution of tertiary industry to GDP
B5- Urbanization rate
B6- Urban per capita disposable income
B7- Rural per capita disposable income

10866

Significance of indicator selection

Indicator
weight

Reflect raw coal production

0.017

Reflecting cleaner energy production

0.040

Reflecting the coordination degree between electricity production growth
and economic development
Reflecting the coordination degree between energy production growth and
economic development
Reflecting economic and social demand for coal
Reflecting economic and social demand for oil products
Reflecting economic and social demand for natural gas
Reflecting economic and social utilization of clean energy
Reflecting the coordination degree between Electricity Consumption growth
and economic development
Reflecting the coordination degree between energy Consumption growth
and economic development
Reflecting the coordination between
energy consumption and economic development
Reflecting coordination between carbon emissions and economic development
Reflecting coordination between carbon emissions and energy consumption
Reflecting regional economic development capacity

0.079

0.132
0.039
0.022
0.017
0.019

0.066

0.106

0.004

0.015

0.028
0.156
0.091

Reflecting the Degree of Regional
Economic Structure Optimization

0.067
0.048

Reflecting urbanization
Reflecting the level of urban economic
development
Reflecting the level of rural economic
development

0.014
0.019
0.021
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FIGURE 2
Study regional location map.
Economic Development Subsystem. GDP
growth rate is an important macro indicator that can
reflect a country’s economic activity. However, we
cannot blindly pursue high economic growth rate.
The economic work center should be economic benefits, and the mode of economic growth should
change from quantity expansion to quality improvement [39-40]. Industrial structure, China’s agriculture is the foundation, high-tech industry is the core,
change the mode of economic growth, the development of the tertiary industry is the main task. The
greatest impact on China’s economic growth is the
development of the secondary industry, followed by
the tertiary industry. The level of urbanization is an
important symbol of regional economic development. The urbanization rate, namely the proportion
of urban population in the total population, is the
most basic condition to measure the progress of urbanization. Per capita disposable income reflects the
residents’consumption ability and living standard.
With the change of industrial structure, the development of science and technology and the improvement of social productivity, the income level of residents’free distribution will change, and then the urbanization level will also change and adjust.

China’s Population and Employment in the corresponding year. Some data are calculated according to
the statistical yearbook. The data type is a time series
covering all indicators for a total of 10 years between
2010 and 2019.

EVALUATION MODEL
Under the background of carbon peak, the energy economy system is improved to calculate the
energy economy synergy degree of Anhui Province
[41-42]. The indicator is weighted according to the
entropy value. Combined with the indicator weight,
the resistance model is introduced to identify the key
resistance factors [43-44]. The GM-BP model is used
to predict the development of synergy degree of Anhui energy economy composite system.
Synergetic Model. In order to eliminate the influence of dimension on the empirical results, all indicators data are standardized (Z-Score), and then
the upper and lower bounds of the order parameters
of each indicator are calculated. In order to eliminate
the interference of zero denominator, it is necessary
to multiply a coefficient as the maximum and minimum on the basis of the upper and lower bounds of
the order parameter, and the coefficient in this paper
is 1.1 or 0.9 [25]. Then judge each indicator is positive or negative indicator, and then respectively into
the formula.

Data Source. This paper selects the relevant
data of Anhui energy environment and economic development to study. The data come from the authoritative reports such as Statistical Yearbook of Anhui
Province of China (2011-2020), Statistical Yearbook
of China’s Energy and Statistical Yearbook of
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Measurement of indicators order. Order degree reflects the order degree of the system. Building
energy economy composite system R, R = (R1, R2),
where R1 is energy development system, R2 is economic development system. The order parameter xi
= (xi1, xi2, xi3,..., xin) of subsystem Ri (i = 1, 2) is defined, n l ; where xij (j = l, 2,3,..., n) is the jth indicator of the order parameter xi Įij xij ȕij, and Įij
and ȕij are the minimum and maximum values of the
order parameter xij that ensures the stable operation
of the system. In order to eliminate the interference
that the denominator is zero and leads to zero order,
a coefficient is usually multiplied on the basis of the
maximum value, and the value of the coefficient is
1+b or 1-b, where the value of b is small, so as to
retain the basic characteristics of the original data to
the maximum extent. When j ę (1, k), xij is a positive order parameter, and its value is positively correlated with the order degree of the system ; when j
ę (k+1, n), xij is a negative order parameter, and the
order degree Mij of order parameter xij can be expressed as :
୶ౠିౠ
, j ( א1ˈk)
ஒౠ ିౠ
(1)
M୧୨ = ൞ ஒౠ ି୶ౠ
ˈ j ( אk + 1ˈn)
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gree is, and vice versa. The coordination level division of the composite system is shown in Table 2
[25].
Entropy Method. (1) Using the standardized
data to calculate the ratio of the j indicator under the
i criterion layer
(5)
ܲ = ܯ / σୀଵ ܯ
(2) Calculate the information entropy of each
evaluation indicator
ଵ
ܧ = െ
 כσୀଵ ܲ ܲ ݈݊ כ
(6)

(3) Calculation of difference coefficient
(7)
ܩ = 1 െ ܧ
(4) Calculation of weights of indicators
(8)
ܹ = ܩ / σୀଵ ܩ
Resistance Model. In order to accelerate the
coordinated development of energy economy in Anhui, it is necessary to identify the main factors affecting the coordinated development. With the help of
the resistance model, the key resistance factors affecting the energy economic cooperation in Anhui
are diagnosed. The formula is as follows.
(1) Indicator deviation
(9)
ܵ = 1 െ ܯ
(2) Resistance value
(10)
ܪ = ܹ ܵ / σୀଵ ܹ ܵ
Where, the resistance value Hij represents the
resistance degree of the indicator; the deviation Sij
represents the deviation degree between the indicator
and the optimal value.

ஒౠ ିౠ

From formula (1), the order degree of each indicator of each subsystem in different time periods
can be obtained. The order degree value Mij ę
[0,1 ], the larger the value, the greater the influence
of the indicator on the order degree of the system.
Measurement of system order. After getting
the order degree value of each indicator in each time
period, the order degree value of all indicators corresponding to the subsystem is integrated, and the order degree measurement indicator of the subsystem
is obtained. The calculation formula of geometric average method integration is defined as follows:
M୧ = ඥς୬୧ୀଵ M୧୨
(2)

GM-BP Model. The grey prediction model
(GM) can predict the irregular time series, which is
in line with the data trend law of carbon emissions,
energy production and energy consumption over the
years. In order to further improve the prediction accuracy, the relationship of deviation is summarized
into the BP neural network model, and the prediction
results are further improved by using the neural network model (BP). The indicator values of Anhui energy environment subsystem and environmental development subsystem from 2010 to 2019 are taken
as the standard values, and the GM-BP prediction of
Anhui energy environment synergy degree from
2020 to 2022 is carried out. In order to eliminate the
dimensional influence and limit the preprocessed
data to a certain range, the sample data collected are
normalized first, and the normalized reference data
are set as x (0) = ( x (0) (1), x ( 0 ) (2),... x (0) (10) ).

System synergy model. The degree of harmony between systems or among the components of
the system in the evolution process is called synergy.
Assuming that the order degree of the system at the
initial time t0 is Mi0, ( i = 1,2,3, k ), the order degree
of the system at the time t1 is Mi1, which means ( i
= 1,2,3, k ). The synergy between the low-carbon development system and the composite system of economic and social development is:

(3)
cor = Ʌ ඥ|ς୬୧ୀଵ[M୧ଵ െM୧ ] ห
Among them, the coefficient șreflects the action direction of subsystems on the synergy degree
of composite systems.
min[M୧ଵ െ M୧ ]
(4)
Ʌ=
൘
หmin[M୧ଵ െ M୧ ]ห
The value range of cor is [-1,1], and the larger
the value is, the higher the system coordination de-

(1) 1 cumulative generation of columns
(11)
( ݔଵ) = ( ݔଵ) (1), ( ݔଵ) (2), … , ( ݔଵ) (݇)
Among them
( ݔଵ) (݇) = σୀଵ ( ݔ) (݅) , ݇ = 1,2, … ,10 (12)
Generating Mean Series for X (1) Series
ܼ (ଵ) = (ܼ (ଵ) (1), ܼ (ଵ) (2), … + ܼ (ଵ) (10)) (13)
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TABLE 2
Table of coordination level division of composite system.
Synergy degree
Synergistic level
cor[א-1,-0.666]
Extreme imbalance
cor[א-0.666,-0.333]
Moderate imbalance
cor[א-0.333,0]
Mild imbalance
cor[א0,0.333]
primary synergy
cor[א0.333,0.666]
good coordination
cor[א0.666,1]
High-quality collaboration
Among them
ଵ
ܼ (ଵ) (݇) = (( ݔଵ) (݇) + ( ݔଵ) (݇ െ 1)
ଶ

layer (n = 1), l is the number of neurons in the hidden
layer.

(14)

(2) Establish differential equations
(15)
( ݔ) + ܼܽ (ଵ) (݇) = ܾ
Where a is the development coefficient and b is
the grey effect.

RESULTS
Time series change of energy-economy of
various resources. According to the above algorithm process, the order degree of energy and environment, the order degree of economic development
and the synergy degree of energy and environment
composite system in Anhui under the background of
carbon peak in 2010-2019 are calculated, and the
specific results are shown in Table 3.
The average coordination degree between the
composite system is 0.217, which can be said that the
development of energy-economic system is basically
coordinated in the whole period. Overall, the coordination level of the energy-economic system has a '
inverted U ' trend of steady increase first and then
decrease. 2017 is the highest year of coordination
level, and the primary coordination reached good coordination in 2017. Since 2010, the overall coordination degree has increased by 2019, reaching 0.256
from 0.135 in 2010, an increase of 89.63%. This reflects that in recent years, with the transformation of
national energy structure and the implementation of
low carbon economy, Anhui has gradually carried
out economic restructuring, transformed the mode of
economic growth, implemented the strategy of sustainable development, and the level of energy and
economic coordination has improved.
The level of orderly economic development in
2011-2015 is significantly better than that of orderly
energy development, and the level of orderly energy
development in 2015-2019 is better than that of orderly economic development. Figure 3 shows that
the degree of economic order and energy order in
2011 is at a similar level. After 2011, the degree of
economic development order has been steadily increasing until the peak in 2015, and in this period,
the degree of energy and environment order has been
in a stable fluctuation state. After 2016, the order degree of energy environment has grown rapidly and
reached its peak in 2018. After 2017, the energy and
economic order showed a good development trend,
and the energy-economic synergy reached its peak in
2017, which was a good synergy level (the average
synergy degree was 0.337). Although there has been
a shortage of energy supply for a long time, it has not

(3) Solving the values of a and b. Ream
࢞() ()
( ۍ)
ې
ܽ
 = ቂ ቃ ܻ = ( ࢞ ێ) ۑ
ܾ
ڭ
ێ
ۑ
(࢞ۏ) ()ے
െܼ (ଵ) (2)1
( ۍଵ)
ې
ێ = ܤെܼ (3)1ۑ
ڭ
ێ
ۑ
ۏെܼ (ଵ) (݊)1ے
Then
ܻ = ܤ
(16)
When B is a full rank matrix, the least square
method is used to calculate the coefficients a and b.
ܽ
(17)
 = ቂ ቃ (ି)ܤ ்ܤଵ ܻ ்ܤ
ܾ
Solving the above differential equation


(18)
( ݔଵ) (݇ + 1) = ቀ( ݔ) (1) െ ቁ ݁ ି +


In the formula, X (1) (k+1) is the model predictive value.
(4) Construction of BP neural network. GM
(1,1 ) method is used to predict the value of each indicator of Anhui energy economy from 2020 to 2022,
and then it is used as a learning sample to predict the
synergy degree of Anhui energy economy by artificial neural network.
First layer (input layer)
()
()
(19)
ࡻ࢛࢚ = ࡵ = ࢞,  = , , … , 
Second layer (hidden layer)
()
()
ࡵ = σୀ ࢝  ࢚࢛ࡻ כ,  = , , … , 
(20)
൝
()
()
ࡻ࢛࢚ = ࢌ(ࡵ )
Where f (x) is the transfer function, here is the
Sgmoid function.
Third layer (output layer)
()
()
()
࢟ = ࡻ࢛࢚ = ࡵ = σୀ ࢝ כ
()

(21)
ࡻ࢛࢚ ,  = , , … , 
Where m is the number of nodes in the input
layer (m = 20), n is the number of nodes in the output
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significantly hindered the coordinated development
of energy and economy at least in this period. In fact,
energy development has always been able to keep up
with the pace of economic development. It can also
be seen from Figure 3 that energy and economic development have a relatively consistent synchronization.
In the process of system development, there are
obvious periodic fluctuations in both single system
and composite system, which are about 3-5 years,
which are corresponding to China's macro political
and economic cycles. In recent years, the cycle and
amplitude of this fluctuation have a decreasing trend,
indicating that the system is in constant adjustment,
and the overall trend of coordinated development between systems tends to be stable and improved.

Fresenius Environmental Bulletin

and Environmental Systems in Anhui. The resistance model is used to diagnose the resistance factors affecting energy economic cooperation, and the
statistics of the main resistance factors of energy
economic cooperation in Anhui Province are obtained, as shown in Figure 4. And its frequency and
proportion statistics, as shown in Table 4.
It can be seen from Figure 4 that the resistance
values of most indicators of the energy environment
system show a downward trend as a whole, and the
resistance value of the proportion of primary power
and other energy production (A2) decreases significantly between 2015 and 2019. The resistance value
of most indicators in the economic development system shows an upward trend, and the growth rate of
GDP (B1) and the contribution rate of primary industry to GDP (B2) increase significantly.

Resistance Diagnosis of Synergy of Energy
TABLE 3
Order degree of Anhui energy environment subsystem and coordination degree of composite system.
Energy environment
Economic development
Energy economic system
Year
system
system
Coordination degree
order degree
Order degree
2010
—
—
—
2011
0.150
0.122
0.135
2012
0.158
0.234
0.192
2013
0.111
0.199
0.149
2014
0.116
0.302
0.187
2015
0.120
0.308
0.192
2016
0.280
0.114
0.179
2017
0.364
0.313
0.337
2018
0.422
0.255
0.328
2019
0.257
0.256
0.256

FIGURE 3
The change of order degree of energy environment subsystem and coordination degree of
composite system in Anhui province.
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FIGURE 4
Major resistance factors affecting energy economic system coordination in Anhui province, 2010-2019.
of energy production belong to the energy environment system. The per capita disposable income and
GDP growth rate in rural areas belong to the economic development system.
In 2010-2019, the resistance value of the energy development system declined and the resistance
value of the economic development system increased. Before 2018, the resistance value of the energy development system was significantly higher
than that of the economic development system. After
2018, the economic development system has become
the main obstacle system to hinder energy economic
coordination, as shown in Figure 5.

TABLE 4
Ranking and proportion analysis of overall resistance value of evaluation indicator.
serial
number

indicator

frequency
of appearance

1
2
3
4
5
6
7
8
9
10
11
12

A2
A8
B7
A4
B1
A10
B2
B3
A9
B6
A7
A3

9
8
7
6
6
5
4
4
3
3
3
2

Proportion
of occurrence frequency /%
75.00
66.67
58.33
50.00
50.00
41.67
33.33
33.33
25.00
25.00
25.00
16.67

Prediction results of energy environment
synergy degree in Anhui province based on GMBP model. For BP training algorithm function, Levenberg-Marquqrdy training method is selected in
this paper. In simulation training, all collected data
are divided into two parts, one part of which is used
for learning training, and the other part is used to test
the effect of neural network model. After repeatedly
modifying the connection weights and thresholds,
the number of neurons is determined, and the optimal grid structure is reasonably determined. The
learning and training effect is good. The training results are shown in Figure 6.
Figure 6 is the learning and training process of
BP network in MALTAB. It can be seen from the figure that the algorithm achieves the predetermined
goal through two trainings. Based on the relevant indicators of energy production, energy consumption,
energy intensity and carbon intensity in Anhui from

The statistical results of Table 4 show that the
top five resistance factors affecting the coordination
of energy and environment in Anhui Province from
2010 to 2019 are: the proportion of primary power
and other energy production, the proportion of primary power and other energy consumption, rural per
capita disposable income, energy production elasticity coefficient and GDP growth rate. The frequency
of resistance values of the first five indicator is
greater than 50%, which is the main resistance factor.
The proportion of primary power and other energy
production, the proportion of primary power and
other energy consumption, and the elastic coefficient
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FIGURE 5
Time series of resistance value of Anhui energy and environment subsystem 2010-2019.
Best Validation Performance is 0.0082829 at epoch 2
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FIGURE 6
Training results.
TABLE 5
Prediction results of energy environment synergy based on GM-BP.
Year
2020
2021
2022
Synergy degree
0.3234
0.3586
0.3625
2010 to 2019, the MALTAB software is used to predict the synergy degree of energy and environment
in Anhui from 2020 to 2022. Table 5 is the data value
of the synergy degree of energy and environment in

Anhui from 2020 to 2022 predicted by GM-BP
model.
Through the BP neural network model, the
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change form of energy and environment synergy degree in Anhui Province from 2020 to 2022 can be
concluded : the energy and environment synergy degree in Anhui Province from 2020 to 2022 shows an
increasing trend, close to good synergy in 2020, and
reached good synergy in 2021-2022, and there is an
upward trend, indicating that the economic structure
of Anhui Province has changed to energy saving and
intensive under the background of carbon peak,
which greatly improves the quality of ecological environment. At present, there is a low level of coordination between Anhui energy environment system
and economic development system, but it is about to
enter and maintain a good level of coordinated development.

Fresenius Environmental Bulletin

ity in the first square in the country, realizes the historical progress of green development and open development, realizes the comprehensive poverty alleviation, the rapid growth of residents ' income, the
improvement of energy and environmental system
coordination, enters a good coordination stage, and
makes Anhui contribution to the realization of the
green development goal of the 14 th Five-Year Plan
(2021-2025).
From 2009 to 2017, the resistance of energy development system to Anhui energy economic synergy has been dominant. However, by 2018, the resistance has changed. The economic development
system is the largest, followed by the energy development system. This shows that the intensity of industrial production increases at the same time, increasing the intensity of ecological environmental
protection, Anhui Province in promoting economic
and social development while improving energy efficiency, and gradually embarked on a sustainable,
low carbon, green development path. The foundation
of economic development is energy. The high-quality development of energy is the inevitable requirement of high-quality development of the country.
Promoting the low-carbon energy structure is conducive to the coordinated development of energy and
economy. Anhui Province actively responds to the
goal of carbon peak and realizes the win-win cooperation between energy and environment.
However, the process of industrialization in
Anhui Province continues to accelerate, industry has
become the leading force to promote rapid economic
development in Anhui Province, sustained economic
growth is bound to further increase the pressure on
the ecological environment. GDP growth rate, the
contribution rate of the primary industry to GDP, the
contribution rate of the secondary industry to GDP
resistance values continue to rise, while the primary
power and other clean energy production and consumption overall resistance value is larger, but the
decline is obvious. It shows that the industrial structure of Anhui Province is unreasonable and the energy structure needs to be further improved. The
government should formulate relevant measures to
accelerate the green transformation of energy structure and explore the appropriate development model
under the background of carbon peak.
Based on the synergy degree model, this paper
measures the synergy degree of energy economy
composite system in Anhui. In addition to the rating
of urban synergy, the resistance factors affecting the
synergy of urban energy economic development are
also discussed. This study not only fills some gaps in
the research field, but also provides theoretical support for urban sustainability and high quality under
the background of carbon peak. However, in future
research, we should also consider how to select more
appropriate evaluation indicators and reference areas.
Based on the above analysis, it can be concluded that the energy economy in Anhui Province is

DISCUSSION
Combined with the development status of Anhui in recent ten years, it can be found that the
growth rate of GDP in Anhui has slowed down, but
the disposable income of residents is increasing and
the quality of life is improving. At the same time,
Anhui energy and environmental order continued to
improve, environmental pressure and climate issues
are improving. Therefore, under the background of
carbon peak, the two systems of energy environment
and economic development in Anhui Province are
transiting smoothly from primary coordination to
good coordination.
Before 2010, the country’s economic growth
was too fast, and people’s living standards were also
improving. However, it also brought some problems,
such as the excessive growth of total energy consumption, the continuous rise of fossil energy consumption, and the resulting emission of a large number of greenhouse gases and pollution gases. Anhui
faces double pressures in terms of energy supply and
ecological environment. With the goal of carbon
peak proposed, energy transformation accelerated,
Anhui Province industrial structure upgrading progress but relatively slow. The industrial expansion of
Anhui Province continued until 2012, and the carbon
emission intensity per unit of GDP in Anhui Province decreased from 0.02 tons / billion in 2010 to
0.014 tons / billion in 2019, a decrease of 30 %. The
disposable income of Anhui residents increased,
while CO2 emissions were also increasing. However,
the energy consumption elasticity decreased from
0.66 to 0.31 during the ' twelfth five-year ' period
(2011-2015), the contradiction between energy supply and demand was alleviated, and the synergy of
the composite system was improved, but it was still
in the low synergy stage. During the ' 13 th Five-Year
Plan ' period (2016-2020), Anhui Province deepens
the structural reform of supply, resolutely wins the
three major battles, implements the new development concept, stabilizes the regional innovation abil-
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still in the period of primary coordination to good
coordination, which is not conducive to their sustainable development. The following recommendations
(1) Optimize the energy structure. Accelerate the
transformation of energy structure, promote the development of green economy, accelerate the construction of clean, low-carbon, safe and efficient energy system and new power system with new energy
as the main body. The growth of coal consumption
was strictly controlled during the 14th Five-Year
Plan period and gradually decreased during the 15th
Five-Year Plan period. (2) Promoting industrial and
industrial optimization and upgrading. The industrialization process has an impact on the natural environment, promotes the optimization and upgrading
of traditional industries such as energy and chemical
industry, and resolutely curbs the blind development
of high emission and high energy consumption industries. The new generation of information technology, new materials, new energy, energy conservation
and environmental protection and other emerging industries should be developed to control the emission
of non-carbon dioxide greenhouse gases such as
HFCs in relevant industrial sectors. (3) Developing
circular economy. The development of circular economy is an economic development model that has
been proved by domestic and foreign experience to
achieve the coordinated development of economy,
resources, environment and society. It is an inevitable choice for China to achieve a prosperous, strong,
democratic, civilized, harmonious and beautiful
modern country. It is a major strategy of the country.
Cadres at all levels should maintain strategic determination and promote the development of circular
economy. (4) Strengthen regional low carbon technology exchange. Technological progress is the main
driving force affecting the decline of carbon intensity.
We should seize the core driving force of low carbon
technology, actively participate in regional exchange
platforms, cooperate with regional low carbon technologies and promote the promotion of low carbon
technologies.
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ANALYSIS OF ENVIRONMENTAL BENEFITS OF GREEN
BUILDINGS BASED ON BIM TECHNOLOGY
Peng Zang*
Department of Architectural Engineering, Wenzhou Polytechnic, Wenzhou Zhejiang 325035, China

must be mentioned. Green building is a good job of
landscaping around the building at a macro level to
reduce the environmental pollution, increase the utilization rate of energy and resources through green
building actions, and realize the sustainable development of the whole society [7-9].
Nowadays, whether at home or abroad, most
researches focus on reducing the energy consumption of buildings on the issue of how to improve the
benefits of green buildings. Drury et al. [10] believe
that with the continuous development and changes
of the times, more and more countries have begun to
work on the benefits of green buildings. Tarantini et
al. [11-12] pointed out that in 1990, the British
Building Energy Conservation Center proposed the
"Building Research Center Environmental Assessment Method", which is the world's first theory applied to actual systems. Olgyay et al. [13] used a neural network to build an energy consumption assessment model and used the model to detect the impact
of building energy consumption data in the tropics.
BIM technology has been widely used in all walks
of life all over the world, including the field of green
building. Thomas et al. [14] studied the overall heat
transfer calculation of building maintenance structures based on BIM technology and the application
of BIM technology in energy analysis. Varnas et al.
[15-16] studied the problem of data interaction between BIM and simulation analysis model. Wang et
al. [17] believes that as more and more countries and
personnel are being studied, and the research is getting deeper and deeper, some countries such as the
United States and China have gradually explored the
rules to establish their own building energy efficiency and environmental evaluation systems.
This article selects the M project apartment
building, as a classic research case, uses Autodesk
Revit software to establish the building information
model, and uses Ecotect Analysis analysis software
to carry out the design and modeling of the energy
consumption simulation model. The benefits are analyzed and incremental benefits are obtained. In this
way, BIM technology is used to analyze the benefits
of green buildings, so that engineers have a more
comprehensive and thorough understanding of green
buildings.

ABSTRACT
With the acceleration of urbanization and the
rapid development of the construction industry, the
rapid consumption of human resources and earth resources and the destruction of the human ecological
environment have become increasingly prominent.
According to the latest statistics, China has nearly 40
billion square meters of completed buildings, of
which the proportion of high-energy-consuming
buildings is as high as 95%, and the number of highenergy-consuming buildings continues to increase
every year. Such a huge building energy consumption is bound to become a major burden for China,
restricting the development of the national economy,
and also affecting people's quality of life. Therefore,
the state should actively and effectively promote the
research and development of energy-saving buildings. In this study, a BIM building information
model that can reflect the environmental benefits of
green buildings is established, and the green building
of a project apartment building is used as an empirical research object to simulate and analyze the environmental benefits of its entire life cycle.

KEYWORDS:
Building information model, green building, full life cycle,
environmental benefits

INTRODUCTION
The construction industry in China has always
plays an important role in the whole society [1-3].
Due to the long construction period, large volume,
large number of project participants, and high labor
intensity, the construction industry has gradually developed into an industry with a high consumption
rate, but a low resource utilization rate and a more
serious impact on the environment [4-6]. It can be
seen that it is necessary to reduce resource consumption in the construction industry, improve energy efficiency, and enhance the awareness of ecological
and environmental protection of personnel in all
links. To solve the aforementioned problems in the
construction industry, the green building movement
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FIGURE 1
Schematic diagram of direct information exchange.

FIGURE 2
Schematic diagram of indirect information exchange.
intermediate format file, and then import it to the
analysis software through this medium. However, it
cannot be re-imported into the BIM model. Therefore, after calculation, if we want to analyze and improve the model, we can only do it manually, as
shown in Figure 2.

MATERIALS AND METHODS
(1) Information interaction theory based on
BIM technology [18-19]. Whether it is BIM modeling software or BIM analysis software, all have a
platform for information exchange, and can read or
input specific format files for a specific software.
Figure 1 is a diagram of BIM modeling software and
analysis software for mutual information. In this
structural model, the geometric information, load information, and physical information of the model
can be established, and related design files can be
saved. Structural analysis software can directly read
all the information stored in the file by analyzing
these design files, and then expand the information
for calculation. At the same time, the calculated results will also be analyzed by the model software,
read, and linked with the calculated results in the
software. This method of information interaction between models greatly solves the two-way nature of
information use, and can provide a certain guarantee
for information interoperability and increase the accuracy. With this guarantee, design efficiency is also
improved.

(3) Environmental benefit analysis of green
building. The concept of green building is to live in
harmony with nature during the construction and use
of the building. Green building can save energy to
the greatest extent during the entire life cycle of a
building, including saving land, saving water, saving
energy, saving materials, reducing pollution and protecting the environment. Therefore, environmental
benefits can be analyzed intuitively from five aspects:
saving land, saving energy, saving water, saving materials, and improving indoor environment.
1) Land saving and outdoor environment.
First, it is very necessary to analyze the climate conditions in the area where the building is located, including solar radiation, relative humidity, etc. Secondly, we need to judge the best architectural orientation of the building in the area based on this. Finally, it is necessary to have a detailed understanding
of surrounding buildings, such as surrounding commercial buildings, residential buildings, etc., and
have a clear judgment on whether the construction
project will affect the sunlight requirements of related buildings.

(2) Indirect information exchange. Intermediate files are the main medium for indirect information exchange. At present, not all analysis software and calculation software can be developed
based on BIM software. In order to complete the information exchange and mutual use between calculation analysis software and BIM software, the output file of the constructed BIM model must be converted into other data format, through the transformation of the data format, so that the data can be imported into the required calculation software, and
then the required calculation and analysis are carried
out. However, this kind of information is basically
one-way in the process of interoperability. We can
only first convert the data in the BIM model into an

2) Energy saving and energy utilization. We
mainly research and analyze the main energy-saving
technology and specific envelope structure of the
building. The envelope structure of the building refers to the main materials needed to divide the structure inside the building structure, including walls,
doors, windows, and floors, etc., or these surface
decoration materials of the structure. Calculation
method: The energy saving ratio and energy
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consumption values of environmentally friendly
buildings are α1, Q1; the energy saving ratio and energy consumption values of ordinary standard buildings are α2, Q2; the energy saving ratio and energy
consumption values of non-green energy-saving
buildings are α3, Q3. On the premise of complying
with the local standard energy-saving ratio of the
building to be built, the benchmark building shall be
calculated with the building of the same scale and
the same type, as Eq. 1ˈEq. 2:
ொ ିொ
ߙଵ ൌ య భ
(1)
ߙଶ ൌ

ொయ
ொయ ିொమ
ொయ
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In the formula: LCC water saving benefit is the
direct water saving benefit of green building (yuan);
ܲ௪௧௧ is the unit price of water in year t.
4) Material saving and material resource utilization. The main research content of this section is
to make statistics on the use of recyclable materials,
and at the same time determine the proportion of recyclable materials in the total amount of construction
materials, and determine whether the proportion index exceeds the specified 10%.

(2)

5) Indoor environmental quality. The content
considered in this section is how to use ventilation to
keep indoor air quality in a good state. In the design
of the indoor environment of green buildings, another important part is to call the ventilation design
as natural ventilation under the condition of rational
use of the environment and system. The quality of
natural ventilation organization design can reduce
indoor pollutants to a certain extent. The rational use
of ventilation not only reduces the main energy consumption of the building, but also improves the indoor air quality. In terms of heating and satisfying
the comfort experience of occupants, natural ventilation also has a positive impact on the comfort of
human living.

The formula for calculating the energy consumption difference between the green building and
the benchmark building as Eq. 3:
οܳ ൌ ܳଶ െ ܳଵ
(3)
The coal savings can be calculated as Eq. 4:
ܵெ ൌ οܳȀܪ
(4)
H=29400kJ/kg, which is the calorific value of
standard coal;
Cost of saving coal, as Eq. 5:
ܵ ൌ ܵெ ൈ ܲ
(5)
P is the price of standard coal.
3) Water saving and water resources utilization. Different from traditional buildings, green
buildings can take a variety of ways to effectively
save building water consumption, while ensuring the
recycling of water resources, such as installing rainwater recycling and secondary utilization devices on
the roof, and installing energy-efficient buildings inside water-function appliances. At the same time,
green buildings can be used for miscellaneous life
after processing after drainage, such as irrigating
green spaces, cleaning roads and replenishing landscapes.
The water balance formula of the water saving
system is as Eq. 6, Eq. 7, Eq. 8:
ܳ௪௧ ൌ ܳோ  ܳ௪௧ ൌ
ܳா௩௧  ܳூ௧௧  ܳ 
(6)
ܳௗ௦  ܳோௗ
(7)
ܳ௪௧ ൌ ܳ௪௧ ൈ ߟ௦
ܳோ ൌ ܳோ௧ ൈ ߟோ௨௦ ൌ ߰ ൈ
ߙ ൈ ߚ ൈ Ȝ ൈ  ܪൈ ߟோ௨௦
(8)

(3) Incremental cost and benefit of green
building [20-22]. 1) Incremental net present value.
The difference between the actual implementation of
the project’s increased cash expenditure and the estimated cash flow’s current value is the incremental
net present value, which is calculated as Eq. 10:
οܸܰܲ ൌ σ௧ୀ ο ܫܥെ σ௧ୀ οܱܥ
(10)
2) Incremental payback period. The increase
in the number of years of incremental investment
will increase the cost. In order to ensure the balance
of investment, it is necessary to save the operating
cost accordingly. Compared with the benchmark
building, the construction of green energy-saving
projects has a longer period of incremental investment but has reduced energy consumption. Therefore, under this balance, the operating costs of the
two types of buildings are basically the same. The
formula as Eq. 11:
ூ ିூ
ܰ௧ሺିሻ ൌ ್ ೌ
(11)

In the formula: ψ represents the runoff coefficient; α represents the seasonal reduction coefficient;
β represents the initial runoff coefficient; Α represents the catchment area; H represents the average
annual precipitation;
Therefore, the direct water-saving benefits of
green buildings can be calculated by Eq. 9:
ܥܥܮௐ௧௦௩௧௦ ൌ σ்ୀଵ ܲ௪௧௧ ൈ
ܳ௪௧௦௨௧ ൌ σ்ୀଵ ܲ௪௧௧ ൈ
ሺܳா௩௧  ܳூ௧௧  ܳ 
(9)
ܳௗ௦  ܳோௗ ሻ

ೌ ି್

When the annual operating cost saved (ܥ െ ܥ )
differs greatly, the calculation formula as Eq. 12:
ேሺିሻ

್ షೌ

ሺܥ െ ܥ ሻೌష್
(12)
ܫ െ ܫ ൌ σୀ
In the formula: ܫ represents the investment
quota of plan A, ܫ represents the investment quota
of plan B, ܥ represents the operating cost of plan A,
and ܥ represents the operating cost of plan B.
3) Incremental internal rate of return
(∆IRR). The internal rate of return is the contribution rate to the social economy. The specific concept
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a building. The total amount of solar radiation received by the building can be simulated and analyzed through the analysis function of Ecotect Analysis software. This project is located in Xiÿan City,
Sichuan Province. According to the "Code for Planning and Design of Urban Residential Areas"
GB50180-93 (2016 Edition), the sunshine duration
of the building should be no less than 3 hours on a
cold day. Since the analysis height of the building is
3.5 meters, according to the sunshine analysis chart,
all units in this project meet the requirement that the
sunshine duration should not be less than 3 hours on
a cold day.

is the discount rate at which the cumulative present
value of the net cash flow of the project is equal to
zero each year. The specific concept of incremental
internal rate of return (∆IRR) is to compare two mutually exclusive investment plans, and the discount
rate when the net present values of the two plans are
equal. For green building projects, the incremental
internal rate of return refers to the discount rate of
the incremental value of the green building project,
and the discount rate when the sum of the present
value of the annual net energy flow is equal to 0. The
mathematical formula is Eq. 13:
οܸܰܲ ൌ σୀଵሺοܥଶ െ οܥଵ ሻሺͳ  οܴܴܫሻି௧ (13)
In the formula: ο ܥrepresents incremental investment; οܥଶ represents the economic benefit of annual energy saving; ݅ represents the benchmark rate
of return of the project, when ∆IRR is greater than
݅ , it indicates that the initial investment in the plan
have certain advantages. In the research process of
this article, only when it is greater than ݅ can the advantages of the green building construction project
scheme be reflected.

2) Indoor environment analysis. According to
typical climate data, the Weather tool integrated climate analysis tool can analyze the wind environment
around the building. The calculation results show
that the wind pressure on the exterior window is between 1.85-9.63 Pa, and the air age is between 5.6348.5 seconds. Combined with the specified requirements, the indoor and outdoor wind pressure difference should be greater than 1 Pa. This project fully
meets the requirements of indoor natural ventilation
and can provide residents with a comfortable living
environment.

4) Benefit cost ratio. The specific concept of
benefit-cost ratio is the ratio of project benefit to cost,
used to express, its mathematical formula as Eq. 14:
 ܴܥܤൌ

ష
σ
సభ భ ሺଵିோሻ
ష
σ
సభ భ ሺଵିோሻ
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(14)

3) Building energy analysis. This paper uses
Ecotect Analysis analysis software to simulate the
energy consumption of the air conditioning system
of the building. As Xiÿan is a hot summer and
warm winter area, the main consideration is to reduce energy consumption in summer. The building
uses a 80% energy saving standard, which is higher
than the mandatory standard of 60% in other parts of
the city. It is understood that the cooling energy consumption of Xi ÿan's commercial and residential
buildings is 81.9 kWr/m2, while under standard conditions, thermal coal power is 6.89 kWr/kg. According to formula (1-5), the amount of coal saved is 527t,
saving 398630 yuan.

In the formula: B is the project benefit; C is the
project cost.
The obtained value is compared with 1. If
BCR>1, it indicates that the benefit of the scheme is
higher than the cost, and the project scheme is feasible. Conversely, if BCR<1, it means that the benefit
of the program is lower than the cost, and the program cannot be profitable, so the program should be
reconsidered or abandoned.

RESULTS
Project M is a comprehensive real estate development project that integrates residences, offices and
commerce. The project is located in Xi’an. The total
land area of this project is 58508 m2, and the total
construction area is about 228963 m2. The project
consists of a street-facing commercial building, two
Grade A office buildings and 8 residential buildings.
This article selects apartment building 7 as a case
study. The apartment building has 24 floors above
ground and 3 floors underground.

4) Analysis of building water resources utilization. The case apartment building has recycled
rainwater for reuse. However, the reuse of rainwater
needs to be carried out according to actual conditions
to maintain water circulation. In addition, the building uses water-saving appliances in the planning and
design, which can effectively reduce water consumption. The water saving rate is expected to reach
33%.

(1) Environmental benefit analysis. 1) Outdoor environment analysis. The door openings,
windows, cavities, exposed exterior walls, and roofs
of buildings are the most important areas affected by
solar radiation, and they are also the key to the
amount of building radiation. The time and total
amount of solar radiation on a cold day are important
reference values for analyzing the solar radiation of

(1) Benefits of using water-saving appliances.
In the past, the per capita water consumption of the
people in the apartment buildings of Project M was
300L/person per day. After a series of measures such
as the 100% promotion of the use of water-saving
appliances, the per capita water consumption
dropped by 120L/person per day to 180L/person per
day, the water saving rate is 33.3%.
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around the square. Using this measure, sewage discharge can be reduced by 41%, saving 88.7L/person
per day.

(2) Benefits of reclaimed water collection,
treatment and reuse. The case apartment building
uses technologies such as drainage reuse and rainwater collection and reuse. After treatment, the discharged water and rainwater can be used for green
irrigation, road cleaning and landscape cleaning

(2) Incremental cost and benefit analysis. 1)
Incremental cost composition. The incremental
cost of each project and the total cost ratio are shown
in Table 1.

TABLE 1
The specific proportion and analysis table of incremental cost
Project

Measures

Incremental cost
(yuan/m2)

/

Analysis of building outdoor
natural environment

2.5

Outdoor noise isolation

10.3

Reduce heat island effect
/

4.56
17.36

Enclosure structure (outer wall)

2.59

Outside window
/
Water reuse

94.5
97.09
43.2

Rainwater utilization

24.5

Water saving appliances
/

4.8
71.2

Recyclable materials

0

Ventilation measures
Indoor sound insulation
measures
/
/

6.5

Land saving and outdoor environment
/
Subtotal
Energy saving and energy utilization
/
Subtotal
/
Water saving and water resources utilization
/
Subtotal
Material saving and material
resource utilization
Indoor environmental quality
Subtotal
total

Land saving and
out door
ebvironment;
7,896735004

Water saving and
water resources
utilization ;
4,859529233

Indoor
environmental
quality;
35,68716781

Energy saving and
energy utilization
; 49,60769425

FIGURE 3
Incremental cost ratio chart.
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TABLE 2
Incremental cost calculation table of apartment building of M project (Land saving and outdoor
environment)
Incremental cost
Area
Incremental cost item
Technology
2
(m )
ͧYuan/m2ͨ
Analysis of building outdoor natu- Use BIM technology to analyze climate condi12589
ral environment
tions
Install sound barriers 4 meters high and 5 meOutdoor noise isolation
12589
ters long along the street

1.5
9.8

Reduce heat island effect

Increase 32 trees and 45 shrubs

12589

4.3

Total

/

/

15.6

TABLE 3
Calculation table of incremental cost of apartment building in Project M
(Energy saving and energy utilization)
Area
Incremental cost
Incremental cost
Technology
item
(Yuan/m2)
˄m2˅
Enclosure structure
Adopt 40mm thick rubber powder polystyrene par12589
3.1
(outer wall)
ticles for heat preservation
Adopt transparent insulating glass heat-insulating
Outside window
12589
94.9
aluminum alloy outer window
Total
98.0
TABLE 4
Calculation Table of Incremental Cost of Apartment Buildings of Project M
(Water saving and water resources utilization)
Incremental cost item

Technology

Area˄m2˅

Incremental cost (Yuan/m2)

Water reuse
Rainwater utilization
Water saving appliances

Contact oxidation pretreatment
Roof rainwater collection
Water-saving faucet

12589
12589
12589

42
25
3.5

Total

70.5

TABLE 5
Incremental cost calculation table of apartment building of M project (Indoor environmental quality)
Incremental cost
Area
Incremental cost item
Technology
2
(m )
ͧYuan/m2ͨ
Ventilation measures
Indoor sound insulation measures
Total

BIM indoor ventilation analysis and reasonable selection of window positions
Sound insulation rubber strip and bituminous hemp
wire filling

12589

5.2

12589

4.4
9.6

According to Table 1, the specific values of the
proportion of each incremental cost can be seen in
Figure 3.

Therefore, the incremental cost of the apartment
building of Project M is mainly analyzed from these
four aspects (Table 2-Table 5).

2) Incremental cost calculation. According to
the analysis of the incremental cost of the apartment
building in this case, it is not difficult to see that the
main components of the incremental cost have the
following four aspects, specifically, including land
saving and outdoor environmental, energy saving
and energy utilization, water saving and water resources utilization, and indoor environmental quality.

3) Incremental cost and benefit analysis. The
total construction area of the apartment building of
Project M is 12589 m2. The total cost of the incremental cost is determined to be 3.896 million yuan.
When calculated per square meter, the incremental
cost is 197.55 yuan/m2. The specific benefit of energy saving and environmental protection is 398630
yuan/year, and the specific benefit of water saving
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of the building, etc. In this study, only the main factors such as the building orientation, the heat transfer
coefficient of the envelope structure, the density of
people, the power of the air conditioning system, the
ventilation around the building, and sunshine are selected, and more environmental impact factors can
be considered in the subsequent research. Further research can obtain more comprehensive and accurate
analysis results.

and environmental protection is 342,000 yuan/year.
In the case of the case apartment building, indicators
such as incremental net present value, static incremental investment payback period, internal rate of
return, and benefit loss ratio are used as specific
evaluation indicators. Among them, the cash outflow
only considers the incremental cost investment, and
the net cash inflow value is calculated based on the
sum of the environmental benefits generated by the
annual energy saving increment and the annual water
saving increment.
(1) Incremental net present value. Taking into
account the maintenance time of the new green
building materials and the equipment update cycle,
assuming 10 years as the project calculation cycle,
the net present value of this project is obtained at
719300 yuan.
(2) The formula for calculating the static incremental investment payback period is as Eq. 15:
(15)
ܰ ൌ ܫൗܣ
Among them: the static incremental investment
payback period (year) is represented by N; the energy saving investment (ten thousand yuan/year) is
represented by I, calculated according to the incremental cost of energy-saving renovation; the energysaving incremental environmental benefit (ten thousand yuan/year) is represented by A. Using the Eq.
15, the static investment payback period of the apartment building project is 6.32 years.
(3) Similarly, assuming 10 years as the calculation period of the project, according to the calculation formula of the internal rate of return,
∆IRR=11.66% can be obtained.
(4). The incremental benefit cost ratio
BCR=1.79>l, which can verify that the project has
good environmental benefits while also ensuring
good economic benefits.
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Wuerhe formation is the main oil layer in this area.
The conventional well development single well has
low productivity, rapid decline and stable production
period. The development of horizontal wells can
greatly increase production, but wellbore instability
accidents are high.
The borehole wall instability in this area is
mainly manifested by the collapse of the sandy conglomerate formation. During the drilling process, it
is necessary to regularly clean up the downhole falling blocks, which seriously affects the ROP and even
the normal drilling [4, 5]. At the same time, a large
number of rock cuttings gather in the wellbore, resulting in the rise of drilling circulating pressure,
which may leak the formation at any time, and also
increase the difficulty of downhole complex treatment. Predecessors have done some research on the
wellbore stability of glutenite horizontal wells. Some
scholars have analyzed the interference of drilling
conditions and drilling tool factors on the wellbore
[6-8]. Some scholars have used oil-based drilling
fluid to solve the problem of wellbore instability, but
the cost is high. Based on the analysis of the characteristics of the glutenite formation and the accidents
occurred in the actual operation [9-11]. Some scholars found that the main problems in the drilling of
the glutenite formation are the sticking of the borehole wall due to collapse, the pump holding or the
formation leakage caused by large displacement circulation [12-14]. It is necessary to simplify the BHA,
optimize the performance of the drilling fluid, reasonably select the drilling parameters and optimize
the operation procedures. Some other scholars have
put forward measures to prevent wellbore instability
from the aspects of well completion methods and
wellbore optimization [15-17]. In general, there are
relatively few reports on the research of water-based
drilling fluid, and there are no achievements that can
be copied and used for reference [18, 19].
Therefore, according to the wellbore instability
characteristics of sandy conglomerate formation in
the study area, the instability mechanism and drilling
fluid technology are studied in this paper. Through
the study on the mechanism of wellbore instability,
it is recognized that the main factors affecting normal drilling are the expansion and dispersion of the
intergranular loose matrix in the presence of water,
the rapid infiltration and opening of intergranular

ABSTRACT
In order to solve the serious problem of wellbore instability of horizontal wells in the glutenite
reservoir of Mahu Depression, the mechanism of
wellbore instability and drilling fluid technology
were studied. From the aspects of clay mineral composition, SEM analysis and core immersion test, the
mechanism of wellbore instability is clarified, and it
is proposed that improving the inhibition and plugging of drilling fluid is the core to maintain wellbore
stability. JTx-2, FA367 and KCOOH treatment
agents are optimized to inhibit the hydration and expansion of inter pore argillaceous material, and it is
clear that the double compound plugging agent has
good compatibility. On this basis, a polymer waterbased drilling fluid system has been developed, with
API filtration less than 5ml, apparent viscosity controlled at 60 ~ 70MPa • s, and sufficient viscosity and
shear force. Two wells were used in the field, and no
complex downhole accidents occurred during the
construction process, which can solve the problem of
borehole instability in long horizontal section.
Through the research of this paper, a set of drilling
fluid system suitable for the horizontal well of glutenite in Mahu Depression is formed, which meets
the needs of safe and fast drilling, and has a good
reference for the safe and efficient drilling of similar
reservoirs.

KEYWORDS:
Mahu Depression, glutenite reservoir, borehole stability,
horizontal well, drilling fluid

INTRODUCTION
Mahu Depression in Xinjiang is located in the
northwest margin of Junggar basin. The main reservoir is the sandy conglomerate of Baikouquan formation of Triassic system and upper and lower
Wuerhe formation of Permian system. The buried
depth of the reservoir is 1500 ~ 4500m (3600m on
average). The lithology is mainly sandy conglomerate with poor physical properties, strong heterogeneity and tight reservoir. It is the largest conglomerate
reservoir in the world at present [1-3]. The upper
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joints, and the massive falling of rocks around the
well [20-22]. Improving the inhibition and plugging
of drilling fluid, inhibiting the hydration of glutenite
and the damage of filtrate hydraulic wedging to intergranular fractures are the core to ensure the stability of wellbore. On this basis, the adaptability evaluation and screening of inhibitors and plugging agents
were carried out, and a targeted water-based drilling
fluid system was developed. After field application,
no wellbore instability accident occurred, providing
a guarantee for safe and efficient drilling of horizontal wells.
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mation; on the other hand, it also improves the probability and degree of interaction between drilling
fluid and clay minerals and organic matter in the formation. In addition, with the release of cations, it intensifies the reduction of formation strength and the
instability of borehole wall.

MATERIALS AND METHODS
Aiming at the problem of wellbore instability,
firstly, the mechanism of wellbore instability is studied. The mechanism of wellbore instability in the
study area is analyzed from the aspects of formation
rock physical properties and the interaction mechanism between drilling fluid and rock [23].
Study on mechanism of wellbore instability.
Analysis of physical properties of glutenite reservoir. The XRD whole rock analysis of 15 groups of
rock samples was analyzed by X-ray diffraction. The
results show that the total clay minerals of mudstone
samples in this area are distributed between 12.52%
and 45.4%. The proportion of clay minerals in the
total clay mineral content is 45.4% (kaolinite), 12.52%
(montmorillonite), 21.8% (chlorite) and 20.3% (illite). The relative content of clay minerals in the rock
sample was analyzed by XRD. The results show that:
(1) Clay minerals are mainly kaolinite, chlorite
and illite, and the content of montmorillonite is small.
The clay minerals in this area are water swelling
strata with medium strong-strong water sensitivity.
(2) The particle size of reservoir rocks varies
greatly, the roundness of gravel is good, and most of
them are sub rounded. The cementation mode is
basement type and pore type.
Through scanning electron microscope analysis,
the development characteristics of micro cracks and
holes in the rock are observed, as shown in Figure 1
and Figure 2. The overall compaction degree of this
area is high and the structure is compact. Microcracks are developed, and the opening of microcracks can reach ȝm in natural state. From the
perspective of rock mechanics, the development of
microcracks will destroy the integrity of the rock,
weaken the mechanical properties of the original
rock, and provide a channel for drilling fluid to enter
the formation during the drilling process. Under the
action of drilling positive pressure difference and capillary force, working fluid filtrate intrudes into the
formation along the fracture or micro fracture, which
may induce hydraulic fracturing on the one hand and
aggravate the rock crushing of borehole wall for-
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Influence of chemical factors on wellbore instability. The interaction between drilling fluid and
the rock around the well, which makes the rock
around the well hydrated, further produces micro
cracks and reduces the rock strength, is another important factor affecting the stability of the well wall.
The downhole coring was soaked in clean water and
different alkaline pH values to qualitatively analyze
the impact of drilling fluid on rock strength. The following conclusions are drawn from the results of
core immersion test and cation release test:
(1) Matrix joints, microcracks and microcracks
are particularly developed, and capillary effect is
prominent. Larger than the surface, the surface adsorbs water; Hydration with hydratable cations (such
as Na+) weakens the connection between shales. Under the action of external force, it is easy to crack and
collapse.

FIGURE 1
Hole development

FIGURE 2
Microcrack development
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(2) The matrix clay minerals have strong water
absorption capacity, which promotes the release of
Na+, Ca2ˇ, Mg2+ and other cations in shale. Hydration is very easy to proceed along the expansion
interlayer and micro cracks (cracks and fissures) of
clay minerals in mixed layer. Due to uneven hydration, the well wall peels off.
(3) OHˉcan form strong hydrogen bond with
oxygen atom with high layer negative charge to promote interlayer hydration. In addition, OHˉinteracts with unsaturated Al3ˇ at the crystal section of
clay minerals, resulting in the increase of negative
charge in the edge zone, which is conducive to the
further expansion of hydration.
Therefore, the key to maintain the stability of
the wellbore is to improve the inhibition of drilling
fluid, inhibit the surface hydration and seepage hydration, prevent the expansion and dispersion of clay
minerals, improve the plugging property of drilling
fluid, prevent the spiking effect of filtrate and assist
in inhibiting the hydration of clay minerals.
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the treatment agent was comprehensively evaluated
by rolling recovery, linear expansion and particle
size analysis.
Rolling recovery test. Fix the proportion of 4
kinds of clay minerals in the total clay minerals,
make a glutenite core with a total clay mineral content of 10% as an evaluation core, dry it at 105 ႏto
constant weight, and naturally cool it to room temperature. Weigh 50g and put it into the aging tank
containing 350ml sample, roll it at 105 ႏfor 16h,
and take it out after natural cooling. The recovered
rock sample shall be sieved and washed in water, the
rock sample in the sieve shall be transferred to the
surface dish, dried at 105 ႏfor 4h, the mass of the
remaining rock sample shall be weighed, and the
rolling recovery rate shall be calculated. The evaluation results of rolling recovery of 9 inhibitors are
shown in Figure 3:
It can be seen from Figure 3 that the treatment
agents FA367, JTx-2, XY27, SI-150, JX-QY, LYG2, HPAN-NH4, KPAM and KCOOH have improved
the rolling recovery rate of the evaluated core to varying degrees. FA367, JTx-2, SI-150, JX-QY, LYG-2
and KPAM have the most obvious increase, and the
recovery rates are all above 90%, of which the recovery rates of 0.5%FA367, 0.3%KPAM and 0.4% JXQY are above 98% and the recovery rate of 1.4%SI150 is above 96%, It can be seen that they all have a
good ability to inhibit the dispersion of clay minerals.

Evaluation and screening of inhibitors. The
experiment mainly makes a comprehensive evaluation on the inhibitory treatment agents, including
zwitterionic ion treatment agents (JTx-2, XY27,
FA367), organic amine treatment agents SI-150, cationic treatment agents JX-QY, LGY-2, large potassium KPAM, small amine salt HPAN-NH4, potassium formate KCOOH, etc. The inhibition effect of

3-a:JTx-2Rolling recovery rate

3-b:XY27Rolling recovery rate

3-c:FA367Rolling recovery rate

3-d:SI-150Rolling recovery rate

3-e:JX-QYRolling recovery rate

3-f:LYG-2Rolling recovery rate

3-g:HPAN-NH4Rolling recovery rate

3-h:KPAMRolling recovery rate

3-i:KCOOHRolling recovery
rate

FIGURE 3
Change of rolling recovery rate of inhibitors with different dosage
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4-a:JTx-2 linear expansion rate
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4-b:XY27linear expansion rate

4-c:FA367 linear expansion rate

4-d:SI-150 linear expansion rate 4-e:JX-QY linear expansion rate 4-f:LYG-2 linear expansion rate

4-g:HPAN-NH4 linear expansion rate 4-h:KPAM linear expansion rate 4-i:KCOOH linear expansion rate
FIGURE 4
Change of linear expansion rate of inhibitor with different dosage
Linear expansion rate test. The linear expansion rate of the inhibitor is measured by CPZ-2 double normal temperature and normal pressure dilatometer, and the results are shown in Figure 4:
It can be seen from Figure 4 that KPAM, JTx2, XY27 and HPAN-NH4 can effectively inhibit the
hydration expansion of the evaluation core, LYG-2
and JX-QY take the second place, FA367 has weak
inhibition of hydration expansion, and KCOOH requires a higher concentration.

instability, the core of effective plugging is to establish high-quality water loss and wall building property, form internal mud cake with extremely low permeability in the formation near the wellbore, prevent
the continuous infiltration of filtrate, and eliminate
hydraulic wedge and capillary effect.
Simulation core is used for plugging evaluation,
with core thickness of 3.2mm-3.4mm, surface area
of 23.75mm2 and permeability of 4.74—4.82×104mD. By measuring the permeability changes before
and after the plugging agent acts on the simulated
core, the plugging effect can be reflected.
The flexible plugging agents (EP-2, YTSL-1,
SFT, nano lotion, polyol, MN-1, PA-2) and rigid
plugging agents (micro nano materials JB53, ND-1)
were evaluated through experiments, and the effects
of different amounts of plugging agents on the fluidity, water loss and wall building and plugging properties of the base slurry were tested. The plugging
agent with better effect was selected and its dosage
was: 3.0%MN-1, 1.0%ND-1, 1.0% nano lotion, 5.0%
polyol PA-2 (cloud point 80-90 ႏ Since the plugging effect of plugging agent is limited when used
alone, the action forms of different types of plugging
agents are also different. Therefore, the single agent
with the best dosage is compounded and combined
in the experiment to investigate their plugging effect,
including double compounding, three compounding
and four compounding plugging agents. It is planned
to give full play to their micro nano level combination to form a reasonable particle size grading and
highlight the best plugging effect. See Table 1 for the
compound combination and experimental test results:

Particle size analysis. LA-950A2 laser particle
sizer was used to test the particle size distribution results after adding different concentrations of inhibitors to 400ml of prepared 3% stock slurry and stirring on a high-speed mixer at a speed of 4500r/min
for 20min. The experimental results show that after
adding the treatment agent, the rock debris particles
gather to a certain extent, and the particles become
coarser, which is more obvious after high temperature, indicating that they have the ability to inhibit
the hydration and dispersion of clay, among which
JTx-2, FA367, KPAM and KCOOH are the most obvious.
According to the comprehensive recovery rate,
expansion rate and particle size analysis, JTx-2,
FA367 and 33%KCOOH have relatively high advantages in restraining the hydration damage of glutenite.
Evaluation and screening of plugging agent.
When drilling into high-risk formation of wellbore
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TABLE 1
Compound formula of plugging agent
Name of composite plugging agent

Double compound plugging agent

Three compound plugging agent
Four compound plugging
agent

No.

Compound combination plugging agent formula

ᬅ
ᬆ
ᬇ
ᬈ
ᬉ
ᬊ
ᬋ
ᬌ
ᬍ
ᬎ

3.0%MN-1+1.0% nano lotion
3.0%MN-1+1.0%ND-1
3.0%MN-1+5.0% polyol PA-2
5.0% polyol PA-2+1.0% nano lotion
5.0% polyol PA-2+1.0%ND-1
1.0% nano lotion +1.0%ND-1
3.0%MN-1+1.0% nano lotion +5.0% polyol PA-2
3.0%MN-1+1.0% nano lotion +1.0% ND-1
3.0%MN-1+5.0% polyol PA-2+1.0%ND-1
1.0% nano lotion +5.0% polyol PA-2+1.0%ND-1

ż11

3.0%MN-1+1.0% nano lotion +1.0%ND-1+5.0% polyol PA-2

TABLE 2
Rheology and wall building property of water-based drilling fluid system after plugging

U
g/cm3
1.65

AV
mPa.s
48

PV
mPa.s
34

YP
Pa
14

YP/PV
0.412

G10``/G10`
Pa
4.0/8.5

APIFL/APIK
ml/mm
4.8/0.5

HTHPFL/HTHPK
ml/mm
8.4/1.5

pH
8.5

TABLE 3
Basic performance of water-based drilling fluid before and after circulation
bathymetry
˄m˅
3900
4156

well deviation˄°˅
821.56
90.44

Temperature /ႏ
53
65

ȡcm3
1.56
1.62

AV/
mPa·s
63.5
67.5

PV/
mPa·s
30
30

YP/
Pa
33.5
7.5

G10``/G10`

FV/s

2.5/6
1/2.5

195
63

FLAPI/
mL
2
4.5

TABLE 4
Field testing performance parameters of water-based drilling fluid for well 024_ H
bathymetry
˄m˅
3440
3698
4470

well deviation
˄°˅
81.53
90.44
91.28

ȡ g/cm3)

Fv
(s)

API
(ml)

ĳ

ĳ

ĳ

PV/YP

Gel.

pH

1.57
1.69
1.71

60
69
68

4.2
4.1
4.3

69/43
73/48
72/49

33/21
37/25
38/24

4/3
9/8
8/7

26/8.5
25/11.5
27/9

2/5
3.5/10.5
3.5/9

9
9
9

To sum up, the results show that: (1) although
the plugging agent with the best dosage is well compatible, the plugging effect of some composite combinations is even better than that of a single agent,
but the permeability reduction rate is less than
55.00%, and some are even less than 50.00%, which
is not desirable; (2) The plugging effect of the three
compounded plugging agent with the best dosage is
much better than that of the two compounded plugging agents. Among them, the permeability reduction rate of 3.0%MN-1+1.0% nano lotion +5.0%PA2 is 62.75%, and the compatibility is the best, which
can effectively play the plugging effect of nano micron level.

2+33%KCOOH+2.0%JTx-2,
1%FA367+0.05%XY27+0.5%BaSO4+3.05.0%CaCO3+plugging agent YFD-1+2.0%RH-220.
After the plugging agent is added, the viscosity effect
increases slightly, and the apparent viscosity is 4560mPa s. The dynamic plastic ratio is 0.4~0.5, which
can effectively carry rock cuttings and prevent them
from settling. Finally, the drilling fluid performance
with coordinated rheology and water loss and wall
building property after adding plugging agent is
shown in Table 2.
(1) Field application in well 11003. In the
southwest of the area around Mahu Lake, the design
well depth of well 11003 is 5064m, and the design
length of horizontal section is 1130m. When the sand
gravel water-based drilling fluid is used at the well
depth of 3900m, the mud in the wellbore is displaced.
See table 3-3 for performance parameters of newly
configured water-based drilling fluid:
During the drilling process of the second spud
and the third spud, the water-based drilling fluid can

RESULTS
Based on the optimized inhibitor and plugging
agent dosage, some drilling fluid system formulations are developed as follows: 4% soil
slurry+1.5%SM-1+0.1%FV-
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well maintain the stability of the well wall and downhole safety, without block falling, collapse, sticking
and other accidents, and can maintain safe drilling.
There are no complex accidents when drilling 1164m
in the horizontal section.
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increase of natural density. If necessary, the density
can be quickly reduced by supplementing glue liquid
to prevent well leakage accidents.

CONCLUSIONS
(2) Field application of well 024_H. The well
has a design depth of 4576m, a horizontal displacement of 1684m and a vertical depth of 3153m. The
water-based drilling fluid system was tested from the
well deviation of 81°, and the drilling, logging, casing running and other operations were successfully
completed. In the whole process, the technical problems of well wall stability, rock carrying and lubrication were effectively solved. See Table 4 for performance parameters of drilling fluid in inclined section and horizontal section of large well:
From the field measured data, it can be seen
that during the specific construction process, the
density, viscosity, water loss and other indicators of
water-based drilling fluid are kept within the design
range, and the system performance is always stable,
no matter in the highly inclined section or horizontal
section. There were no complex situations such as
falling blocks and encountering obstacles, and the
construction of 1180m horizontal section was only
8.5 days.
Based on the analysis of the field test results of
the two wells, in order to solve the problem of the
stability of the well wall, it is necessary to plug the
formation with density support and in combination
with the characteristics of the formation micro fractures. The API water loss is kept below 5ml. For the
two wells tested on site, the density of drilling fluid
in the third spud is more than 1.55g/cm3. After entering the horizontal section, the density gradually increases to more than 1.60g/cm3. The water loss and
plugging of drilling fluid must be strictly controlled.
Adding 3% ultra-fine calcium carbonate and nano
plugging materials can improve the plugging ability
of drilling fluid, effectively plug micro fractures, reduce the probability of borehole wall collapse caused
by hydraulic wedge of filtrate, prevent borehole wall
instability, and prevent cm level block falling during
the whole drilling process. The apparent viscosity
shall be controlled at about 60̚70 mPa·s, and sufficient viscosity and shear force shall be maintained
to ensure the rock carrying and suspension capacity
of the drilling fluid. At the same time, the drilling
displacement is maintained at more than 35l/s and
the number of revolutions is more than 80r/min,
which can effectively improve the borehole purification efficiency and avoid the occurrence of downhole
complex accidents. A short trip trip shall be made
every 100m. During drilling and circulation, the utilization rate of shale shaker and desander shall be
100%. The mesh of shale shaker and desander shall
be 220 and 230 respectively. The centrifuge shall be
opened for at least 1-2 cycles every day to remove
harmful solid phase, which can basically inhibit the

(1) Clay minerals of mudstone samples in this
area are mainly kaolinite, chlorite and illite. Shale
has high compaction, compact structure but developed micro fractures, which is the channel for drilling fluid filtrate to enter the formation. Hydration is
easily carried out along the interlayer and intergranular microcracks of matrix clay minerals, and then
the well wall peels off. The main direction to achieve
wellbore stability is to improve the inhibition and
plugging of drilling fluid, and to inhibit shale surface
hydration and permeability hydration.
(2) Based on the comprehensive analysis of
drilling fluid recovery rate, expansion rate and particle size, JTx-2, FA367 and 33%KCOOH have relatively high advantages in inhibiting the hydration
and expansion of shale, and can inhibit the surface
hydration and seepage hydration of glutenite. The
double compound plugging agent has good compatibility, can prevent the filtrate from continuing to
penetrate, and eliminate the hydraulic wedge and capillary effect.
(3) Water based drilling fluid system with JTx-2,
FA367 and 33%KCOOH and double compound
plugging agent as main additives. It has good rock
carrying, lubricating and plugging capacity. Good
rheology, stable performance, smooth drilling, tripping and casing running, which can meet the drilling
requirements of horizontal wells in this area.
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land area is characterized as desert (only around 13%
of Africa is defined as humid) [9]. This unfavorable
scenario could be worsened, particularly in semiarid
ecosystems, by current trends of climate change
[10]. Naturally, soils in dry regions are poor in organic carbon due to the low productivity of the agroecosystems that they support. The organic carbon
stock of arid and semi-arid regions represents a large
part of the global terrestrial carbon stock given the
importance of the areas concerned [11].
However, it is very clear that studies on SOC
stocks are still insufficient, particularly in North Africa and even more in Algeria especially in the semiarid region where these types of soils have been
threatened by severe degradation (300 000 ha/Year
of useful agricultural area) [12].
The factors that lead to soil degradation in this
region are the unsustainable use and management of
land. Notable issues are a loss of nutrients and soil
organic matter, contamination, erosion, desertification, landslides, salinisation, biodiversity decline,
compaction and sealing through urbanisation and infrastructure development. The degradation of land
resources has a negative impact on rural and urban
livelihoods. For instance, over production and an absence of nutrient management has led to exhausted
or infertile soils leading to the increase in the poverty
rate [9].
This is why we are contributing through this
study to better understand the behavior of agricultural soils in semi-arid climates in the face of organic
amendment such as animal manure given the importance of livestock in these regions, around 2 million cows, 240 million chickens and 168,000 horses
[9].
As animal manure contains organic matter, an
increase in SOC content is generally expected following its land application, as reported in many individual studies [13-15]. For example, in Pakistan,
[16] observed an increase of soil surface (0 -15 cm)
SOC of about 33.7 g/kg after 2 years of farm yard
manure application. In Turkish, after 15 annual cattle
manure applications, surface (0–30 cm) SOC were
recorded an increase of 3 g/kg per year [17]. In same

ABSTRACT
Soil organic carbon (SOC) sequestration contributes in a promising way to the mitigation of climate change by improved land management. This
experimental work aims to assess the impacts of organic amendments such as manure on SOC stocks on
bare and cultivated soil. A four periods field experiment was conducted using three manures including
poultry, horse, and cattle. All manures were applied
at 2 kg/m2 and 4 kg/m2. Average data in the topsoil
(0-20 cm) indicated that all treatments increased
SOC stock in comparison to control soil (18.7 Mg
C/ha), the highly significant effect (P <0.01) was observed with poultry manure at 4 kg/m2 with the maximum value (32.8 Mg C/ha), while the lowest (24.8
Mg C/ha) was recorded with horse manure at 4
kg/m2. Moreover, SOC stocks showed a sustainable
improvement on the cultivated soil especially in the
upstream stage with horse manure at 4 kg/m2 (48.6
Mg C/ha), on bare soils, the CO rate returns to the
initial value. Finally, SOC stock can be influenced
by soil properties, agricultural practices, soil climatic
conditions, and also by land use.

KEYWORDS:
Manure amendments, Vegetative stage, Soil organic carbon stocks, Semi-arid areas, Algeria

INTRODUCTION
Soils are crucial for climate regulation, they
contain three times more C than the atmosphere
(2400 GtC vs 800 GtC) [1- 3]. Soils can behave like
a sink or a source of C, depending on their properties,
climate, land use, etc [4-6]. In recent centuries, soils
have released large amounts of CO2 as a consequence of land use changes, soil degradation, and
desertification [7,8]. Various estimates show that
desertification is affecting about 40% of Africa, a remarkable statistic given that a further 47% of the

10892

© by PSP

Volume 31– No. 11/2022 pages 10892-10902

Fresenius Environmental Bulletin

durum wheat (Triticum turgidum subsp. Durum),
soft wheat (Triticum aestivum), oats (Avena sativa),
and barley (Hordeum vulgare).

region, after fresh horse manure applications, surface
(0–20 cm) SOC contents were recorded a significantly increase with values 11.8 g/kg and 48.16 g/kg
for horse manure at 2 kg/m2 and 4 kg/m2, respectively than control 9.24 g/kg (unfertilized) plots [18].
In addition, poultry manure is recognized as the best
natural fertilizers, due to its high nitrogen content
and low ratio C: N [19].
In this study, we compared the soil carbon
stocks to individual experimental plots established 4
periods over a year in semi-arid conditions on the
same top soil (0 – 20 cm). The aims of this study
were twofold: (a) Assess the soil carbon stocks as a
function of organic amendment input compared to
control soil and (b) Estimate the contribution of the
seasonal variations for bare soil and the different
vegetative stages of wheat growth for cultivated soil
on the soil organic carbon dynamics and transformation.

Organic amendments. All manures were applied at 2 kg/m2 (20 t/ha) and 4 kg/m2 (40 t/ha) according to a survey that was done in the study area
for conventional farming. Cattle (CM) and poultry
(PM) manure well-rotted (12 months for decomposition) were collected from local farmers. Horse manure (HM) was collected from Horse Breeding Center, Tiaret (Algeria), it is fresh manure made up of a
mixture of straw and excrement. After air drying, a
representative sample of each manure was analyzed
to determine the total C by calcination [21], N [22],
k and P [23]. The results showed that the OC contents were 235.3 g/kg, 281.7 g/kg, and 272.6 g/kg for
PM, HM, and CM respectively (Table 1). The highest N (21 g/kg) and K (22 g/kg) contents were recorded in poultry manure and the highest P contents
(23 g/kg) in horse manure. The manure C: N ratio
ranged from a minimum of 11.20 for PM to a maximum of 31.3 for HM. 26 was recorded for the CM
and only 10.71 for the CS. The content of coarse particles is higher for horse manure and the pH manure
is alkaline in reaction.

MATERIALS AND METHODS
Study area. The soils were collected on an experimental site (Technical Institute of Field Crops)
located in Sebaine, 25 km north of Tiaret in the
north-west of Algeria, it is part of the high cereal
plains, its coordinates are x = 1 ° 36 "27 ', y = 35 °
27" 32.4' and z = 960 m (Figure 1). The climate is
semi-arid Mediterranean with an average temperature of 15.4 ° C and an average annual rainfall of
402.6 mm [20]. Vertisols (isohumic, calcimagnesian) dominate the soil cover with more than 32% of
the total area. The soil's texture is mostly loamy
clayey: silt (35%), clay (47%), and sand (18%). Cereal farming is dominant there, it is represented by

Experimental site. An initial composite of soil
samples were taken from the experimental site (0-20
cm), they were air dried, crushed and sieved at 2 mm
then analyzed, characterized and taken as a baseline
for this study (Table 1).
The soil at the experimental site was moderately neutral, poor in nutrients. Its organic matter
content is relatively low and its nitrogen content is
rather appreciable.

FIGURE 1
Geographical location of the study area (TIFC Sebain, Tiaret).
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TABLE 1
Physicochemical characteristic for soil control and different manure used in the study.
pH(water)
OC (g/kg)
N (g/kg)
C :N
P (g/kg)
K (g/kg)
CP (g/g)
7.25
7.5
0.8
10.71
0.12
0.9
0.95
CS
7.8
235.3
21
11.20
15
22
8
PM
8.15
281.7
9
31.3
23
7
42
HM
7.92
272.6
10.5
25.96
10.3
9.3
16
CM
CS: Control soil; PM: poultry manure; HM: horse manure; CM: cattle manure ; OC: Organic Carbon; N: Nitrogen;
P: Phosphorus; K: Potassium; CP: Coarse Particles.
TABLE 2
Organic carbon content for soil/ manure mixtures at initial time
Soil/manure mixtures
CS
PM20
PM40
HM20
HM40
7.5
9.66
12.67
10.55
12.66
OC (g/kg)
Each manure was well mixed with the soil and
incorporated into the surface (a cover of 5 cm) according to the percentage quoted below for each type
of treatment. These treatments were applied separately in a plot without culture traced in the form of
a block with three replications compares six treatments (PM20, HM20, CM20: 2 kg of manure + 8 kg
of soil were mixed per 1 m2 of soil and (PM40,
HM40, CM40: 4 Kg of manure + 6 kg of soil were
mixed per 1m2 of soil) to a control soil (CS) (table
2). Horse manure was also amended on cultivated
soil and on a plot adjoining that of the experiment
with bare soil. The cultivated ground was occupied
by cereals, knowing that it was the dominant crop in
the region.

CM20
10.99

CM40
12.45

Bulk density (BD) and coarse particles (CP).
The bulk density (BD) in g/cm3 was determined by
the direct sampling method, using a steel cylinder
with a volume of 252.2 cm3 [26]. The replicates of
each soil sample were oven-dried for 24 h at 105 ◦C
and sieved at 2 mm to remove coarse particles [24].
Data analysis. One-way analysis of variance
tests (ANOVA) were used to compare means and determine the significant differences. Correlation analysis was used to demonstrate the relationship between different parameters. This analysis was conducted by SPSS (version 22) on bare soil [27] and by
R Software on cultivated soil [28].

Soil analysis. Soil samples (0-20 cm) were collected from each treatment over a year, after each period, (Period 1: November, 30th 2018-February, 28th
2019), (Period 2: March, 1st 2019-May, 30th 2019),
(Period 3: May, 31th 2019-August, 29th 2019) and
(Period 4: August, 30th 2019-November, 25th 2019)
for bare soil and according to the different vegetative
stages of wheat (sowing, emergence, tillering and
upstream) corresponding to 21, 70 and 119 days, respectively, after the sowing wheat date (December
12th, 2018) and analyzed for:

RESULTS
Bulk density. The analytical results (Figure 2a)
showed that the bulk density of the control soil is
around (1.25 ± 0.01 g/cm3) during the experiment, it
is higher than the bulk density measured from the
amended soil (1.04 ± 0.05 g/cm3) for soils reconstituted at 20% dose organic amendment, (1.02 ± 0.06
g/cm3), (1.02 ± 0.05 g/cm3) and (1.033 ± 0.03 g/cm3)
for PM40, HM40 and CM40 treatments, respectively. These results refer to the differences in bulk
density between the amended soils and the control
soil. Moreover, the bulk densities measured for the
amended soils are not significantly different (P>
0.05) during the experimental period. However, it
showed negative correlation (p b 0.01) with the SOC
content, coarse particles and soil carbon stocks. It
was observed a decrease of the bulk density with increasing SOC content, coarse particles and SOC
stocks.

Soil organic carbon (SOC) stock. According
to [24], the SOC stock was calculated as:
SOC stocks (Mg C/ha) = 0.1* C * BD * t*(1-CP)
Where SOC stock is a soil organic carbon stock
(Mg C/ha), C is the carbon content (g C/kg soil); BD
is the bulk density (g/cm3), t is the thickness of the
soil horizon (cm) and CP is the gravel content (g/g of
soil).
The C stocks were calculated for each soil sample for 0-20 cm depth where the microbial densities
and the organic matter concentrations are the highest
[11].

Coarse particles. According to the Figure 2(b),
the coarse particles such as gravels, stones, boulders
or artifacts, crop residues, earthworms, insects and
living roots represented by negligible value (<1 %)
of control sample mass, therefore, it has negligible
capacity to store of the soil [29]. The coarse particles
content of the amended soils depends on the level of

Soil organic carbon (SOC). The OC content
was determined by the modified Walkley and Black
method, based on the oxidation of OC by potassium
dichromate K2Cr2O7 in sulfuric acid [25].
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Soil bulk density (g/cm3)
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FIGURE 2
Variation over the year of (a) Bulk density (g/cm3), (b) Coarse particles (%), (c) OC (g/kg) and (d) SOC
stocks (Mg C/ha) between 3 treatments at 2 rates and control for bar soil.
the first and the second periods, then was recorded a
decrease 7.22 ± 1.50 % and 5.7 ± 1.42%, respectively, in period 1 and 2.

coarse fragments of each type of manure. ANOVA
analysis proved a significant effect (P<0.05) of
HM40 treatment and a high significant effect of seasonal variations (P<0.01) on coarse particles contents. However, HM40 treatment was recorded a
high rate during the experimentation because it contains more than 40% of elements superior than 2mm,
with a maximum value of 16 ± 1.42 %, observed in

Soil organic carbon (SOC). SOC (0-20 cm)
affected by organic amendment addition is summarized in Figure 2(c). The results obtained indicate
that all the manures had a significant effect (P< 0.05)
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effect on total OC content especially with the tillering stage when living roots provide their environment with energy substances in significant amounts.
The data for the upstream stage was recorded a further improvement particularly in HM40 (24.84 ± 1
g/kg) due to the transformation of dead roots into
root litter [30]. ANOVA analysis also proved a very
highly significant effect of doses organic matter input (P<0,001) and the stage of wheat growth
((P<0,001) on soil’ organic carbon.

on SOC content in comparison to the control soil,
which was stable, around (7.45± 0.01 g/kg of soil)
during the experiment.
In the first period, slightly increase on soil OC
contents were observed for all treatments. Then a
significant increase was recorded in period 2.
The data for the third period SOC was further
improved significantly with higher that maximum
values were recorded in the PM40 (51 ± 2.2 g/kg)
followed by the CM40 (49 ± 0.25 g/kg) treatments.
However, PM20 (45 ± 0.4 g/kg) and CM20 (44.5 ±
0.5 g/kg) treatments had statistically similar impact
on SOC but HM treatment was recorded a decrease
in this period, with the lowest was observed in PM40
(34 ± 0.3 g/kg) treatment.
The data of all amended SOC contents were
recorded a decrease in period 4, whatever the dose
and the type of organic amendment inputted, with
values between (15 ± 0.6 g/kg) and (18.6 ± 0.3 g/kg)
for PM40 and HM20, respectively.
Therefore, SOC content showed a distinct seasonality of high concentration in the second and the
third period and almost similar levels in other periods. ANOVA analysis also was recorded a very
highly significant effect (P< 0.001) of seasonal variations on the SOC contents.

DISCUSSION
Bulk density. Soil bulk density globally reflects the state of soil compaction and indirectly, the
total porosity [31]. It is one of the most important
parameters of soil structure [32]. The results obtained showed that the bulk density of the control
soil during the experiment is higher than the bulk
density measured in the soil amended. According to
[33], a high value of bulk density means that the
voids are reduced and that the particles are strongly
compacted. Therefore, the decrease in the bulk density of the amended soils means that the manure has
a structuring effect [34].
Conservation agricultural practices such as input the organic amendment on the soil surface can
play an important role in sustaining soil fertility and
improving physical conditions of [35-38]. Moreover,
positive effects of exogenous organic matter on soil
structure have been reported previously in several
studies [39-41] and can increase soil organic matter
content [42]. [43] reported that the application of organic amendment improved the soil hydrological
properties and lowered soil bulk density.
Bulk density showed a negative correlation (p
b 0.01) with SOC content especially soil organic
matter, coarse particles (p b 0.01) and soil carbon
stocks (p b 0.01). Therefore, organic amendment explains the evolution of the bulk density of the
amended soils [44]. However, improvement in soil
organic matter by using organic amendments is due
to improvements in soil structure [45-46], a reduction in bulk density [16] and a decrease in soil carbon
stocks [10].

Soil organic carbon stocks. According to the
experiment average data (Figure 2.d) indicated that
all treatments were recorded an increase of SOC
stocks in comparison to control soil (18.7± 0.7 Mg
C/ha), the highly significant effect (P<0.01) was observed in PM40 treatment with maximum value
(32.8 Mg C/ha) followed by the PM20 (29.5 Mg
C/ha) and CM40 (29 Mg C/ha) treatments. However,
CM20 and HM20 had similar effect on SOC stocks,
while the lowest (25 Mg C/ha) was recorded in
HM40 treatment.
Therefore, SOC stocks showed a distinct seasonality of: a high concentration in period 2 for all
treatments, a very high significant concentration in
period 3 only for PM and CM treatments and almost
similar levels in period 1 and 4. ANOVA analysis
also was recorded a very highly significant effect (P<
0.001) of seasonal variations on SOC stocks.
For cultivated soil, results (Figure 3) also
showed that the organic amendment had a significant
SOC (g/gk)
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FIGURE 3
Evolution of SOC of cultivated soils amended with horse manure.
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for increasing SOC by application of organic amendment might be due to the carbon and fertilizing elements contained in the manures themselves [56].
This was clearly indicated in our study by significant
increase SOC, observed for the poultry manure treatment which contains the highest N and K contents,
an appreciable amount of OC and P contents (table
1) were recorded in this type of manure. Therefore,
poultry manure can be considered an excellent organic fertilizer. [57, 59], found that farm yard manure in combination with NPK chemical fertilizers
resulted in higher SOC concentration. Similarly, [60,
61] found that soils amended with organic fertilizers
improved the organic matter content. The results of
this study were resulted in higher SOC content for
soils amended with farm yard manure alone rich in
fertilizers elements.
SOC contents for horse manure treatment decrease during the third period. Then, SOC contents
for all treatments decrease during the period 4, when
the climatic (summer-autumn) and soil conditions
(temperature and moisture) were favourable for decomposition and mineralization. Due to favourable
conditions, the particulate organic matter is rapidly
decomposed to pool of OM and that may be one of
the reasons for mineralization. According to [62, 63],
moisture and temperature are two essential factors,
the combination of which influences the seasonal intensity of microbial activity, which marks possible
degradation by mineralization. [64] also observed an
increase in SOC due to addition of crop residues.
However, this increase in SOC is usually decreased
after 2-3 weeks as our soil and climatic conditions
are favourable for rapid decomposition and mineralization. However, the mineralization process was observed in our study for the first time in HM treatment
during the third period and then was recorded a decrease for the other treatments in the ford period. According to [44], there are differences in behavior between the organic amendments. These can be linked
to the texture of each manure, or to the biological activity that their incorporation causes.
All the amendments make it possible to stimulate a soils microbial activity. Fresh manure (HM)
has the most favourable effect in comparison to rotted manure (PM and CM). Fresh manure is easily usable by soil decomposing microorganisms and can
also stimulate the degradation of preexisting organic
matter in the soil. This effect, commonly called the
"priming effect" [10]. Therefore, the horse manure
treatment is the most effective and generated the
stimulation of a good microbial proliferation; coinciding at summer period.

Coarse particles. The coarse particles contents
of soil amended with horse manure especially for the
40% dose were recorded significantly (P<0.05) a
high rate, observed in the first and the second periods
then were recorded a decrease in period 3 and 4. According to [44], this result is surprising since this manure is rich in coarse fragments and that the quantities of organic matter present in the coarse fractions
decrease rapidly, which is evidence of their degradation, either by physical fragmentation or by mineralization; coinciding significantly (P<0.01) at time
when the soil climatic factors such as soil moisture
and temperature were favourable to trigger the mineralization of this type of manure. The coarse particles showed positive correlation with SOC (p b 0.01)
and soil carbon stocks (p b 0.01) and a negative correlation with bulk density (p b 0.01). According to
[47], cereal straw is an excellent source of organic
matter contained in the coarse fragments of horse
manure and therefore organic matter in soil improves
soil structure [48] and soil carbon stocks [10].
Soil organic carbon. Soil organic matter, especially SOC promotes a wide variety of habitats for
microorganisms in soil [11]; which, through its activities, produce humus without which a soil becomes dead, unsuitable for plants growth [49], or degrades and then transforms it into a mineral form that
can be assimilated by plants [34]. However, SOC is
a cost-effective and informative indicator of soil
quality and agriculture sustainability as it affects soil
physical, biological and chemical properties [50,
46]. Organic amendments improve soil qualities by
improving its biological, chemical and physical
properties [51, 18]; it leads to an increase in soil microbial biomass and also changes soil carbon and nitrogen dynamics [52]. Many studies [53, 54]
showed that tillage stimulates microbial activity, increasing soil aeration and promoting contact
between organic matter particles and microorganisms and therefore we can consider the initial "mixing" of the organic amendments when making the
amended soils plays this role.
In the first period, slightly increase on SOC
contents were observed for all treatments. Then a
significant increase was recorded in period 2. According to [55, 30, 18], the low temperatures limit
microbial activity by a partial sterilization effect in
winter. Then, biological activity is only present in
early spring when microorganisms resume their activity.
The results obtained indicated that application
of organic amendments increased the SOC, with a
maximum value was observed in poultry manure
treatment (51 ± 2.2 g kg-1) following by cattle manure (49 ± 0.25 g/kg) and horse manure (34 ± 0.3
g/kg) treatments. Likely a significant increase was
also observed by [16], who found that application of
organic amendments such as farm yard manure increased the OC in surface soil. The possible reasons

Soil organic carbon stocks. SOC stocks
showed: (i) a negative correlation with bulk density
(p b 0.01), (ii) a positive correlation with SOC (p b
0.01) and (iii) a positive correlation with coarse particles (p b 0.01). Therefore, organic amendment
practices such as manure have a benefit for carbon
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[62]; coinciding with our case in summer period only
for HM treatment and for all treatments in autumn.
According to figure 2c, there is a decrease of
the SOC then an increase after the third period,
something that could potentially confirm the idea of
making fractional amendments over the year (20%
dose every six months). It is recommended to apply
these organic amendments at appropriate doses. Previous study has proved that application of organic
amendments at 20% dose such as manure in the same
study area is the most effective and generated the
stimulation of a good microbial proliferation in comparison to the 40% dose [18].
The decomposition of large quantities of organic matter accumulated on the soil surface can lead
to temporary anaerobiosis: these are arguments in favor of a biochemical toxicity rather than parasitic,
especially if high humidity promotes microbial
growth while oxygen diffusion is slower. Under
these conditions, phytotoxic organic acids can be
formed [14, 77].

storage and soil organic matter content also has economic and agronomic benefits (improvement fertility and physical soil structure) [65].
[66, 10] found that the important increase in
SOC stocks was mainly due to organic matter. Moreover, we saw that the evolution of SOC stock takes
the same rate as that of SOC.
The result obtained over the year in the top soil
(0-20 cm) indicated that all treatments were recorded
an increase of SOC stocks in comparison to control
soil (18.7± 0.7 Mg C/ha), the highly significant effect (P<0.01) was observed in PM40 treatment with
maximum value (32.8 Mg C/ha) followed by the
PM20 (29.5 Mg C/ha) and CM40 (29 Mg C/ha) treatments. However, CM20 and HM20 had similar effect on SOC stocks, while the lowest (25 Mg C/ha)
was recorded in HM40 treatment. The possible reasons for higher SOC stocks in poultry manure may
be due to their low C:N ratios and higher intrinsic
nutrient contents [61, 59, 16].
These results are higher than the stocks recorded by several researchers: [67], in the arid region
of North Chile (Coquimbo) for soils under moderate
grazing; [68] in semi-arid region of Central Spain;
Shrestha and Stahl (2008), for semi-arid ecosystems
of United States and [69], in Quercus ilex forest of
the Middle Moroccan Central Atlas.
Therefore, SOC stocks showed a distinct seasonality of: gradual improvement in period 1 and 2
for all treatments, very high significant contents in
period 3 only for PM20 (75.6 Mg C ha -1) following
by CM20 (67.7 Mg C ha-1) treatments and decrease
for all treatments in period 4. ANOVA analysis also
was recorded a very highly significant effect (P<
0.001) of seasonal variations on SOC stocks.
Agricultural practices mainly condition the additions of organic matter to the soil in time and space
depending on soil and climate conditions, but also
the sensitivity of these organic matter to mineralization according to seasonal variations, which has effects on the SOC stocks [70-73].
Soil organic matter are not homogeneous, some
are mineralized quickly after they enter the soil,
while others persist for a very long time [74] and an
over-mineralization of soil OM can be observed by
fresh MO input [10].
This was clearly indicated in our study by significant decrease SOC stocks, was observed for the
horse manure treatment in period 3 and further decreased was recorded in comparison to the rotted manure which underwent late mineralization in period
4. According to [75], rates more intense organic matter mineralization would explain this rapid decrease
SOC stocks. Moreover, SOC stocks is determined by
decomposing microorganisms which play a very important role in the provision of ecosystem services
[76].
However, SOC mineralization is related to favourable soil moisture and temperature conditions

CONCLUSION
The application of organic amendments improved the stock of OC in the surface soil, the highly
significant effect was observed in the PM40 treatment and the smallest was recorded in the HM40
treatment. However, this improvement is only sustainable on cultivated soils, on bare soils, the CO rate
returns to the initial value.
Over the 12 months observed, the rate of OC
mineralization differs between bare and cultivated
soil. The SOC stock can therefore be influenced by
soil properties, agricultural practices, climatic conditions but also by land use, which probably plays an
important role in the storage of OC in agricultural
soils.
It is recommended to use well-decomposed manure regularly at 40% for PM or/and CM per year
(20% in spring+ 20% autumn) to improve the soil
physico-chemical properties and preserve the soil’s
biological balance.
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channels, impedance, signal attenuation and interference are the basic parameters that determine their
performance [4-5]. Therefore, before using the
power line as a signal transmission medium, it is necessary to analyze its channel characteristics [6]. In
the past, power line carrier telephones using medium
and high voltage power lines above 10 kV as signal
transmission channels have been widely used, and
the research on high-frequency signal transmission
on high-voltage power lines has been very mature [78]. However, signal transmission on the 220 V/380
V low-voltage power line is quite different from the
high-voltage power line carrier communication [912]. It is prominently manifested in the small line impedance, strong signal attenuation, large interference
and large time-variability [13-14].
Power line carrier communication technology
is widely used in industrial automatic control systems, power management systems, household appliances systems, fire alarm systems, and computer terminal interfaces [15-16]. It uses ready-made power
lines to transmit data, does not require additional
communication lines, and does not occupy existing
communication frequency resources, so it is particularly suitable for building small local area networks
and realizing automatic signal control [17-18].
In this paper, the ant colony algorithm is applied to the low-voltage power line carrier communication signal transmission, and the test results of
the conventional low-voltage power line channel
characteristics are compared with the results based
on the ant colony algorithm. The research results
show that the channel characteristics of low-voltage
power line based on ant colony algorithm are significantly improved.

ABSTRACT
The technology in which low-voltage power
lines are used as communication channels is a hot
spot in current information transmission research.
Signal transmission on 220 V/380 V low-voltage
power lines is quite different from high-voltage
power line carrier communication. It is characterized
by low line impedance, strong signal attenuation,
large interference, and large time-varying characteristics. In this paper, we apply the ant colony algorithm to low-voltage power line carrier communication signal transmission, and the characteristics of
conventional low-voltage power line channels and
the test results based on the ant colony algorithm are
analyzed. The research results show that noise interference usually has multiple noise sources, and the
power line attenuation is usually above 20 dB. The
attenuation increases with the increase of frequency.
Because the load presents different properties to the
power line, it may attenuate greatly at certain frequencies. The attenuation amplitude is the largest
when it is less than 100 kHz, and the attenuation amplitude becomes relatively stable when it is greater
than 500 kHz. The longer the signal transmission
distance, the more severe the signal attenuation, so
the signal transmission distance is usually not higher
than 1 000 m. Ant colony algorithm can effectively
improve the transmission performance of low-voltage power line carrier communication signals, and it
can well overcome different types of noise interference.

KEYWORDS:
Ant colony algorithm, low-voltage power line carrier communication, signal attenuation, transmission performance

MATERIALS AND METHODS
INTRODUCTION

The signal attenuation and interference characteristics of low-voltage power lines are very complex, and the randomness and time-varying characteristics are large. It is difficult to find a more accurate analytical formula or mathematical model to describe. This is why the analysis of high-frequency

The technology of low-voltage power line as a
communication channel has increasingly demonstrated its advantages [1-3]. For all communication
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signal transmission characteristics of low-voltage
power lines has always been based on experimental
data. The lack of precise mathematical models puts
high demands on the design of low-voltage power
line carrier communication equipment.
Therefore, in this paper, we apply the ant colony algorithm to the research on the improvement of
low-voltage power line carrier communication signal transmission performance. Ant colony algorithm
is a kind of bionic algorithm, which has the properties of self-adaptation and learning, so as to improve
the signal transmission performance of low-voltage
power line carrier communication (Figure 1).
During initialization, all m ant colonies are randomly placed into n target information sources. In
the ant colony algorithm, the probability of the c-th
ant colony encountering a certain target information
d is [3,19]:

Fresenius Environmental Bulletin

to produce different execution effects. In actual operation, the value of x can be adjusted accordingly
according to users and actual needs.
In this paper, we use the C++ language programming method to realize the low-voltage power line
carrier communication signal evaluation function
based on the ant colony algorithm. Furthermore, the
key-press response, queue request, scheduling and
other functions of the target system are realized.

RESULTS
Test results and analysis of low-voltage
power line channel characteristics. The channel
characteristics of low-voltage power lines directly
affect the quality of signal transmission. For example, the impedance characteristics affect the matching of the power amplifier, the frequency characteristics of noise affect the choice of communication
frequency, and the attenuation characteristics determine the power of the power amplifier. In this paper,
we use the factory floor as an experimental environment to analyze and study the transmission, noise
and impedance characteristics of low-voltage power
lines [20].
The attenuation of the signal in the power line
channel is mainly determined by the power line
channel path and the equipment connected to the
line. This indicator reflects the degree of attenuation
of various frequency signals by the channel (power
line), so as to facilitate the selection of the frequency
of the transmission signal, that is, the carrier frequency. Figure 2 shows the comparison of the signal
attenuation between the peak user time period and
the normal user time period. On the whole, the signal
attenuation during peak periods is greater.
Interference on low-voltage power lines can be
divided into non-human interference and man-made
interference. Non-human interference refers to some
natural phenomena, such as the interference caused
by lightning on the power line. Human interference
is caused by electrical equipment connected to the
power line, which has a serious impact on data communication. In addition to the 200/380 V grid voltage, the noise on the power lines in the building also
includes noise generated by various electrical equipment.

(1)
Where n is the total number of information
types available for the ant colony, and fd(t) is the
pheromone concentration of information d at time t.
Therefore, the information type with high pheromone concentration is naturally the easiest to be selected by the group control algorithm.
After each iteration of the group control algorithm is completed, all ant colonies will be placed in
each information type, and these ant colonies will
leave pheromone in the information type after crawling. At this time, the pheromone concentration must
be updated accordingly. The update formula is:
(2)
Where g(t+1) represents the pheromone concentration at t+1, x is the pheromone volatilization
ratio, and m is the amount of pheromone carried by
each ant colony, which is a constant. In actual operation, the value of m can be adjusted according to the
algorithm requirements to produce different algorithm execution effects.
It can be seen from Formulas 1~2 that the pheromone concentration of various types of information
after each iteration should be the remaining amount
of the previous pheromone volatilization plus the
amount of pheromone carried by the ant colony itself. The volatilization ratio x is a controllable quantity, and different values of x will cause the algorithm

FIGURE 1
Evaluation process of low-voltage power line carrier communication signal based on ant colony algorithm.
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FIGURE 2
Low-voltage power line transmission characteristic curve.

FIGURE 3
Noise signal fluctuations on power lines.
Figure 3 is the tested interference waveform on
the power line in the factory workshop building. It
can be seen that the noise interference has a certain
change in different time. These noises mainly include the following parts: (1) Noise synchronized
with the frequency of the 50 Hz grid voltage; (2) The
noise generated by the motor; (3) Impulse noise. It is
mainly caused by the sudden switching of some electrical appliances, and the noise induced from the
high-voltage transmission transformer, which is
characterized by wide frequency spectrum and short
time; (4) Periodic noise. Such as TV line frequency
and its harmonics.

ferent frequencies are also different, so the actual situation is very complicated, which even makes the input impedance changes unpredictable. Figure 4 is the
test result of the power line signal attenuation in the
factory building. It can be seen that the attenuation
amplitudes tested at different locations are different.
It can be seen from Figure 4 that the frequency
spectrum of the interference signal is very irregular.
The strength of some frequencies is very high, while
others are very low. This periodic interference is
mainly composed of a large number of high-frequency interference. It can also be seen from Figure
4 that the power line attenuation is usually above 20
dB. The attenuation increases with the increase in
frequency. Because the load exhibits different properties to the power line, the attenuation may be large
at certain frequencies. The general trend of the two
test results is: the attenuation amplitude is the largest
when it is less than 100 kHz, and the attenuation amplitude becomes relatively stable when it is greater
than 500 kHz.
Since the working frequency of commonly
used power line carrier communication equipment is
above 10 kHz, this kind of interference will inevitably have a great impact on their normal operation. If
no measures are taken, this interference may cause
transmission errors of several to a dozen data bits.
Most of the noise width is in the range of less than
ȝVDQGWKHSXOVHRIaȝVDFFRXQWVIRU
more than 60%.

Resistance characteristics of low-voltage
power line channels. The factors that affect the impedance characteristics of low-voltage lines include
the impedance of electrical equipment in the power
system and the topological structure of the power
line. Studies have shown that the input impedance of
the low-voltage power line is also closely related to
the frequency of the transmitted signal. In an ideal
situation, when there is no load, the power line is
equivalent to a uniformly distributed transmission
line. Due to the influence of distributed inductance
and distributed capacitance, the input impedance
will decrease as the frequency increases. When there
is a load on the power line, the input impedance at
all frequencies will decrease. However, due to the
different load types, the impedance changes at dif-
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FIGURE 4
Power spectrum of noise in a factory building.
In the frequency range measured in the experiment, the change of input impedance with frequency
does not conform to the general imagination of decreasing with the increase of frequency. On the
whole, the impedance generally increases with increasing frequency. To explain this problem, the
power line can be regarded as a transmission line
with various complex loads connected to it. These
loads and the power lines themselves combine to
form many resonant circuits, forming a low impedance zone at the resonant frequency and frequencies
near it. Since the load is randomly connected or disconnected on the power line, the input impedance of
the power line will also change significantly at different times. Due to the drastic changes in the input
impedance of the low-voltage power line, it is difficult for the output impedance of the transmitter
power amplifier to match the input impedance of the
receiver, which brings great difficulties to the circuit
design.
From the above results, it can be seen that the
power line channel characteristics are time-varying,
which changes continuously with the load and the
number of power users. When the number of electricity users increases, the noise power spectrum increases. In addition, various parameters vary with
frequency. The noise power is mainly concentrated
in the low frequency band (less than 100 kHz), and
the transmission characteristics are attenuated as the
frequency increases. This is because the power supply system is an open system, which is susceptible to
interference from all aspects. Since there are electrical loads with different characteristics, and the number of external loads is also changing, the characteristic impedance is also changing. Therefore, it will
produce changes in transmission attenuation, which
in turn leads to signal instability and distortion.

colony algorithm. The attenuation of high-frequency signals on low-voltage power lines is a difficult problem in low-voltage power line carrier communication. For high-frequency signals, the lowvoltage power line is a non-uniformly distributed
transmission line, and various loads of different
properties are randomly connected or disconnected
at any position of this line. Therefore, there must be
attenuation in the transmission of high-frequency
signals on low-voltage power lines. Obviously, this
attenuation is closely related to the communication
distance and signal frequency.
In general, the longer the signal transmission
distance, the more severe the signal attenuation (Figure 5). However, because the power line is a nonuniform and unbalanced transmission line, the impedance of the load connected to it is also not
matched, so the signal will encounter complex phenomena such as reflection and standing wave. The
combination of these complex phenomena makes the
relationship between the attenuation of the signal
and the distance become very complicated, and it is
possible that the attenuation of the short distance
point is larger than that of the long distance point.
There is a direct relationship between signal
frequency and signal attenuation. Capacitors have a
significant impact on low-voltage power line carrier
communication systems. Because the impedance of
the high-frequency signal of the capacitor is relatively small, it will make the high-frequency signal
have a relatively large attenuation. For example, a 10
ȝ)FDSDFLWRUFRQQHFWHGWRRQHSKDVHKDVDQLPSHG
DQFHRIRQO\ȍWRDN+]VLJQDO his is a huge
obstacle for low-voltage power line carrier communication systems.
When high-frequency signals are transmitted
on low-voltage power lines, there is another significant phenomenon that their attenuation varies with
the phase of the power frequency power supply. The
high-frequency signal will have a large attenuation
change in a certain phase range (for example,

Attenuation and changes of high-frequency
signals on low-voltage power lines based on ant
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30°~150°) of the industrial frequency power supply.
In this phase range, the signal attenuation may be reduced by a few decibels, or increased by a few decibels to more than ten decibels. These circuits usually
contain large-capacity capacitors or high-power
loads, so they will cause rapid changes in the attenuation of high-frequency signals. And most of the
switching power supplies are connected to the primary side with compensation capacitors, although
the capacitance is small, but because of the large
number, its impact cannot be ignored. In addition,
the switching power supply will impose a large
amount of high-frequency interference on the power
line, thereby affecting the operation of the communication system.
Figure 6 shows the improvement effect of lowvoltage power line carrier communication signal
transmission performance based on ant colony algorithm in this paper. It can be seen that compared with
the conventional test results, the transmission performance of low-voltage power line carrier communication signals based on the ant colony algorithm has
been significantly improved.
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It is worth noting that, in previous studies, it
was found that harmonic noise appears as an integer
multiple of the alternating current frequency (fAC ),
so we have reason to believe that the interference
will also have a periodic tendency. Figure 3 is the
interference waveform on the power line in the factory at a certain moment. The main interference on
the power line appears periodically, with a frequency
of 2fAC, and its amplitude is much larger than that of
the constant continuous interference. The intensity
of this interference can sometimes be very large, and
its peak-to-peak value can reach more than 10 V. The
reason for this periodic interference is that many
electrical equipment will release interference on a
certain fixed phase of the power frequency AC fundamental wave. The duration of each interference is
affected by many factors, such as the width of the
gap of the controllable rectifier power supply on the
AC power supply, and the attenuation strength of the
power line to high-frequency interference. In Figure
3, the duration of each interference is about 10 ms.
However, many switching power supplies, inverters,
etc. may also generate periodic interference with a
frequency higher than 100 Hz.

FIGURE 5
Relationship between transmission distance and attenuation.

FIGURE 6
Comparison of conventional signal test results and ant colony algorithm results.
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On the whole, the ant colony algorithm can effectively improve the transmission performance of
low-voltage power line carrier communication signals. It well overcomes different types of noise interference. Therefore, the use of ant colony algorithm
can make the low-voltage power line as a communication channel more reliable. At present, low-voltage
power line carrier communication has been developing in the direction of using spread spectrum communication technology. The combined application of
ant colony algorithm and spread spectrum communication technology can overcome the defects of
strong attenuation and strong interference of power
lines to a large extent, and greatly improve the survivability of the communication system.
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CONCLUSIONS
In this paper, we apply the ant colony algorithm
to low-voltage power line carrier communication
signal transmission, and the characteristics of conventional low-voltage power line channels and the
test results based on the ant colony algorithm are analyzed.
The research results show that noise interference usually has multiple noise sources, and the
power line attenuation is usually above 20 dB. The
attenuation increases with the increase of frequency.
Because the load presents different properties to the
power line, it may attenuate greatly at certain frequencies. The attenuation amplitude is the largest
when it is less than 100 kHz, and the attenuation amplitude becomes relatively stable when it is greater
than 500 kHz.
The longer the signal transmission distance, the
more severe the signal attenuation, so the signal
transmission distance is usually not higher than 1
000 m. Ant colony algorithm can effectively improve the transmission performance of low-voltage
power line carrier communication signals, and it can
well overcome different types of noise interference.
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Ministry of environmental protection in 2014, the
overall situation of China's soil is not optimistic [1].
The soil pollution in some areas is serious, the
quality of cultivated land is worrying, and the soil
environmental problems of abandoned lands such as
industry and mining industry are prominent [2]. The
urgent problem to be solved in soil pollution is soil
heavy metal pollution [3]. The heavy metal pollution
of farmland soil in China is not suitable for farming
in some typical areas, but from a national
perspective, the areas of moderate pollution and light
pollution account for a large proportion [4]. For
cultivated land that cannot be abandoned or changed
for crop cultivation, how to "use and repair " and
prevent the migration of heavy metals from soil to
plants by regulating the occurrence forms of soil
heavy metals has become a hot spot in the research
of soil and environment [5].
Biochar is an effective amendment with the
developed pore structure, a large number of
functional groups and negative charges on the
surface [6]. Biochar has a strong adsorption and
fixation ability for heavy metal ions in soil [7].
Biochar is capable of modulating soil
physicochemical properties as well as through a
range of reactions including precipitation,
adsorption, ion exchange, oxidation-reduction [8].
Biochar alters the chemical speciation and state of
occurrence of heavy metal elements in soils and
inhibits their mobility and bioavailability in soils [6,
9]. Biochar effectively reduces the degree of soil
heavy metal contamination and mitigates the toxic
effects of heavy metals on crop growth to achieve the
purpose of repairing polluted soil [10]. It has broad
application prospects in the control and treatment of
soil Cd pollution. At the same time, the preparation
of biochar has a wide range of raw materials and low
cost, which is conducive to the large-scale
application and remediation of farmland soil
polluted by light and medium heavy metals and the
resource utilization of solid waste [11]. At present,
biochar has been used to repair polluted soil and
water as a rough carbon rich material [12]. Biochar
has some limitations in environmental application
and needs to be further improved [13]. Biochar
modification with graphene can change its original

ABSTRACT
Biochar performs well in soil remediation for
the crop heavy metals uptake reduction. This study
used biochar and graphene-modified biochar to
remedy soil and assessed their impact on peanut
plant Cd and Pb uptake. Results showed that both
biochar additions significantly improved soil
conditions and plant growth, and the improvement
increased with the addition level increasing.
Compared with the control, biochar and modified
biochar induced plant biomass to increase by 2.43%16.5% and 10.3%-27.1% in neutral soil, and plant
height by 12.8%-22.8% and 22.2%-32.9%,
respectively. The plant Cd and Pb contents in the
aerial part were reduced by 11.5%-55.5% and
15.4%-24.8% due to biochar additions 21.5%71.7%, and by and 25.4%-36.4% due to modified
biochar additions. The underground plant Cd and Pb
contents were reduced by 15.9%-49.4% and 28.1%46.4% due to biochar additions, and by 25.1%60.1% and 38.3%-52.4% due to modified biochar
additions. Biochar and modified biochar
significantly decreased aerial (underground) plant
Cd accumulations by 9.02%-48.2% (10.1%-35.0%)
and 14.3%-64.1% (20.3%-34.3%), respectively,
while aerial (underground) plant Pb accumulations
by 10.3%-13.1% (23.1%-34.9%) and 10.7%-19.6%
(27.7%-41.6%), respectively. These results provide
a in-situ soil remediation technology for the crop
heavy metal uptake reduction with economical,
environmentally friendly, and highly efficient
advantages.

KEYWORDS:
Biochar, Graphene modification, Cd, Pb, Plant heavy
metal uptake

INTRODUCTION
Soil remediation technology establishment is a
hot but difficult issue worldwide, especially with
plant heavy metal uptake reduction. According to the
national soil pollution survey bulletin issued by the
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structure and surface characteristics to improve the
repair function and improve the environmentfriendly effect [14].
Therefore, this study aimed to assess the
impacts of graphene-modified biochar and biochar
on soil remediation and crop heavy metal uptake
reduction. Comparations among the two different
biochar were also investigated.

MATERIALS AND METHODS
The test soil had a pH of 7.38, a Cd content of
0.67 mg/kg, and a Pb content of 32.2 mg/kg. The
biochar and modified biochar were prepared using
peanut shell as the raw material. The basic
characteristics was given in previous research [15].
The test soil was passed a 20-mesh sieve and
weighed into pots with 350 g each. The two biochar
addition ratios were set as 0, 1%, 2%, and 5% to soil.
Each treatment was set with three replicates.
The plant samples were divided into two parts:
aboveground and underground. Weighed the fresh
weight of the plant stems and leaves, measured the
stem length. The contents of Cd and Pb in the two
plant parts in a dry weight were detected [16].

FIGURE 1
Effect of two biochar on plant biomass
The peanut plant height of the control group is
25.8cm (Figure 2). After adding 1%, 2% and 5%
peanut shell biomass carbon, the peanut plant height
is 28.0cm, 30.0cm and 30.5cm, an increase of
12.8%, 20.8% and 22.8% respectively. In the soil
with 1%, 2% and 5% modified peanut shell biomass
carbon, the peanut plant height was 30.3cm, 31.0cm
and 33.0cm, which increased by 22.2%, 24.9% and
32.9% respectively. The more biochar content of
peanut shell is added, the more it can promote the
height of peanut plant, and the promotion effect is
more obvious after graphene modification.

RESULTS AND DISCUSSION
Effect of biochar on plant growth. In many
research reports, the application of biochar in ordinary farmland soil, barren soil and even degraded
soil (such as acid soil in the South or north of China)
can improve plant biomass. Graber et al. reported
that adding 15% biomass carbon to the soil can significantly promote the growth and yield of pepper
and tomato [17]. After adding biochar prepared from
peanut shell into the acidic soil of Zhaoyuan orchard,
the plant height of maize increased significantly [18].
As shown in Figure 1, each treatment had a significant effect on plant biomass and the effect degrees
were significantly varied with addition ratios. The
biomass of each pot of peanut in the control group
was 7.20g. After adding 1%, 2% and 5% peanut shell
biochar to the soil, the peanut biomass of each pot
was 7.37g, 8.03g and 8.39g, which was increased by
2.43%, 11.6% and 16.5%, respectively, compared
with the control. When modified biochar was added
to the soil, the peanut biomass of each pot was 7.94g,
8.69g and 9.15g, which was increased by 10.3%,
20.7% and 27.1%, respectively, compared with the
control. The biomass of peanut with graphene-modified peanut shell biochar was higher than that of unmodified peanut shell biochar. When 5% graphene
modified peanut shell biochar was added, the increase of peanut biomass was the most obvious.

FIGURE 2
Effect of two biochar on plant height
Effect of biochar on plant heavy metal content. Considering that the heavy metal uptakes by
the aerial- and underground parts of plants were
quite different [19], the heavy metal contents in aerial- and underground parts were separately measured.
Figure 3 illustrated changes in the Pb content caused
by different remediation treatments. The Pb contents

10911

© by PSP

Volume 31– No. 11/2022 pages 10910-10915

in both the aerial- and underground parts were significantly decreased by the biochar additions compared with the control group. The Pb content of the
aerial parts of peanut in the control group was 6.46
mg/kg, and after the addition of 1%, 2%, and 5%
peanut shell biochar, the Pb contents of 5.36, 5.07,
and 4.75 mg/kg were decreased by 15.4%, 19.8%,
24.8%, respectively. When graphene-modified biochar was added, the Pb contents in the aerial parts
decreased to 5.04, 4.70, and 4.02 mg/kg, viz., by
25.4%, 25.8%, 36.4%, respectively, compared with
the control group. The decrements in the Pb content
of the aerial parts significantly grew with the biochar

Fresenius Environmental Bulletin

ratios increasing. The Pb content in the underground
parts of peanut in the control group was 13.4mg/kg,
which was about twice that of the aboveground part.
When 1%, 2% and 5% biochar were added to the soil,
the Pb content in the underground part was 9.63, 8.07,
and 7.18 mg/kg, which was decreased by 28.1%,
39.7%, and 46.4%, respectively. When 1%, 2% and
5% graphene-modified biochar were added, the Pb
content was decreased to 8.26mg/kg, 7.12mg/kg and
6.37mg/kg, viz., by 38.3%, 46.8% and 52.4%, respectively, compared with the control group. Also,
the more biochar was added, the Pb content in the
underground parts was induced more decreases.

FIGURE 3
Effect of two biochar in plant Pb contents

FIGURE 4
Effect of two biochar in plant Cd contents
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The Cd content of the aerial parts of peanut in
the control group was 0.759 mg/k (Figure 4). When
the 1%, 2%, 5% biochar was added to soil, the Cd
contents in the aerial parts were 0.67, 0.43, and 0.34
mg/kg, which decreased by 11.5%, 42.9%, and
55.5%, respectively, compared with the control
group. When graphene-modified biochar was added
to soil, the Cd contents in the aerial parts of peanut
were 0.60, 0.40, and 0.22 mg/kg, which were
decreased by 21.5%, 47.4%, and 71.7%,
respectively, compared with the control group. The
Cd content in the underground parts in the control
group was 2.03 mg/kg, which was about three times
higher than that in the above ground parts. After the
addition of 1%, 2%, 5% biochar in soil, the Cd
contents of 1.71, 1.21, and 1.03 mg/kg, by 15.9%,
40.1%, 49.4%, respectively, compared with the
control group. When graphene-modified biochar was
added to soil, the Cd contents in the underground
parts were 1.52, 1.02, and 0.81 mg/kg, which were
decreased by 25.1%, 49.8%, and 60.1%,
respectively, compared with the control group. The
Cd contents in both aerial- and underground parts
were significantly decreased with the biochar ratios
increasing. The modified biochar performed
significantly better than biochar.

by 27.7%, 36.7%, and 41.6%, respectively, compared with the control. The modified biochar induced more decreases both in the aerial- and underground parts. The decrements significantly increased
with the biochar application doses increasing.
The specific surface area and pore volume of
biochar was greatly improved after modification,
and the adsorption capacity for cadmium was also
improved [23]. Figure 6 illustrated changes in the
plant Cd accumulation caused by different remediation treatments. The cumulative amount of Cd in the
aeULDO SDUWV RI WKH FRQWURO ZDV  ȝJ :KHQ 
2%, and 5% biochar was added, the Cd accumulation
LQDHULDOSDUWVZDVDQGȝJZKLFKZDV
decreased by 9.02%, 36,2%, and 48.2%, respectively, compared with the control. When the 1%, 2%,
5% modified biochar was added, the Cd accumulation in aerial parts decreased to 4.57, 3.37, and 1.91
ȝJ YL]   DQG  UHVSHFWLYHO\
compared with the control. Similar to the facts of
plant Pb accumulation, the modified biochar induced
more decreases in plant Cd accumulation both in the
aerial- and underground parts. The decrements significantly increased with the biochar application
doses increasing.

Effect of biochar on plant heavy metal accumulation. Pb and Cd are hazardous to soil and have
great impacts on human beings and the ecological
environment [19]. For plants, an excess of Pb and Cd,
will first lead to yield reduction, and severe plants
will die [20]. For the human body, the toxicity of
lead cadmium is mainly manifested by binding to biomolecules in the human body to make it dysfunctional, thereby affecting human health [21]. For example, Cd binding to proteins can form Cd protein,
which impairs the normal function of kidney, liver
and other organs, and impedes human bone metabolism [22]. The Pb accumulation in aerial parts in the
FRQWUROJURXSZDVȝJ (Figure 5). When 1%, 2%,
and 5% biochar was added, the Pb accumulation in
aerial parts waVDQGȝJZKLFKZHUH
decreased by 10.3%, 12.5%, and 13.1%, respectively,
compared with the control. When the modified biochar was added, the Pb accumulation in aerial parts
GHFUHDVHGWRDQGȝJZKLFKZDVUH
duced by 10.7%, 12.9%, and 19.6%, respectively,
compared with the control. The cumulative amount
of Pb in the subsurface part of the control group was
ȝJ:KHQDQGELRFKDUZDVDGGHG
the cumulative amount of Pb in underground parts
was 1.74, 1.49, and 1.48 ȝJUHVSHFWLYHO\ZKLFKZDV
decreased by 23.1%, 34.4%, and 34.9%, respectively,
compared with the control. When 1%, 2%, 5% modified biochar was added, the cumulative amount of
3EZDVDQGȝJZKLFKZDVGHFUHDVHG

CONCLUSIONS
Both biochar showed significantly promoting
effect on the plant growth and plant heavy metal
uptake reduction. Compared with the control,
biochar and modified biochar induced plant biomass
to increase by 2.43%-16.5% and 10.3%-27.1% in
neutral soil, and plant height by 12.8%-22.8% and
22.2%-32.9%, respectively. The plant Cd and Pb
contents in the aerial part were reduced by 11.5%55.5% and 15.4%-24.8% due to biochar additions
21.5%-71.7%, and by and 25.4%-36.4% due to
modified biochar additions. The underground plant
Cd and Pb contents were reduced by 15.9%-49.4%
and 28.1%-46.4% due to biochar additions, and by
25.1%-60.1% and 38.3%-52.4% due to modified
biochar additions. Biochar and modified biochar
significantly decreased aerial (underground) plant
Cd accumulations by 9.02%-48.2% (10.1%-35.0%)
and 14.3%-64.1% (20.3%-34.3%), respectively,
while aerial (underground) plant Pb accumulations
by 10.3%-13.1% (23.1%-34.9%) and 10.7%-19.6%
(27.7%-41.6%), respectively. The modified biochar
performed better in plant growth, plant heavy metal
contents, and plant heavy metal accumulation. The
improvement degrees highly depend on the biochar
application ratios.
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FIGURE 5
Effect of two biochar on plant Pb accumulation

FIGURE 6
Effect of two biochar on plant Cd accumulation
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makes all kinds of waste material into the soil, lead
to water pollution and destruction of the soil
structure, soil, this to the health of the human body
health and crop growth has a bad influence,
Therefore, the improvement of soil structure, soil
remediation and soil fertility increase are important
measures to promote human health, ensure food
security and sustainable development of agriculture.
Soil fertility plays an important role in
increasing food yield, ensuring food security and the
sustainable development of agriculture. The higher
soil fertility is, the higher crop yield will be. The
storage of soil organic carbon (SOC) reflects the
ability of soil to capture carbon [3], which is the core
of soil nutrient transformation. Therefore, the
content of SOC is an important indicator of soil
fertility. In order to improve soil fertility, it is
necessary to increase the content of soil organic
carbon and various active carbon, so as to increase
crop yield [4].
Biochar is a refractory, stable and highly
aromatic carbon-rich substance generated by hightemperature pyrolysis of crops straw and other
biomass in the absence of oxygen or partial
anaerobic conditions [5]. After biochar is added to
soil, it can effectively improve the physical and
chemical properties of soil, increase soil nutrients,
and improve soil fertility. Biochar is a kind of
abundant porous carbon material, which can
improve soil aggregate structure, soil aggregate is
the basic composition unit of the soil, is in many
properties and soil fertility has a great influence, in
addition, the soil organic carbon is an important part
of soil quality evaluation factors, therefore,
aggregate physical protective of organic carbon, Soil
particles increase aggregates under the effect of
organic carbon cementation, thus promoting the
formation of aggregates, and the two complement
each other [6]. Dissolved organic carbon (DOC)
refers to the active carbon that is strongly affected by
plants and microorganisms, has certain solubility,
moves fast and is unstable in soil, and is an organic
carbon source that can be directly used by soil
microorganisms. Actively oxidized organic carbon

ABSTRACT
Biochar performs well in soil improvement by
promoting soil organic carbon (OC) cycles. This study
aimed to better understand the impact of different biochar
on soil OC fractions and their transfer to plant carbon.
Different biochar was added to arable soil, and the contents
were detected of soil OC, dissolved organic carbon (DOC),
actively oxidized organic carbon (AOC), and wheat plant
carbon content. The relationships among the indexes were
also established. Results showed that the contents of soil
OC, DOC, AOC and total plant carbon of the same biochar
increased with the increase of biochar content. The
addition of modified biochar had a more significant effect
on the increase of soil OC, DOC, AOC and total plant
carbon than un modified biochar. The same amount of
biochar has different effects. Peanut shell biochar had the
most significant effect on increasing total carbon, soil OC,
DOC, AOC, and grain carbon, followed by rice straw
biochar and corn straw biochar. Rice straw biochar had the
most significant effect on increasing total carbon content
in wheat grains, followed by peanut shell biochar and corn
straw biochar. The total carbon content in wheat grains was
positively correlated with soil OC and DOC, while the
significant correlations with AOC was solely in the CSremediated soil.

KEYWORDS:
Biochar, Agricultural waste, Soil organic carbon, Carbon
cycle, Plant carbon

INTRODUCTION
With the development of world economy, all
kinds of environmental problems are becoming more
and more prominent, which makes the grain output
threatened greatly [1]. China is a big agricultural
country, and data show that China's per capita share
of grain is higher than the world average level.
However, as a responsible country, to make
contributions to the people of the world, China must
continuously improve food output and pay attention
to food security [2]. At the same time, our country is
faced with the risk of soil impoverishment, soil is the
basis of food production, but with the development
of fertilizer and pesticide application industrial
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2.61‰. As can be seen from the Figure, with the
increase of biochar content, soil AOC content also
increased. The content of AOC in MCS-treated soil
was higher than that in CS-treated soil.

(AOC) refers to the easy oxidation and active soil
organic carbon source, is not only the soil
biochemical reaction process, the products of growth
and decomposition of organic carbon and soil
microorganism important energy material, for the
organic matter and inorganic matter in the soil with
the migration, transformation and degradation has
profound significance [7].
To sum up, the biomass charcoal application
has profound significance in agriculture, but both at
home and abroad in the biomass carbon to organic
carbon content and the active effects and no further,
so this paper takes wheat plant wheat and soil as the
object, by adding corn stalk, rice straw, and peanut
shell biochar. The effects of different biochar
additions on SOC, DOC, AOC and wheat plant total
carbon content were discussed to further understand
the significance of biochar for agricultural
development.

FIGURE 1
Effect of corn straw biochar on soil organic
carbon fractions

MATERIALS AND METHODS

The SOC content of modified rice straw
biochar (MRS) at a 5% concentration was the
highest, which was 6.70% and 0.10% higher than
CK and RS, respectively (Figure 2). With the
addition of RS, the content of DOC also increased
with the increase of the content of biochar. The
content of DOC in the soil supplemented with 5%
MRS was 0.23‰, which was 0.04‰ and 0.01‰
higher than that CK and RS, respectively. With the
addition of RS, the content of AOC also increased
with the increase of biochar content. In the soil with
MRS, the content of AOC was the highest (2.59‰),
which was 0.03‰ higher than CK.

The test soil had a pH of 5.33, a CEC content
of 9.71 cmol/L, an organic matter content of 27.5
g/kg and a total Cd content of 2.04 mg/kg. The
biochar addition ratios were 1% and 5%. The SOC
content was determined by the potassium dichromate
oxidation-spectrophotometry method [8]. The DOC
was extracted by water and the contents were
determined by a carbon automatic analyzer [9]. The
AOC content was detected suing the potassium
permanganate oxidation method [10]. Total carbon
content in plants was determined by potassium
dichromate oxidation-spectrophotometry [11].
Statistical analyses and Figure drawings were carried
out with SPSS v.16.0 and Origin v.8.0.

RESULTS AND DISCUSSION
Effect of different biochar on different
carbon contents in soil. As shown in Figures 1-3,
different biochar had a significant effect on different
carbon fractions in soil. The content of soil organic
carbon increased with the increase of the added
amount of corn stalk biochar (CS, Figure 1). The
highest content of SOC was 7.41% in the modified
corn stalk biochar (MCS) with 5% concentration,
which was 0.81% and 0.40% higher than the
treatments of CK and 5% CS, respectively. The most
DOC content in wheat soil supplemented with CS is
that supplemented with modified 5% biochar, whose
DOC content is 0.27‰. It can be seen from the trend
that with the increase of biochar content, DOC
content also increases. The content of DOC in soil
with MCS biochar was higher than that with single
biochar. The soil added with CS had the highest
AOC content in the MCS, whose AOC content was

FIGURE 2
Effect of rice straw biochar on soil organic
carbon fractions
The SOC content of 5% modified peanut shell
biochar (MPS) was the highest, which was 8.14%,
1.54% higher than CK and PS, respectively (Figure
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transformation of nutrients in the soil, promote
nutrient cycling and create a good living
environment for the growth of wheat plants [16]. The
AOC fact in this study is similar to reference [17].
Biomass carbon increasing mechanism of AOC in
soil is the porous nature of biochar, which increases
soil porosity and soil oxygen content, promotes the
growth of plant roots, and increases the plant root
secretion and litter [18]. The special structure of
biochar to soil fungal hyphae growth and the growth
of the soil microbial breeding provides a good
growth environment [19].

3). The soil with peanut shell biochar added had the
highest DOC content in 5% MPS, and the DOC
concentration was 0.28‰ and 0.09‰ higher than
CK and PS. The AOC concentration in MPS treated
soil was 2.62‰, which was 0.06‰ and 0.01‰
higher than CK and RS, respectively.

Effect of graphene-modified biochar on
plant carbon. Figure 4 illustrated changes in total
carbon content in grains caused by different biochar
remediation treatments. Compared with CK, the
MCS, MRS and MPS significantly increased the
total carbon in wheat grains by 2.02%, 2.04%, and
1.97%, which was significantly 0.17%, 0.35% and
0.31% higher than CS, RS, and PS, respectively. At
the same addition level, the increasing effect on
grain carbon followed the descending sequence of
(M)RS>(M)PS>(M)CS. In conclusion, any addition
of biochar is conducive to the increase of total carbon
in wheat, and with the increase of the proportion of
biochar addition, the total carbon content in wheat
plants also increases. The conclusion is similar to
reference [14]. The reason is that biochar is rich in
carbon sources, which is conducive to regulating the
C/N ratio in soil, regulating the activity of soil
microorganisms, increasing the content of soil
organic matter, and thus increasing soil fertility [19].
At the same time, biochar is a porous carbon-rich
material with adsorption effect, which can absorb
nutrients in the soil that are beneficial to the growth
of crops, such as nitrogen, phosphorus, potassium
and other minerals, so that the wheat plants growing
in the soil grow more vigorous and biomass
increases, thus increasing the total carbon content of
wheat plants. Biochar plays an extremely important
role in increasing grain yield, and its conclusion is
similar to reference [20].

FIGURE 3
Effect of peanut shell biochar on soil organic
carbon fractions
For the same biochar, the contents of SOC,
DOC and AOC increased with the increases of the
addition amount, and modified biochar had a better
effect than unmodified biochar. At the same addition
level, the increasing effects on the SOC content of
different biochar followed the descending sequence
of (M)PS > (M)CS > (M)RS. The fact is attributed to
the carbon-rich and adsorption functions, which is
benefitable for nutrients absorption (such as organic
matter) in the soil, promoting the formation of
granular structure, and thereby increasing the SOC
content [12-13]. Biochar can adjust the soil C/N ratio
and increase the activity of soil microorganisms [14].
DOC is an important carbon source of microbial
activity, with the improvement of microbial activity
[15]. Therefore, the DOC content in soil also
increased, and the activity of microorganisms
increased, so as to speed up the migration and

FIGURE 4
Effect of different biochar on plant carbon content
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TABLE 1
Relationships among SOC, DOC, AOC and wheat grain carbon
SOC
DOC
0.977*
0.972*
0.961*
0.953*
**
0.996
0.991*

Relationships among soil carbon fractions
and grain carbon. As shown in Table 1, the total
carbon contents in wheat grain significantly
correlates with the contents of SOC and DOC across
all remediation treatments. The AOC content
contributed significantly to the total carbon content
in wheat grain in CS-remediated soil. SOC is an
important basic substance of soil fertility, and its
content and nature have a very important impact on
soil physical and chemical properties and crop yield
[4]. Some studies showed that adding biochar to soil
could significantly increase the SOC content. Laird
et al. [21] added 0, 5, 10 and 20g· kg-1 biochar to the
soil under the same fertilization condition, and found
that soil organic carbon content increased with the
increase of biochar addition level. Hamer et al. [22]
used the biochar prepared by rye straw, wood and
corn straw as the material for culture test, and found
that the decomposition rate of biochar added after 60
days of culture was 0.72%, 0.26% and 0.78%
respectively, and most biochar remained in the soil.
This study showed that the addition of biochar could
increase soil organic carbon content, and with the
increase of biochar addition, the SOC content
increased.

AOC
0.992**
0.846
0.745
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of MBC, MBN and MBP, and increased with the
increase of application amount.
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ABSTRACT

INTRODUCTION

In this study, the integration research of modern
garden landscape design and urban ecological environment is carried out based on niche theory. The research focuses of this study include the integrated
design of water supply and drainage technology and
water features, the rational collocation of landscape
garden species, landscape design, and the sustainable
development of ecological environment and cities.
The research results show that the design of water
supply and drainage should be combined with the local natural geography and climatic characteristics,
and the landscape should be located in a place with
sufficient water sources as much as possible. In the
planning work of urban modern garden landscape,
the waterscape construction method combining dynamic and static should be adopted. In the process of
designing garden waterscapes, natural water bodies
should be used reasonably; and, taking into account
the characteristics of topography and landforms, the
garden environment should be created on the premise that natural conditions are fully utilized. In addition, in the process of designing the garden waterscape, it is necessary to insist on using some lowcarbon and environmentally friendly materials, and
environmental protection must be achieved in the
transportation and storage of materials. According to
the niche theory, modern garden landscape can play
the function of promoting the growth and development of biological communities as a complete ecosystem. Therefore, garden designers need to comprehensively consider the relationship between different
biological communities and the garden environment,
and form a landscape pattern with clear layers and
scientific layout by rationally matching plants and
animals. This study shows that there is a close relationship between modern garden landscape design,
ecological environment and sustainable urban development.

The design concept of modern landscape architecture construction projects usually changes gradually along with the development process of urban
construction [1-2]. Then, modern landscape architecture gradually shows the characteristics of dynamic, diversified and green development. Garden
landscape construction is a very important part of urban construction work, and waterscape, as a very important part of modern garden design, can not only
show the style of the city to people, but also realize
the organic combination between humanities and nature [3-4]. With the development of science and
technology, the waterscape design of garden landscape should also keep pace with the times, and
adopt some advanced methods to make the ecological and social economic benefits of the garden landscape higher. For modern garden landscape design,
its water supply and drainage design often takes into
account the landscape art while achieving comprehensive management and control of water supply
and drainage [5-6].
In addition, the vegetation and biological types
in modern garden landscape are more diverse, they
can better improve the stability of the garden ecosystem, so that the garden ecology can resist the influence of the outside world [7-8]. However, because
different species have different requirements on the
ecological environment, such as light, temperature,
climate, geology, hydrology, etc., in order to effectively improve the utilization efficiency of garden resources [9-10]. Designers need to match different
plants or species through species matching. For example, the combination of shade-loving and lightloving plants can improve the utilization efficiency
of natural resources on the basis of ensuring species
diversity and diversity [11-12].
Niche theory pays attention to the integrity and
balance of the ecosystem, the relationship between
people and the ecological environment, ecological
communities and ecological plants, and the application of green technology and green concepts [13-14].
For example, artificial watering and fertilizer application may damage the integrity of garden ecology.
Based on the niche theory, this paper systematically

KEYWORDS:
Modern garden landscape design, urban ecological environment, sustainable urban development, ecological protection, niche theory
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conducts a research on the integration of modern garden landscape design and urban ecological environment. The research focuses of this study include the
integrated design of water supply and drainage technology and water features, the rational collocation of
landscape garden species, landscape design, and the
sustainable development of ecological environment
and cities. This research can provide a reference for
the integration of modern garden landscapes into
modern cities, thereby improving the sustainable development of urban ecological environment.
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functions of the ecological geography and ecological
environment in the landscape architecture, and the
landscape architecture should be regarded as a complete whole to connect with the surrounding species,
so as to promote the growth and sustainable development of various species.
Based on the niche theory, this paper systematically conducts a research on the integration of modern garden landscape design and urban ecological
environment. The research focuses of this study include the integrated design of water supply and
drainage technology and water features, the rational
collocation of landscape garden species, landscape
design, and the sustainable development of ecological environment and cities (Figure 1).

MATERIALS AND METHODS
Ecological and environmental problems are becoming more and more prominent, and green concepts and ecological concepts have gradually become the core concepts for human beings to carry
out economic activities, agricultural activities and
various production activities [15-16]. Therefore, in
the process of modern landscape garden design, designers need to comprehensively consider the balance of the natural ecological environment, pay attention to the coordination between the geology and
hydrology of the garden area and the climatic environment, and choose ecological plants with strong
adaptability. Furthermore, the comprehensive utilization efficiency of natural ecological resources will
be significantly improved [17-18]. In this process,
designers should deeply understand the connotation
of sustainable development theory and reduce the
impact and damage of human activities on garden
ecology. Furthermore, it enables the garden landscape in the city to be better developed in the process
of ecosystem restoration, coordination and development. For example, rainwater can be used as a garden irrigation resource. That is, by applying rainwater to the irrigation of different vegetation through
the rainwater collection device, the impact of human
activities on the garden ecology can be reduced and
the comprehensive utilization rate of resources can
be improved [19-20]. In this process, ecological
communities such as microorganisms, insects, and
birds can better "survive and develop" under the current ecological conditions, so that landscape gardens
exhibit diverse development characteristics.
Niche theory mainly refers to the space and location of "ecology", which is a state in which environmental conditions match specific species. It generally describes how a group or species responds to
competitors or the distribution of material resources,
and the process by which the group or individual survival goals are achieved. Niche theory is the core
content of urban ecology theoretical research, which
can help people better understand the distribution
pattern of ecological communities and improve the
efficiency of ecological environment and ecosystem
protection and restoration. In the design of landscape
architecture, special attention should be paid to the

RESULTS
Integrated design of water supply and drainage technology and waterscape. In the construction
of modern landscape water supply and drainage,
people can learn from the water supply and drainage
skills of classical gardens in the south of the Yangtze
River in China. That is, combined with the local
physical geography and climate characteristics, the
landscape should be located in a place with sufficient
water sources as much as possible [21-22]. The pools
in the Jiangnan classical gardens in China have the
ability to drain and save water. The gardeners use
these pools with different heights to lay out the drainage network in the garden, which can absorb part of
the ground runoff and combine the water landscape
with the garden drainage. It can make artificial landscapes that retain, save or intercept rainwater in the
current situation of the site without destroying the
original topography and rainwater as much as possible.
To a certain extent, the waterscape itself has the
function of regulating climate and protecting ecological diversity. Therefore, the application of water
features in garden landscape design can not only improve people's visual experience, but also increase
the temperature and relative humidity of the surrounding environment [23-25]. When the water
landscape is integrated into the garden planning and
design in the form of a fountain or a stream, the form
cannot be simply emphasized. It should also emphasize the mutual cooperation between the water landscape and the environment, so as to prevent the value
of the water landscape from being unable to be fully
exerted due to the influence of patterning, which will
seriously endanger the entire ecological environment.
In the current stage of urban garden landscape
planning work, the waterscape construction method
combining dynamic and static should be adopted
(Figure 2). The main reason for this is that using this
method to create waterscapes can not only show the
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FIGURE 1
Technical roadmap for the integration of modern garden landscape design and urban ecological
environment development based on niche theory.

FIGURE 2
Dynamic and static water supply and drainage landscape integrated design.
liveliness of dynamic waterscapes, but also bring out
the quietness of static waterscapes. Through the
combination of them, it can bring people a very rich
feeling. In addition, the dynamic water and static water are combined together, and then relying on rockeries and various landscapes, different combinations
of various landscapes can be realized. In addition,
the dynamic and static waterscape construction
method is not limited by space, and can create a variety of waterscapes in any place according to the
specific situation, so as to better serve the surrounding people.
In the process of designing garden waterscapes,
some natural water bodies should be utilized. By
considering the characteristics of topography and
landforms, the garden environment is created on the
premise that the natural conditions are fully utilized.
In addition, it is also necessary to pay attention to the
climatic conditions of the region, because climatic
conditions have a great influence on the quality of
waterscapes, and then choose the appropriate form
and scale of waterscapes according to the actual situation. Generally, different waterscape types have
different requirements for site conditions. For example, wetland landscape construction has very high requirements on the water environment, and it is necessary to ensure sufficient humidity during the construction process. Moreover, its requirements for biodiversity are also very high. Under such circumstances, if the wetland is only built for the purpose

of constructing the wetland, the waterscape will dry
up after the construction is completed, which completely violates the concept of sustainable ecological
development. It not only wastes a lot of resources,
but also causes serious environmental pollution.
In the process of designing garden waterscapes,
we must adhere to the principle of environmental
protection of materials. The direct way is to consider
the use of some low-carbon and environmentally
friendly materials before design, and to be environmentally friendly in the transportation and storage of
materials. First of all, we should choose some local
low-cost and environmentally friendly materials,
which can not only reduce transportation, but also
better protect the ecology (Figure 3). At the same
time, the use of local materials can better reflect local
characteristics and better integrate with the surrounding environment. The second is to pay attention to the use of waste materials. It can improve the
utilization rate of materials and reduce energy consumption. For example, the waste materials from
brick and tile factories can be used as the base layer
of garden roads and retaining wall materials to reduce the consumption of new energy.
However, in some arid cities, some designers
like to use large-scale water features to create grand
visual effects, which is completely contrary to the
environmental protection concept of ecological conservation. In the process of garden waterscape construction, a reasonable and sustainable waterscape
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should be constructed, and resources should not be
wasted just for the pursuit of grand visual effects. To
a certain extent, the appropriate form and scale of
waterscapes can improve the lifespan of waterscapes. However, there are many waterscape designers who only pursue the viewing effect and do not
pay attention to obeying the laws of nature in the design process, that is, they use artificial methods to
construct magnificent landscapes. This method will
result in very high maintenance costs in the later period, which in turn will result in a very short life cycle of these water features. In addition, it is also necessary to control the scale of garden waterscapes
based on the long-term operation management and
the principle of cost saving according to the different
conditions of the garden green space. Only in this
way can costs be effectively reduced and the life cycle of the garden be extended.
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promoting the growth and development of biological
community as a complete ecosystem. Therefore, garden designers need to comprehensively consider the
relationship between different biological communities and the garden environment, and form a landscape pattern with clear levels and scientific layout
by rationally matching plants and animals. In order
to reduce the appearance of uncertain factors, landscape designers also need to comprehensively consider conditions such as "moisture", "temperature"
and "soil" in the garden. It should choose vegetation
with high survival rate and strong adaptability to improve the growth quality of landscape garden plants.
At the level of garden animal collocation, garden designers usually choose animals such as "fish", "reptiles", "amphibians", "insects" and "birds". In insect
collocation, it should choose beneficial insects such
as lice and aphids. Animals should choose chipmunk, squirrel, hare, hedgehog, etc. Of course, in the
process, designers can use the concept of reciprocity
to match different species.

Reasonable collocation of landscape garden
species. According to the research results of niche
theory, garden landscape can play the function of

FIGURE 3
Design of artificial ecological floating island in ecological garden.

FIGURE 4
Frequency of occurrence of common garden plants.
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Landscape designers need to simulate the ecological relationship between vegetation communities
and specific species, and rationally allocate vegetation communities according to the distribution patterns of species habitat resources and survival resources. In this way, a specific vegetation community can form a good and balanced development relationship with the surrounding organisms. Secondly, by simulating the natural environment and
ecosystem, we explore the law of garden plant community distribution, so that the biological community can form a relatively stable competitive relationship in the process of plant community setting and
collocation. For example, insects that feed on mulberry trees and insects that feed on begonias can
form a predatory relationship, and birds that live between the two types of trees feed on both. With the
support and influence of niche theory, designers can
ensure that the layers of vegetation communities are
more diverse and the ecosystem is more complete.
Different types of garden designs require different
types of garden plants. The frequency of occurrence
of common garden plants is shown in Figure 4.
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meet the requirements. The width of the green belt
should be designed according to the width of the
road, which is usually designed to be 1-10 m. As the
width of the green belt increases, the types of plants
should be appropriately increased, and low shrubs
and turf should be used in the narrow green belt, and
trees should be widely used in the wider green belt.
The use of lawns or shrubs in the design of the central isolation belt should have a good sense of hierarchy, control the planting distance reasonably, and
appropriately enhance the diversity of plant landscape colors.
Landscape design, ecological environment
and sustainable urban development. The construction of waterscapes in the classical gardens of
Jiangnan in China has a long history, although the
types and patterns of waterscapes have changed in
the changing times. However, it is good at learning
from nature, and its advanced ecological awareness
is still worth learning. For example, the excavation
of garden ponds can not only drain and store rainwater, adjust temperature and humidity, purify the air,
but also irrigate flowers and plants. It is used to put
out the fire in the event of a fire. At the same time,
in the limited garden space environment, the water
storage area and the multiple changes of the water
system should be increased as much as possible.
Through the careful design of water storage and
drainage facilities, combined with the self-purification ability of the water body, the balance of storage
and drainage is promoted, and the purification and
beautification effects are strengthened. The construction of waterscape should implement the concept of sustainable development, and the design
should pay attention to the development of regional
characteristic culture. That is, first of all, we must
understand the local cultural context and historical
evolution, and reflect it in the waterscape design and
pass it on. In addition, modern landscapes use rainwater or treated reclaimed water as the water source
for garden waterscape design, which is not only
cheap, but also abundant in such water sources, and
can also save a lot of tap water, which is conducive
to the sustainable development of water resources.
For the water supply of the entire waterscape, we
should give priority to the use of tap water for environmentally friendly storage of rainwater, river water, lake water, and landscapes that are in contact
with people. At the same time, it is also necessary to
emphasize the recycling of water resources, use
high-tech means to reduce the frequency of water replacement, and protect precious water resources.
Soil in landscape architecture directly affects
the survival of vegetation, so strengthening soil improvement in landscape architecture can promote the
healthy growth of vegetation communities. According to the ecological concept, designers need to ensure that the garden soil has strong fertility and

FIGURE 5
Vegetation landscape in the median
strip of the road.
In addition, the central isolation belt is an important part of the greening of landscaping. In the design work, the vehicle speed should be comprehensively considered, and the simplicity of the design
should be enhanced to relieve people's visual fatigue
(Figure 5). The combination of hedges and flowering
shrubs is a common way of designing a median, and
should ensure that the density and height of plants
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FIGURE 6
Landscape design of the gardens of Wujing Park in Pudong, China.
water retention, and can combine the characteristics
of different vegetation and microorganisms to provide sufficient nutrients (Figure 6). However, in the
early stage of design, the designer needs to analyze
the basic components of the garden soil. If the garden
soil has high pollution components, it needs to be
treated by physical degradation, biodegradation, etc.
Then, earthworms and organisms that can increase
soil fertility and softness should be used to improve
soil activity. In addition, garden designers also need
to carry out corresponding ecological design of garden soil, so that the soil has higher nutrients and
moisture. Then, the sustainable development of
modern garden ecological environment can be realized.

transportation and storage of materials. According to
the niche theory, modern garden landscape can play
the function of promoting the growth and development of biological communities as a complete ecosystem. Therefore, garden designers need to comprehensively consider the relationship between different
biological communities and the garden environment,
and form a landscape pattern with clear layers and
scientific layout by rationally matching plants and
animals.

ACKNOWLEDGEMENTS
The authors want to thank all the techniques
who have helped this research. And all the authors of
the references should also be thanked.

CONCLUSIONS
In this study, the integration research of modern
garden landscape design and urban ecological environment is carried out based on niche theory. The research focuses of this study include the integrated
design of water supply and drainage technology and
water features, the rational collocation of landscape
garden species, landscape design, and the sustainable
development of ecological environment and cities.
The design of water supply and drainage should
be combined with the local natural geography and
climatic characteristics, and the landscape should be
located in a place with sufficient water sources as
much as possible. In the planning work of urban
modern garden landscape, the waterscape construction method combining dynamic and static should be
adopted. In the process of designing garden waterscapes, natural water bodies should be used reasonably; and, taking into account the characteristics of topography and landforms, the garden environment
should be created on the premise that natural conditions are fully utilized.
In the process of designing the garden waterscape, it is necessary to insist on using some lowcarbon and environmentally friendly materials, and
environmental protection must be achieved in the
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sources of safe alternatives to synthetic insecticides.
The synthetic insecticides that are currently used in
managing fire ants, alternative control agents that are
natural, safe and nonpolluting have attracting significant attention as available alternative products in the
current market [14,15]. Many essential oils (EOs)
and their bioactive compounds have received particular attention for application as botanical pesticides
and exhibited insecticidal activity via fumigation,
contact, repellent and antifeedant [17]. Citrus essential oils (orange and lemon) and the oils of peppermint or basil have been widely used for their bactericidal, virucidal, fungicidal, anti-parasitical, insecticidal, medicinal and cosmetic proprieties. these oils
affected different spices of insects such as German
cockroach (Blattella germanica (L.), housefly
(Musca domestica (L), rice weevil (Sitophilus oryzae), ants (Solenopsis invicta); Sitophilas zeamais
and Tribolium castaneum [18-26]. So, this study was
investigated the effects of some natural extracted oils
from citrus peels (orange and lemon) and two other
plant oils (basil and peppermint) against ant colonies
(S. invicta) using new application methods in and out
door of household.

ABSTRACT
The toxicity and repellency of some essential
oils against Solenopsis invicta ant was evaluated under laboratory conditions and the infested areas (indoor and outdoor). Essential oils of orange, lemon,
peppermint and basil oils were used to control ants
of Solenopsis invicta using a new friendly and environmentally application method. The prepared mixtures of previous oils in Vaseline or Gel were used
as droplet points under laboratory conditions and the
infested areas. Based on the data collected from repellent and toxicity test, results showed that the most
effective compound was that of orange oil in Vaseline and/or Gel. This compound was followed at interval with time for one week. In and out door the
tested oils achieved completed elimination of ants at
the treated areas.
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INTRODUCTION
MATERIALS AND METHODS
Application of natural products and bio agents
is very important approach in control of many pests
and pathogens [1-9] Fire ants Solenopsis invicta
(Hymenoptera: Formicidae) represent one of the
most numerous of the social insects and one of the
most successful animals on earth. Also, ants present
the destructive invasive species, negatively affecting
humans, wildlife, crops, and livestock. The S. invicta
invasion caused many problems with human health,
public safety, agriculture, economy, and ecology
around the world [10-14]. Different authors reported
some methods for controlling fire ants as stomach
poisoning baits, contact spray insecticide broadcast,
drench and dust products for infested area and nest
treatments. Insecticides have been extensively employed around the world that in addition to these insecticide products, repellants and fumigants can also
be useful in some unique scenarios. Tremendous effort has been made in developing biologically-based

Insect Ant (Solenopsis invicta). Fire ants were
collected from Kafr El-sheikh university farm and
transferred to laboratory. The collected fire ants were
kept and propagated in the test tubes under the temperature of (26±2C°) and RH (65±5) until used it in
toxicity tests as described by [27].
Red fire Ants (Solenopsis invicta) (Hymenoptera:Formicidae ) were reared according to the
method described by [28,29].
Compounds Used. Orange, lemon, Peppermint and basil oils were purchased from the company of Kamina, Cairo, Egypt
Repellent and/or attractiveness tests of different oils using petri dishes. Different concentra-
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tions of tested essential oils were dissolved in acetone to prepare the stock solution. Different dilutions
were prepared for the toxicity tests. Contact toxicity
tests were made by treated petri dishes of (31.8 cm²)
surface using different dilution in acetone. Petri
dishes left to dry under laboratory conditions before
ants exposed. 20 ants were transferred to each petri
dish then were covered by polyethylene stretch. Control was prepared using acetone only [30].
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Count of ants in open area. Ants were counted
using sticker sheet papers as hand traps on a distance
of one meter behind the ant colonies this distance
was divided to four spaces to collect ant the number
counts were repeated three times the mean number
was used as a parameter of obtained results.
Field studies. Different sites of fire ants at
Kafr-El sheikh governorate-Sakha were pointed and
treated by the prepared Gel and Vaseline containing
the nature oils of orange, lemon, basil and peppermint oils. Gel or Vaseline was used as droplet of at
the (78.6µg oil/19.6mg drop) at the distance of 25
cm² behind respectively the walls also some droplets
were putted at the front of ant’s holes. Results were
taken after treatments at interval for one week. Behavior of ant after treatment was taken as a parameter of the effectiveness oils.

Toxicity of tested oils using filter papers in
petri dishes and/or tubes. Stock solutions of essential oils dissolved in acetone (2.5g/25ml) were used
to prepare different concentration of (orange, lemon,
peppermint and basil) oils. The filter paper was
dipped in different concentrations levels. Tests were
made by using a strip of filter paper in size of 5 cm
×1 cm as rectangular paper for the test tubes and
about 5 cm filter paper circular paper for petri dishes
[31].
Filter papers were soaked into the prepared
concentration and then were left to dryness under laboratory conditions. The papers were putted in tubes
at the front edge containing 20 ants than the tubes
were covered by cotton plug. Also, the treated papers
were transferred into petri dishes ants were transferred to dishes. Dishes were covered by polyethylene stretch. The results were taken one hour after
treatments. Control was made by acetone without
any addition of oils.

F1- In door. New application treatment was
used to treat the infested sites by using droplet bottle
containing the prepared gel or Vaseline mixed with
oils orange, lemon, peppermint and basil. Drops
were putted nearer to the infested area. A same thing
was used in the kitchen nearer to cooking machines
and refrigerator to protect them from any infestation
by ants. Also, the drops were putted out and indoor
nearer to the windows and the door. Each drops contain the concentration of (78.6µg oil/19.6mg drop).
Results were observed at intervals for seven days.

Chemical used. Medical Vaseline from product Panssee Cosmatic Made in Egypt
Medical Gel from Horus Company, Egypt
Preparation of gel or Vaseline with oils
The mixture Gel or Vaseline with oils was prepared by mixing the two products using a vertical
mixture blender. The mixing in the blender was used
for 30 second than they will cool in the refrigerator
at 4C ° for 24 h before using. All control treatments
were treated with gel or Vaseline without oils.

RESULTS
The results of the contact toxicity tests using
petri dishes were depicted in Table 1. From this Table, it was evident that, orange oil was the most effective compounds against Solenopsis invicta with
LC50 (30µg/cm²) followed by lemon, basil and peppermint oils with the concentration of (41µg/cm²,
45µg/cm²and 48 µg /cm²) respectively.
The highest concentration of all natural oils
tested as (78.6µg/cm²) was used against ants at intervals for one hour after treatments. The obtained results were shown in Table 2. It was evident that orange oil was that most effective compounds tested
against ants using the contact toxicity test. Tested
compounds showed a lowest toxicity then orange oil
after one hour of treatment. While after two hours all
tested compounds revealed 100% mortality of ants.

Toxicity test experiment were used to measure the effectiveness of the compound tested under laboratory conditions using petri dishes.
Drops of the mixture of Gel or Vaseline with essential oils of orange, lemon, peppermint and basil were
putted in the center the petri dishes and then the ants
were transferred into the petri dishes. Control was
made by same methods without any tested compounds. Results were taken at one-hour intervals for
one week [32].
TABLE 1
Contact toxicity of natural oils compounds tested against Solenopsis invicta 24 h after
treatment under laboratory conditions
Oils
LC50 µg/cm²
Upper
Lower
Slope
30
75
12
3.2
Orange
41
106.6
15.8
3.1
Lemon
45
175.5
11.5
2.9
Basil
48
134.4
17.1
2.9
Peppermint
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TABLE 2
Percentage mortality of contact toxicity tests of (Orange, lemon, peppermint, Basil) oils against ants (Solenopsis invicta) in petri dishes at the concentration of (78.6µg/cm²)
Oils
Hours
1
2
Orange
90.0
100
Lemon
80.0
100
Peppermint
70.0
100
Basil
75.0
100
Control
0.00
0.00
TABLE 3
Percentage mortality of ants exposed to filter paper treated with tested oils in petri dishes or in test tubes
under laboratory conditions
Oils
Orange
Lemon
Peppermint
Basil
Control
90.0
80.0
70.0
75.0
0.00
petri dishes
test tubes

80.0

75.0

70.0

70.0

0.00

TABLE 4
Effect of tested oils mixed with gel or Vaseline as a solid phase against ants using petri dishes at intervals
of 1, 2 hours under laboratory conditions
Percent mortality
Gel
Vaseline
Hour
Oils
1
2
1
2
Orange
85.0
100
90.0
100
Lemon
80.0
100
85.0
100
Peppermint
70.0
100
75.0
100
Basil
75.0
100
80..0
100
Control
0.00
0.00
0.00
0.00
TABLE 5
Average rate of the repellent effects of different oils against ants in field as droplets point
Indoor
Outdoor
Gel
Vaseline
Gel
Vaseline
1
2
1
2
1
2
1
2
Intervals
by
hour
Oils
85.0
100
100
100
70.0
100
75.0
100
Orange
80.0
100
85.00
100
65.0
100
70.0
100
Lemon
70.0
100
75.00
100
60.0
100
65.0
100
Peppermint
70.0
100
70.00
100
60.0
100
65.0
100
Basil
0.0.0
0.00
0.00
0.0.0
0.00
0.00
0.00
0.00
Control
The Comparison of the toxic effect of essential
oils towards ants using two different methods (test
tubes and petri dishes) using filter paper the results
obtained showed a higher mortality rate in petri
dishes than in the test tubes While all tested compounds showed a high toxicity percentage mortality
100% after one hour of exposure (Table 3).
Also, the repellent or the attractive effects of
these compounds towards ants were observed using
the previous two application tests. The tests showed
that the attractiveness of citrus oils was less than that
of Basil and peppermint oils. While in contrary of
those citrus oils had a great repellent effect against

ant insects. The prepared mixtures between Gel or
Vaseline with the different oils as (78.6µg
oil/19.6mg drop gel) a (78.6µg oil/23.1mg drop Vaseline) were tested and the results were depicted in
Table 4.
From this Table it is clear that orange essential
oil was the most effective compound followed by
lemon, peppermint and basil essential oil. So, the
previous concentration was used in the experimental
tests in field (in and outdoor). In general, three essential places were infested by ants at houses (bathroom, kitchens, electronic point). Results after treatment of these places were showed in Table 5, it was
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evident that the droplets of Gel or Vaseline containing oils had effect on ants after 24 h of treatment
while at intervals with time the two oils (Orange and
Lemon) showed a great effectiveness to reduce and
eliminate the ants after three days. The duration of
experiment was done to seven days.
The effect of different mixture of oils with Gel
or Vaseline in laboratory tests showed a great effect
towards ants in comparing with the use of treated filter paper. The presented data in Table 4 showed that
the orange oil was the most effective against ants followed by lemon, peppermint and basil essential oil
when used as droplets in the center of petri dishes.
Also, the results in Table 5 indicated that the use of
citrus oils as the form of Vaseline mixture more effective than that used as the Gel formula. The tests
showed that the attractiveness of citrus oils was less
than that of Basil oils. While in contrary of those citrus oils had a great repellent effect against ant insects. Results of the new application of the mixture
by using droplet of Gel or Vaseline containing the
tested oils against ants indoor and /or outdoor One
hour after treatment we notice that repellent effects
for all oils tested that indoor treatment. While the
same effects on were showed after two hours later at
outdoor treatments. The use of droplets method was
very effective towards ants. Also, we noticed that,
orange and lemon oils were the most effective compounds to disparate ants and to eliminate their presence in the infested area after24h treatment. The repellent effect of all oils was presence for one week
after treated.

were effective against ants. After these application
of mixtures between Gel and Vaseline with orange
oils of the presented areas of ants, ant’s losses their
direction to the holes of the colonies which affect directly on its propagation and to continue its life cycle. The use of orange oil as nature compound for
controlling many types of insects were in agreement
with the published results by many researchers
[18,24,37] which reported that, citrus oils had many
toxic effects against mosquites, house flies, beetle,
ants and others. Also, these results revealed that the
tested oils of orange, lemon, peppermint and basil
showed a toxic and repellent effect against ants Solenopsis invicta in and out door. In the same time,
this new method of application reduce the contamination of the treated places and it was effective to
eliminate the presence of ants for a long period
which revealed to 100% after treatments.

DISCUSSION
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respiratory systems [1] Exposure to this element is
still a serious public health concern because it is exceedingly poisonous and widely spread in the environment [2]. It can build up in the body and cause
disruptions, particularly to the kidneys, neurological
system, blood, gastrointestinal tract, and cardiovascular system [3]. Reactive oxygen species (ROS)
production, which leads to an imbalance between the
pro-oxidant and antioxidant systems, is the explanation for Pb toxicity [4]. The organism may suffer
structural and functional harm as a result of this imbalance [5]. All of this suggests that lead toxicity results in oxidative stress [6]. When cells are under
oxidative stress, they display a variety of dysfunctions because ROS have harmed their DNA, proteins, and lipids. This metal's toxicity may be
brought on by oxidative tissue damage [7]. Several
metals are used to counteract lead's effects [8]. The
clay is a sedimentary rock that underwent natural
erosion and is incredibly salty from minerals [9]. Its
mineral and trace elements, including silica, aluminum, zinc, magnesium, calcium, iron, copper, potassium, and sodium, make it a tool for health [10]. In
light of these data, the present study was carried out
to investigate the characterization of extracted clays
and evaluation of the protective effect of green clays
against toxicity induced by lead in rat.

ABSTRACT
The objective of this work is to study the effects
of green Clay on changes in biochemical, haematological, oxidative stress and histopathological parameters in rats acutely exposed to lead acetate. The
experimental study carried out in the laboratory on
18 male Wistar rats which divided into three groups
of six rats in each, the first group served as control,
the second group is contaminated with lead and the
third group is contaminated with lead and treated
with green clay. Some biochemical, haematological,
oxidative stress parameters were analysis. Regarding
the characterization of the clay, the results of infrared spectroscopy and X-ray spectroscopy indicated
the presence of several bands indicating the mineral
richness of green clay. From the analysis of our results, we observe a considerable change in body
weight and an increase in the relative weight of liver
and testis in rats contaminated with lead compared to
control. The results also showed a significant decrease (p <0.001) in the serum calcium and iron.
However, serum transaminases (GPT, GOT) activities were increased in rats contaminated with lead in
comparison with control. The results obtained revealed also a decrease in Hb, HCT, MCV levels and
in GSH concentration and an increase in PLT, MDA,
GST and SOD levels compared to control. Also, the
results clearly showed alterations in the structures of
the liver and testis in comparison with the controls.
Treatment with green clay partially ameliorates previous parameters, with protection and regeneration
of the tissue against free radical attacks caused by
lead. In conclusion, this study shows that treatment
with green clay induces a beneficial effect against
lead toxicity at molecular and tissue level.

MATERIALS AND METHODS
Clay materials and preparation. Clay was
taken from the "BELDAT OMAR " Wilayat of
Touggourt collector as shown in the Figure 1 which
showed that the soil of the Beldat omar region contains 42̃ mineral clays, the rest is silt and sand. We
cleaned the clay and then crushed it with a mortar.

KEYWORDS:
Lead, toxicity, green clay, oxidative stress, Wistar rats

Characterization of clay. The characterization
of green clays was identified by Fourier transform
infrared spectroscopy (FTIR) and X-ray powder diffraction (XRD) analysis. The analysis were done by
direct reading through JENWEY, Thermo Scientific
iS5, PROTO AXRD Benchtop and Thermo Scientific Apreo S apparatus respectively.

INTRODUCTION
Lead is an inorganic, naturally occurring heavy
metal that is predominantly absorbed by the gut and
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FIGURE1
Geographic Green Clay sampling area
Animals care and experimental design. Our
study carried out on twenty male female rats of the
Wistar type, coming from the Pasteur Institute of Algiers, aged between eight and ten weeks with a
weight of 165.05 ± 4.83. The animals are raised in
the animal house of the faculty of nature and life sciences, at Echahid Hamma Lakhdar-El-Oued University. They undergo a period of adaptation to animal
house conditions for about 3 weeks at a temperature
of 19.600 ± 0.354 C°. The rats are housed in plastic
cages and fed a standard diet . After the adaptation
period, the rats are divided into four groups of five
rats each, the rats are treated as follows for 20 days.
Group 1 (T): Healthy rats (control).
Group 2 (Pb): Rats contaminated with lead acetate in drinking water for 41 days.
Group 3 (Pb + Clay): Rats contaminated with
lead acetate and treated with green clay in food for
21 days.
The lead acetate (CH3COO)2Pb was dissolved
in distilled water at a dose (4ppm) The treatment
with clays was done at the rate of 5% of the diet.

kits using auto-analyzer. The determination of hematological parameters performed using fully Auto
Blood Cell Counter (ERMA). The levels of
malondialdehyde in rats tissue homogenates was determined by thiobarbituric acid method as descripted
in method of Yagi 1976 [11]. The amount of reduced
glutathione in tissues was determined according to
method of Weckbecker and Cory, 1988 [12]. GST
and SOD activities were measured spectrophotometrically by the method of Habig et al.[13] and Beauchamp and Fridovich [14], respectively.
Histopathological study of liver and testis
tissue. The liver and testicular tissues were taken out
after the rats were killed and placed in a fixative (solution formaldehyde) before being used to prepare
the slices. Graduated series of ethanol, toluene (36%
Whish), escalating dehydration, immersion in paraffin, and hematoxylin and eosin staining. An optical
microscope was used to do the histopathological
analysis.
Statistical analysis. Our statistical study is carried out by the Minitab software using (Student t
test) to compere means among our different experimental groups; Differences were considered statically significant at p<0.05.

Sacrifice and collection of blood and organs.
Following a 16-hour fast, the rats are sedated with
chloroform (94%) and killed (by decapitation).
When the rats are sacrificed, blood samples are collected in EDTA tubes for FNS and biochemical analyses. After, centrifugation the blood at 3000 rpm for
15 minutes. The plasma obtained is stored at a temperature of -20 ° C until the time of biochemical analyzes (Calcemia, iron, GOT, GPT). The liver and
testis are carefully removed, rinsed with NaCl
(0.9%), then weighed. Organ homogenates are prepared for the determination of oxidative stress parameters (Malondialdehyde (MDA), Super Oxide
Dismutase (SOD), Gluthaion S Transferase (GST)
and reduced glutathione (GSH). Part of liver and testes are fixed in formalin (10%) in order to carry out
the histological study.

RESULTS
Fourier Transform Infrared Spectroscopy
(FTIR). Infrared spectroscopy of clay is shown in
Figure 2 The presence of several band indicates the
mineral richness of green clay. The OH group vibration elongation is commonly seen in bands at about
3700 and 3400 cm-1. The atmospheric CO2 may be
responsible for the peak at roughly 2360 cm-1. The
presence of adsorbed water in clay may be responsible for the absorption band at 1656 cm-1. The vibration of calcite is connected to the absorption band
about 1430 cm-1. Si-O is thought to be the source of
the band at 1032 cm-1, while Al-OH-Al deformation
vibration is suggested by the band at 920–910 cm-1.

Biochemical, Hematological and Oxidative
stress biomarkers. Biochemical parameters were
determined by methods using commercial reagent
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Near 790 and 690 cm-1, quartz peaks with various
Si-O and Si-O-Al vibrations were found.
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saw a significant increase in weight gain compared
to the control group and the Pb group. In addition,
the results obtained show that there is a very highly
significant increase in the relative weight of liver
S ޒDQGWHVWLV S ޒLQWKHSEJURXSFRP
pared to the control. In the groups treated with green
FOD\ZHILQGDVLJQLILFDQWLPSURYHPHQW S ޒin
the relative weight of these organs compared to the
lead group.

X-Ray Diffraction (XRD). The results of
XRD are presented in Figure 3 which show the different elements present in clay. One should notice
that a spectrum is composed of quartz (Q), montmorillonite (M), kaolinite (K) and gibbsite (Gi).
Through diffractogram analysis, samples consisted
RINDROLQLWH . DFFRUGLQJWRSHDNVș 1.5°
and 60.3°, montmorillonite clay minerals (M), acFRUGLQJWRSHDNVș DQG,QDGGL
WLRQJLEEVLWH ș DQG¶ DQGTXDUW] 4 
accessory minerals were found, in accordance with
SHDNVș DQG

Hematological and biochemical parameters.
The results of our study (Table 2) show that lead acetate contamination leads to a very highly significant
GHFUHDVH 3  ޒLQ VHUXP FDOFLXP VHUXP LURQ
hemoglobin (HGB), hematocrit (HCT), and mean
corpuscular volume (MCV) levels, on the other hand
we notice a very highly significant increase
S  ޒLQ VHUXP WUDQVDPLQDVHV DFWLYLWLHV *27
and GPT) and platelets (PLT) level when compared
to control rats. Green clay treatment improves the
most of previous parameters compared to Pb group.
With no significant changes to the rest of markers.

Study of body weight and relative organ
weight. From our results shown in Table 1, the body
weight gain was affected by lead, indeed, we noticed
that the lead exposure rats decrease the weight gain
of the rats remarkably compared to the control rats.
For the treatment groups by clay (Pb + clay), we also

FIGURE 2
FTIR spectrum
of green
clay
p
g
y

FIGURE 3
XRD spectrum of green clay
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TABLE 1
Initial body weight, body weight gain and relative organ weight in control and
experimental groups.
Parameters
Control (n=6)
Pb (n=6)
Pb+Clay (n=6)
Initial weight (g)
150±6.58
168.2±1.03
172.6±3.63
Body weight gain
1.82±3.92
1.43±1.28***
1.61±2.69*a
Liver
2,62 ±0,0105
Relative weight (%)
3,10±0,154*
2,79 ±0,008a
Testis
1,56 ± 0,048
1,73± 0,022***
1,32±0,012*c
* p <0.05; ** p <0.01; *** p <0.001 comparison with the control group.
the lead group.

a

p <0.05;

bp

<0.01;

cp

<0.001 comparison with

TABLE 2
Biochemical and hematological parameters in control and experimental groups.
Parameters
Control (n=6)
Pb (n=6)
Pb+Clay (n=6)
Serum calcium (mg/l)
35,00 ±0,89
31,66±0,44***
9,33 ±0,16***c
***
Serum iron (mg/l)
0,23±0,05
0,15±0,004
0,04 ±0,014***c
***
Serum GOT (UI/l)
147,5 ±14,5
305,00±4,02
201,00 ±9,35***c
***
Serum GPT (UI/l)
54,50±1,12
45,33±1,74
77,33 ±5,34**c
9
WBC (×10 /l)
7,45±0,24
6,42±0,840
7,225±0,39
RBC(×1012/l)
8,670±0,36
8,77±0,0724
8,62 ±0,09
HGB(g/dl)
15,30 ± 0,60
13,56 ± 0,060***
14,0 ±0,21**a
HCT (%)
45,38 ±1,82
40,16±0,333***
41,67 ± 0,51***a
***
MCV (Fl)
52,45±0,85
46,98±0,383
48,86 ±0,26***c
9
***
PLT(×10 /l)
758,67±6,93
870,8 ±12,3
875,3±33,9*
* p <0.05; ** p <0.01; *** p <0.001 comparison with the control group.
the Pb group.

Oxidative stress parameters. Our result illustrated in the (Table 3) show a significant increase in
lipid peroxidation (MDA) levels, SOD and GST activities in liver and test and a significant decrease
3 ޒLQUHGXFHGJOXWDWKLRQH *6+ LQWKHOLYHU
DQGWHVWLVRIUDW¶VH[SRVXUHWROHDGFRPSDUHGWRFRQ
trol group. On the other hand, in rats treated with
clay, results show a significant decrease in MDA,
SOD and GST levels and a significant increase
3 ޒLQ*6+FRQFHQWUDWLRQLQDOOWLVVXHVVWXG
ies.

a

p <0.05;

bp

<0.01;

cp

<0.001 comparison with

spermatozoon, spermatid, spermatocyte, Sertoli cell
and basal lamina of eptilieume spermatogonia and
normal nucleus we observe the different stages of
spermatogenesis. In testis cells, treatment with lead
for 21 days causes a marked cell lysis (damage to the
level of tissue) and causes fairly marked cell necrosis. Necrosis predominantly peripetous, sometimes
decreased rate of sperm production and / or degeneration, and abnormalities in the strecture of the walls
of the seminiferous tube (deformation of cells) and
increase in the void between the cell. For rats treated
with green clay for 21 days. We noticed an improvement in testis tissues levels (Figure 4)

Testis histological study. In the testis histological sections, photomicrograph of the testis tissues of
control showing the normal tissue structure with

TABLE 3
Oxidative stress parameters in liver and testis of control and experimental groups.
Parameters
Group (n=6)
Pb (n=6)
Pb+Clay (n=6)
***
MDA (nmol/g tissu)
Liver
6,764±0,544
18,76±1,60
6,623±0,808 c
Testis
1,9112±0,0920
3,047±0,702NS
1,235±0,225*c
GSH (nmol/g tissu)
Liver
24,93 ±6,49
11,37 ±1,54***
48,57±5,46***c
***
Testis
21,63±2,62
5,631±0,880
24,05±2,98C
***
SOD (UI/g tissu)
Liver
16,76±0,27
17,54±0,033
15,37±0,10***C
***
17,46±0,13***a
Testis
13,63±1,94
17,84±0,02
***
GST (nmol /min/g tissu)
Liver
0,41±0,023
3,97± 0,23
0,40±0,01c
***
Testis
0,25± 0,02
0,38± 0,01
0,32±0,007***c
* p <0.05; ** p <0.01; *** p <0.001 comparison with the control lot.
lead batch.
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FIGURE 4
Photomicrograph of histopathological examination of testis sections of control (A), Pb group (B), and
group treated with green red clay (C). Coloration with hematoxylin and eosin (x40). (1- basal lamina of
eptilieume spermatogonia /2- spermatozoon/ 3- spermatid /4- spermatocyte /5-, Sertoli cell)

FIGURE 5
Photomicrograph of histopathological examination of liver sections of control (A), Pb group (B), and
group treated with green clay (C). Coloration with hematoxylin and eosin (x40); (1 nucleus / 2-hepatic cell
/ 3- necrosis / 4-hemorrhage).
high testis weight, changes in haematological and biochemical parameters in rats exposed to lead. This is
explained by testis and hepato-toxicity caused by the
build-up of lead in these target organs. Lead-induced
necrosis and apoptosis on these organs may be the
cause of this rise in relative organ weight [17]. In the
other hand, Lead inhibits delta-aminolevulinic acid
dehydratase (ALAD) [18] by binding to SH groups
(thioloprive mechanism), which causes many enzymatic systems to become inactive and results in a variety of consequences. They primarily concern erythropoiesis at low but persistent exposure levels (anemia) Lead affects the three enzymatic systems of
heme production (ALA synthetase, ALA dehydrase,
and ferrochelatase) at the hematological level, leading to an increase in erythrocyte protoporphyrins and
a buildup of ALA (delta amino levulinic acid) in
blood and urine [19]. Hypochromic microcytic anemia with sideroblastic erythropoiesis, anemia hemolytic, and leuco erythroblastic blood smear are
among the haematological symptoms of lead poisoning. Pyrimidine 5'-nucleotidase suppression leads to
the well-known basophilic stippling and hemolysis,
whereas inhibition of heme synthesis-related enzymes results in hypochromic microcytic anemia
and sideroblastic erythropoiesis [20]. Concerning the
biochemical parameters results show an increase in

Liver histological study. In the liver histological sections (Figure 5), photomicrograph of control
showing the normal tissue structure with striations
and branched appearance and normal nucleus. In
liver cells, treatment with lead for 21 days causes a
marked cell lysis (damage to the level of tissue) and
causes fairly marked cell necrosis. Necrosis predominantly peripetous, sometimes pericentrolobular and
usually accompanied by fairly significant sinusoidal
inflammation. Scattered vacuolations are also observed as well as macrocytic steatosis. For rats
treated with green and red clay for 21 of them noticed an improvement in liver tissue level

DISCUSSION
Regarding clay characterization, infrared spectroscopy has demonstrated the presence of many
bands that point to the mineral richness of green clay.
The minerals quartz (Q), montmorillonite, kaolinite,
and gibbsite make up the XRD spectrum's findings.
The UDZFOD\KDGGLVWLQFWSHDNVDWșYDOXHVDW
29° and 38° value that correlate to d values of 7.17°
and 3.58° typical of the mineral kaolinite and are typical reflections of the clay mineral kaolinite [15, 16].
In in-vivo study, results shows an hepatomegaly,
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transaminases activities and a decrease in iron and
calcium level in lead rats. Due to lead's high affinity
for the thiol groups in hepatic cell membranes, which
causes hepatic necrosis and the release of GOT and
GPT activities in serum, the liver is a significant target for lead [21] and Transaminases leakage into the
bloodstream could be caused by liver disease [22].
Results of a decrease in calcium levels because Lead
enters the cell and builds up in the mitochondria because it competes with calcium when the calcium
channels open. By interfering with the hormonal signal's ability to travel, it prevents the activation of
Ca++-dependent proteins [23]. Increases the gastrointestinal absorption of Ca + 2, increases the excretion of Ca + 2 by the kidneys, as well as the interaction between Pb + 2 and Ca + 2 for storage in bone,
which changes calcium homeostasis [24]. About iron
level, an unique side effect of iron shortage that
might be separated from lead intoxication, which is
characterized by a decrease in blood ALAD activity
and an increase in protoporphyrin levels (ZPP) [25].
These improvements are due to the components of
clay as it contains many minerals such as iron, zinc,
magnesium and calcium [26] that benefit the body
and work to compensate for iron and calcium deficiency and inhibit the spread of lead, which can reduce its toxicity at the level of the testicles and liver.
GOT and GPT transaminase enzymes activities in
lead-contaminated rats was enhanced by clay treatments containing zinc and magnesium. These antioxidants can reduce the leakage of enzymes into
plasma by stabilizing the hepatic cell membrane and
shielding hepatocytes from the harmful effects of
lead [27]. The results of the analysis of the effect of
lead on markers of oxidative stress and histological
section in liver and testis show that lead affects these
markers by increasing the level lipid peroxidation,
GST and SOD activities and decreasing the GSH
level in rats lead poisoning which indicates oxidative
stress state due to the increased ROS production, oxidative DNA damage, mitochondrial malfunction,
decreased GSH levels, antioxidant enzyme activity
reduction, and eventually apoptosis are seen [28].
Lead toxicity also results in a very noticeable cell lysis (damage to hepatic and testicular tissue). Necrosis that is primarily periportal, occasionally pericentrolobular, and most frequently accompanied by
moderately severe sinusoidal inflammation. Along
with macrocytic steatosis, scattered vacuolations are
also seen [29]. Changes in the composition of fatty
acid membranes are another route of lead-induced
oxidative membrane degradation. Since there is a relationship between the length of the fatty acid chain,
its unsaturation, peroxide activity, and membrane
sensitivity, a rise in arachidonic acid causes membrane lipid peroxidation to worsen [30]. Treatment
with green clay causes an ameliorate in cell damage
and oxidative stress in liver and testis. Among composition of clay are silicon, magnesium, aluminium,
calcium, sulfur, iron, phosphorus, zinc and copper

Fresenius Environmental Bulletin

[31]. Microelements like iron (Fe), copper (Cu), and
zinc (Zn) are necessary for living things to function
properly. These substances affect enzyme function,
control gene expression, participate in protein synthesis, and take part in a variety of processes, such as
cell metabolism and antioxidant and anti-inflammatory defences [32].

CONCLUSION
To conclude, numerous parameters, including
growth rate, transaminases activity, liver and testis
histological sections, and specific oxidative stress
markers, were altered by high dietary lead intake, including calcium and iron deficiencies. However,
adding green clay to a diet has beneficial effects by
lessening the physiological changes brought on by
lead exposure.
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biological enemies [29-34] to control these pathogens and pests. Citrus reticulata and Tagetes minuta
are two of major essential oil plants in Egypt. Petit
grain mandarin essential oil is a secondary product
produced from the waste branches of C. reticulata
tree while T. minuta planted mainly for producing its
essential oil. 10 acres in the desert had been planted
with T. minuta to produce as a trial to produce its
essential oil. Instead of throwing the waste of petit
grain mandarin or burn it after distillation it was
mixed with the compost and added to the soil before
planting T. minuta. The area divided in to two parts
5 acres each. Regarding to its safety various studies
conducted to evaluate the effect of essential oils and
its components for its insecticidal properties [35,36].
Moreover, their local availability, rapid degradation
in the environment and low mammalian toxicity are
a few advantages of the use of essential oils as costeffective control agents [37-39]. Previous toxicological tests proved that, most essential oils are relatively non-toxic to mammals and fish. Some of these
oils and their constituent chemicals are widely used
as flavoring agents in foods and beverages and are
even exempt from pesticide registration [40]. Tagetes is a genus of 56 species [41] of annual and perennial, mostly herbaceous, plants in the Asteraceae.
This genus is recognized as a source of carotenoids
used as food colorants and feed additives [42], and
for possessing anticancer and anti-aging effects [43],
T. minuta is traditionally used as an anthelmintic, diuretic, antispasmodic and to treat stomach and intestinal diseases [44]. The essential oils of T. minuta
have exhibited biocidal, acaricidal, antifungal, and
antimicrobial activities [45,46]. The major components included monoterpene hydrocarbons, oxygenated monoterpenes, and sometimes sesquiterpenes,
among which were (Z) - and (E)-β-ocimene isomers,
limonene, (Z)- and (E)-ocimenone isomers, dihydrotagetone and spathulenol [47,48]. Essential oils are
mainly constituted by monoterpenes and sesquiterpenes synthesized in the cytoplasm and plastids [49].
Stored product sector seems to be a perfect candidate

ABSTRACT
Citrus reticulata and Tagetes minuta are two
economic plants in Egypt. Waste branches of C. reticulate which called petit grain are used to produce
petit grain mandarin oil. This process increases the
mandarin producer's income with a new product instead of burning it. Also, the waste of petit grain
mandarin after distillation can be used as a compost
and increase the oil producing income. Using the
waste of petit grain mandarin mixing with compost
of 5 tons per acre increased the yield of biomass and
essential oil yield of tagette oil by (10.00 and
10.77%) for the first cut of the first year and (43.10
and 57.02%) for the second year, respectively. 22
and 10 components were identified with the GCMS
analysis of C. reticulate, and of T. minuta oils, respectively. Benzoic acid is the main component in C.
reticulate oil with (56.45%) while Dihydrotagetone
is the main component in T. minuta oil with
(30.75%). Sitophilus oryzae (L.) and Tribolium castaneum (Herbst) are two major stored product insects. Results in current study cleared that the two
tested essential oils had fumigant and contact toxicity against the two tested insects and tagette oil had
the strongest effect. T. castaneum is more tolerant
than S. oryzae in both fumigant and contact treatments.

KEYWORDS:
Petit grain mandarin oil, Rice weevil, Red flour beetle, Tagette, Fumigant, Contact, Chemical composition, GCMS,
Chemical analysis

INTRODUCTION
Plants are usually exposed to many different
stresses which adversely affect crop production such
as drought [1-10], salinity [11-19], plant pathogens
[20-25] and insects [26-28], it is necessary to use
some alternative strategies such as plant extracts and
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control. The yield of biomass and essential oil were
recorded after the two cuts during two seasons (2020
and 2021).

for the development of new Essential Oils based alternative pest control strategies. Wheat is the most
important crop worldwide and represents the main
source of protein in poor and developing countries
[50]. Storage of wheat is very important during
transportation between wheat-producing countries
and consumer countries. Protection of wheat grains
is necessary throughout the year especially during
the summer months when crops are not produced and
high temperatures and humidity occur, which are the
best conditions for stored-product pests [51]. Tribolium castaneum (Red flour beetle) (Coleoptera: Tenebrionidae), Sitophilus oryzae (Rice weevil) (Linnaeus) are two major pests of stored products. Insect
infestation during storage can cause the complete
weight loss of stored wheat within six months if no
prophylactic measures are in place [52]. Therefore,
the current study was carried out to evaluate the fumigant and contact activities of C. reticulata and T.
minuta against S. oryzae and T. castaneum adults.

Petit grain mandarin oil. Citrus reticulata
branches has been cut every winter after the harvest
fruit season. Cut braches (Petit grain) collected from
the farmers and sent to collection point in Al-Behaira
Governorate, Egypt. Petit grain mandarin has to be
crushed to minimize the size as possible. Crushed
petit grain loaded to trucks and sent to Hashem
Brothers Company for Essential oil and Aromatic
Products' Factory in Regwa (62 Km far from Cairo).
Petit grain mandarin oil was obtained from the C. reticulata branches. 1500 kg were loaded in a still
(5000 L3 capacity), direct water steam passed
through the herb inside the still at 120 Co and under
pressure 1.5 bar for 1.5 h to a condenser using cold
water to condense the steam which carrying oil inside according to Abouelatta et al. [52]. After distillation oil separated from water by a glass separator,
the oil obtained was filtered twice and kept in the
fridge.

METHODS

GC-MS analysis: The constituents of obtained
essential oils analyzed by gas chromatography-mass
spectrometry (GC/MS) using the model (HP5890)
made in the USA system with an HP column (60meter x 0.25 millimeter, 0.25 μm film thickness)
(HP-5ms). The initial temperature was 60 °C and the
maximum temperature was 250 °C for 65.3 min. The
injector temperature was 240 °C. Relative percentage amounts were calculated from peaks total area
by apparatus software. The compounds were identified by matching the mass spectra data with those
held in a computer library (Wiley 275.L), according
to Swigar and Silverstein [53] and Adams [54]. All
steps of Sample preparation, extraction, and analysis
procedure were carried out in the Analytical Laboratory of Hashem Brothers Company for Essential
Oils and Aromatic Products.

Test insects. Wheat grains and flour were used
for rearing adults of Sitophilus oryzae.and Tribolium
castaneum, respectively, wheat grains and flour were
heated at 50 oC for 6 h to get rid of any prior insect
infestations. Six glass jars, each of 500 ml, four of
them were provided with 250 g wheat grains and two
were provided with 250 g of flour, 100 adults S. oryzae and T. castaneum were transferred to the jars. All
cultures were kept at 28 ± 2 ◦C and 65 ± 5% R.H,
with light: dark photoperiod of 16:8h. The newly
emerging adults (0-7 days) were collected by sieving
the diets. Adult insects, used for all bioassays were
of mixed sexes.
Plant Materials and extraction techniques.
Tagette oil. Tagette herb, Tagetes minuta (Fam.
Asteraceae) grown in Regwa which is a sandy land
(62 Km far from Cairo) Egypt were harvested after
180 days from plantation within the summer of 2020
and 2021 for the first cut and the second cut after 270
days form plantation. In current study plantation was
in November and the first cut was in May, while the
second cut was in September. Tagette oil obtained
from the tagette herb (T. minuta) which was dried in
air for 24 h., 500 kg were loaded in a still (3000 L3
capacity), direct water steam passed through the herb
inside the still at 120 Co and under pressure 1.5 bar
for 1.5 h to a condenser using cold water to condense
the steam which carrying oil inside according to
Abouelatta et al. [52]. After distillation oil separated
from water by a glass separator, the oil obtained was
filtered twice and kept in the fridge. 10 acres were
planted with tagette, 5 of them planted using 25 tons
of waste petit grain mandarin (after distillation) were
mixed with compost and added to the soil before
plantation and the others were planted normally as a

Fumigant toxicity. The fumigant effect of tagette and petit grain mandarin essential oils against
T. castaneum and S. oryzae was evaluated using the
technique described by Ko et al. [55]. In brief, 6 cmdiameter pieces of filter paper (Whatman No. 1) impregnated with the desired concentrations (500,
1000, 2000 and 4000 mg/L) of plant oils and attached it to the undersurface of the screw cap of glass
jars (170 cm3). Ten unsexed adult insects of tested
insects were separately transferred into glass jars
covered with their screw caps attached with treated
filter paper. Pieces of filter paper (Whatman No-1)
treated with acetone only served as control. Three
replicates for treatments and control were used. Mortality was recorded after 24 and 48 hours from the
commencement of exposure. Mortality data were
corrected by using Abbott’s formula [56]. The slope,
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50% lethal concentrations (LC50), slope and 95%
confidence limits (CL) were calculated based on Finney’s analysis [57] using the Pc Probit software program, and significant difference between LC50 values was estimated based on 95% CL overlapping.

LC50 and confidence limit values were estimated using the method of Finney’s analysis [57].
Contact toxicity. Various concentrations
(5000, 10000, 20000 and 40000 mg/Kg) of the stripping oil and components were prepared in acetone,
then mixed with 20 g of crushed wheat grains for T.
castaneum and 20 gm of rice for S. oryzae in 50 ml
glass jar. Before adding 10 pairs of unsexed insects,
1 ml of selected concentrations was mixed with
wheat grains in glass jars using a rotary shaker for 15
min, to uniformly distribute the oil on crushed wheat
grains and rice. Notably, before adding insects make
sure the solvent evaporates. This method described
by Hashem et al. [58]. Ten unsexed adult insects of
tested insects were separately transferred into glass
jars covered with their screw caps. Jar were treated
with acetone only saved as control. Three replicates
for treatments and control were used. Mortality was
recorded after 24, 48 and 72 h of exposure. Mortality
data were corrected by using Abbott’s formula [56].
The slope, LC50 and confidence limit values were estimated using the method of Finney’s analysis [57].

Soil composition. Data in Table 1 cleared that,
the soil texture is sandy and contains 102.39 potassium, 19.58 nitrogen and 5.2 phosphorus.
Data in Table 2 showed that the soil PH is 8.15
and EC is 5.04 ds/m.

RESULTS
Data in Table 3 cleared that mixing petit grain
mandarin waste with compost increased the yield of
biomass and essential oil yield compared to the normal plantation. Data also cleared that increasing the
age of plant in the soil increasing the biomass yield
for the first cut but decreasing the essential oil yield.
For the first cut in 2020 the biomass yield was
(10.100 and 9.00 ton/acre) for the experiment and
normal plantation, respectively. While for the oil
yield it was (8.585 and 7.750 kg/acre) for the experiment and normal plantation respectively. For the
second year the biomass yield increased for the first
cut while the oil yield decreased.

Data analysis. The percentage of mortality in
the different tests cumulated in time according to the
concentrations of essential oil was analyzed using a
one-way ANOVA and a subsequent least significant
difference (LSD) test for mean separation at P= 5%,
using the SPSS software program version 23. The

N
19.58

PH
1:2.5
8.15

EC
(ds/m)
5.04

Season

2020
2021

2020
2021
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TABLE 1
Physical composition of soil used in Tagetes minuta plantation.
P
K
Sand%
Silt%
Clay%
5.2
102.39
90.5
5.5
4

Texture
Sandy

TABLE 2
Chemical composition of soil used in Tagetes minuta plantation.
SP
Anions (mEq/L)
Cations (mEq/L)
CO3HCO3ClSO4Ca++
Mg++
Na+
28.00
4.90
38.30
6.20
13.30
8.69
26.50

K+
0.91

TABLE 3
The yield of Tagetes minuta during two seasons 2020 and 2021.
Cut
(Mean)Biomass
Oil yield/ton
(Mean)Oil yield/acre
yield/acre (ton)
(Kg)
(Kg)
Plantation using petit grain mandarin waste mixing with compost
First cut
10.100±1.32ab
0.85
8.585±3.33a
Second cut
8.500±0.67b
0.70
5.950±4.65c
First cut
12.00±0.33a
0.65
7.800±0.73b
Second cut
7.00±0.82b
0.60
4.200±0.66c
Normal plantation
First cut
9.00±0.33ab
0.72
7.750±0.85b
Second cut
5.94±0.22c
0.60
3.560±0.80d
First cut
10.25±1.01ab
0.60
6.150±1.34bc
Second cut
4.50±3.30c
0.50
2.250±3.5d
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TABLE 4
Chemical constituents (%) of tested essential oil extracted using direct steam distillation of
Tagette herb, Tagetes minuta.
Component
R.Ta (min)
%
D- Limonene
8.072
8.13
Cis- Ocimene
8.546
28.45
Dihydrotagetone
9.170
30.75
Linalool
10.145
0.27
Trans- Tagetone
12.623
3.10
Cis- Tagetone
12.993
9.65
Cis- Tagetenone
16.261
4.15
Trans- Tagetenone
16.662
8.11
Eugenol
20.117
0.28
Caryophyllene
24.688
1.53
aR.T,

Retention time

TABLE 5
Chemical constituents (%) of tested essential oil extracted using direct steam distillation of Petit grain
mandarin, Citrus reticulata.
Component
R.T.a (min)
%
2,2-Dimethylhexane
1.810
15.43
2,2,5-Trimethylhexane
2.096
0.16
1.3-Cyclohexadiene
2.971
0.50
Alpha-Pinene
3.063
1.04
Sabinene
3.429
0.12
Beta-Pinene
3.498
1.02
Beta-Myrcene
3.561
0.26
Cymene
4.070
5.45
Limonene
4.144
3.88
1,3,6-Octatriene
4.305
0.23
Gamma-Terpinene
4.591
9.47
Benzeneamine
4.963
0.65
3-Cyclohexen-1-ol
6.553
0.10
2,6-Dimethyl-4-propylanilie
7.641
0.14
Benzoic acid
12.058
56.45
Caryophyllene oxide
15.480
0.13
1,4-butanediylbis
37.549
0.44
Pyridine
37.618
0.78
1-propanol
37.795
0.76
Quinoxaline
46.882
0.18
Glutaric acid
51.282
0.11
Benzenesulfonamide
51.511
0.24
aR.T,

Retention time

tested insects after 24 h of exposure with LC50 of
(1044.8 and 2007.6 mg/L) for S. oryzae and T. castaneum, respectively. Moreover after 48 h of exposure tagette oil was the premier with LC50 of (684.4
and 859.1 mg/L) for S. oryzae and T. castaneum, respectively.

Chemical composition. Data in Table 4
showed the main 10 components in tagette oil accounting 94.42% of the total oil. Dihydrotagetone is
the main component (30.75%) followed by Cis- Ocimene (28.45%) and Cis- Tagetone (9.65%), while
the minor component is linalool (0.27%).
Data in Table 5 cleared the main 22 components in petit grain mandarin oil accounting 97.54%
of the total oil. Benzoic acid is the main component
(56.45%) followed by 2,2-Dimethylhexane
(15.43%) and Gamma-Terpinene (9.47%), while the
minor component is Glutaric acid (0.11%).

Contact toxicity. Data in Table 7 showed that
tagette oil and petit grain mandarin oil acheived contact effect against the two tested insects. At all exposure periods tagette oil had the stronger effect compared to petit grain mandarin oil against the two
tested insects. Data also showed that T. castaneum is
more tolerant than S. oryzae. After 72 h of exposure
tagette oil had the high effect with LC50 of (3638.3
and 6133.7 mg/Kg) for S. oryzae and T. castaneum,
respectively.

Fumigant toxicity. Data in Table 6 showed
that both tested essential oils had a fumigant effect
against the two tested insects. Data also showed that
tagette oil had the strongest effect against the two
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TABLE 6
Fumigant effect of Tagette (Tagetes minuta) oil and petit grain mandarin (Citrus reticulata) oil against
adults of Sitophilus oryzae and Tribolium castaneuma.
Oil
Exposure peLC50
95% Confidence
Slope
Chi2
LC90
riod (h)
(mg/L)
Limits
value
(mg/L)
Sitophilus oryzae
24
1373.9
1067.8 – 1762.6
2.46
1.03
4565.2
Petit grain
48
736.2
523.7 – 934.9
2.62
2.89
2264.2
mandarin
24
1044.8
831.7 – 1283.8
3.06
1.15
2740.2
Tagette
48
684.4
515.8 – 840.0
3.34
0.21
1653.6
Tribolium castaneum
24
4862.7
3255.8 – 6477.9
1.98
0.26
21526.5
Petit grain
48
1377.6
1006.8 – 1867.6
1.96
0.43
6214.2
mandarin
24
2007.6
1469.1 – 3084.7
1.78
0.53
10493.4
Tagette
48
859.1
485.6 – 1217.4
1.58
1.38
5507.1
a Adults were exposed for 24 and 48 h at 30qC and 70 % R.H. using oil- impregnated filter paper technique (Ko et al. 2009)
[16].

TABLE 7
Mixing with medium effect of Tagette (Tagetes minuta) and petit grain mandarin (Citrus reticulata) oils
against adults of S. oryzae and T. castaneum.
Oil
Exposure peLC50
95% Confidence
Slope
Chi2
LC90
riod (h)
(mg/Kg)
Limits
value
(mg/Kg)
Sitophilus oryzae
24
12632.4
7965.2 – 18887.0
1.45
0.32
96707.3
Petit grain
48
7474.3
5235.3 – 9570.5
2.51
2.90
24323.2
mandarin
72
4078.1
1743.5 – 5848.9
2.32
0.51
14506.5
24
8376.1
4760.4
–
11811.8
1.62
1.27
51599.8
Tagette
48
4710.1
2020.7 – 6862.2
1.93
3.60
21769.8
72
3638.3
1148.2 – 5593.9
2.02
2.20
15717.6
Tribolium castaneum
24
63411.7
35953.7 – 402831.8
1.51
0.30
446794.1
Petit grain
48
17640.9
12945.7 – 25690.0
1.82
0.21
88809.0
mandarin
72
6757.9
3634.4 – 9471.4
1.77
2.60
35647.9
24
27193.6
18359.3
–
59707.7
1.43
0.36
212838.4
Tagette
48
9352.1
2599.1 – 16173.2
0.99
0.71
183926.4
72
6133.7
3328.5 – 8500.0
1.94
4.10
28073.8
against T. castaneum and also reported that T. castaneum is more tolerant than R. dominica. Regarding
to its safety essential oils are generally can be consider products of complex compositions can be used
in aromatherapy. For centuries as essential oil plant
species used in traditional systems of medicine. Aromatic formulas are used for the treatment of a variety of illnesses, including the effect of the central
nervous system [59]. Most of essential oils have
small structures with less than 12 carbons and present low polarity chemical functions, therefore quite
volatile. Since most natural EOs are formed by complex mixtures, their bioactivities are obviously dependent on the contribution of their various components [60].
Essential oils can be used as an alternative
source of insect control agents because they contain
a range of bioactive chemicals, most of them have no
harmful effect on the environment or non-target organisms including humans. Essential oils-based formulations can be used as alternative tools in stored-

DISCUSSION
Current study aimed to increase the national income, decreasing the production cost, increasing the
essential oil yield find a new source for income and
find new chemical pesticide alternatives. Regarding
to current results petit grain mandarin can be used for
producing essential oil and the waste after distillation can be used as a compost in sandy soil. Mixing
the waste of petit grain mandarin oil after distillation
with compost increased the yield of biomass and essential oil of Tagetes minuta. Using the waste of petit
grain mandarin decreasing the cost of plantation according to decreasing the cost of irrigation and fertilization and also through increasing the biomass and
the oil yield. Producing petit grain mandarin oil from
the waste mandarin branches is a new source of
farmer's income with a new product instead of burning it. In agreement with current study, Abouelatta et
al. [52] reported that essential oils of Plargoneum
graviolanes had fumigant and contact toxicity
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Ebadollahi and Ashouri, [71] reported that essential oils extracted from Azilia eryngioides have an
effect on S. oryzae and T.castaneum as fumigant.

grain insect management [61]. In agreement with the
current study of Moghaddam and Omidbiagi, [62],
they studied the chemical composition of Tagetes
menuta oil, the main components were α-terpineol
(20.8%), (Z)-β-ocimene (17.7%), dihydrotagetone
(13.7%), (E)-ocimenone (13.3%), (Z)-tagetone
(8.4%) and (Z)-ocimenone (6.1%). Kaul et al. [63]
studied the chemical composition of T. menuta oil
and found that, twenty-four constituents making up
93.7% of the oil were identified. The major compounds were limonene and β-phellandrene (4.7%),
(Z)-β-ocimene (36.8%), dihydrotagetone + (E)-βocimene (15.5%), (Z)-tagetone (17.1%), (Z)-tagetenone (3.0%) and (E)-tagetenone (7.5%). Igwaran et al. [64] studied the chemical composition of T.
minuta oil grown in South Africa and found that βOcimene was the major chemical constituents with
(14. 40%). The chemical composition of T. minuta
oil and basil oil was studied [65], the main component in T. minuta were dihydrotagetone (33.9%), Eocimene (19.9%), tagetone (16.1%), cis-β-ocimene
(7.9%), Z-ocimene (5.3%), limonene (3.1%) and
epoxyocimene (2.03%). Eldeeb et al. [66] analyzed
T. minuta oil growing in Saudia Arabia and found
that the main components were tagetone (11.52%),
5-octyn-4-one, 2, 7-dimethyl (11.52%), propanedinitrile, dicyclohexyl (10.45%) and 2-pinen-4-one
(8.03%). Lesser amounts of 1-acetoxy-p-menth-3one (0.17%) and 9-octacenamide (Z) (0.48%) were
also found in this oil. Kyarimpa et al., [67] analyzed
the oil of T. mineuta grown in Ughanda and found
that, the main components were trans-ocimene
15.90%, I-verbenone 15% of limonene 8.02%,
tegetone 3.56%, and 2-pinen-4-one 7.84%.
Wu et al. [68] studied the contact toxicity of
Liriope muscari essential oil T. castaneum and found
that, essential oil of L. muscari had strong contact
toxicity against T. castaneum. When compared with
the positive control, pyrethrins. They also reported
that T. castaneum adults were more tolerant than L.
serricorne adults. El-Bakry et al. [69] studied the
contact toxicity of five essential oils from Egyptian
plants viz, Citrus sinensis L. Osbeck, Eucalyptus
camaldulensis Dehnh., Laurus nobilis L., Lavandula
officinalis L. and Syzygium aromaticum L. against
the adults of rice weevil, S. oryzae (L.) and rust red
flour beetle, T. castaneum (Herbst.) and found that,
the S. aromaticum and L. officinalis oils were the
most potent against both insects, with LC50 of 0.04
and 0.07 mg/cm2, respectively, on S. oryzae; 0.13
and 0.26 mg/cm2, respectively, on T. castaneum and
there results cleared that T. castaneum is more tolereant than S. oryzae in agreement with current study.
El-Gizawy [70] studied the contact toxicity of Clove
and Dill essential oils against S. oryzae (L.), R. dominica (F.) and T. castaneum and reported that, insect
mortality was increased by increasing plant oils concentration and the period of exposure and found that
T. castaneum was the most tolerant between the
three tested insects.

CONCLUSION
In conclusion, the present study revealed that S.
oryzae was more sensitive than T. castaneum both
contact and fumigant experiments. This study can
contribute in increase the income of farmers and producers arising from the increasing of tagette and
mandarine yield.
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ABSTRACT
This study aimed at exploring the potential of
one-time basal application of controlled release nitrogen fertilizer (CRU) on reducing N2O emission
and increasing economic benefits of Chinese cabbage production in Northern China. A micro-plot
field experiment was conducted consecutive two
years in Zhaoxian County, Hebei Province. Fertilization treatments included no fertilizer control (CK),
routine urea N at 400 kg·hm-2 and 10% less rate
treatment, both applied in basal: topdressing ratio of
4:6 (U, 90U), and CRU in 10% less N input and totally basal applied (90CRU). The closed static chamber-gas chromatography methods were used to monitor and analyze soil N2O emission during growing
period. At harvest, the Chinese cabbage yield and N
use efficiency (NUE) were determined. The results
revealed that the N2O emission peaked in U and 90U
treatments at 7–9 days after basal fertilization and 4–
6 days after topdressing, while that in 90CRU was
14–17 days and 20–24 days after basal fertilization,
respectively, and with significantly lower peak value
than U and 90U treatment in 2020 and 2021 years.
Compared with U, N2O emission flux and seasonal
total N2O emissions significantly decreased by
62.83%, 52.03%, 30.13% and 52.99% in 90CRU
during 2020 and 2021 year, respectively. Compared
with U, the yield of Chinese cabbage and NUE was
increased by 11.85% and 5.64% in 90CRU, during
2020 year, those was increased by 7.93% and significantly increased by 36.74% in 90CRU, during 2021
year. The significant linear positive correlation between the N2O emission flux and soil NH4+-N, NO3-N content, the abundances of functional genes AOB
amoA, nirS, nirK and narG. The N2O emission flux
was significantly decreased by 90CRU due to lower
soil NH4+-N, NO3--N contents and nitrification, denitrification functional microbial genes. The CRU in
10% less N input and totally basal applied (90CRU)
enhanced Chinese cabbage yields, N utilization rate
and reduced yield-scaled N2O emissions in vegetable
cropping systems.

INTRODUCTION
As one of the important drivers of increasing
crop yield and improving crop quality, nitrogen (N)
fertilizer plays a key role in agricultural production
[1]. Agricultural N loss to water and atmosphere via
nitrate leaching, NH3 volatilization, and N2O emission has caused a cascade of negative impacts on soil
environmental health [2-5]. N2O plays an important
role in global warming with strong global warming
potential (296 times greater than CO2 over a 100year timescale). N2O emissions are the main way of
gaseous loss of soil nitrous nitrogen, and studies
showed that N2O gas emissions from global farmland soil account for 80%–90% of total N2O emissions each year [6-7]. There has been widespread
concern the N2O emission from vegetable production areas during the last two decades, because of the
high application rate of N fertilizer and intensive
crop rotation practices [8-9]. The emission of N2O
from global vegetable production areas was accounts
for 24.4% of the global N2O emissions from agricultural land, so vegetable systems are an important
N2O emission source in the world due to high rates
of N applications, frequent irrigations [9-10]. Vegetable production plays an important role in ensuring
food availability and safety as well as farmer livelihoods, which gradually become an important agricultural sector in China during the last two decades
[8, 11]. The mitigation of N2O emission from vegetable production areas, without affecting crop yield,
is critical for the global development of sustainable
vegetable production [12].
Previous field studies have shown that N2O
emissions from vegetable production varies greatly
depending on soil physicochemical properties and
agricultural management measures [13-15].The results of these analyses showed that the N2O emission
from vegetable crop fields is positively correlated
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with air temperature, soil moisture, and N application rate [16-17]. Among them, N fertilizer application rates is the most critical factor affecting N2O
emission from vegetable fields [18]. N fertilizer application can affect soil physicochemical properties
and functional microbial genes that are involved in
N2O production through nitrification and denitrification [19]. Developing optimum N management practices have received increasing attention due to the
potential for greenhouse gas mitigation [20-21].
Most of the field studies were limited in comprehensively quantifying impacts of different N management practices on N2O emissions from vegetable
fields [22-23]. Recently, several mitigation strategies
have been proven effective at mitigating N2O emissions from vegetable fields through regulating microbial-related N2O production or reduction pathways. For example, bio-organic fertilizer application
can decrease N2O consumption by decreasing NH4+N content and AOB amoA abundance and increasing
the population and transcription of the nosZ gene
[24]; while nitrification inhibitors are able to constrain N2O production by inhibiting autotrophic ammonia-oxidizing bacteria [25]. Although these synthetic methods could effectively mitigate N2O emissions, high costs and the potential for environmental
contamination still limit their widespread application
and development [26]. Therefore, the development
of ecofriendly approaches is anticipated to mitigate
N2O emissions from vegetable fields.
As a new type of fertilizer, controlled-release N
fertilizer (CRU) can control urea dissolution, promote N absorption and growth of crop, which was
widely used in corn, rice production [27-28]. CRU
was changed NH4+-N content and the gene of nitrification (amoA) and denitrification (nikS and nirK),
then reduced N2O emission [29]. Water soluble fertilizer integration and drip irrigation to a certain extent also play a positive role in reducing soil N2O
emissions [20, 26]. Previous studies have confirmed
that the CRU as a base fertilizer with water-soluble
fertilizer (conventional N application or N reduction
of 10-30%), to achieve stable or increase production,
reduce N2O emission flux [30]. However, the identification of CRU for increasing nitrogen use efficiency (NUE) and mitigating N2O emissions from
vegetable fields are still lacking in previous field
studies. Therefore, the use of scientific and optimum
N management practices in the process of vegetable
cultivation is the most effective way to reduce N2O
emission.
Chinese cabbage (Brassica pekinensis L.) is the
largest vegetable cultivated in China, with a planting
area of about 2.67 million square kilometers in 2018,
accounting for about 15% of the total vegetable area
in China. However, there are few reports on the impact of one-time base application of controlled release N fertilizer on soil N2O emission and influence
factor. Therefore, Chinese cabbage in North China
select as the objectives of this study, discusses the
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effect of one-time base application of CRU and reduction on soil N2O emission, soil physical and
chemical properties and the yield and NUE of Chinese cabbage, and then provide the basis for mitigation N2O emission in vegetable farmland, and meet
the needs of sustainable development of vegetable
agriculture in China.

MATERIALS AND METHODS
Overview of the Research Area. The experimental sample was selected in Zhao County, Hebei
Province (N37°47ƍƎˈE114°41ƍƎ The region has a temperate monsoon continental climate
with an average temperature of 12.4 degrees Celsius,
an average annual sunshine hour of 2126 h, an average annual rainfall of 820 mm, and changes in precipitation and soil temperature during the 2020 and
2021 growing season of Chinese cabbage as shown
in Figure 1. The soil properties (0–20 cm) (collected
in August of 2020, right before this experiment was
started) were as follows: total nitrogen 1.60 g/kg,
available phosphorus (P) 10.36 mg/kg, available potassium (K) 164.27 mg/kg, organic matter 19.20 g/kg,
pH 8.45.
Experimental design and field management.
Field simulation experiment were equipped with 4
treatments: (1) non-nitrogen control (CK), (2) conventional N application (urea 46% N, according to
local farmers’ practice, total N application of 400 kg
N·hm-2, U), (3) conventional optimized fertilization
(10% N reduction, total N application 360 N·hm-2,
90U), (4) controlled release fertilizer one-time fertilization (10% N reduction, total N application of 360
kg N·hm-2, 90CRU). Phosphorus (P2O5 180 kg·hm-2)
and potassium (K2O 360 kg·hm-2) fertilizer were as
basal application in each treatment. For U and 90U
treatments, 40%, 30% and 30% of the total N was
applied as basal, first and second top-dressing fertilizers at the seedling, rosette and heading stage, respectively. CRU (60-day release, developed by Institute of Plant Nutrition, Resources and Environment
in Beijing Academy of Agriculture and Forestry Sciences), water-soluble fertilizer (N: P: K=10:0:0, developed by Hebei Mengbang Water-soluble Fertilizer Co., Ltd.), phosphate fertilizer (P2O5 potassium fertilizer (K2O  were used in this research. All treatments were arranged in a randomized complete block design with four replicates. The
area of each plot was 27 m2. The Chinese cabbage
(Xinhang 80) sown on August 14, 2019, harvested
on November 26. In the experiment, the row spacing
was 50 cm, the plant spacing was 35 cm, and the
planting density of each plot was 150. The field was
irrigated every 2–3 weeks to 30–60 mm depending
on soil water content at critical Chinese cabbage
growing stages. The experiment was repeated for
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soil DNA genomic extraction. The extracted genomic DNA content and quality were determined using NanoDrop 2000 (Scientific Thermo, USA). Fluorescence Quantitative PCR (real-time PCR): Using
Quant Studio 7 Flex Real-Time PCR System (Applied Biosystems, USA) to analyze the copies of
AOB amoA, nirS, nirK and narG functional genes
using the extracted total DNA of soil microbial as a
template, the primer sequence refers to describe by
Geng et al [24]. Fluorescent quantitative PCR reaction
system (10 ȝL) comprises: 0.5 ȝL template DNA, 5.2
ȝL of SYBR Green and ROX mixture (2 X, Takara
Bio Inc., Shiga, Japan), 0.25 ȝL primer (10 ȝmol·L1
), supplemented with ddH2O 3.8 ȝL. The plasmid
construction standard curve reference for AOB
amoA, nirS, nirK, and narG gene primers and fragments. Fluorescence quantitative PCR reaction conditions are: initial denaturation of ႏ15s, then denaturation of ႏ15s, complex ႏ30s, extension
of ႏ45s, a total of 40 cycles, and finally, extension of ႏ30s. Finally, the R2 value of the standard
curve is greater than 0.99, and the amplification efficiency is about 85%.

Sampling and measurements. Ten Chinese
cabbage plants were randomly collected from each
plot at the mature stage, which were weighed for
cabbage yield. The N content of aboveground cabbage biomass was determined using the Kjeldahl digestion method. Six soil samples (0–20 cm) were
randomly collected from each plot each time at the
seedling, rosette, heading and mature stages during
the growing season of cabbage using a stainless-steel
soil sampling probe (inner diameter of 3.0 cm). The
soil samples collected from the same plot were homogeneously mixed into a composite sample for further chemical analysis. Soil NO3--N and NH4+-N
were extracted by dissolving 20 g fresh soil with 100
mL of 1 mol·L-1 KCl solution. The soil extracts were
then colorimetrically detected for NO3--N and NH4+N contents using a continuous flow injection analyzer (Auto Analytic 3, SEAL, German).
Soil Microbial DNA Extraction: Weighed frozen soil sample 0.5 g, using Power Soil ™ DNA Extraction Kit (MO BIO Laboratories, USA) for total
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FIGURE 1
Variation of precipitation and soil temperature in growing season
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The static transparent chamber method was
used to collect N2O gases samples. The chamber
consists a plexiglass base frame (50 cm L×40 cm
W×10 cm H) with a water channel on its top and a
plexiglass lid (50 cm L×40 cm W×50 cm H)
equipped with a battery driven 12-V fan at the center
of its inner top. In each plot, four gas samples were
collected at 0, 5, 15 and 30 min intervals using a
semi-auto gas sampler attached to four plastic gas
bags (1 L, Delin Gas Packing Co. Ltd, Dalian,
China). The gas samples were collected between
9:30 and 10:30 and immediately taken to the laboratory to measure the concentrations of N2O using a
gas chromatograph (7890 B, Agilent Technologies,
Inc., Santa Clara, CA, USA). The sampling frequency was usually once a week. Whenever there
was a fertilizer application, or irrigation, a higher
sampling frequency (once every two days) was used
and sampling occurred at least three times.

RESULTS
Effect of different fertilization treatments on
soil N2O emission flux and accumulation. In 2020
year, the N2O emission peaked in U and 90U treatments at 7–9 days after basal fertilization (0-40 d)
and 4–6 days after topdressing, while that in CRU
was 14–17 days after basal fertilization, and with
significantly lower peak value than U and 90U treatment (Figure 2). The maximum peak of N2O emissions for CK, U, 90U and 90CRU treatment in base
fertilization were 43.76, 404.94, 326.82 and 147.15
µg·m-2·h-1, respectively, higher than the topdressing
peak (Figure 2). Compared with CK, soil N2O emission flux was significantly increased by 262.94%,
223.06% and 92.58% (P<0.05) in U, 90U and
90CRU treatment. Compared with U and 90U treatment, the N2O emission flux of 90CRU treatment
was significantly reduced by 62.83% and 55.84%
(P<0.05) (Figure 2). In 2021 year, the N2O emission
variation was similar with that in 2020 year, except
the N2O emission peaked in CRU was 20–24 days
after basal fertilization (Figure 2). The maximum
peak of N2O emissions for CK, U, 90U and 90CRU
treatment in base fertilization were 39.67, 478.52,
432.51 and 197.23µg·m-2·h-1, respectively, higher
than the topdressing peak (Figure 2). Compared with
CK, soil N2O emission flux was significantly increased by 555.57%, 488.26% and 214.51%
(P<0.05) in U, 90U and 90CRU treatment. Compared with U and 90U treatment, the N2O emission
flux of 90CRU treatment was significantly reduced
by 52.03% and 46.54% (P<0.05) (Figure 2).
Accumulation of soil N2O emission was
showed as CK<90CRU<90U<U. Compared with
CK, N2O emission accumulation was significantly
increased (P<0.05) by N application (Table 1). The
N2O emission accumulation after basal fertilization
was not significantly different in N application treatments, the N2O emissions accumulation after topdressing in 90CRU was significant lower than that of
90U and U treatment (P<0.05) in 2020 and 2021year.
In 2020, compared with U, the total accumulation of
N2O emission was decreased and significant decreased by 9.16% and 30.13% (P<0.05) in 90U and
90CRU treatment, respectively. In 2021, compared
with U, the total accumulation of N2O emission was
decreased and significant decreased by 11.04% and
52.99% (P<0.05) in 90U and 90CRU treatment, respectively.

Calculation methods and data analysis. The
calculation formula of N2O emission flux (F) is as
Eq. (1):

ο
ଶଷ
(1)
F=ߩ× × ×


ο௧

ଶଷା்

F for N2O emission flux, ȡ for N2O density in
standard state, V for sample box volume (m3), A for
soil surface area (m2) in the sampling base, ¨C/¨t
for gas emission rate, and T for temperature in the
sample box.
Calculation of total N2O accumulation:
n

CF

¦˄
i 1
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Fi  1  Fi
˅u˄ti  1 - ti˅u 24 u f
2

(2)
CF is the cumulative emission of N2O (kg
N.hm-2), Fi is the i measurement of N2O emission
flux, 24 is the hourly emission flux converted to the
conversion factor of daily emission flux, (ti+1-ti) is
the number of consecutive measurement interval
days, n is the total number of observations, f is the
unit conversion factor 10-5.
Calculation of nitrogen fertilizer utilization:
NUE=˄NF-NC˅/N×100%
NF and NC were the accumulation of N (kg
N.hm-2) in the above ground part of Chinese cabbage
in the N application area and the control area, respectively. N was the amount of N applied in the current
season (kg N.hm-2).
Based on SPSS 22.0, one-factor variance analysis (one-way analysis of variance) was used to analyze N2O emission flux, the soil physical and chemical characteristics, functional microbial for different
treatments. The results of data is averages± standard
errors, illustrated by Origin 2022.

Yields and N use efficiency of Chinese cabbage. Compared with CK, the yield and N uptake of
Chinese cabbage was significantly increased
(P<0.05) by N application (Table 2). In 2020, compared with U, the yield of cabbage was increased by
7.83% in 90CRU, the difference was not significant.
Compared with U, N uptake were increased by 5.23%
and 11.85% in 90U and 90CRU treatment, respec-
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tively. Compared to U, N use efficiency was increased by 2.49% and 5.64% in 90U and 90CRU
treatment respectively (Table 2). In 2021, compared
with U, the yield of cabbage was increased by 7.93%
in 90CRU, N uptake was increased by 4.31% and
11.42% in 90U and 90CRU treatment, respectively,
NUE was increased and significantly increased by
20.78% and 36.74% (P<0.05) in 90U and 90CRU
treatment, respectively.

not significant. There was no significant difference
in soil temperature and moisture between different
treatments.
The abundances of nitrification and denitrification functional genes were determined by qPCR.
Compared to U, the abundance of AOB amoA gene
was decreased by 12.97% and significantly decreased by 31.89% (P<0.05) in 90U and 90CRU, respectively. Compared with U, the abundance of nirS
gene was reduced by 90U and 90CRU, but the effect
was not significant. Compared to U and 90U, the
abundance of nirK gene in 90CRU was significantly
reduced by 32.70% and 39.17% (P<0.05), respectively; and the abundance of narG gene was significantly reduced by 34.81% and 46.31% (P<0.05), respectively.

Soil inorganic N content and functional gene.
Compared to CK, soil NH4+-N and NO3--N content,
the number of AOB amoA, nirS, nirK and narG microbial functional genes were significantly increased
(P<0.05) by N application (Figure 3). Compared
with U, soil NH4+-N, NO3--N content were reduced
by 90U and 90CRU treatment, but the difference was
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FIGURE 2
N2O emission variation and emission flux as affected by different fertilizer treatments
Lowercase indicates the difference significance among treatments at 0.05 level.

TABLE 1
Accumulation of N2O emission in different treatments during growing season (kg·hm-2)
Treatment
CK
U
90U
90CRU

After basal fertilization
0.74±0.052 b
1.83±0.21 a
1.60±0.22 a
1.54±0.13 a

2020
After topdressing
0.43±0.042 c
1.12±0.061 a
1.00±0.13 a
0.64±0.042 b

Total emissions
1.08±0.10 c
2.85±0.19 a
2.60±0.18 ab
2.19±0.14 b

10956

After basal
fertilization
0.35±0.041 b
1.99±0.25 a
1.78±0.24 a
1.42±0.15 a

2021
After topdressing
0.33±0.032 b
1.32±0.11 a
1.20±0.073 ab
0.76±0.062 b

Total emissions
0.69±0.047 c
3.32±0.29 a
2.99±0.26 a
2.17±0.24 b
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TABLE 2
Yields and nitrogen use efficiency of Chinese cabbage in different fertilizer treatments
2020
2021
N uptake
NUE
Yield
N uptake
NUE
Yield
(kg·hm-2)
(%)
(t·hm-2)
(kg·hm-2)
(%)
(t·hm-2)
118.67±3.07 b
115.39±14.52 b
98.93±2.60 b
102.43±6.05 b
147.69±7.01 a
190.31±18.27 a
18.73±3.57 a
160.76±6.75 a
202.70±8.49 a
25.07±3.08 b
145.76±6.01 a
200.27±16.70 a
21.22±3.18 a
155.76±5.90 a
211.43±19.25 a
30.28±3.97 ab
159.26±3.51 a
212.86±12.55 a
24.37±3.14 a
173.51±4.98 a
225.83±16.81 a
34.28±2.11 a
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Soil temperature, soil moisture, NH4+-N and NO3--N contents, the number of microbial functional genes in
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N content and functional gene AOB amoA, nirS,
nirK and narG was significant linear positive correlation (P<0.001).Therefore, soil temperature, moisture, NH4+-N, NO3--N content and microbial functional genes play a positive role in soil N2O emission.

Relationship between soil factors and N2O
emission. N2O emission flux was closely related to
soil temperature, moisture, NH4+-N, NO3--N content
and functional gene AOB amoA, nirS, nirK and narG
(Figure 4). The relationship between N2O emission
flux and soil temperature, moisture, NH4+-N, NO3--
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At the same time, the temperature and rainfall decreased, these factors in a certain degree inhibited nitrification and denitrification, resulting in the period
of soil N2O emission peak lower than the base fertilizer period [19, 26, 38]. In addition, no topdressing
was applied at the stage of one-time basal application
of controlled-release N fertilizer, which led to a significant reduction of its emission peak. Therefore,
the one-time base application of N-controlled fertilizer significantly reduced the soil N2O emission flux
in Chinese cabbage, especially in the rosette and
heading stage of growth.

DISCUSSION
Effect of N application on soil N2O emission
characteristic. Soil temperature, moisture and input
of N fertilizer, soil ventilation status, N conversion
microbial and enzyme activity are the key factors affecting N2O emissions in farmland [31-32, 20-21].
Nitrification and denitrification driven by functional
microbial genes are important processes mediating
soil N availability and N2O emission. Soil N2O is the
production of nitrification and denitrification process, which process is an enzyme-driven reaction
and is positively correlated with the concentration of
substrate [19, 24]. Enhanced N addition usually increase N2O emissions by stimulating both nitrification and denitrification rates [19, 33], therefore, the
application of chemical N fertilizer rate is the main
factor that determines the increase of N2O emissions
in vegetable fields [34], this study confirms this conclusion, compared with CK, the N application can
increase N2O emissions, and reduce N2O emissions
by N reduction treatment. With the increase of fertilization, NH4+-N was hydrolyzed by urea increase,
and converted into NO3--N in soil also increased,
provided sufficiently substrates for soil nitrification
and denitrification, and promoted the related bacterial activity, thus promoted N2O emissions [22, 2829]. In this study, the NH4+-N, NO3--N content and
AOB, nirS, nirK and narG gene in U, 90U, 90CRU
were significantly higher than CK treatment, which
can explain that N application significantly increased
N2O emissions in soil of Chinese cabbage.
Controlled-release N fertilizer (Nano-polyurethane coating N fertilizer) can control the slow and
continuous release of urea, maintain the lower level
of NH4+-N content in soil, inhibit the conversion rate
of NH4+-N to NO3--N in soil, regulate the absorption
rate of crop nitrogen, and co-regulate the content of
NH4+-N and NO3--N in soil [35]. In rice, corn and
other crops in the equivalent N fertilizer input conditions, the control and release of N fertilizer can reduce N2O emission [36-37, 29], which is consistent
with the results of this study, 90CRU treatment
achieved N2O emission reduction.
In this study, soil N2O emission peaks of topdressing in U and 90U were lower than the base fertilizer stage, while soil N2O peak in 90CRU was significantly lower than 90U and U treatments. The reason was that the concentration of high substrate
(NH4+-N, NO3--N) in the early stage of Chinese cabbage growth (seedling, base fertilizer period), low
plant utilization rate and high temperature and humidity of soil environment, frequent alternating dry
and wet, poor soil ventilation, promote the occurrence of nitrification and denitrification, contributes
to the formation and discharge of soil N2O [38, 31].
The topdressing period is the period of rapid growth
of Chinese cabbage (rosette, heading stages), the N
absorption capacity of the Chinese cabbage is
stronger, reducing the soil NH4+-N, NO3--N retention.

The effect of N treatment on yield and N utilization. Reasonable reduction of nitrogen fertilizer
can improve crop N utilization, reduce N2O emissions without affecting yield and N source [39, 40],
which is consistent with the results of this research.
In this study, the use of controlled-release N fertilizer
(60 d) can meet the demand for N throughout the reproductive period of Chinese cabbage, regulate the
content of NH4+-N, NO3--N in soil from the source,
prevent excess inorganic N from being converted
into N2O emissions, improve the efficiency of N fertilizer utilization and Chinese cabbage yield.
Although the one-time base application of controlled-release N fertilizer increased fertilizer cost,
but was no labor cost of topdressing, and the vegetable management method is completely consistent
with the local farmers' habits, there is no operational
difficulty, suitable for the current rural young and
middle-aged labor shortage in North China.

CONCLUSIONS
The one-time base application of controlled-release N significantly decreased N2O emissions compared to a conventional chemical fertilizer in Chinese cabbage cropping fields. The decrease in N2O
emissions was strongly associated with lower soil
NH4+-N, NO3--N contents. Moreover, controlled nitrogen release fertilizer decreased N2O emissions
due to lower AOB amoA abundances inhibiting N2O
production through nitrification and lower nirS, nirK
and narG abundances facilitating the reduction of
N2O through denitrification. In addition, the controlled-release N fertilizer enhanced Chinese cabbage yields, nitrogen utilization rate and reduced
yield-scaled N2O emissions, suggesting that CRU in
10% less N input and totally basal applied (90CRU)
could be used as a win-win strategy to enhance vegetable yields and reduce N2O emissions in vegetable
cropping systems.
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directly endanger human health. For instance, Hg
can cause memory loss, irritability, tremors, and
other symptoms, while Cr is detrimental to bone
mineral density and renal function [4-5]. The two
primary sources of heavy metals in soil are natural
and anthropogenic influences [6]. The parent material and process of soil formation are two of the most
influential natural influences on the heavy metal
content of soil. Heavy metal pollution in soil induced
by industry, agriculture, and transportation accounts
for a significant fraction of anthropogenic influences
[7-9].
With the development of China's modernization and urbanization, traffic, as the backbone of the
economy and the fulcrum of civilization, has developed rapidly. Specifically, the construction of highway traffic is becoming increasingly crowded. The
total length of national highways has already reached
around 5.28 million kilometers by the end of 2021,
with expressways totaling nearly 170,000 kilometers,
ranking first in the world [10]. Simultaneously,
heavy metal pollution in soil produced by vehicles is
growing increasingly severe, causing considerable
worry. Numerous studies have been conducted on
these topics. With the growth of heavy metal pollutants (trace elements such as Co, Pb, Cu, Zn, and Cd)
discharged into the atmosphere by automotive exhaust [11-12], the heavy metal contamination of soil
is becoming increasingly severe as a result of sedimentation [13]. The majority of major roadways are
located on farmland, and products grown on this polluted soil will likewise be polluted [14], affecting human health via the food chain [15].
A highway junction is the intersection of multiple highways. When a car passes this location, the
speed is delayed and the stay duration is extended.
Moreover, as the engine idles, it emits more exhaust,
and the heavy metals it discharges can easily cause
more severe soil contamination. An urban-rural integration area refers to the transition zone between urban and rural areas that contains both urban and rural
land use characteristics [16]. The area of urban and
rural integration has a poor living environment and

ABSTRACT
To explore the pollution level and potential
sources of heavy metals in soil around a highway
junction in an urban-rural integration area. The concentrations of Cu, Fe, Zn, Co, Ni, Cr, Mn, and Pb in
the soil of the research area were determined, and
spatial analysis, Nemerow comprehensive pollution
index, geo-accumulation index, enrichment factor,
potential ecological risk index, pollution load index,
and factor analysis were completed. The results
show that the average concentration ranked in the order of Fe (34840 mg/kg) > Mn (455 mg/kg) > Pb
(203 mg/kg) > Zn (181 mg/kg) > Cr (29.4 mg/kg) >
Ni (8.61 mg/kg) > Co (3.45 mg/kg) > Cu (2.65
mg/kg). Furthermore, the mean concentration of Pb
and Zn was far higher than the background value of
Chinese soil. The results of the pollution assessment
illustrate that the soil is at the level of mild hazard.
Factor analysis has identified three sources in the soil.
The elements Zn and Pb in soil were mainly caused
by traffic. The elements Cu and Ni were impacted by
agriculture, whereas the sources of Cr, Fe, and Mn
elements were natural sources.

KEYWORDS:
Heavy metals, Distribution characteristics, Pollution assessment, Source analysis, Highway junction

INTRODUCTION
Soil is the primary life-supporting system, and
it plays a significant role in human agricultural production and the natural environment. However, with
the expansion of industrial and agricultural modernization and the urbanization of human society, soil
heavy metal pollution has become an increasingly
significant global environmental issue [1-2]. Heavy
metals are categorized as environmental contaminants with high safety risks due to their extended
half-life, complex degradation, and high toxicity [3],
which can cause harm to the soil system and even
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high population movement. Its land serves agricultural, industrial, commercial, residential, and other
purposes. Therefore, the importance of soil environmental quality increases in the urban-rural integration zone, which is also subject to many human variables. The heavy metal pollution of the soil around
highway intersections in urban-rural interchanges is
complex and varied. There are currently few reports
on this type of soil environment. As a tourism, agricultural, and industrial city, Xuzhou places a premium on soil quality. Therefore, in order to offer a
reference for the prevention and control of heavy
metals in soil in similar regions, the paper analyzes
the concentrations and distribution characteristics of
eight heavy metal components in the soil surrounding the urban and rural highway intersection in Xuzhou.
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agriculture. It is an important construction machinery manufacturing base and a national experimental
demonstration area for sustainable agricultural development. With developed transportation, it is a national comprehensive transportation hub where the
trunk highways of Lianyungang-Huozhou, BeijingFuzhou, Beijing-Shanghai and other countries meet.
Xuzhou is mainly a plain, located in the southeast of
the North China Plain. The plain area accounts for
about 90% of the city's area. The total terrain of the
plain decreases from northwest to southeast, with an
average altitude of 30–50 meters. Xuzhou has a temperate monsoon climate with four distinct seasons.
The annual temperature is 14 ႏand the average annual precipitation is 800–930 mm. As a scenic and
tourist city, Xuzhou has a greening rate of 43.81%,
of which the forest coverage rate is 30.1%, and was
awarded the UN Habitat Environment Award in 2018.
The study area is the green belt adjacent to the
Pantang transportation hub, which is mainly planted
with trees and grass. The Pantang transportation hub
is the intersection of national highway 104 and the
G30 expressway. The G30 expressway is an elevated
road that is interconnected with national highway
104 through ramps.

MATERIALS AND METHODS
Study area. Xuzhou is located in the northwest
of Jiangsu Province, with outstanding industry and

FIGURE 1
Location and sampling sites distribution of the study area
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The Pantang transportation hub is located on
the southeast urban-rural border of Xuzhou city, with
the urban area to the northwest and Jialou village to
the south. There are metal recycling stations, garages,
timber mills, restaurants, and more to the south of the
Pantang transportation hub. The location of the study
area is shown in Figure 1.
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RESULTS AND DISCUSSION
Heavy metal concentrations. The descriptive
statistical results of the concentration of heavy metals in the soil of the study area were listed in Table 1.
It can be seen that the order of mean concentrations
of heavy metals in the soil of the research area is Fe
(34840 mg/kg) > Mn (455 mg/kg) > Pb (203 mg/kg) >
Zn (181 mg/kg) > Cr (29.4 mg/kg) > Ni (8.61
mg/kg) > Co (3.45 mg/kg) > Cu (2.65 mg/kg). Compared to the background value of Chinese soil [17],
the average levels of Cu, Co, Ni, Cr, and Mn are
lower, whereas the average values of Fe, Pb, and Zn
are 1.19, 2.44, and 7.81 times the background value,
showing an enrichment tendency for the elements Fe,
Pb, and Zn in the surface soil.
Typically, the coefficient of variation (CV) is
used to express the average degree of variance between sampling points. In general, CV < 0.20 is regarded as a mild variation, 0.20 to 0.50 is a mediumintensity variation, 0.50 to 1.00 is a strong variation,
and CV > 1.00 is an abnormally strong variation [18].
The bigger the coefficient of variation, the more unequal the distribution of soil element concentration
and the greater the impact of human activities [19].
The coefficient of variation of Fe, Cr, Mn, and Pb in
the study area is less than 0.2, which belongs to mild
variation, indicating that the dispersion of these metals is low and the distribution is relatively uniform.
Cu, Zn, and Co are considered to have medium-intensity variation, and the coefficient of variation of
Ni is 1.36, which corresponds to an abnormally
strong variation, showing that the distribution of Ni
is uneven and the content changes significantly between locations. These results indicate that the
change in the heavy metal concentration of the soil
in the research area is influenced not just by geological background but also by human activity.

Sampling and analysis. A total of 48 surface
soil samples were collected in the study area (the
specific sample distribution is shown in Figure 1).
When collecting soil samples, first remove weeds
and floating soil about 3 mm below the surface with
a stainless-steel shovel, then collect soil samples
from 0 to 20 centimeters below the surface and document the surrounding environment. Each soil sample was mixed from three locations around the sampling location, and each mixed soil sample was at
least 1 kg in weight, packaged in polyethylene selfsealing bags, and labeled with the appropriate information (number, date, etc.). The collected soil samples were naturally dried to remove plant residues,
gravel, and other debris. Then, for 24 hours, place
them in a dryer set to 80 °C. according to the quartering method, and grinding into a powder of less
than 200 meshes. Then, all the samples (powder)
were compressed into tablets under the pressure of
30 t and sealed for later use. The tested indicators include Cu, Fe, Zn, Co, Ni, Cr, Mn, and Pb. The concentrations of these elements were analyzed by an Xray fluorescence spectrometer and calibrated with
China's national standard sediment sample (GSS-16).
All of the tests on the samples were done at Suzhou
University's Key Laboratory of Mine Water Resource Utilization of Anhui Higher Education Institutes.
Data processing and analysis. Initially, IBM
SPSS 19 software was used to statistically analyze
all of the sample data, and the minimum, maximum,
mean, standard deviation, and coefficient of variation were calculated. For spatial analysis of heavy
metals in the study area, the Kriging interpolation
method was utilized, and the contour map of heavy
metal concentration was created using Surfer 12
software. Excel 2021 was used to count and calculate
the content of heavy metals in soil, the single pollution index (Pi), the Nemerow comprehensive pollution index (Pn), the geological accumulation index
(Igeo), the enrichment factor (EF), the potential ecological risk index (RI), and the pollution load index
(PLI), and relevant maps were drawn. Heavy metals
in soil were subjected to correlation analysis and factor analysis using IBM SPSS 19.

Distribution. The spatial distribution maps
were constructed with 48 sampling points using the
kriging method, as illustrated in Figure 2. It can be
seen from the figure that heavy metals in the soil of
the study region are basically concentrated in
patches. Cu and Ni exhibit comparable spatial distribution characteristics, with higher content in the
middle of the research region and lower concentrations in other places. Fe, Mn, and Cr also have similar spatial distribution characteristics, with a higher
concentration in the northwest, but the distinction is
that the concentration of Cr is higher in the east,
while the other two elements do not. The spatial distribution laws of Zn and Pb are substantially comparable, and both are relatively enriched at the southern
boundary. The distribution of Co is different from the
above seven elements. Its concentration is high in the
east and low in other regions. The concentration of
Zn, Cr, and Pb along the southeast boundary is high,
which may be affected by metal recycling stations,
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Eq (1): Pi, Ci and Si are the single factor pollution index, measured concentration and standard
concentration of the element i, respectively.
Eq (2): Pn is the Nemerow pollution index,
Pi,max and Pi,ave are the maximum and average values
of Pi, respectively.
The soil environmental background values of
China [17] were chosen to be the Si. Pi and Pn values
of heavy metals in soil were listed in Table 3. The
order of the mean value heavy metal single factor
pollution index is: Pb (7.83) > Zn (2.44) > Fe (1.19) >
Mn (0.78) > Cr (0.48) > Ni (0.32) > Co (0.27) > Cu
(0.12). The Nemerow pollution index is 4.79–7.59,
with an average of 5.66. From Table 2 and Figure 3,
the results suggest that the soils in this study are seriously polluted by Pb, moderately polluted by Zn,
mildly polluted by Fe, and not polluted by Cu, Co,
Cr, and Mn. The Nemerow comprehensive pollution
index shows that the soil in the research region is seriously polluted.

garages, timber mills, and restaurants in the southeast. In general, the distribution of eight heavy metals is relatively complex, indicating that human activities have a great impact on the enrichment of
heavy metals in the soil of the study area.
Pollution assessment. (1) Nemerow comprehensive pollution index. The Nemerow index
method is a comprehensive pollution evaluation
method based on the single factor index method. It
not only evaluates the average value and maximum
value of the single factor pollution index but also
emphasizes the complete influence of a variety of
pollutants and critically contaminated pollutants. It
is one of the regularly used soil contamination evaluation methods [20]. The calculating formula is (1)
and (2). The evaluation standard of pollution degree
is shown in Table 2.
(1)
ܲ = ܥ Τܵ
ܲ = ට

Cu
Fe
Zn
Co
Ni
Cr
Mn
Pb

,ೌೣ మ ା,ೌೡ మ
ଶ
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(2)

TABLE 1
Descriptive statistics of heavy metal concentrations (mg/kg) in the soil samples.
Min
Max
Mean
Standard deviation Coefficient of variation Background values [17]
1.08
7.98
2.65
1.29
0.49
22.6
29696 42659
34840
3081
0.09
29400
136
416
181
60.9
0.34
74.2
1.83
4.59
3.45
0.69
0.20
12.7
0.01
42.8
8.61
11.7
1.36
26.9
24.5
34.9
29.4
2.72
0.09
61.0
405
509
455
25.6
0.06
583
172
272
203
26.1
0.13
26.0

FIGURE 2
Spatial distribution of soil heavy metals in the study area
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TABLE 2
Classification Standard of soil heavy metal pollution.
Single factor pollution
index
Nemerow Pollution Index
Geo-accumulation index
Enrichment factor

Potential ecological
risk index

Pollution load index

Pi
Level
Pn


Clean


Level

Clean

Igeo

2–3
Moderate
1–2

>3
Serious
2–3

>3

Mild

Moderate

Serious



1–2
Mild
0.7–1
Warning
line
0–1

1–2

Level

Non

Non-Mild

Mild

EF
Level
ܧ

<2
Non
<40

2–5
Light
40–80

5–20
Moderate
80–160

2–3
MildStrong
20–40
Heavy
160–320

Level

Mild

Moderate

Strong

Very Strong

3–4
Strong-Extreme
>40
Serious

Extreme
Strong

RI
Level
PLI

<150
Mild
<1
No polluted

150–300
Moderate
>1

300–600
Strong


Very Strong

Level

4–5
Extreme

Polluted

TABLE 3
Single factor index, Nemerow pollution index, Geo-accumulation index, and Enrichment factor
for the soil of the study area.
Pi
Igeo
EF
Min
Max
Mean
Min
Max
Mean
Min
Max
Mean
Cu
0.05
0.35
0.12
-1.50
-0.63
-1.14
0.05
0.27
0.10
Fe
1.01
1.45
1.19
-0.17
-0.01
-0.10
1
1
1
Zn
1.83
5.61
2.44
0.09
0.57
0.19
1.46
4.38
2.08
Co
0.14
0.36
0.27
-1.02
-0.62
-0.75
0.11
0.33
0.23
Ni
0.00
1.59
0.32
-3.61
0.03
-1.98
0.00
1.45
0.28
Cr
0.40
0.57
0.48
-0.57
-0.42
-0.50
0.34
0.52
0.41
Mn
0.70
0.87
0.78
-0.33
-0.23
-0.29
0.60
0.75
0.66
Pb
6.63
10.46
7.83
0.65
0.84
0.71
5.40
9.16
6.65
4.79
7.59
5.66
Pn
evaluation of soil heavy metals, which can reflect the
natural change characteristics of heavy metal distribution and the impact of human activities [21-23].
The calculation formula is as follows:

ܫ = ݈݃ଶ ቀ  ቁ
(3)
ଵ.ହ×

Eq (3): Igeo is the Geo-accumulation index, Cn
and Bn are the measured value and background value,
respectively.
Table 2 shows the geo-accumulation index of
heavy metals in the soil of the study area, calculated
according to the soil environmental background values of China. The minimum, maximum, and average
values of the geo-cumulative index of each element
were shown in Figure 4. The mean value order of the
geo-accumulation index of each heavy metal element is: Pb > Zn > Fe > Mn > Cr > Co > Cu > Ni.
According to the classification standard of the geoaccumulation index, Pb and Zn are at the non-mild
pollution level, and the other heavy metals are at the
non-pollution level. Heavy metals in the soil of the
study area are mainly non-pollution and light pollution.

FIGURE 3
Nemerow pollution index for the soil of the
study area
(2) Geo-accumulation index. The geo-accumulation index (Igeo) is widely used in the pollution
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status can be judged. The calculation formula is:


 = ܨܧቀ  ቁൗቀ ್ ቁ (4)


ೣ

Eq (4): Cn and Cm are the sample concentrations
of elements and reference element, Cb and Cx are
their concentrations in a suitable background or
baseline reference material.
Reference elements are generally chosen to be
relatively stable elements [26]. The CV value of Fe
in Table 1 indicates that its concentration is relatively
steady and near to the background value of China. In
this study, the EF of heavy metals was calculated by
using Fe as a reference element. The enrichment factors for Cu, Zn, Co, Ni, Cr, Mn, Pb are 0.05–0.27,
1.46–4.48, 0.11–0.33, 0–1.45, 0.34–0.52, 0.6–0.75,
5.4–9.16, respectively (Figure 5). Cu, Co, Ni, Cr, and
Mn are in the depletion range. Zn and Pb are enriched in the study area, and their enrichment coefficients are more than 2, indicating that these two elements have been enriched by soil forming elements
or are affected by human input.

FIGURE 4
Geo-accumulation index for heavy metals in the
soil of the study area

(4) Potential ecological risk index. The potential ecological risk index (RI) was first proposed in
1980 [27], which can comprehensively reflect the
impact potential of heavy metals on the ecological
environment and is commonly used for heavy metal
risk assessment [28]. The calculation formula is:
ܧ = ܶ × ܥ (5)
ܴ = ܫσୀଵ ܧ (6)
Eq (5, 6): ܧ is potential ecological risk index
of single pollutant, ܥ is the single factor pollution
index of a metal, ܶ . is the toxicity response parameter of a single pollutant, the toxicity response coefficients of Pb, Cu, Ni, Co, Cr, and Zn were 5, 5, 5, 5,
2, and 1, respectively [27].
The statistical results of the single pollution
risk index and potential ecological risk index of soil
in the study area were shown in Table 4 and Figure
6. It can be seen that the order of single pollution index of heavy metals in the soil of the study area is Pb
(39.1) > Zn (2.44) > Ni (1.6) > Co (1.36) > Cr (0.96) >
Cu (0.59). The single pollution index of all elements
is less than 40, all of which are at a mild hazard level
and have a low contribution to the potential ecological risk of the soil in this region. The potential ecological risk index of the soil in the study area is 36.7–
70.6, with an average value of 46.1, indicating that it
belongs to the level of slight ecological risk.

FIGURE 5
Enrichment factor (EF) for heavy metals in the
soil of the study area
TABLE 4
Potential ecological risk for environment
of the study area.
Min (ܧ )
Max (ܧ ) Mean (ܧ )
Cu
0.24
1.77
0.59
Zn
1.83
5.61
2.44
Co
0.72
1.81
1.36
Ni
0.00
7.96
1.60
Cr
0.80
1.14
0.96
Pb
33.1
52.3
39.1
RI
36.7
70.6
46.1

(5) Pollution load index. The pollution load index (PLI) is a comprehensive evaluation index that
takes into account the toxicity of all metal elements
[29]. It is calculated by the following formula:

ܲ = ܫܮඥ
ܲଵ × ܲଶ × ܲଷ ×ήήή× ܲ
(7)
Eq (7): Pi is the single factor pollution index.
The pollution load index of the soil in the study
area ranges from 0.28 to 1.02, with a mean value of
0.55, and only one sampling point has a value larger
than 1. The spatial distribution of the soil heavy

(3) Enrichment factor. The enrichment factors
(EF) are used to evaluate the impact of human activities on the enrichment of heavy metals in soil [2425]. By comparing the concentration of elements in
the sample with that in the background, the pollution
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metal pollution load index was shown in Figure 7. It
can be seen that the soil in the study area is not polluted in general, except for a sampling point in the
western region.
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Therefore, factor 1 is interpreted as the traffic source.
Factor 2 represents Cr, Fe, and Mn elements,
which can be interpreted as the natural sources. Except for iron ore and manganese ore, the elements Fe
and Mn in soil are stable and are rarely affected by
other sources [33]. While Cr is less affected by human activities [34], this indicates that Cr in soil
comes from natural factors.

Sources of heavy metals. (1) Correlation
analysis. The sources of heavy metals are frequently
investigated using correlation analysis [30]. If there
is a significant positive correlation between different
elements, it is more likely that they are derived from
the same substance or origin of production. The
Pearson correlation analysis was carried out on eight
heavy metal elements in the study region, and the
analysis results are listed in Table 5. It can be shown
that Cu and Ni, Fe and Cr, Fe and Mn, Zn and Pb, Cr
and Mn, Cr and Pb have significant positive correlations, and their correlation coefficients are 0.704,
0.516, 0.892, 0.848, 0.513, 0.438, respectively. Such
results suggest that they may have similar sources or
be affected by comparable factors. However, Co
shows negative correlations with almost all of the
other elements except for Cu, implying that it has
different sources.
(2) Factor analysis. Factor analysis is a statistical technique to extract common factors from variable groups. It is commonly utilized in the source
analysis of heavy metals in soil [31]. Through Kaiser
Meyer Olkin (KMO) and Bartlett spherical tests, the
KMO value is 0.635 > 0.5, Sig.=0 < 0.001, which
conforms to Kaiser standard conditions, indicating
that the correlation between variables is strong, and
the data is suitable for factor analysis. The results of
factor analysis and the component diagram of rotating space were shown in Table 6 and Figure 8. Three
factors extracted by factor analysis explained 86.4%
of the total variance in the data. Among them, Factor
1 explains 35.36% of the total variance, and the loading of Zn and Pb is 91.4% and 96.6%, respectively.
Factor 2 explains 29.28% of the total variance, and
the loading of Fe, Cr, and Mn is 94.2%, 68.3%, and
94.8. Factor 3 explains 21.76% of the total variance,
and the loading of Cu and Ni is 92.1% and 91.9%.
The research demonstrates that the important
source of Pb in soil is the emission of automobile exhaust. Zn is often used as the hardness additive and
antioxidant on automobile tires, and will enter the
soil with the dust produced by tire friction. Crude oil
contains a trace of Cr, which is discharged into the
atmosphere during the combustion process [32].
Factor 1 represents Pb and Zn elements, and Cr also
has a load value of 43.7%. The single factor pollution
index shows that Pb is seriously polluted and Zn is
moderately polluted in the soil of the research area.
The geo-accumulation index shows that Pb and Zn
are at non-mild pollution levels, and the enrichment
factor indicates that both elements are enriched. The
study area is located near the transportation hub,
with garages. The concentration of Zn, Cr, and Pb
along the south boundary is high in the southeast.

FIGURE 6
Potential ecological risk for environment of the
study area

FIGURE 7
Spatial distribution of PLI of the soil

FIGURE 8
Component diagram of rotating space
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Cu
Fe
Zn
Co
Ni
Cr
Mn
Pb
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Cu
1
-0.128
0.243
0.013
0.704**
-0.051
-0.134
0.010

Fe
1
-0.061
-0.226
-0.134
0.516**
0.892**
0.074
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TABLE 5
Results of correlation analysis.
Zn
Co
Ni

1
-0.785
0.209
0.231
-0.054
0.848**

1
-0.062
-0.561
-0.249
-0.893

1
0.072
-0.030
0.085

Cr

Mn

Pb

1
0.513**
0.438**

1
0.075

1

** The correlation was significant at 0.01 level (bilateral)

TABLE 6
Results of factor analysis.
Factor 1 Factor 2
Cu
0.031
-0.091
Fe
-0.011
0.942
Zn
0.914
-0.095
Co
-0.929
-0.26
Ni
0.079
-0.003
Cr
0.437
0.683
Mn
-0.004
0.948
Pb
0.966
0.074
Eigenvalue
2.83
2.34
% of variance
35.36
29.28

sources. The sources of Pb and Zn are potential from
traffic, Fe, Cr, and Mn are derived from nature, and
Cu and Ni are derived from agriculture.

Factor 3
0.921
-0.094
0.195
0.02
0.919
0.022
-0.04
-0.007
1.74
21.76
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Factor 3 represents the elements Cu and Ni.
Previous research has demonstrated that long-term
usage of pesticides and fertilizers will increase the
concentration of Cu and Ni in soil [35]. Therefore,
factor 3 can be explained as the agricultural source.
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FEASIBILITY TEST STUDY ON THE DIRECT REUSE OF
SLUDGE WATER FROM SEDIMENTATION TANK IN
WATER PURIFICATION PLANT
Caixia Kang1, Zhicheng Xi1,*, Wenxiu Chen1, Yurun Liu1, Zhengong Tong1
School of Civil Engineering and Architecture, East China Jiaotong University, Nanchang, 330013, China

The sedimentation tank discharge water has a
high solid particulate matter content, accounting for
about 0.1% to 1.0%, and is enriched with more suspended matters, organic pollutants, microorganisms
and heavy metals[3]. Thus, the direct reuse of production wastewater has high risk of water quality
safety, which affects the water quality of finished
water[4]. This experiment explores the direct reuse
of discharge water by mixing the discharge water of
the sedimentation tank with raw water directly without static sedimentation to investigate the influence
of this approach on effluent quality under different
reuse ratios. The test mainly examined the conventional water quality, organic matter and metal indexes and used Zeta potential and particle size distribution analysis to consider the possibility of the
direct backflow of sludge water from the water plant
comprehensively from the safety and economic aspects.

ABSTRACT
The safety of the direct reuse of the sludge water and the economic benefits of the direct reuse of
the sludge water are analyzed by testing the conventional (e.g. pH, turbidity and NH3-N), organic matter
(e.g. CODMn and UV254) and metal indicators (e.g.
Al, Fe and Mn) of effluent water quality after the direct reuse of the sludge discharged from the sedimentation tank and by using Zeta potential and particle size distribution analysis. Results show that the
direct reuse of the sludge water can enhance the effect of coagulation, that is, after reuse, CODMn will
not exceed the standard and has a good removal effect. However, it has minimal effect on UV254 and
will not change the classification of soluble substances in raw water. The turbidity, NH3-N, Al, Fe,
and Mn of the after-sedimentation water all meet the
effluent quality standards under an appropriate reflux ratio. Under controlled reflux ratio conditions,
the sludge water can be reused directly, thereby not
only saving water resources and bringing economic
benefits to the water plant but also protecting the environment to achieve the environmental protection,
energy conservation and emission reduction.

MATERIALS AND METHODS
Experimental. Water quality of raw water
and sludge discharged water. The experimental
water was taken from a water plant in Nanchang using Ganjiang water as the raw water. The scale of the
water plant is 5.0×104m3/d, and the process flow diagram is shown in Figure 1. The raw and the discharge water qualities of the flat-flow sedimentation
tank are shown in Table 1. The coagulant is polymeric aluminium chloride, and its dosage is 15 mg/L.

KEYWORDS:
Discharge water of the sedimentation, direct reuse, enhanced coagulation, feasibility of backflow

INTRODUCTION

Experimental setting. To investigate the effect
of the different return flow rates of the sludge discharged water on the effluent quality, the maximum
return ratio of the sludge discharged water was set to
10%[5], and the gradients of the return ratio of 0, 2%,
4%, 6%, 8% and 10% were set in this experiment.
The turbidity, pH, ammonia nitrogen and other conventional, organic (e.g. CODMn and UV254), and
metal indexes (e.g. Al, Fe and Mn), as well as Zeta
potential and particle size distribution, were measured to investigate the safety of reusing effluent water.

During operation, water purification plants produce approximately 3%–10% of production
wastewater, which mainly comprises the sludge water of the sedimentation tank and the backwash water
of the filter tank[1]. This production wastewater contains a large number of polymeric colloid, desolidified solid particles and unreacted residual coagulants. The rational reuse of production wastewater
cannot only enhance the coagulation effect[2] but
also alleviate water resource pressure, reduce environmental pollution, improve effluent quality and
save costs in response to the national sustainable development strategy in China.
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Coagulation beaker experiment. The TA6-1
programme-controlled six stirrer is programmed.
Stage 1 corresponds to the mixing stage wherein raw
and sludge discharged water are fully mixed. Stage
2 refers to the automatic dosing stage, in which the
speed is 200 r/min and stirring is 15 s to disperse the
PAC quickly and uniformly in water and to accelerate the PAC hydrolysis, polymerization and particle
destabilization. Stages 3 and 4 involve the flocculation stage. Stage 5 corresponds to the sedimentation
stage and flocculation after 30 min. The speed and
time of stirring are calculated for each stage according to the actual operation of the water plant (Table
2).
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Inductively coupled plasma emission spectrometry
(ICP/AES) method. Zeta potential: 90 plus Zeta potential meter. Particle size: KZ-2 particle counter.

RESULTS AND DISCUSSION
Impact of the direct reuse of sludge discharged water on conventional water quality indicators. Firstly, Ganjiang raw water and sedimentation tank sludge discharged water of the water purification plant were collected. Secondly, the discharge water was mixed with Ganjiang raw water in
the proportion of 0, 2%, 4%, 6%, 8% and 10%.
Thirdly, 15 mg/L of PAC was added. Fourthly, 2 cm
water sample was taken under the liquid surface at
the end of coagulation and mixing (corresponding to
stage 4 in Table 2) and the supernatant after 30 min
sedimentation (corresponding to stage 5 in Table 2)
to determine turbidity, pH and ammonia nitrogen.
The changes at different return flows are shown in
Figures 2 and 3.

Coagulation beaker experiment. Turbidity:
HACH2100P portable turbidity meter. pH: Determination by colorimetric method using standard buffer
solution. Ammonia nitrogen: Nascent reagent spectrophotometric method. CODMn: Acidic potassium
permanganate titration method. UV254: The water
VDPSOHZDVILOWHUHGE\ȝPPHPEUDQHWRUHPRYH
the interference caused by particulate matter, and its
UV absorbance at 254 nm wavelength per cuvette
light range was measured on the UV spectrophotometer (Lambda 35). Aluminium, iron and manganese:

FIGURE 1
The flow chart of water plant process.
TABLE 1
Quality of raw water of Ganjiang River and water quality of sludge discharged from sedimentation tank
during the test period.
T
pH
Turbidity NH3-N
CODMn
UV254
Al
Fe
Mn
Units
NTU
mg/L
mg/L
cm-1
mg/L mg/L mg/L
Ԩ
Raw water
5~9
6.59~7.
8.9~18.7
0.12~0.
1.9~2.7 0.024~0.0 0.016 0.021
na
45
25
33
Sludge wa5~9
6.74~7. 657.4~942 1.21~1. 6.51~9.3 0.192~0.2 0.041 0.038 0.258
ter
62
.1
64
3
37

Stage
Time (s)
Speed (r/min)

1
600
200

TABLE 2
List of coagulation parameters.
2
3
15
180
200
150
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FIGURE 2
Changes of turbidity before and after precipitation under different reflux ratios.
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FIGURE 3
Changes of ammonia nitrogen before and after precipitation under different reflux ratios.
With the increase in sludge discharged water
reflux ratio, the turbidity at the end of coagulation
only rises when the reflux ratio is 0–2% due to the
small amount of sludge discharged water reflux,
thereby making the formation of a dense floc difficult, causing small particles to spread in the water
and increasing turbidity[6]. When the reflux ratio is
2%–10%, the turbidity at the end of coagulation and
after 30 min of sedimentation show a trend of first
decline and then rise, suggesting that the reflux of
sludge discharged water can reduce the turbidity of
the effluent and achieve enhanced coagulation effect[7]. The whole curve had a concave shape, and
the remaining turbidity of the sunken water reached
the lowest value when the reflux ratio was 6%.
Meanwhile, the coagulation effect was the best, and

the removal rate of turbidity was the largest, reaching 45%. With the gradual increase in the return flow
ratio of the sludge discharged water, the turbidity of
the effluent also rises because the total volume ratio
of the sludge discharged water increases, and the silt
and suspension carried by the sludge discharged water are distributed in large quantities in the water,
whilst the newly added coagulant and the remaining
coagulant in the sludge discharged water cannot reGXFHWKHȗ-potential in the water effectively, thereby
disabling the suspension to gather and settle[8]. The
residual turbidity of the post-sedimentation water
reached the standard of less than 1 NTU in the prefiltered water at the reflux ratio of 0–10% in the direct reflux of the sludge discharged water.
During the experimental period, the average
value of Ganjiang raw water pH was 7.69, which was
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in a relatively stable weak alkaline range. With the
increase in the return ratio of the sludge discharged
water, the pH of the post-sink water, which would
not increase the cost of subsequent pH adjustment in
the actual operation, decreased slightly. The reason
for the decrease in the pH of post-sink water is that
the coagulant used in this water plant is PAC, which
is acidic after hydrolysis. Thus, the addition of PAC
in the coagulation experiment will decrease the pH
of water slightly.
The mean value of ammonia nitrogen in raw
water during the test period was 0.19 mg/L. The
change curve of ammonia nitrogen at different return
flow rates was similar to that of turbidity, and ammonia nitrogen values also appeared to rise at 0–2%.
With the increment of the return flow ratio of the
sludge discharge water, the ammonia nitrogen value
of the water samples at the end of coagulation and

after 30 min of sedimentation decreased and then increased when the return flow ratio was 2%–10%[9].
At 6%, the ammonia nitrogen value dropped to a
minimum of 0.017 mg/L, and the ammonia nitrogen
value of the post-sedimentation water was much
lower than specified in the 屓Sanitary Standard for
Drinking Water 屔 (GB5749-2022), which was 0.5
mg/L, and the reflux would not increase the chlorination amount for the subsequent operations of the
water purification plant.
Impact of the direct reuse of sludge discharged water on organic matter index. The variations of CODMn and UV254 for different return
flows of the sludge discharged water are shown in
Figure 4 and 5, respectively.
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FIGURE 4
Changes of CODMn and its removal rate under different reflux ratios.
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FIGURE 5
Changes of UV254 before and after precipitation under different reflux ratios.
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The organic matter index of the sludge discharged water of the sedimentation tank, as well as
the CODMn and UV254, are much higher than those
of the Ganjiang raw water. When the return ratio of
the sludge discharged water is within 4%, the
CODMn of the post-sink water gradually decreases.
At 4% to 10%, the CODMn of the post-sink water
has a slowly rising trend because more metal hydroxide are destabilized colloidal particles in the sludge
discharged water, and the reuse can enhance the effect of coagulation; meanwhile, the reductive organic matter in water mainly exists on the surface of
floc particles after coagulation and agitation[10] at a
smaller reuse ratio. When the proportion of reuse is
small, this part of organic matter will be removed together with the macromolecular particles in water.
Thus, the performance exhibits a decrease in
CODMn of the water after sinking. However, with
increasing reflux ratio, this part of the floc surface
adsorption of organic matter is released free in the
water due to macromolecular particles or colloids
and metal ions in water complexation reaction, thus
the performance of the results of the sink water
CODMn improves[11]. The experiment shows that
the CODMn value of the sink water after the direct
reflux of the sludge discharged water is less than 3

Fresenius Environmental Bulletin

the UV254 of the post-VLQNZDWHUZDVFPí
which reached the minimum value and coincided
with the minimum value of CODMn. The comparison of the UV254 values of coagulation just after the
end of coagulation and the UV254 value of the water
after sinking showed that the coagulation and precipitation reactions did not have a significant effect on
the UV254 and did not cause significant changes in
the classification of dissolved substances in raw water.
Zeta potential and particle size distribution
of sludge discharged water for direct reuse. The
variation of Zeta potential and particle size distribution for different return flows of sludge discharged
water are shown in Figures 6, 7 and 8.
The Zeta potential of colloidal particles in raw
water is generally negative, that is, with the increase
in reflux ratio, coagulation just after the end of the
absolute value of the Zeta potential of colloidal particles in water first reduced and reached the minimum value in the reflux ratio of 6%. At this time, the
repulsive force between the mass points is small, unstable and easy to occur, and coagulation effect is
good[12-13]. With the continuous increment in reflux ratio, the absolute value of the Zeta potential of
colloidal particles in water increased, and the formation of the particle surface ‘colloidal protection’
effect[13], the floc particles ‘re-stable’ phenomenon
and the treatment effect decreased.
The solids in the water at the end of coagulation
consisted mainly of particulate matter with particle
size from 1–ȝPRIZKLFKWKHSDUWLFXODWHPDWWHU
ZLWKSDUWLFOHVL]HIURPWRȝP ZDVWKHJUHDWHVW
showing that the turbidity of the raw water of Ganjiang River is low, and the particulate matter with
smaller particle size is not the easiest to handle.

mg/L, which meets the requirements of the 屓Sanitary
Standard for Drinking Water屔 (GB5749-2022).
The UV254 of the sludge discharged water at
the end of coagulation and after 30 min of sedimentation under different reflux ratios is shown in Figure
5. When the reflux ratio was 0, the UV254 value of
WKH GLVFKDUJH ZDWHU ZDV  FPí DQG WKH UH
moval rate was 27%. With the increase in the reflux
ratio of sludge discharged water, UV254 showed a
trend of decreasing first and then increasing. When
the return ratio of sludge discharged water was 4%,
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FIGURE 6
Zeta potential changes before precipitation under different reflux ratios.
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FIGURE 7
Particle size distribution in water before precipitation under different reflux ratios.
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FIGURE 8
Particle size distribution in water after 30min precipitation under different reflux ratios.
Through the direct reflux experiment of sludge discharged water, the number of particulate matters
would be increased in small volume ratio reflux
compared with those without reflux. However, with
the increase in reflux ratio, the coagulation effect
could be enhanced, the particulate matter in water
settled and the number of supernatant particles decreased. Related studies have shown that particulate
PDWWHUEHORZȝPFDQDIIHFWZDWHUTXDOLW\PDLQO\
because of its poor settling effect, which can increase
the difficulty of subsequent treatment [14]. Sludge
discharged water reflux also has a good removal effect on small particulate matter with sizes that ranged
IURPWRȝPZLWKDUHPRYDOHIIHFWRIZKHQ
compared with those without reflux.
In summary, the analysis of Zeta potential and
particle size distribution, the absolute value of Zeta

potential gradually decreased with the increase in reflux ratio at the end of coagulation, indicating that
the particles in the water before coagulation and sedimentation were extremely unstable. Subsequently,
by comparing the number of particles in the supernatant at the end of coagulation and after sinking, findings show that the number of particles in the supernatant after sinking was much smaller than that before sedimentation, which was due to the enhanced
collision between the particles, and the number of
particles in the supernatant after sedimentation declined due to the collision of particles with one another and the adsorption and aggregation of sedimentation, which also showed that the direct reflux
of the sludge discharged water could enhance the coagulation effect.
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FIGURE 9
Changes of Al, Fe and Mn contents after the direct backflow coagulation and
precipitation of the sludge water.
water. In addition, given that the polymeric aluminium chloride in the drainage water still has no complete reaction and the metal monomers in the water
are mainly cations, the metal cations easily produces
hydroxide precipitation in alkaline water and sinks
to the bottom when the weak alkaline sludge discharged water with the remaining polymeric aluminium chloride is added with the increase in the pH of
the mixed solution [17]. The metal element Mn is
different from Al and Fe because the manganese in
the sludge discharged water mainly exists as Mn2+,
which is difficult to be removed via coagulation and
precipitation. With the increase in the reflux ratio of
sludge discharged water, the Mn content in water
also rises continuously, and the enrichment phenomenon appears. However, the experiment suggested
that the standard limit of 0.1mg/L was not exceeded
as long as the reflux ratio was controlled within 10%.

Impact of the direct reuse of sludge discharged water on metal indicators. The concentration of Al, Fe and Mn in the sludge discharged water
with different reflux ratios is shown in Figure 9.
The content of Al element in sludge discharged
water is much higher than that of Ganjiang raw water
due to the fact that the coagulant used in this water
plant is polymeric aluminum chloride. Moreover, the
hydrolysis of polymeric aluminium chloride will
produce Al3+, and some of the coagulants that are
not fully hydrolysed remain and enter into the sludge
discharge water with sludge impurities. This part of
the residual Al element with the sludge discharged
water directly back into the flow with the raw water
is fully mixed, and 15 mg/L polymeric aluminium
chloride will be added during the experiment. However, as shown in Figure 9, the Al element in the
sunken water did not rise significantly, mainly because these Al elements are attached to the surface
layer of the floc in the form of small particles. The
reuse of sludge discharged water can strengthen coagulation and make flocculation denser to a certain
degree of sedimentation [15-16], thereby reducing
the Al element in the clear sink water liquid. Therefore, at an appropriate reflux ratio, the metal Al elements are not enriched by the reuse of the sludge discharged water, but rather higher removal rates are
obtained by the reuse of the sludge discharged water.
Metal Fe element content change trend with the same
Al element, due to the increase in the proportion of
the sludge discharged water reuse, all occurred in
different degrees of decline state, which also refers
to the low concentration of dissolved metal monomers in the sludge discharged water, mainly solid
particle state, and the direct return of the sludge discharged water helps improve the coagulation efficiency, so that these metals get greater adsorption in

Economic analysis of direct reuse of sludge
discharged water. As part of wastewater production, the return flow of sludge discharged water can
increase the water supply of the water purification
plant, which not only saves electricity consumption
for water intake but also increases the revenue from
water bills. Therefore, the cost saving of the sludge
discharged water return flow is the sum of the total
electricity consumption saved by the pump and the
water bill savings. Now, the economic benefits of the
water plant after the direct return of sludge discharged water are analysed preliminarily. The total
electricity consumption saved by the pump per day
W = lifting water consumption at the water intake
SXPSLQJ VWDWLRQ í PXGG\ ZDWHU UHWXUQ SXPS HOHF
WULFLW\FRQVXPSWLRQíVOXGJH GHZDWHULQJHOHFWULFLW\
consumption [18], as shown in Equation (1):
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where Q is the discharge water return flow,
m3Kȟ is the sludge discharged water return coeffiFLHQW:LVWKHSXPSSRZHUFRQVXPSWLRQN:KȘ1 is
the comprehensive efficiency of the fetching pump,
WUDQVPLVVLRQGHYLFHDQGPRWRUȘ2 is the comprehensive efficiency of the return pump, transmission device and motor; H1 and H2 are the heads of the fetching pump station and return pump station, m, respectively; t1 and t2 are the daily working time of the
fetching pump station and return pump station, h, respectively; m is the weight of dewatered dry solids,
t/h; b is the specific energy consumption, kWh/h;
and t3 is the daily running time of the dewatering machine, h.
The analysis of experimental results of a water
plant size of about 50,000 tons/day found that most
of the indicators after sinking in water must have a
6% return ratio to reach the lowest. Thus, according
to the sludge discharged water return flow rate calculated by 6%, Q = 5 × 6% = 0.30 million tons/day,
DQGWKHUHIOX[IDFWRUȟLVDW7KHKHDG+1 of the
intake pump station and H2 of the return pump station are 20 m and 6 m, respectively. Due to the continuous reflux, the working time t1 and t2 of the pump
and reflux pump is 24 h. The comprehensive effiFLHQF\ Ș1 DQG Ș2 of the pump and reflux pump are
taken as 70%. The dry mud volume m is 5t/d. The
belt filter press is used for dewatering, and the specific energy consumption b is taken as 15 kWh/t. The
daily running time t3 of the dewatering machine is 24
h; and the calculated total electricity consumption
saving W is 22.5 kwh per day. At present, the unit
price of electricity is 0.63 yuan/kWh, the unit price
of water is 2.03 yuan/ton, and the annual benefit of
water plant mud water reuse P is equal to sludge water reuse annual savings in electricity consumption
plus savings in water costs. Through calculation, the
annual saving of electricity cost for the reuse of mud
water is about 5,173 yuan, and the annual saving of
water resources can increase water revenue by about
2,222,850 yuan. Therefore, the annual revenue can
be increased by about 2,228,000 yuan.
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The direct reuse of the sludge discharged water
can remove part of CODMn and ammonia nitrogen in
water, and both elements are reduced to a certain extent relative to the case of no reuse. However, the effect on the content of dissolved UV254 organic matter
is minimal.
The direct reuse of the sludge discharged water
can bring significant economic benefits to the water
purification plant annually, thereby not only saving
water resources and preventing secondary pollution
caused by random discharge but also conforming to
the sustainable development strategy and providing
a basis for water plant renovation design.
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CONCLUSIONS
The direct reuse of sludge discharged water
does not have negative effects on the conventional
indexes, organic indexes and heavy metal indexes,
and the post-sink water meets the effluent water
quality requirements.
Through the analysis of Zeta potential and particle size distribution, the reuse can enhance the collision effect amongst the particles, and the number of
particles in the supernatant after sinking is reduced
by mutual collision, adsorption and aggregation. The
coagulation effect is enhanced by the direct reuse of
the sludge discharged water.
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ABSTRACT

INTRODUCTION

The ZJ block is located in the southwestern
margin of the Ordos Basin, where the tectonic activity is strong, and natural cracks are widely developed. As the main seepage channels of the reservoir, cracks are closely associated with the accumulation of oil and gas. Therefore, it is particularly
important to study the distribution of cracks in the
area. This study comprehensively used the data of
cores, imaging logging, field outcrops, and geophysics to study the genesis and distribution characteristics of those cracks. The data shows that the
Chang 8 reservoirs in the study area developed
mainly high-angle structural cracks oriented WNW
and ENE. Five methods were used to identify and
predict the cracks of the Chang 8 reservoir in the ZJ
area: coherent volume crack detection, a highprecision curvature method, a maximum likelihood
method, a structural restoration method, and ant
tracking technology. After comparing and analysing
the prediction results of the five methods, it was
concluded that the prediction results of the structural restoration method were relatively poor, while
the maximum likelihood method was more accurate
and better at crack detection. The crack detection
found that the cracks of the Chang 8 reservoir were
distributed primarily in strips oriented ENE and
WNW, and oil and gas enrichment is obviously
dependent on faults and cracks. The degree of oil
and gas enrichment in ENE-oriented tensiontorsional fractures was significantly higher than that
of WNW-oriented compression-torsional fractures,
and oil and gas were more likely to accumulate at
the intersections and ends of fractures.

The Ordos Basin is located in the west of the
North China Platform. The basin is surrounded by
secondary structural units such as the Jinxi flexure
belt in the east, the western thrust belt and Tianhuan
Depression in the west, the Weibei uplift in the
south, and the Yimeng uplift in the north[1,2]. The
strata in the basin are gentle, the structure is simple,
and the basin rim is strongly deformed. The ZJ
block is at the intersection of the Tianhuan Depression on the southwest margin of the Ordos Basin,
the northern Shanxi slope, the Weibei uplift, and the
western margin thrust belt, and the HuianbaoShazijing fault and the Binxian-Guanzhuang fault
meet there, so the structural location is special
(Figure 1)[1–4]. In the 1950s, a series of gravity,
magnetic, and geological surveys was done in the
study area. It is generally believed that the study
area is located in the basin and lacks fault structures.
In recent years, much seismic exploration has been
done in the ZJ area, and even three-dimensional
seismic surveys. The fractures discovered in the
Mesozoic strata in this block have been studied.
The researches show that most of the high-yield
wells are closely associated with the development
of fractures[5,6], and the Chang 8 reservoir is the
main oil-producing layer in the study area. Its porosity and permeability are 10.7% and 0.4 mD respectively. It is a typical low-porosity and lowpermeability reservoir. The existence of fractures
improves the permeability of the reservoir, and
those fractures are the main seepage channels in the
study area [7–11]. Due to the difficulty in identifying small fractures and cracks, studies of the law of
fracture development in the study area are few, and
detailed descriptions of the fractures must be made.
With the support of the scientific research project of
Sinopec’s North China Branch, this study comprehensively applied a variety of methods such as core
observations, surface outcrop analysis, logging, and
seismic data gathering to do in-depth and systematical research on the full coverage of 3D seismic

KEYWORDS:
Chang 8 reservoir, crack distribution characteristics,
crack genesis, crack prediction, Ordos Basin, ZJ area
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FIGURE 1
Map of the fracture system in the southern Ordos Basin (according to Ren Zhanli)

FIGURE 2
Characteristics of crack occurrence in Chang 8 reservoir.
(a) Ruishuihe section (Chang 8). (b) Structural crack: well HH26: 2,129.6 m. (c) Structural crack: well HH166: 2,398.4 m.
(d) Diagenetic crack (single polarized light 50×): well HH193: 2,299.7 m. (e) Diagenetic crack: well HH91: 1,886.8 m. (f)
Rose diagram of crack strike in core. (g) Rose diagram of crack strike in imaging well.

data in the study area, with the aim of studying the
development characteristics and distribution of
Chang 8 reservoir fractures in the ZJ area, and new
results were obtained. The research results have an
important guiding role for the evaluation of the
Chang 8 reservoir in the study area and for future
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exploration and development.

MATERIALS AND METHODS
Based on core observations and analysis of 7
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imaging logs and 99 coring wells, the Chang 8 reservoir fractures in the ZJ block can be divided into two
types: diagenetic fractures formed during the diagenesis process, and structural fractures formed under the
action of tectonic stress (Figure 2) [4,12,13]. The ZJ
area is a special structural location and has experienced multiple periods of tectonic movement, and
each fault structure period had an important control
effect on the development and distribution of fractures in the area. The fractures are accompanied by
the fault zone, and the scale of the fault controls the
width of the fracture zone. Based on the field profile,
core observation, and analysis data (Figure 1 and
Figure 2), it is believed that structural fractures are
the main fracture type of the Chang 8 reservoir in the
study area.
Structural crack: well HH26: 2,129.6 m. (c)
Structural crack: well HH166: 2,398.4 m. (d) Diagenetic crack (single polarized light 50×): well HH193:
2,299.7 m. (e) Diagenetic crack: well HH91:
1,886.8 m. (f) Rose diagram of crack strike in core. (g)
Rose diagram of crack strike in imaging well.
The imaging interpretation and core analysis
showed four groups of fractures with different occurrences in the NE, NW, near-N–S, and near-E–W
directions in the study area (Figure 2f and Figure 2g).
The field sections and core observation and analysis
found an obvious cutting phenomenon between the
fractures (Figure 2a and Figure 2b)[14]. It could be
seen that the cracks developed in the ZJ area were
formed in at least two phases. Combining with the
results of previous studies, it is suggested that the
faults had been formed in three phases since the
Mesozoic era in the ZJ area[4,15]: The first phase, in
the middle and late Triassic, was affected by the Indosinian movement in the last century and under the
action of the left-handed extrusion stress in the nearE–W direction, the WNW fault occurred in the southern part of the study area; The second phase, the Late
Jurassic–Early Cretaceous period, was affected by the
Yanshan movement, and under the action of the principal compressive stress in the SW–NE direction, the
left-lateral strike-slip of the early WNW-trending
fault continued to develop and the ENE-trending fault
also began to develop. In the third phase, since the
Cenozoic era, an ENE-trending fault developed on a
large scale under the influence of the Himalayan
movement. The core analysis, imaging logging, and
examination of the surface outcrops of the Chang 8
reservoir in the study area discovered many fractures
in the Yanchang Formation, mainly in the ENE and
WNW directions (Figure 2) [16,17]. Meanwhile,
imaging wells and core observation fracture angles
greater than 45° accounted for more than 60%. The
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same analyses and outcrop observations were
made of the Xishui River in the SW corner of the
study area, in accordance with the fracture classification standard proposed by Zhou Wen (1989)
(Table 1). From those observations, it can be seen
that the cracks in the area are mainly high angle
(Figure 2a and Figure 3) [18]. Also, statistical
analysis of imaging wells and the fracture density
of cores show that natural fractures are generally
developed in the Chang 8 reservoir in the study
area (Figure 2). Among the imaged wells, approximately 8.5% have a fracture density greater than
3 lines/m, approximately 30% have a core fracture density less than 1 line/m, approximately 6%
have a core fracture density greater than 3 lines/m,
and more than 60% have a core fracture density of
less than 1 line/m (Figure 4). The degree of fracture development differs substantially in different
regions.

FIGURE 3
Distribution frequency of crack dip angle in
Chang 8 reservoir

FIGURE 4
Distribution frequency of crack density in
Chang 8 reservoir

TABLE 1
Standards for the classification of crack types (according to Zhou Wen 1989)
High angle
Low angle
Crack type
Vertical seam
Horizontal crack
oblique joint
oblique joint
Crack dip
85°~90°
45°~85°
5°~45°
0°~5°
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Ant tracking method. The ant colony algorithm is a heuristic bionic evolution algorithm based
on simulating the foraging behaviour of ants in nature. The principle of ant tracking technology is to
make the simulated “ant” move along the suspected
crack and leave a simulated pheromone that can
summon other ants to complete the tracking of the
crack[23]. In this study, the ant tracking module in
Petrel software (Schlumberger Ltd., France) was used
to cooperate with other modules to complete the ant
tracking of the seismic data volume. The basic workflow was as follows:
The original data were constructed and
smoothed, and the median filter algorithm was used
to reduce or eliminate random interference in the
seismic data, increase the continuity of the reflection
axis, and highlight the breakpoint reflection.
The variance cube or coherence cube was calculated based on the result of the previous step, and the
discontinuous points were strengthened to highlight
the abnormal boundary.
Experiments were done on the various parameters of the ant body attributes, the parameter settings
suitable for the study area were determined, and the
ant body attributes were calculated.
The concentrated area of fault development and
the spatial distribution of faults were determined
based on a combination of ant tracking, conventional
interpretation techniques, and interactive interpretation.
Figure 5 shows a slice extraction of the long
eight-ant track along the layer. Combined with the
analysis of the distribution characteristics of the actual drilled fissure points, it shows that those points
were located at the interpreted cracks of the ant tracking, and the ant tracking was more effective on large
fractures but was ineffective at describing the fracture
zone.
Crack detection technology of structural restoration method. The fracture detection technology
of the structural recovery method used MOVE structural modelling software (Petroleum Experts Ltd.,
UK). With regard to structural deformation, through
structural recovery research and extracted strain attributes, discrete fracture models were established,
and subsequent attribute analysis was done to find
advantageous areas for fracture development[19,24].
This technique was used to obtain the fracture slices
along the layer of Chang 8 in the study area. In Figure 6, the colour in the picture changes from purple to
red to yellow to green to blue to indicate the terrain
from high to low. The blue-black discontinuous pitted
area is the fracture development area. Along with the
imaging logging data, the fractures explained by the
structural recovery method were verified and analysed. It was found that the fractures predicted by this
method corresponded well with the imaging logging
interpretation, and the prediction results were reasonable. For example, the imaging logging of well HH97
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showed that fractures were developed and the
well was located in the fracture development area
defined by the structural restoration method (Figure 6). In general, the interpretation results of the
structural restoration method were roughly comparable with those of the ant tracking method, but
the effect was relatively insignificant.

FIGURE 5
Detection result of cracks in Chang 8 reservoir
with ant-body tracking

FIGURE 6
Detection result of cracks in Chang 8 reservoir
with structural restoration
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Maximum likelihood crack detection technology. The likelihood attribute is a fracture imaging
algorithm based on sample processing proposed by
Hale in 2012. It is a marked improvement over the
accuracy of traditional seismic fracture prediction
attributes based on waveform similarity calculation,
and it is especially suitable for small-scale fractures[19,25–28]. This attribute is based on semblance
calculation, and the specific equation is

,
(1)
rang
ge of
o
where S is the similarity, with a value range
is
0~1; g is the 3D seismic data volume;
to smooth the structure-oriented
data volume
ure oriented seismic
s
in the brackets; and
is to perform more
filtering along the crack direction and inclination for
enhancing the stability of S.
The calculation equation of the likelihood attribute is
.
(2)
Equation (2) shows that the likelihood attribute
is the difference between the exponential power of
the semblance attribute and 1, and the value range is
from 0 to 1. The likelihood attribute has an obvious
magnifying effect on the comparison of similarities
between adjacent samples. Therefore, it was more
conducive to highlighting the crack phenomena. According to Eq. (2), the likelihood attribute can also be
expressed as the probability of crack development at
the sample point. The more continuous the seismic
event axis, the greater the similarity attribute S, and
the smaller the L attribute, the less the fracture is
developed. At the breakpoint, the seismic event axis
becomes less continuous, the S becomes smaller, and
the L attribute becomes larger, indicating an increased likelihood of cracks [19, 25–28].
To characterize the distribution of fractures in
the study area, the maximum likelihood fracture
detection technology was used. The results show that
the Chang 8 reservoir in the study area developed two
main groups of fractures which were in the WNW
and ENE orientations. The imaging logging, core
analysis, and other methods verified the fracture
interpretation results. For example, both imaging
logging interpretation and core observations showed
that tension fractures of well HH26 located at the
intersection of the ENE- and WNW-trending faults
were densely developed, and were mainly high-angle
fractures. The analysis showed that relative to methods such as coherent body crack detection and ant
tracking, the maximum likelihood crack detection
technology had higher resolution, more refined detection results, and a closer agreement with logging
interpretation and core analysis (Figure 7)
The coherence volume detection technology
calculates the inclination angle guide along the 3D
surface under the control of the inclined surface, and
the recognition effectiveness of large-scale cracks is
better than that of other technologies [19]. Curvature
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indicates the degree of curvature at any point on
the curved surface. The anticline curvature is
positive, the syncline curvature is negative, the
formation did not bend, and the curvature is 0.
Therefore, the curvature of the fault identification
must be achieved under the premise of deformation of the stratum. Also, because the curvature
is sensitive to deformation, the footprints and
noise collected in the field often show on the
curvature and easily produce false images[21,22].
In actual use, for ant tracking, to set the search
range, the break direction and inclination range
must be known in advance. This method also
requires multiple parameters coordinated and
debugged, and the results are greatly affected by
subjective factors[23]. The basic idea of fracture
prediction based on the 3D structural restoration
technology is to calculate stress and strain on
account of the principle of balance constraint
conditions and rock deformation mechanisms.
Fracture prediction uses stress or strain as the
main controlling factor, combined with formation
thickness and other factors affecting fracture
development.
However, that method must consider the influence of multistage tectonic movement on the
development of fractures, especially the influence
of fault morphology on the hanging wall. Therefore, it is necessary to explain the strata in various
periods, divide the faults into various periods,
establish accurate structural models, and interpret
horizons and faults. The requirements for combination are high, areas with complex faults are
difficult to explain, and the accuracy of structural
modelling cannot be guaranteed. Therefore, fracture prediction often fails to achieve the expected
results[19,24].
The maximum likelihood attribute is the difference between the exponential power of the
coherence attribute and 1, and the value range is
between 0 and 1. This attribute can be regarded as
the possibility of fracture development at the
sample point. At the breakpoint, the seismic event
axis is continuous. The worse the sex, the smaller
the coherent attribute, and the larger the maximum likelihood attribute, the greater the possibility of fracture development. Unlike the coherence
attribute, the maximum likelihood attribute magnifies the coherence relation between adjacent
samples and can significantly highlight fracture
characteristics[19,25–28]. By analysing the interpretation results, it was found that the interpretation effects of the coherence cube, the highprecision curvature, and the maximum likelihood
method were better than that of the ant tracking
and structural restoration methods. The interpretation results of the coherence cube, high-precision
curvature, and maximum likelihood method were
further compared and analysed. It was found that
similar to the areas A and B in Figure 7 where
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FIGURE 7
Detection result of cracks in Chang 8 reservoir with maximum likelihood and the comparison with the
logging results of the well HH26
fractures are densely developed in the study area,
relative to other detection methods, the maximum
likelihood method was more effective in calculating
the continuity of the event axis under the premise of
fully considering the stratigraphy trend and inclination. It had the advantages of high accuracy, good
recognition ability and strong continuity[19], the analysis data volume was closer to the original appearance of the crack, the recognition effect was the best,
and it helped to improve the accuracy of the later
fracture interpretation.
Based on the above analysis, this study selected
the maximum likelihood method to do 3D carving of
the Chang 8 reservoir fractures in the ZJ area. The
fracture threshold value of the calibrated maximum
likelihood was greater than 0.1. In Figure 8, the red
area turning green to the outside is a fracture development range, and in which shows that the largescale fractures in the study area were developed in
mainly the ENE and WNW orientations. This is consistent with the results of imaging logging, field outcrop and core analyses, and the fractures are distributed in strips in the area. From an analysis of a combination of well images and core data, it was found
that the fractures in the study area were mainly open
fractures, which are more effective than closed fractures in providing good storage spaces and seepage
channels for oil and gas[29].
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FIGURE 8
Three-dimensional characterization of
cracks in Chang 8 reservoir by maximum likelihood method
Crack prediction. To predict the plane distribution law of fractures in the Chang 8 reservoir
of the ZJ block, this study was based on seismic
data, five methods including coherent volume
fracture detection technology, a high-precision
curvature method, maximum likelihood fracture
detection technology, ant tracking technology, and
a structural restoration method. Finally, the prediction effects of these five methods were com-
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pared and analysed, the sensitive seismic attributes of
the fractures were optimized, the rationality of the
fractures was automatically extracted, detected, and
corrected and to complete the interpretation of the
distribution of the fractures in the study area .
Coherence volume crack detection. Coherence
cube crack detection uses 3D coherence cube technology under the control of inclination to identify
cracks. Owing to a dip angle control was added, unlike conventional 3D coherence cube technology, this
method overcame the shortcomings of poor fracture
effects, fuzzy fractures, and low resolution in highdip-angle areas, and was more effective in the identification of large-scale fractures [19].
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logging and core analyses. For example, the core
of well HH66 showed that fractures were developed, and the coherence body detection results
also showed that fractures were developed where
the well was located. The high-angle fractures
detected by the imaging of well HH26 were located in the fracture distribution area detected by the
coherence body, and the corresponding conventional logging gamma-ray, acoustic, and compensated neutron logging curves all showed abnormally high values (Figure 9).

FIGURE 10
Detection result of cracks in Chang 8 reservoir
with curvature gradient
FIGURE 9
Detection result of cracks in Chang 8 reservoir
with dip-oriented coherence body
The technology first calculates the inclination
guide body, including the azimuth information and
inclination angle of each sampling point in the space.
After the control and processing along the inclined
plane, given the continuity of the plane in the seismic
phase, the coherence body is guided along a plane in
a 3D direction for calculation, thus greatly improving
the accuracy of coherence volume calculation and
crack detection[20]. This technology was used to
identify fractures in the ZJ block, and the results
show that the study area developed two main groups
of fractures in WNW and ENE orientations. The
interpretation results were calibrated by using conventional logging, imaging logging, and core data.
The fractures detected by the coherence volume were
in good agreement with the fractures found by the
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High-precision curvature crack prediction.
A common method of fracture imaging is the use
of ellipsoidal scanning to calculate crack inclination and curvature. Because the seismic axis in the
3D space is a curved surface, many details must
be ignored when fitting a curved surface to a
plane, and the corresponding curvature calculation accuracy will also be lower[21,22].
In response to this problem, to obtain highprecision seismic curvature attributes, a highprecision curvature crack prediction technology
was used in this study to finely detect the distortion and deformation of the seismic event axis.
The curvature was the reciprocal of the radius of
the inscribed circle. Using a global optimization
algorithm, the surface was found in space, and the
curvature was calculated based on fine scanning.
The high-precision curvature was calculated
through the control of the inclination guide body,
and the curvature gradient attribute volume was
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calculated, and then the curvature gradient plane
attribute of the target layer was extracted[21,22]. The
high-precision curvature calculation guided by the
dip angle was used to identify the cracks in the ZJ
area. The curvature gradient attribute had an obvious
effect on the study area detection of the WNWtrending Yudu fault and the well HH12 area in the
eastern part. For comparative analysis, the core observation data and the curvature fracture prediction
results were used. And wells with developed fractures
such as HH3, HH166, HH26, and HH69 are all located in the fracture distribution area of curvature prediction, and the prediction accuracy was high (Figure
10).

RESULTS
From the analyses described in previous sections, the ZJ area was found to be fractured. The
fractures and fractures were well matched, and the
high-yield wells were located mainly in the fracturedeveloped areas (Figure 11, 12). Some cores showed
that the fractures retained traces of petroleum migration (Figure 12). It was demonstrated that the fractures improved the seepage capacity of the Chang 8
reservoir in the study area and were good channels
for oil and gas migration[30,31].
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Influence of fault properties on hydrocarbon accumulation. Studies have found that the
properties of faults and fractures in the ZJ area
have a very important impact on oil and gas enrichment. The effectiveness and permeability of
tension-torsional fractures are better than those of
compression-torsional fractures, and the corresponding productivity is also higher[12,31]. As
shown in Figure 6, well HH12P28 located in the
tension-twisting section of the fault had a daily oil
production of 40 t/d during the stable production
period. So far, the cumulative oil production was
11,518 t, and well HH12P31 had a daily oil production of 21.8 t during the stable production
period; the cumulative oil production was 20,811 t,
and well HH12P34 had a stable production period.
The daily oil production was 15.9 t/d, and the
cumulative oil production so far was 13,508 t.
The actual drilling data of those wells show that
the oil-producing section was densely developed
with fissures, and both the stable period and cumulative productions were high; wells HH12-P23,
HH12-P20, HH37-P67, and HH37-P67 in the
translation and compression-torsion sections had
low productivity. And the actual drilling data
indicated that the fractures in the oil-producing
section were relatively underdeveloped (Figure
12). The comprehensive analysis of productivity

FIGURE 11
Fracture-production comprehensive analysis diagram of Chang 8 reservoir
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FIGURE 12
Reservoir section of HH170-HH116 in the study area
distribution rules of faults and fractures and their
relation with oil and gas enrichment need clarification. This will be of great significance to the benefits of oil and gas exploration and development.

and fracture fractures in the entire area shows that
the ENE-trending faults had a significantly higher
degree of oil and gas enrichment than the WNWtrending faults. And the reason is that the WNWtrending faults, which were developed in the Indosinian and Yanshanian periods, are mainly compressive and twisted, and the ENE-trending faults,
formed in the Himalayan, which the torsional tension fracture has better permeability and connectivity, and oil and gas are more likely to accumulate[12,31].

CONCLUSIONS
The observation and analysis of cores, imaging logging, and outcrops show that the Chang 8
reservoir in the ZJ area has developed fractures,
mainly high-angle structural fractures in the WNW
and ENE orientations.
The faults in the ZJ block have a controlling
effect on the distribution of cracks. The fractures
are accompanied by a fracture zone, and the scale
of the fracture controls the width of the fracture
zone. Five methods were used to predict and explain the faults and cracks of the Chang 8 reservoir
in the ZJ block. Finally, it was found that the maximum likelihood method had higher accuracy and
greater effectiveness in fracture detection. Also, on
the basis of the threshold value set to 0.1, the method was used to predict the cracks in the study area
in two dimensions and in 3D carving. The test results show that the Chang 8 reservoir fractures in
the study area are distributed in strips, mainly in the
ENE and WNW orientations, and are generally

Influence of fault location on hydrocarbon
accumulation. The faults in the ZJ area are steep
and nearly upright. The fracture stress is mainly
concentrated at the ends; that is, the end faults and
those in the intersection area are more developed
than those in the middle[6]. Through statistics and
by analysing various parts of the faults and production, it was found that the daily productions of oil
wells located at the intersection of the fault and at
the end of the fault were 11.01 t/d and 11.49 t/d
respectively, in contrast to the 2.68 t/d in the central
area. Oil and gas were more likely to accumulate at
the intersection and end of the fault (Figure 11).
The faults and fractures of ZJ area have an
important control effect on the accumulation and
enrichment of oil and gas. So in-depth studies of the
faults and fractures need to be increased, and the
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[11] Ren, Z. L., Zhang, S., Gao, S. L. (2006). Discussion on abnormal distribution area and formation period of geothermal evolution degree
in Ordos Basin. Acta Geologica Sinica. 80(5),
674-682.
[12] Gong, L., Zeng, L.B., Pei, S. (2013). Fracture
characteristics and genesis of tight sandstone
reservoir in Xu2 member of Jiulongshan structure. Geological Sciences. 48(01), 217-226.
[13] Zhang, Y., Ren, Z., He, F. (2020). Structural
characteristics of Mesozoic Cenozoic in the
tectonic turning area of craton basin and its
significance of controlling hydrocarbon accumulation: a case study of Yanchang Formation
in ZJ area, southwest Ordos Basin. Acta Petrologica Sinica. 36(11), 3537-3549.
[14] Ren, L., Lin, C. (2007) Study and application
of division method of structural fracture development stage: a case study of Budate Group in
Hailaer Basin . Acta Sedimentologica Sinica.
(02), 253-260.
[15] Wang, B., Zhou, W., Deng, H. (2013) Quantitative evaluation of fracture distribution in
Chang 9 member of Honghe oilfield in Ordos
Basin . Xinjiang Petroleum Geology. 34(06),
653-656.
[16] Deng, H., Zhou, W., Jiang, W. (2009). Genesis
and stages of fractures in Yanchang and Yan'an
formations of Mahuang Shanxi block, Ordos
Basin. Journal of Jilin University (Geoscience
Edition). 39(05), 811-817.
[17] Zhang, L., Fan, K., Liu, J. (2006). Quantitative
prediction of structural fracture distribution of
Triassic Yanchang Formation in Zhenyuan
Jingchuan area of Ordos Basin. Acta Geomechanica Sinica. (04), 476-484.
[18] Zhou, W. (1998) Evaluation method of fractured reservoir. Chengdu: Sichuan Science and
Technology Press. 76-81.
[19] Liang, Z. (2019) Research on post stack seismic prediction technology of fractures with different scales. Petroleum Geophysical Prospecting. 58(05), 766-772.
[20] Duan, Y., Cao, J., Sun, Q. (2017) Application
of adaptive dip steering technology in fault
identification . Lithologic Reservoir. 29(04),
101-107.
[21] Ye, Y. (2019) Research and application of high
precision comprehensive prediction and gas
bearing property detection of reservoir fractures. Chengdu University of Technology. 2123.
[22] Miao, Q., Zhou, C., Luo, R. (2014). Fracture
prediction and modeling technology of carbonate fractured reservoir .Special Reservoir.
21(02), 37-40 + 152.
[23] Zhang, J., Dai, J., Feng, J. (2012). Application
of ant tracking technology in fault automatic
interpretation in dachengzhuang area .Acta Petrologica Sinica. 34(05), 53-57 + 4.

developed in the entire area.
The comprehensive analysis of the interpretation results of fractures and the actual production
data of the oilfield show that the existence of fractures effectively indicates oil sources and improves
the physical properties of the reservoir. The study
area has tensile and torsional fractures that increase
fracture permeability and connectivity, and at the
ends and intersections develop more fractures and
cracks, which are more conducive to reservoir enrichment.
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RESEARCH ON FINE LOGGING INTERPRETATION
OF TIGHT OIL RESERVOIR PARAMETERS IN
ORDOS BASIN CHINA
Zhengting Ge*, Yang Wang, Yanming Huang, Jun Chen, Fei Xiao, Shaowen Ji, Di Wu
Oil Production Plant 6 of PetroChina Changqing Oilfield Company, Xi'an 710200, China

unconventional oil and gas resource, tight oil is
widely distributed in the Ordos Basin of China, and
there are many oil-bearing layers [5-6]. In addition,
tight oil reservoirs generally have no natural productivity, and industrial productivity can only be formed
through large-scale fracturing. Therefore, carrying
out logging evaluation of reservoir parameters is
helpful to formulate a reasonable fracturing and perforating plan. In addition, this study is also the key
content of tight oil reservoir evaluation [7-8].
The evaluation of pore structure is the core of
the evaluation of tight oil reservoirs, and the evaluation of productivity is the final manifestation of the
quantitative evaluation of reservoirs [9-10]. Therefore, for tight oil reservoirs, it is necessary to conduct
in-depth research on fine logging evaluation methods for various reservoir parameters on the basis of
productivity analysis [11-12]. Furthermore, evaluation criteria for reservoir parameters applicable to
the geological characteristics and reservoir characteristics of specific regions can be established. In this
paper, taking the An 38 Block in the western Ordos
Basin as an example, the process of fine logging
evaluation of tight oil reservoir parameters is constructed. This study has important reference value
for sweet spot evaluation of tight oil reservoirs.

ABSTRACT
Fine logging evaluation of reservoir parameters
has important reference value for the sweet spot prediction of tight oil reservoirs. In this paper, taking the
An 38 Block in the western Ordos Basin as an example, the process of fine logging evaluation of tight oil
reservoir parameters is constructed. The research
shows that the tight oil reservoirs in the Chang 7
Member in the study area belong to the delta front
deposits, and two microfacies of underwater distributary channel and inter-distributary bay are developed. The main lithologies are detrital feldspar sandstone and feldspar sandstone, and the main pore
types are intergranular pores and dissolution pores.
The constant-rate mercury intrusion experiment
shows that the target layer is dominated by micronscale pores with a size of 2-10 µm, and the throat
radius is mainly distributed in 0.1-0.750µm. The target layer is characterized by tightness, high resistance and good oil-bearing properties. The physical properties, oil-bearing properties and electrical
properties of tight oil reservoirs in the study area
have a good corresponding relationship, and the
electrical properties of the reservoirs can better reflect the properties of the reservoirs. The lithoelectric
parameters of tight oil reservoirs were determined,
and the logging interpretation methods of shale content, porosity, permeability and water saturation
were constructed. This study can provide a reference
for similar studies.

MATERIALS AND METHODS
Geological background. The study area is located in the An 38 Block in the western part of the
Ordos Basin. An 83 well area is located in Dingbian
County, Shaanxi Province, covering an area of 90
square kilometers and belonging to the loess plateau
landform. The surface of this area is covered by 100200 m thick Quaternary loess, and the terrain is complex. The ground elevation is 1400-1800 m, and the
relative height difference is 50-100 m. The Yanchang
Formation in the Ordos Basin is a set of inland lacustrine sedimentary formations, with continental deposits up to 1000-1500 m thick. Among them, the
Chang 7 oil layer group is the target interval of this
study.

KEYWORDS:
Tight oil reservoirs, logging interpretation, porosity, permeability, water saturation

INTRODUCTION
Tight oil has become an important field of unconventional oil exploration and development in the
world today because of its wide horizontal distribution and large resource reserves [1-2]. Tight oil reservoirs refer to tight sandstones, carbonate rocks,
shale, etc., with porosity generally less than 10% and
permeability less than 1 mD [3-4]. As an important

Fine logging interpretation. Generally, the
evaluation of reservoir parameters mainly refers to
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the qualitative and quantitative evaluation of the reservoir [13-14]. Reservoir physical parameters
mainly refer to reservoir porosity, permeability, clay
content and so on. The determination of reservoir
physical parameters is an important part of the fine
evaluation of low permeability reservoirs. The pore
structures of the reservoir in the study area is complex, with small porosity and low permeability, making logging interpretation difficult [15-16]. Based on
core analysis, this paper obtained the clay content of
the target layer by using the correlation between the
clay mineral content and the natural gamma logging
value. Furthermore, the calculation models of porosity and permeability were established using core calibration logging respectively (Figure 1). Finally, the
logging interpretation of water saturation is carried
out using the classical rock-electric model.
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RESULTS
Analysis of sedimentary structure characteristics. Sedimentary structures are of great significance for discriminating fluid properties and indicating environments. The An 83 area is rich in types of
sedimentary structures (Figure 2), such as cross bedding, parallel bedding, sand-grain bedding, and massive bedding. Local cores show slump structures and
concentric deformation structures, reflecting alternating hydrodynamic conditions. Core analysis
shows that the Chang 7 Member of the An 83 Block
is a delta front sedimentary, where underwater distributary channels and inter-distributary bay microfacies are developed.

FIGURE 1
Process of establishing the reservoir parameter calculation model of Chang 7 Member.

FIGURE 2
Bedding structures of the Chang 7 sandstone.
Notes: (a) Well A134, 2154.63m, parallel bedding; (b) Well H283, 2281.11m, cross bedding; (c) Well H200, 2281.11m, parallel
bedding; (d) Well A83, 2181.3m, wavy bedding; (e) Well H290, 2222.4m, massive bedding; (f) Well A83, 2184.83m, slump
structure.
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FIGURE 3
Distribution of interstitial content in Chang 7 Member.

FIGURE 4
Pore morphology of reservoirs in Chang 7 Member of An 83 Block.
Notes: (a) Well H298, intergranular pore, 2166.5m; (b) Well H298, intragranular pore, 2166.5m; (c) Well A68, intergranular
pore, 2124.1m; (d) Well A83, dissolution pore, 2183.25m; (e) Well H211, dissolution pore, 2300.4m; (f) Well H195, mold pore,
2245.6m; (g) Well A151, intercrystalline pore, 2131.7m; (h) Well A2, micro-fracture, 2755.0m.

Analysis of reservoir characteristics. The
petrological characteristics of the reservoir refer to
the composition of rock debris, the type and content
of interstitials, the cementation and arrangement of
particles, and the rounding and sorting, which determine the physical properties of the reservoir [17-18].
Therefore, the petrological characteristics of the reservoir determine the diagenesis, porosity, permeability, pore structures, and throat types of the reservoir.
According to the rock mineral types identified
by sandstone thin sections, the main lithology of the
target layer is lithic feldspar sandstone and feldspar
sandstone. The feldspar content is 41.73%, which is
higher than the quartz content of 23.95%. The overall rock debris content in the area is relatively high,
at 10.59%, and the compositional maturity of the
rock is low (Figure 3). The interstitial content of the
target layer in the study area is 15.62%, and its components include kaolinite, chlorite, iron calcite, followed by hydromica, calcite and siliceous (Figure 3).

The pore space of the reservoir rock refers to
the space in the reservoir rock that is not filled by
solid matter, and is the place where oil and gas are
stored. It is not only closely related to the migration
and accumulation of oil and gas, but also is of great
significance to the seepage of oil and gas in the development process. Through the analysis of the cast
thin sections and scanning electron microscope of
the target layer samples, the pore types of the target
layer are mainly intergranular pores and dissolution
pores, followed by intergranular pores and microcracks. The dissolved pores are mainly feldspar
dissolved pores and detrital dissolved pores, and
mold pores are occasionally seen, with an average
surface porosity of 2.83%.
Intergranular pores are the main pore type of
the target layer. It exists between the skeleton particles and is the residual intergranular pores that are
not filled by terrigenous hetero-bases and authigenic
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cements [19-22]. Due to the transformation of diagenetic compaction and authigenic cementation, most
of the intergranular pores have been lost, and only a
small amount of residual intergranular pores are
found locally. The intergranular pores are mostly distributed in medium-coarse-grained and coarsegrained reservoirs with low content of miscellaneous
matrix, low content of debris particles and good sorting. The pore size of the intergranular pores is mostly
between 50 ȝm and 100 ȝm, the size is different, and
the shape is relatively regular. In addition, the intergranular pores are mostly triangular, quadrangular
and irregular in shape (Figure 4).
Feldspar dissolved pores are usually formed
along cleavage or twin crystal planes and broken
planes, and schist is selectively dissolved along the
lamellar direction to form intragranular strip-shaped,
honeycomb-shaped or pane-shaped dissolved pores
[23-24]. The dissolved pores have short columnar
crystal outlines of feldspar grains, and there are occasionally incompletely dissolved residues. The
maximum diameter of a single pore can be about 100
ȝm to 200 ȝm. If the corrosion is strong, the mold
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hole will be formed or connected with the intergranular dissolution hole, which will greatly improve the
porosity and permeability. Such pore types are relatively developed in the study area and contribute
greatly to the effective pores of the reservoir.
Through the analysis of various characteristic
parameters of capillary pressure of 15 cores in the
study area, the average displacement pressure of the
target layer is 7.3 MPa, the average median pressure
is 12.2 MPa, the median radius is 0.07 ȝm, the maximum mercury injection saturation is 69.44%, the
mercury removal efficiency was 29.44%, and the
sorting coefficient was 1.79. Therefore, the Chang 7
reservoir is well sorted, with high displacement pressure and median pressure, and good throat connectivity.
The constant-rate mercury intrusion experiment shows that the target layer mainly develops micron-scale pores with a size of 2-10 µm, and the
throat radius is mainly distributed in 0.1-0.750 µm.
On the whole, the pore structure combination belongs to the type of small pores and fine throats, and
the seepage capacity is relatively poor (Figure 5).

FIGURE 5
Frequency distribution of throat radius of shale oil reservoir tested by constant rate mercury injection.

FIGURE 6
Histogram of acoustic wave time difference of standard layer.
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water saturation, and irreducible water saturation using well logging data. Therefore, accurate calculation of formation clay content is an indispensable
and important aspect in logging formation evaluation.
Clay minerals are important cements in sandstone reservoirs, and clay minerals have tiny points
and large specific areas, which have a great impact
on the properties of sandstone reservoirs, especially
porosity and permeability. In addition, clay minerals
also have a great influence on the changing trend of
reservoir properties during development. Especially
the composition, sensitivity and other properties of
clay minerals restrict the change trend of reservoir
physical properties to a large extent, and then affect
the final development effect of the reservoir.
The research shows that there is a good correspondence between the clay mineral content of the
reservoir in the study area and the natural gamma
logging. Therefore, gamma-ray logging results are
used to predict the clay content of the reservoir rocks.
The shale content of the reservoir is one of the
important factors that directly affects the physical
properties of the reservoir, and also affects the storage capacity and production capacity of the reservoir.
It is generally considered that the shale content is the
percentage of fine silt and clay minerals with a particle diameter of less than 0.01 mm in the total volume of the rock. The distribution of the natural
gamma of the target layer is shown in Figure 8. The
modeling of mud content adopts the empirical formula method, as shown in formula (1). The target
layer in the study area is the Upper Paleozoic strata,
so GCUR is selected as 2.

Fine logging interpretation of reservoir parameters. (1) Standardization of logging data. The
response of logging curves in the study area is restricted by many factors. In order to keep the logging
response values of different wells in the study area
within a reasonable range, it is necessary to systematically standardize the logging data in this area (Figure 6).
Since the logging curves of different wells are
affected by the inconsistency of instrument types,
standard scalers, and operating methods, differences
are inevitable in the same horizon. Therefore, the
logging data must be standardized, so that all the logging data of the same type in the study area have a
unified scale level. And this method can eliminate
the influence of non-geological factors [25-26].
The electrical property of a rock is a comprehensive reflection of its lithology, physical properties, gas-bearing properties and water-bearing properties. Affected by factors such as lithology, physical
properties, gas-bearing properties and pore structure,
the electrical properties of the target layer in the
study area are generally low gamma, medium-high
time difference, and medium-high resistivity. The
logging response has a strong ability to identify the
differences and changes in reservoir lithology, physical properties and gas-bearing properties (Figure 7).
The target layer in the study area is characterized by
compactness, high resistance and good oil content.
The physical properties, oil-bearing properties and
electrical properties of the reservoir have a good corresponding relationship, and the electrical properties
of the reservoir can better reflect the properties of the
reservoir.

Vsh =

2GCUR×Ish - 1
2GCUR - 1

(1)
In the formula, Ish=(GR-GRmin)/(GRmax-GRmin)
(GR—natural gamma logging value, GRmax— the
maximum value of the natural gamma of the mudstone section, GRmin— the minimum value of the
natural gamma of the pure sandstone section).

(2) Explanation of shale content. The clay
mineral content of the formation is an important geological parameter when evaluating argillaceous formations, especially argillaceous sandstones. At the
same time, almost all logging methods are affected
by shale content to some extent. The shale content of
the formation is used in the calculation of various parameters such as formation porosity, permeability,

FIGURE 7
Distribution characteristics of resistivity curve.
Notes: (a) Water layer resistivity; (b) Oil layer resistivity.
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FIGURE 8
Histogram of the natural gamma distribution of the target layer.

FIGURE 9
Relationship between core porosity and logging parameters.
Notes: (a) Relationship between measured porosity and acoustic wave time difference; (b) Relationship between measured
porosity and density.

In the formula, ĭ is the log-interpreted porosity
  ǻt is the corrected acoustic time difference
ȝs/m); ȡb is the corrected density value (g/cm3).
Permeability is an important parameter for dividing effective thickness and evaluating reservoir.
The porosity regression method was used to establish the permeability interpretation model and
achieved good results.
The single correlation analysis between the porosity and permeability of the target layer shows that
the permeability of the reservoir section is highly
correlated with the analytical porosity. The correlation coefficients are all over 0.9, and the accuracy is
high. Therefore, the interpretation results can be
used for logging reservoir evaluation. 650 layers of
25 wells were used for regression analysis, and the
established calculation model is as Formula (4):
R=0.90
(4)
K=10(0.191*ĭ-2.510)

(3) Logging interpretation models of porosity and permeability. According to the relationship
between the "four properties" of the reservoir, a reservoir parameter interpretation model is established
by using the "core calibration logging" method. The
selection of data points is based on the fine rock electrical homing and sublayer division, and the core
sampling density is selected to be greater than 7
pieces per meter. The logging curves are of reliable
quality, and the layers have good consistency among
the curves. On the basis of comprehensive consideration of factors such as geological-physical significance and reliability of logging curves, an explanatory relational formula is established by using the
method of univariate regression. The porosity interpretation model of the target layer is shown in Figure
9.
ĭ˙ǻt-37.889
R=0.91
(2)
R=0.93
(3)
ĭ˙124.916-46.204ȡb
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FIGURE 10
Comparison of calculated and tested water saturation.
In the formula, K is the permeability, (mD); ĭ
is the core porosity, (%).
(4) Well logging interpretation model for
oil/water saturation. The oil saturation is calculated
by Archie's formula, and its calculation formula is:

S wi

(

measured results. The calculated parameters are
close to the physical analysis parameters, and the error is small. Therefore, the logging interpretation results are reliable.

a  b  R w n1
)
Rt  ) m

CONCLUSIONS

(5)
In the formula, Swi is water saturation (%); ĭ is
porosity (%); Rt is reservoir resistivity ȍ·m); Rw is
formation water resistivity ȍ·m); a and b are the coefficients related to lithology; m is the cementation
coefficient; n is the saturation index.
The original formation water resistivity is determined using formation water analysis data. It is
generally believed that the salinity and resistivity of
formation water remain basically unchanged in a not
too long well section, so the same formation water
resistivity is used for interpretation. Fracturing is
generally used for gas testing in the Upper Paleozoic
strata. The liquid produced in the initial stage of formation testing is mostly a mixture of external intrusion water such as fracturing fluid and formation water. In order to obtain the accurate formation water
salinity, the formation water resistivity is obtained by
selecting the formation water data with a longer gas
test period, a larger water production in the formation test, and a relatively stable water type composition. In addition, the formation water also needs
to meet the high CL- content (generally more than
15000 mg/l), and the total salinity has a good positive correlation with the formation depth.
According to the water analysis data of the
Chang 7 water-producing layer (all water types are
CaCl2), the average salinity of the formation water is
53.31 g/l, and the formation water resistivity is 0.08
ȍ·m. The rock-electric parameters are obtained by
fitting the experimental analysis data: a=1.305,
b=1.165, m=1.665, n=2.102, Rw=0.08 ȍ·m. Figure
10 shows the comparison between the calculated and

(1) In this paper, taking the An 38 Block in the
western Ordos Basin as an example, the process of
fine logging evaluation of tight oil reservoir parameters is constructed. The research shows that the tight
oil reservoirs in the Chang 7 Member in the study
area belong to the delta front deposits, and two microfacies of underwater distributary channel and inter-distributary bay are developed.
(2) The main lithologies are detrital feldspar
sandstone and feldspar sandstone, and the main pore
types are intergranular pores and dissolution pores.
The constant-rate mercury intrusion experiment
shows that the target layer is dominated by micronscale pores with a size of 2-10µm, and the throat radius is mainly distributed in 0.1-0.750µm.
(3) The target layer is characterized by tightness, high resistance and good oil-bearing properties.
The physical properties, oil-bearing properties and
electrical properties of tight oil reservoirs in the
study area have a good corresponding relationship,
and the electrical properties of the reservoirs can better reflect the properties of the reservoirs.
(4) The lithoelectric parameters of tight oil reservoirs were determined, and the logging interpretation methods of shale content, porosity, permeability
and water saturation were constructed. This study
can provide a reference for similar studies.
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energy demand. Low-permeability reservoirs, shale
gas and shale oil, as the future main force of oil and
gas production increase, are the focus of current exploration and development research [1-5]. Hydraulic
fracturing technology, as an important means of reservoir stimulation in the above-mentioned special
oilfield development process, can increase the conductivity of the formation around the wellbore by
creating fractures. Fracturing fluid has the functions
of transmitting wellbore pressure and carrying proppant particles. The excellent degree of its performance is the key to determining the fracturing effect.
At present, in the process of exploration and development of high temperature deep wells, fracturing
fluids often face insufficient temperature resistance
under high temperature conditions and cannot effectively fracture formations and carry sand and gravel
to support fractures [6-14]. In addition, the failure
process of fracturing fluid caused by high temperature can also cause a large amount of filtrate to invade the reservoir, causing serious water lock or reservoir damage. Therefore, the development of high
temperature resistant clean fracturing fluid has important guiding significance to solve the problem of
insufficient high temperature formation fracturing
effect.
In view of the related technical problems faced
by the fracturing fluids for high temperature formations, domestic and foreign scholars have carried
out a series of development and performance evaluation of key treatment agents. At present, the most
excellent water-based fracturing fluid systems reported in the literature are based on synthetic polymers [15-18]. Das et al. [19] developed a hybrid polymer surfactant fracturing fluid system with temperature resistance up to 120 °C. Its temperature resistance can be further improved under high pressure, indicating that it can be applied to higher temperature formation conditions. This fracturing fluid
formulation has negligible residual levels and excellent suspension stability properties. Almubarak et al.
[20] developed a dual polymer fracturing fluid. The
fracturing fluid system maintains a high viscosity at
149 °C and 100s-1 shear conditions and can maintain

ABSTRACT
Aiming at the problem of high temperature failure of fracturing fluid in the process of high temperature deep well reservoir stimulation, an aqueous solution polymerization method was used to optimize
the synthesis conditions to develop a fracturing
thickener with a temperature resistance of 180 °C.
The optimal preparation process is AM: DMDAAC:
AMPS=1:0.1:0.1, the reaction temperature is 40 Ԩ,
the reaction time is 60min, and the initiator dosage is
0.2%. Based on the anti-high temperature thickener,
the anti-high temperature surfactant, anti-swelling
agent and gel breaker were further optimized, to optimize and construct a set of water-based fracturing
fluid formula with temperature resistance up to
180Ԩ. The comprehensive performance evaluation
results of the optimized formula of anti-high temperature clean fracturing fluid show that the optimized
formula of water-based clean fracturing fluid can resist temperature up to 180 Ԩ and can withstand temperature up to 10h at 180 Ԩ. Under the condition of
180Ԩ, the viscosity has good stability within 60min.
In addition, the settling speed of the steel ball at 180
Ԩ is only 1/6 of the traditional fracturing fluid,
showing good sand-carrying performance. The gel
breaking performance is excellent, and the viscosity
caQEHOHVVWKDQP3DÂVDIWHUDGGLQJWKHJHOEUHDNHU
for 20min. In addition, the optimized fracturing fluid
formula also has excellent reservoir protection effect, and the permeability recovery value is as high
as 87%.

KEYWORDS:
Clean fracturing fluids, high temperature resistance, high
temperature thickener, hydraulic fracturing, aqueous
polymerization method

INTRODUCTION
With the continuous exploration and development of oil and gas resources, conventional oil and
gas wells have been unable to meet the increasing
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better at a low concentration of 20 lbm/1000-gal suspension stability performance. The principle of action is to affect the spatial network structure of the
polymer in solution through hydrogen bonding, so as
to achieve better suspension performance under low
concentration conditions.
Jiang et al. [21-22] developed a supramolecular
association gel fracturing fluid system. The fracturing fluid system can produce significant viscoelastic
properties through the physical cross-linking of hydrophobically modified polymer thickener and
earthamidopropyl hydroxysulfobetaine. Zhao et al.
[23] developed a high temperature resistant clean
fracturing fluid formulation based on star-shaped
dendrimer. This fracturing fluid formulation has excellent shear resistance at high temperature. After
shearing at 140°C/2h, the apparent viscosity was still
P3DÂV7KHIUDFWXULQJIOXLGIRUPXODWLRQDOVRKDV
excellent suspension stability. At 90 °C, the static
proppant settling velocity can reach a minimum of
0.038 cm/min. However, the above fracturing fluid
formulation still faces insufficient thermal stability
under high temperature conditions. Some fracturing
fluid formulations with temperature resistance up to
150°C have relatively poor gel breaking performance and cannot meet the requirements of reservoir
protection performance. Therefore, there is an urgent
need to develop a high-temperature fracturing fluid
formulation with a temperature resistance of 180 °C.
In view of the problem that the fracturing fluid
performance cannot meet the formation temperature
requirements currently faced by high temperature
formation fracturing, in this paper, a high-temperature-resistant thickener was developed through aqueous solution polymerization and optimized design of
synthesis conditions. Based on the treatment agent,
the surfactant, anti-swelling agent and gel breaker of

the anti-high temperature fracturing fluid formulation are optimized through formulation optimization
design. Finally, the comprehensive properties of
anti-high temperature fracturing fluid formulations
were systematically evaluated, including temperature resistance, shear resistance, sand-carrying properties, gel breaking properties, and reservoir damage
properties. The results of this study have important
guiding significance for the implementation of high
temperature formation fracturing technology.

MATERIALS AND METHODS
Experimental materials. Acrylamide, produced by Sinopharm; dimethyldiallyl ammonium
chloride, produced by Aladdin reagent; 2acrylamido-2-methylpropanesulfonic acid, produced
by Aladdin reagent; hydrogen peroxide, produced by
Sinopharm; sodium bisulfite, produced by Sinopharm. All the above products are all analytically
pure.
Preparation method. Acrylamide, dimethyl
diallyl ammonium chloride and 2-acrylamido-2methylpropanesulfonic acid were mixed in equal
proportions and added to the aqueous solution. After
stirring evenly at a stirring speed of 400r/min, a nitrogen atmosphere was used. The temperature is
raised and heated, then the initiator is added after
reaching the reaction temperature, and the reaction is
carried out for a period of time. After the reaction is
completed, the reaction product is washed with absolute ethanol, and then vacuum-dried at 65° C to
obtain a high temperature-resistant thickener.
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FIGURE 1
Viscosity of product solution with different raw material ratios at 180Ԩ
Ԩ.
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FIGURE 2
Ԩ.
Viscosity of product solution at different polymerization temperatures at 180Ԩ
Aggregation time. Based on the results obtained by optimizing the ratio of raw materials and
reaction temperature, the effect of polymerization reaction time on the viscosity enhancement effect of
the product was investigated. The test temperature is
180°C, and the test concentration is 0.5%.
Figure 3 shows the effect of polymerization reaction time on the viscosity-increasing effect of the
product. It can be seen from Figure 3 that with the
increase of the polymerization reaction time, the viscosity increasing effect of the product increases first,
and then tends to be stable. Combined with economic cost factors, the optimal polymerization time
is 60 min, and the viscosity can UHDFKP3DÂV

Optimization of synthesis conditions. Raw
material ratio. We adjust the ratio of acrylamide,
dimethyl diallyl ammonium chloride and 2acrylamido-2-methylpropanesulfonic
acid
to
1:0.1:0.1, 0.5:1:1 and 0.1:1: 0.1. Under the condition
that the concentration of the test sample is 0.5%, We
the viscosity of the solution under the temperature of
180Ԩ.
Figure 1 shows the effect of different raw material ratios on the viscosity-increasing effect of the
reaction product. It can be seen from Figure 1 that
when the ratio is AM:DMDAAC: AMPS=1:0.1:0.1,
the viscosity of the solution is the highest, reaching
P3DÂV$FU\ODPLGHSOD\VDPDMRUUROHLQLQFUHDV
ing the viscosity of the product, but its temperature
resistance is relatively poor. The temperature resistance of the product is mainly improved by adding
an appropriate amount of 2-acrylamido-2methylpropanesulfonic acid.

Initiator dosage. The initiator mainly generates free radicals under the heating reaction, which
provides initiating conditions for the polymerization
reaction. Usually the choice of initiator should consider the influence of factors such as reaction temperature, solution properties and physicochemical
properties of reactants. In this paper, the aqueous solution polymerization method is used for the
polymerization reaction. Therefore, hydrogen peroxide and sodium bicarbonate are selected as initiators.
Based on the results obtained by optimizing the ratio
of raw materials, reaction temperature and polymerization time, the effect of initiator dosage on the viscosity-enhancing effect of the product was investigated. The test temperature is 180°C, and the test
concentration is 0.5%.
Figure 4 shows the effect of initiator addition
on the viscosity-increasing effect of the product. It
can be seen from Figure 4 that with the increase of
the initiator dosage, the viscosity-increasing effect of
the product on the solution increases significantly.
When the initiator dosage reached 0.2%, the viscosity-increasing effect of the product on the solution

Polymerization temperature. Based on the
optimal ratio obtained from the raw material ratio
optimization experiment, the influence of the
polymerization temperature on the viscosity enhancement effect of the product was tested. The test
temperature is 180°C, and the test concentration is
0.5%.
Figure 2 shows the effect of polymerization reaction temperature on the viscosity-increasing effect
of the product. It can be seen from Figure 2 that with
the increase of the polymerization temperature, the
viscosity increasing effect of the product first increases and then decreases, reaching a maximum
YDOXHRIDERXWP3DÂVDWDURXQG&:LWKWKH
increase of the polymerization temperature, the high
temperature will destroy the structure of the polymer
molecular chain. Therefore, the higher the temperature, the lower the viscosity-increasing effect of the
polymerized product.
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quently, with the increase of initiator content, the
viscosity-increasing effect of the product on the solution gradually decreased.
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fracturing fluids, tertiary amine salts and quaternary
ammonium salt surfactants are preferred. We measure the viscosity at shear rate to test its suspension
stability performance.
Figure 5 shows the viscosity test results of tertiary amine salt and quaternary ammonium salt surfactants at different shear rates. It can be seen from
Figure 5 that under low concentration conditions, the
viscosity of the two surfactant solutions is less affected by the shear rate, and their viscosity is relatively low at different shear rates. Quaternary ammonium salt surfactants have better shear thinning properties at high concentrations, that is, it can maintain
a lower viscosity at high shear rates and maintain
higher viscosity at low shear rates to ensure static
suspension stability performance.

RESULTS
Formula optimization of high temperature
resistant clean fracturing fluid. Surfactant preference. The main function of traditional surfactants
is to improve the surface tension and interfacial tension of the solution, which cannot meet the suspension stability requirements of fracturing fluids. Tertiary amine salts and quaternary ammonium salt surfactants have good viscosity increasing effect.
Therefore, according to the viscosity requirements of
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FIGURE 3
Viscosity of product solution at different polymerization time at 180Ԩ
Ԩ.
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FIGURE 4
Viscosity of product solution with different initiator dosage at 180Ԩ.
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FIGURE 5
Surfactant viscosity test results.
The surface tension of different concentrations
of surfactants after hot rolling at 180Ԩ/16h was
tested by the hanging piece method. Figure 6 shows
the surface tension test results of different concentrations of surfactant solutions. It can be seen from Figure 6 that with the increase of the surfactant concentration, the surface tension test result of the surfactant solution gradually decreases and tends to be stable when the concentration is about 0.3%, indicating
that the quaternary ammonium salt surfactant has
reached the critical micelle concentration. Compared
with the tertiary amine salt surfactant, the quaternary
ammonium salt surfactant can quickly reach the critical micelle concentration when the concentration is
0.2%, and its effect on reducing the surface tension
of the solution is the best. Therefore, the quaternary
ammonium salt surfactant is selected as a fracturing
fluid formulation.

Anti-swelling agent is preferred. Under traditional conditions, if the formation contains clay minerals such as smectite or smectite mixed layers that
are easy to hydrate and swell, when encountering
water molecules in the fracturing fluid, it is easy to
cause hydration and swelling of clay mineral particles, thereby blocking the flow of oil and gas, leading to water-sensitive reservoir damage. Therefore,
by adding an anti-swelling agent to the fracturing
fluid system, the reservoir damage caused by the hydration expansion of clay minerals can be effectively
suppressed.
After the anti-swelling agent solution was hotrolled at 180°C/16h, it was added to the pressed soil
rock sample. Then, the expansion rate of the rock
sample was tested for 8h, and a suitable anti-swelling
agent was selected.
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FIGURE 6
Surface tension of different concentrations of surfactant solutions.

11006

© by PSP

Volume 31– No. 11/2022 pages 11002-11013

Fresenius Environmental Bulletin

40

KCl
NH4Cl
Cationic polymer
Cationic compound

Expansion rate/%

30

20

10

0
0

100

200

300

400

500

Time/min

FIGURE 7
Expansion ratio of different anti-swelling agents after hot rolling treatment.
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FIGURE 8
Viscosity curve of different breakers.
Figure 7 shows the test results of inhibiting clay
expansion performance of different anti-swelling
agents after hot rolling treatment at 180°C/16h. It
can be seen from Figure 7 that the cationic compound anti-swelling agent has the best anti-swelling
effect, and the swelling rate of the rock sample is
only 8%, followed by cationic polymers, ammonium
chloride and potassium chloride anti-swelling
agents. This shows that the cationic polymer antiswelling agent has excellent anti-swelling effect,
which can effectively inhibit the swelling of clay and
reduce the damage to the reservoir caused by the
swelling of clay.

versed from the formation to the wellbore, preventing polymer particles from blocking formation pores
and causing reservoir damage. At present, the commonly used gel breakers are mainly acids, alcohols,
oxidants and biological enzymes. We select different
types of gel breakers and evaluate their viscosity
changes after long-time stirring, so as to obtain suitable gel breakers.
Figure 8 shows the effect of different breakers
on the viscosity of the fracturing fluid system. It can
be seen from Figure 8 that after the addition of different types of breakers, the viscosity of the fracturing fluid system gradually decreases with the increase of shear time, and the viscosity tends to be
stable before and after a long time. Alcohol breakers
mainly adsorb to each other with the spatial network
structure of the polymer through polar molecular
bonds, thereby reducing the viscoelastic effect of the

Breaker selection. The main function of the
breaker is to convert the viscous glue after fracturing
into a low-viscosity fluid, so that it can be easily re-
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polymer without destroying its worm-like micelle
structure. The polymer breaker mainly interacts with
the molecular chain of the polymer material through
chemical bonds, thereby preventing the micelles
from overlapping and winding each other to form a
worm-like, that is, a viscous network structure. The
oxidant destroys the molecular structure of the polymer through oxidation, breaking the molecular
bonds, resulting in the failure of the space network
structure.
From the test results in Figure 8, the alcohol
breaker has the best breaking effect and can reduce
the viscosity of the fracturing fluid system from 507
P3DÂVWRP3DÂVZLWKLQPLQXWHV7KHUHIRUHDO
cohols are preferred as fracturing fluid breakers.

molecular weight of the polymer is broken or affected by the thermal motion of the molecules caused
by high temperature, and part of the free water molecules are desorbed from the space network structure
of the polymer, resulting in a decrease in solution
viscosity. The viscosity decreases significantly at
around 120 °C. This is because the dense network
structure of some molecular chains continues to
break as the temperature continues to rise, and it cannot be stretched in the aqueous solution to form an
intertwined micelle structure. Therefore, the solution
viscosity is at high temperature. A significant decrease began to appear. But at 180 °C, the viscosity
FDQVWLOOUHDFKPRUHWKDQP3DÂVVRWKHIUDFWXULQJ
fluid formulation has good temperature resistance.
The long-term temperature resistance performance test of the fracturing fluid formulation was
carried out to evaluate its temperature resistance performance, and the test temperature was 180 °C.
Figure 10 shows the effect of heating time on
the viscosity of the fracturing fluid system. It can be
seen from Figure 10 that with the increase of heating
time, the viscosity of the fracturing fluid system
gradually decreases. This is because the long-term
heating destroys the stability of the polymer network
structure in the fracturing fluid, resulting in the scission of polymer molecular chains. However, after 10
hours of heating, the viscosity of the fracturing fluid
IRUPXODWLRQFDQVWLOOEHPDLQWDLQHGDERYHP3DÂV
indicating that the optimized fracturing fluid formulation has better temperature resistance.

Performance evaluation of high temperature
fracturing fluid formulations. Evaluation of temperature resistance and temperature resistance.
The high temperature and high pressure rheometer
was used to test the temperature resistance and temperature resistance of the fracturing fluid formulation. We heat the sample from room temperature to
180 °C, test the viscosity of fracturing fluid formulation changes with temperature. The heating rate is 5
°C/min, and the shear rate is selected as 170 s-1.
Then, under the condition of constant temperature of
180Ԩ, the change of fracturing fluid viscosity with
time was tested, so as to obtain the temperature resistance of fracturing fluid.
Figure 9 shows the effect of temperature on the
viscosity of the fracturing fluid system. It can be seen
from Figure 9 that with the increase of temperature,
the viscosity of fracturing fluid gradually decreases,
and the viscosity can be maintained above 4000
P3DÂVLQWKHUDQJHRIԨ-100Ԩ. This is due to the
fact that with the increase of temperature, part of the

Shear resistance. By stirring the fracturing
fluid system for a long time, the viscosity change of
the fracturing fluid system after being sheared for a
long time was tested to evaluate its shear resistance
performance, and the test temperature was 180°C.
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FIGURE 9
Viscosity curve of fracturing fluid system with temperature.
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FIGURE 10
Variation curve of fracturing fluid viscosity with heating time.
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FIGURE 11
Viscosity curve of fracturing fluid system with shear time.
Figure 11 shows the effect of shear time on the
viscosity of the fracturing fluid system. It can be seen
from Figure 11 that with the increase of shear time,
the viscosity of the optimized fracturing fluid formulation changes relatively little. The traditional fracturing fluid is affected by shearing, and the network
structure of the polymer will be destroyed, resulting
in a decrease in the viscosity of the fracturing fluid.
The high temperature resistant thickener synthesized
in this paper has good shear resistance, which can
withstand the effects of long-term shear disturbances. This is because after shearing, the developed
high-temperature-resistant thickener can re-agglomerate to form a space network structure, thereby
maintaining a good viscosity.

The sand-carrying performance of the fracturing
fluid determines the quality of the construction effect, which is one of the main functions of the fracturing fluid is to suspend the proppant into the fracture. Once the sand-carrying performance fails to
meet the requirements, the proppant particles will
settle at the bottom of the wellbore, resulting in sticking and plugging caused by the accumulation of sand
and gravel. The test temperature of the sand-carrying
performance is from room temperature to 180°C. After heating to this temperature, the steel ball is placed
from the top of the fracturing fluid, and the time required for the ball to fall into the bottom of the fracturing fluid is observed, so as to calculate the settlement speed of the steel ball.

Evaluation of sand-carrying performance.
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FIGURE 12
Test results of sand-carrying properties of fracturing fluid formulations.
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FIGURE 13
Test results of fracturing fluid breaking performance.
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TABLE 1
Test results of fracturing fluid reservoir damage performance
Permeability after flowPenetration recovery
Initial core permeability/mD
back /mD
value /%
29

3

10

31

27

87

Figure 12 shows the test results of the sand-carrying performance of the fracturing fluid formulation
under different temperature conditions. It can be
seen from Figure 12 that with the increase of temperature, the settling time of the steel ball gradually decreases, and the settling velocity of the steel ball
gradually increases. At 90 °C, the sedimentation
time and sedimentation velocity of the steel balls

changed most significantly, indicating that the sandcarrying performance of the fracturing fluid changed
most obviously at this temperature. Compared with
the fracturing fluid formulations commonly used in
the field, when the temperature reaches 180 °C, the
settling velocity of the steel balls in the optimized
fracturing fluid formulation is 1/6 of the traditional
fracturing fluid formulation, which shows that the
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optimized formulation has excellent carrying capacity, which can maintain good results at high temperatures. This is because the synthetic high-temperature-resistant thickener has good viscoelasticity and
high-temperature resistance, and the polymer molecules can still maintain a good network structure at
high temperature to maintain the stability of the
sand-carrying performance.
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gel breaking was injected into the core until the permeability was stable. Back-flood the core and test
the core permeability after stabilization. The permeability recovery value of the core can be obtained by
comparing the permeability of the core after reverse
displacement with the permeability of the original
kerosene liquid.
Table 1 shows the test results of the effect of
fracturing fluid formulation on the permeability of
reservoir cores. It can be seen from Table 1 that the
permeability recovery value of the optimized fracturing fluid formulation is as high as 87%, which is
much greater than the permeability recovery value of
the traditional fracturing fluid formulation. This is
because the optimized fracturing fluid formulation
after gel breaking has a lower viscosity and can be
discharged from the rock pores better. However, the
traditional fracturing fluid has relatively poor gel
breaking performance, so the residual polymer particles are easy to block the pores of the rock matrix,
thereby reducing the permeability of the rock, resulting in a relatively low permeability recovery.

Evaluation of gel breaking performance. The
gel breaking performance of the fracturing fluid formulation can be evaluated by testing the change of
the viscosity of the fracturing fluid with time after
adding the breaker.
Figure 13 shows the test results of the gel
breaking performance of the fracturing fluid formulation. It can be seen from Figure 13 that after adding
the breaker, with the increase of time, the viscosity
of the fracturing fluid formulation decreased significantly from 10min, and gradually became stable at
20min-30min. This shows that the optimally constructed fracturing fluid formulation has excellent
gel breaking performance. The added gel breaker can
combine with the functional group of the thickener
in the fracturing fluid through chemical bonds
through the special structure on its molecule, so that
a single spherical micelle could not aggregate to
form rod-like or worm-like micelles, and the molecular chain network structure of the polymer was destroyed, resulting in a significant decrease in solution
viscosity.

CONCLUSIONS
Based on the aqueous solution polymerization
method, a thickening agent for high temperature resistant clean fracturing fluid was synthesized. The
main principle of action is to form worm-like micelles through the long-chain functional group structure, thereby forming a space network structure to
increase the viscosity of the solution. The AMPS involved in the polymerization reaction can improve
the temperature resistance of the product through the
rigid functional group structure, and finally build a
viscoelastic polymer with high temperature resistance.
Through high temperature evaluation experiments, high temperature resistant quaternary ammonium salt type surfactants, cationic polymer type
anti-swelling agents and alcohol gel breakers are
preferred. Quaternary ammonium salt surfactants reduce the surface tension of fracturing fluids mainly
through hydrophobic association. The cationic polymer anti-swelling agent mainly adsorbs with the clay
lamella structure through chemical bonds, thereby
preventing the hydration and swelling of the clay
particles. Alcohol breakers mainly adsorb to each
other with the spatial network structure of the polymer through polar molecular bonds, thereby reducing the viscoelastic effect of the polymer without destroying its worm-like micelle structure.
The comprehensive performance evaluation results show that the optimized fracturing fluid formulation has good temperature resistance and temperature resistance. At 180 °C, the viscosity can still
UHDFK PRUHWKDQP3DÂV $IWHUKKHDWLQJWKH
viscosity of the fracturing fluid formulation can still
EH PDLQWDLQHG DERYH P3DÂV ,W KDV JRRG JHO

Evaluation of reservoir damage performance. Reservoir damage performance is mainly
used to evaluate the performance of water-sensitivity
or polymer plugging caused by fracturing fluids to
reduce permeability of reservoir cores. Since the
fracturing fluid contains an aqueous solution, it may
cause some clay minerals to hydrate, expand, or disperse after entering the formation, resulting in blockage of the pore throats. Second, the mineral components in the fracturing fluid aqueous solution may be
incompatible with the formation water, resulting in
the formation of precipitates or flocs that block the
pore throat channels of the formation. In addition,
the polymer particles contained in the fracturing
fluid may also be blocked at the pore throat of the
matrix due to the inability to reverse discharge.
Therefore, by evaluating the effect of the fracturing
fluid on the permeability of the reservoir core, the
reservoir damage performance can be evaluated.
In order to compare and analyze the reservoir
damage performance of the optimized fracturing
fluid formulation, it was compared with the permeability test results of the traditional fracturing fluid
formulation. During the test, the core was first
soaked in kerosene, and then the liquid permeability
of the reservoir rock was obtained by replacing the
core with kerosene. Then, the fracturing fluid after
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breaking performance. After adding gel breaker for
10 minutes, the molecular chain network structure of
the polymer is destroyed, and the solution viscosity
can be significantly reduced. It has good reservoir
protection effect, and the permeability recovery
value after reservoir flowback is greater than 85%.
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safety production of coal mines.
Among these methods/models, the Direct Current electric method (DC) is an effective geophysical
method to detect the conductivity structure in the
shallow part of the earth's surface, and it has long
been used for mineral, energy, environment, hydrology and geological structure because of its unique
feature of flexible device form [6-9]. However, there
are still some problems limited the more extensive
and in-depth application of it, especially the raw and
qualitative results as it can be provided, rather than
quantitative information. For instance, the DC
method can provide the information that there is an
anomaly in front of the working face, but it is hard
to determine how far away and how about the accurate scale of the anomaly [10,11]. The main reason
for this problem is that the geophysical interpretation
results based on Kriging interpolation are continuous
contour map, and it is hard to determine the mutation
value (threshold). If the researcher wants to get the
accurate information, more complex calculation or
experience must be needed.
The methods long been used in geochemical
study might be useful for solving this issue. A series
of geochemical studies, for example, the identification of pollution hotspot or, the determination of the
metallogenic area, have proposed kinds of methods/models, such as the graphical methods (e.g.,
Quantile or probability plots), the spatial-statistical
methods (Moran’s I and spatial cluster analysis) and
the multifractal modeling [12-17]. All of them have
a similar feature that their usages are friendly and effective.
In this study, these geochemical methods have
been applied tentatively for the explanation of the
DC data obtained from an artificial tunnel exploration, and the results suggested that they can be used
for getting the quantitative information about the
anomaly.

ABSTRACT
A more accurate method of the Direct Current
electric method (DC) processing data to distinguish
the anomalous body is important for the prediction
and detection of potential risk such as goaf and water
inrush. In this paper, we have performed a DC data
processing process, which relies on the theory of aggregation-area(C-A). We investigate the apparent resistant log ߩ௦ and apparent resistant isograms cumulative area log ܵ as a function to search the
threshold as the boundary value. Comparisons of the
conventional data processing method to physical
simulation that the C-A identified the higher resistance anomalous body better than the lower resistance because its sensitivity. Scoped the higher resistance area almost identical with the physical
model, while the lower approach the nearest boundary. The results are in good agreement with the physical model, validating C-A multifractal theory as an
effective way for DC accurate interpretation.

KEYWORDS:
Direct current method, Multifractal C-A, Accurate interpretation, Experiment

INTRODUCTION
Geophysics is an important tool in geological
engineering, especially for solving the issues related
to the safety of coal mining, as is can be used for the
identification of the anomalies related to the potential threaten (e.g., water and fault). And therefore, a
series of geophysical methods/models, including the
DC electric method, seismic prospecting, transient
electromagnetic method, audiomagnetotellurics
method, radio wave tunnels perspective, have been
proposed [1-5]. These methods/models have their
unique advantages, e.g., DC exploration is very fast
and economical, seismic exploration method has a
high resolution and transient electromagnetic
method is less affected by topographic fluctuation.
Their application provides a large number of effective scientific information for identification of the
geological anomalies, so as to better guarantee the

MATERIALS AND METHODS
Information about the tunnel. The artificial
tunnel is location in the southern campus of Suzhou
University. A total of 11 survey points and 88 apparent resistivity data points were collected in the study
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Where K =

area. The experiment adopts symmetrical quadrupole device and the dot spacing is 2m.
The relationship between the line layout and
the relative position of the physical simulated object
(the simulated tunnel) is shown in Figure 1, and the
actual measurement point layout is shown in Figure
2. As the relative zero position of survey line, the
edge of tunnel is located at the relative position of
survey line 3m and 13m respectively.

ଶ
భ
భ
భ
భ
ି ି ା
ఽ ా ఽొ ాొ

is the coefficient of

device.
The values of the above parameters can be obtained by instrument measurement.
By changing the distance of the supply electrode, the apparent resistivity of the measuring point
at different depths can be detected.
Data analysis. Two kinds of methods have
been used in this study: the graphical methods (e.g.,
electric sounding curve and contour) and the multifractal modeling.

DC electric exploration. Electric exploration
is a kind of geophysical exploration method that uses
the spatial and temporal distribution of electric field
or electromagnetic field (natural of artificial) to
solve the geological structure or search for useful
minerals based on the differences in the electrical
properties of various rocks and ores in the earth’s
crust.
The apparent resistivity value can be obtained
by formula:
ο
ɏୱ = K ొ (1)

(1) The electric sounding curve (VES). The
electric sounding curve (VES) describes the variation of apparent resistivity with depth at a certain
point. In general, the AB/2 relative to depth is taken
as the Abscissa, and the apparent resistivity measured at the point is taken as the ordinate, and the coordinates are Log-log plot [18].

୍

FIGURE 1
Relative positon relationship between surveying line and target

FIGURE 2
Distribution of field survey line
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FIGURE 3
Electrical sounding curve of survey point
and ordinate are double logarithm coordinates. For a
clearer analysis of the effect of the target on the detection results, the data are discussed in sections below.
It can be seen from the electrical sounding
curve (Figure 3-b) that the apparent resistivity of the
survey points 1 and 2 changes in accordance with the
increase of AB/2, and that the end jump of the survey
point 3begins, it is concluded that the Change Law
of Survey Point 4 is related to the existence of underground objects, and survey point 3is the transitional
position with influence.
Figure 3-c reflects the electrical sounding curve
of survey point 4 to 8. The change from survey point
4 to survey point 6 is similar, and the curve of survey
point 7 begins to change, which shows that the distribution of underground strata corresponding to this
point changes. But it is not easy to distinguish survey
point 7 or survey point 8 as the boundary point of
stratum change.
Figure 3-d shows the variation of apparent resistivity with depth at survey point 7 to 11. The subsurface formation information is assumed to be similar.
In the analysis of electric sounding data, it is
necessary to combine the data point by point for
many times in order to infer the starting and stopping
position of abnormal body. If the field work is large
and there are more survey points, the work efficiency

(2) The apparent resistivity section chart.
The apparent resistivity section chart reflects the apparent resistivity distribution of the section where
the survey line is located. The relative distance of all
the survey points is taken as the horizontal coordinate, and the depth of the survey (AB/2) is taken as
the vertical coordinate [19].
(3) The multifractal modeling. There are a series of multifractal models have been proposed, e.g.,
these include the concentration-area (C-A), concentration-distance (C-D) and spectrum-area (S-A) multifractal models [20]. In this study, the most popularly used one, the C-A multifractal model has been
applied. The process was calculated by the software
Geodas (version 10.7).

RESULTS AND DISCUSSION
Results of traditional analysis. The apparent
resistivity profile is commonly used in electrical data
processing, and the shape of the object is deduced by
analyzing the equivalent and relative values of the
apparent resistivity. Sometimes the position of the
anomaly is estimated from the overall variation of
the electrical sounding curve from the original data.
The data of 11 measured points are drawn in the
coordinate system (Figure 3-a), the Abscissa is AB/2,
the ordinate is apparent resistivity, and the Abscissa
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will be seriously affected. If there are more disturbance factors in the data collection, the variation law
of the electric sounding curve will not be easy to be
induced and the interpretation result will be affected.
The apparent resistivity contour map is shown
in Figure 4.
It can be concluded that the shallow layer
(about 0-6m) is obviously stratified, and the apparent
resistivity is larger than that of the lower layer, especially when there is a high resistivity anomaly (the
simulation tunnel) in the middle position (the red
area), which location is about 5 meters above the
buried depth, within 3-14 meters of the relative coordinates of the survey line, which corresponds
roughly to the relative position of the physical simulation tunnel. Since the apparent resistivity contour
map is drawn and the apparent resistivity value is the
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overall reflection of the resistivity value of the surrounding rocks and minerals, therefore, the interpretation of the target body can only qualitatively infer
the relatively high and low resistance bodies, while
for the boundary of the target body, but they can’t be
identified by contour lines.
Result based on multifractal modeling.
Based on the multifractal theory, the isograms of apparent resistivity are drawn with surfer software, and
then the different apparent resistivity ߩ௦ is constructed to delineate the aggregation-area maps of
accumulative area. A scatter plot of apparent resistivity and distribution area (Figure 5) is obtained by
least squares fitting.

FIGURE 4
Apparent resistivity profile

FIGURE 5
Aggregation area model of ࢙࣋
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FIGURE 6
Isograms of apparent resistivity based on fractal inflection points
The slope of the line corresponds to the contour
map of the slope area represented by the different
data sets. When data points fall on two straight lines,
the two groups are interpreted as exception and backgrounds. Through the analysis of Figure 4, it can be
seen that point A and B is the intersection point of
two straight lines (the break point of the area curve),
and the break point A and B of the straight line is the
boundary value of 23ȳ. m and 48ȳ. m. The area of
the abnormal object delineated by the contour map
with 23 and 48 as the threshold is shown in Figure 6.
The area C is the higher resistance object, simulated
the tunnel, and the area D is the lower resistance,
simulated the floor water, which are shown as orange,
blue, respectively.

water, it can get the nearest location of the lower resistance floor water at 6 meters, but can’t correspond
to its shape and boundary. The delineation of boundary position plays an important role in the prediction
of mine water inrush.

CONCLUSIONS
By using C-A multifractal method to deal with
the study of the separation of abnormal objects from
DC electrical data, the following conclusions are obtained:
(1) Using multifractal theory to select the
threshold value of object, and then dividing the
boundary of Anomaly object, it provides a qualitative explanation for analyzing object anomaly object,
and it is also a quantitative exploration.
(2) Constructing multifractal model to extract
abnormal information, and reducing the dependence
on other information, such as known geological information, drilling verification, etc.
(3) Because there are some errors in the inversion of depth by DC method, the result of lateral detection is more accurate than that of longitudinal detection.
(4) The detection effect of higher resistance is
better than the lower, especially the sharp and the
boundary.
(5) Although the proposed method is based
on the results of the geochemistry, the applicability
of the geophysical prospecting method and the accuracy of the interpretation need to be further studied.

Discussion. The two simulated objects of physical model in Figure 5 show the shape and distribution. The tunnel shows a higher resistance because of
air-filled, while the floor water is lower resistance.
Comparisons show that the shape of area C the same
as the tunnel, the position of the physical model is
located between the 3rd and 8th measuring points of
the experiment line. The horizontal coordinates of 3
to 13 meters and 7 to 9 meters with respect to the
vertical coordinates (the buried depth) of about 2 to
5 and 5 to 7 meters is the higher resistance tunnel,
and the lower resistance floor water, respectively.
The objects identified by the method of multifractal
theory (C-A) is located: at the horizontal coordinates
of 3 to 13 meters is regarded as the length of tunnel
surface, 5 to 11 meters is the bottom at the depth of
3 meter. The relative height matches the original object, but the burial depth various, shifting up 4 meters.
Because of the sensitivity and the influence of the
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Aswan in the south to Alexandria in the north. In addition, many studies have found conclusive evidence
that the consumption of fresh grapes can decrease the
risk of cancer and cardiovascular diseases [2]and[3]
Vieira et al. 2016) due to the presence of beneficial
contents such as minerals, natural fiber, vitamins,
and phytochemical compounds like flavonoids and
anthocyanins [4]and[5] .
Hexythiazox is a non-systemic acaridae without toxic effects on mammals and helpful insects or
mite predators. Hexythiazox is a key component in
many integrated pest management programs and can
be extensively used to control mites on cotton, fruits,
and vegetables at any stage of plant growth from
budding to fruiting [6] and [7]. Concerning the public health, the existence of hexythiazox residues have
gained traction in recent years. The extraction and
determination stages for hexythiazox have previously studied, as well as the role of the infrastructure
of apparatus and facilities [8] and [9]. However,
there is scarcity information on the destiny of hexythiazox under field conditions [6] and[10], and
there are no conclusive researches evaluated the
presence of hexythiazox residues in food commodities.
Diniconazole (DN) [a triazole fungicide] is one
of the most important and widely used fungicides
and it is directly worked though blocking the development of sterols, which are the major components
of fungal cell membranes [11] and [12] . In grape,
banana, cereal, and vine crops, diniconazole is commonly used to control ascomycetes and basidiomycetes [13]. The pesticide residue levels are estimated
by maximum residue limits (MRLs), which are fixed
for every region [14]. Difenoconazole (DFZ) is a triazole fungicide that has been found in estuaries and
embayments in the aquatic environment[15]. DFZ is
a systemic sterol demethylation inhibitor for the fungal enzyme sterol-1-4-a-demethylase, which is particularly efficient against illnesses causes by various
fungi infecting cereals [16]. Moreover, it has been
widely utilized in a variety of crops in several countries due to its capacity to combat numerous fungal
infections.
Spinetoram/methoxyfenozide is a lepidopteran

ABSTRACT
Hexythiazox, diniconazole, difenoconazole,
spinetoram and methoxyfenozide pesticides were
applied on the fruits and leaves of grapes grown in
open field conditions. Their residues levels in fruits
and leaves of grapes were detected at different times
from initial times, one, three, seven and ten days after treatments. The rates of pesticide degradation,
half-life value (t1/2) and pre-harvest interval (PHI)
were also estimated. Pesticides were extracted and
cleaned-up from samples by the QuEChERS method
and then analyzed by HPLC-DAD. The estimated
t1/2 values were 2.4 and 4.4 days, 0.9 and 1.6 days,
5.4 and 2.9 days, 1.09 and 1.07 days and 3.3 and 8.5
days for hexythiazox, diniconazole, difenoconazole,
spinetoram and methoxyfenozide in fruits and leaves
of grapes, respectively. Pre-harvest interval (PHI)
values were 10 days and 15 days after application of
diniconazole , hexythiazox and spinetoram to fruits
and leaves of the grape .while pre-harvest interval
(PHI) values were 7 days and 10 days after application of difenoconazole and methoxyfenozide to fruits
and leaves of the grape .The maximum residue limits
(MRL) were 0.5, 0.1, 3, 0.5 and 1 mg kg-1 for hexythiazole, diniconazole, difenoconazole, spinetoram
and methoxyfenozide, respectively. The fast degradation of hexythiazox, diniconazole, difenoconazole, and methoxyfenozide residues confirmed that
they could be used as safe pesticides to reduce the
health risks associated with the consumption of
treated grapes.

KEYWORDS:
Residues, Grape, PHI, t1/2. HPLC, Pesticides, QuEChERS

INTRODUCTION
The grape vine (Vitis vinifera) is a flowering
plant native to the eastern Mediterranean region,
central Europe, and southwestern Asia, starting from
Morocco and Portugal to southern Germany and
northern Iran [1]. In Egypt, grapes are grown from
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insecticide to control lepidopteran pests in rice[17].
Spinetoram is a novel semi-syntetic insecticide and
a multicomponent tetracyclic macrolide from the
chemical group of spinosyns. It is a chemical modified product for the soil actinomycete, Saccharopolyspora spinose [18]. It is contained two closely
related components, XDE-175-J and XDE-175-L at
a ratio of approximately 3: 1 [19] and [20] . Spinosyns acts as allosteric modulators of nicotine acetylcholine receptors (nAChR)[21], and spinetoram is
effective in the control of Lepidoptera, Thysanoptera
and Coleoptera [22]. Methoxyfenozide is an extensively pesticide in agriculture to control pests and
has no harmful effects on beneficial insect populations [23]. It is approved for usage in more than 50
countries and has increased to 15-fold between 2001
and 2015 [24].
Residues of pesticides lead to harmful impacts
on the humans, especially if these commodities are
freshly consumed. The intakes of any foodstuff that
contain some pesticide residues can cause carcinogenic problems. So, it is preferable task to determine
the residues of these pesticides and then evaluate the
availability of treated agricultural products for human consumption.

Fresenius Environmental Bulletin

ethyl acetate for tested pesticides from Central Agricultural Pesticides Laboratory, Cairo, Egypt. It was
mixed with the pesticides to prepare their standard
solutions.
Pesticide technical formulations. Hexythiazox was purchased from Biostad, Cairo, Egypt,
diniconazole was obtained from El-Quorma
shop,Cairo, Egypt and difenoconazole was obtained
from Damak shop, Cairo, Egypt. However, spinetoram and methoxyfenozide was obtained from
DowAgroSciences-USA.
Field experiment. Experiment was carried out
in five districts [four districts were set up for the pesticide treatments and the fifth area was for the control (without pesticides)] at El Qalubia Governorate,
Egypt. Hexythiazox (Maiden 5.45% EC), diniconazole (Sumy-zed 5% EC), difenoconazole
(canon12.5% SC) and Spinetoram/methoxyfenozide
(uphold 36% SC) were applied in July 16, 2020 at
the recommended dose [hexythiazox (400ml/100L),
diniconazole
(35ml/100L),
difenoconazole
(75ml/100L) and Spinetoram/methoxyfenozide
(125ml/100 L) using a knapsack sprayer fitted with
a single nozzle.
Sampling. The samples of fruits and leaves of
grapes were randomly packed up at one hour, 1, 3, 7,
10 and 15 days after application of the above-mentioned pesticides. The collected samples of fruits and
grape leaves (two-three kg) were transferred to the
laboratory in an ice box, homogenized, divided into
subsamples (50 g for fruits and 25 g for leaves), and
finally stored at -20 °C in a deep freezer for further
analyses of pesticide residues.

MATERIALS AND METHODS
Chemical and reagents. Methanol, ethyl acetate, methylene chloride, and acetone (Sigma-Aldrich, Steinheim, Germany) and the o-phosphoric
acid (El-Nasr Company, Cairo, Egypt) were purchased to be used as reagents for the HPLC. The exact concentrations used to build the calibration graph
were 0.01, 0,02, 0.05, 0.1 and 0.5 for hexythiazox
and diniconazole, 0.02, 0,05, 0.1, 0.5 and 0.75 for
difenoconazole, 0.2, 0.5, 2.5 and 5 for spinotram and
0.5, 1, 2.5 and 5 for methoxyfenozide.

Extraction and clean-up. The used pesticides
were extracted using acetonitrile and then separating
after adding a salt combination by QuEChERS
method [25] and [26] .

Pesticides standard solution. 100 µg/ml in

TABLE 1
HPLC conditions for detecting of Hexythiazox, Diniconazole, Difenconazole, Spinotramand Methoxyfenozide, in addition to their retention times.
Retention
Pesticides
Detection wavelength
Flow rate
Mobile phase
time
acetonitrile: water
Hexythiazox
250
0.8
2.417
(70:30 v/v)
acetonitrile : water
Diniconazole
210
1
3.355
(60:40 v/v)
Methanol : water
5.093
Difenconazole
230
1
ௗYY
acetonitrile: water
5.445
Spinotram
245
0.8
(50:50 v/v)
acetonitrile: water
3.566
Methoxyfenozide
210
0.8
(80:20 v/v)
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Recovery of residues. Control samples of
fruits and leaves of grape were spiked with a known
amount of hexythiazox , diniconazole, difenoconazole and Spinetoram/methoxyfenozide before the
extraction and clean -up for recovery tests of the pesticides. Samples were passed through the entire process of extraction, cleaned up and analyzed. Percent
of recovery was calculated by the following equation
as:
% Recovery = (µg) present/ (µg) added) ×100.
The spiked levels were 0.5 and 1.0 mg/kg.
These data were corrected according to the recovery
rate.

Fresenius Environmental Bulletin

at 245nm was utilized at a flow rate of 0.8 ml/min,
the mobile phase was acetonitrile: water (50:50 v/v).
Spinetoram (one peak) had a retention time (Rt) of
5.445 minutes.
Methoxyfenozid. (HPLC) Agilent 1260 series
was used to determine the values of spinetoram. The
analytical column Nucleosil-C18, 5um (4 X 250
mm) and a UV diode array detector set at 210nm was
utilized at a flow rate of 0.8 ml/min, the mobile phase
was acetonitrile: water (80:20 v/v).
Calculation of the residues and half-life
(t1/2). The residues were computed using the equation of Möllhoff [27] The half-life time (t1/2) of
each pesticide studied was computed using the equation of [28].

Analysis. HPLC conditions for detecting of
Hexythiazox,
Diniconazole,
Difenconazole,
Spinotramand Methoxyfenozide, in addition to their
retention times were presented in Table 1.
Hexythiazox. High performance Liquid Chromatography (HPLC-DAD) Agilent 1260 series was
used to determine the values of hexythiazox. The analytical column Nucleosil-C18, 5um (4 X 250 mm)
and a UV diode array detector set at 250 nm was utilized at a flow rate of 0.8ml/min, the mobile phase
was acetonitrile: water (70:30 v/v). Hexythiazox
(one peak) had a retention time (Rt) of 2.417
minutes.

RESULTS AND DISCUSSION
Method validation. The residues of hexythiazox, diniconazole, difenoconazole and Spinetoram/methoxyfenozide in fruits and leaves of grape
samples were detected using HPLC. The peak regions of the samples were compared to external
standards produced from unfortified extracts to determine the recovery. The method specificity
demonstrated that there was no interference from the
solvent or matrix. A standard calibration curve prepared with an ethyl acetate stock solution was used
for quantification. Good linearity was achieved between 0.1 to 0.5 g/ml with a correlation of 0.99871,
0.99766, 99944, 99989 and 99698 for hexythiazole,
diniconazole, difenoconazolem, spinetoram and
methoxyfenozide, respectively .
The fruit and grape leaves samples were tested
at 0.1 mg/kg spiked level with six replicates. The
methodologies for extracting and analyzing hexythiazox, diniconazole difenoconazole, spinetoram and
methoxyfenozide residues in grape leaves and fruit
samples were confirmed by their mean recoveries at
different fortification levels. Data in Table 2 indicated that the mean recovery values of hexythiazox
were 89% and 84.3% for fruits and leaves of grape.
In the case of diniconazole, these values were 100%
and 87.1% for fruit and leaves of grape. In difenoconazole were 86.5% and 90% for fruit and leaves of
grape, while were 88.15% and 85.65% in Spinetoram. In methoxyfenozide, these values were 91.5%
and 90% for fruit and leaves of grape, respectively.
LODs were 0.DQGȝJNJZKLOH
/24VZHUHDQGȝJNJIRUKH[
ythiazox ,diniconazole, difenoconazolem, spinetoram and methoxyfenozide, respectively.

Diniconazole. The analysis was conducted
with an Agilent 1260 HPLC equipped with a diode
array detector (Agilent, Palo-Alto, CA, USA). A reverse-phase C18 HPLC hypersil column (4 mm (i.d)
150 mm length) was used as the separation column
and was maintained at 25°C. With a flow rate of 1
ml/min, the mobile phase was made up of 60:40 acetonitrile and water. The UV light had a wavelength
of 210 nm. Diniconazole (one peak) had retention
time of 3.355 minutes.
Difenoconazole. HPLC was performed using
an Agilent 1260 series liquid chromatography system with a diode array detector (DAD) [Agilent,
Palo-Alto, CA, USA]. A wavelength UV-vis detector and a reverse-phase C- FROXPQ ௗPP î
4ௗPP î ௗȝP  ZHUH XVHG DW D IORZ UDWH RI
ௗP/āPLQí. A mobile phase of methanol and waWHU YY ௗIRUGLIHQRFRQD]ROH ZDVXVHGIRUWKH
isocratic elution condition. The detection waveOHQJWK IRU GLIHQRFRQD]ROH ZDV ௗQP$ UHWHQWLRQ
time (Rt) of 5.093 minutes.
Spinetoram. High performance Liquid Chromatography (HPLC) Agilent 1260 series was used to
determine the values of spinetoram. The analytical
column Nucleosil-C18, 5um (4 X 250 mm) and a diode array detector (Agilent, Palo-Alto, CA, USA) set
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Pesticides

Hexythiazox

Diniconazole

Difenoconazole

Spinetoram

Methoxyfenozide
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TABLE 2
Recoveries and parameters of hexythiazox, diniconazole,
difenoconazolem, spinetoram and methoxyfenozide.
Recovery%
LOQs
±
Average (%) LODV ȝJNJ
Samples
Insecticide level (ppm)
(ppm)
RSD%
Fruits
1
88.0±0.08
89
0.5
90.0±0.01
1
85.7±0.025
0.1
0.3
Leaves
84.3
0.5
83.0±0.022
Fruits
1
99.0±0.012
100
0.5
101.0±0.018
1
88.3±0.42
0.01
87.1
Leaves
0.01
0.5
86.0±0.018
Fruits
1
90.0±0.21
86.5
0.5
83.0±0.012
0.1
1
94.0±0.11
0.1
90 .0
Leaves
0.5
86.0±0.02
Fruits
1
87.3±0.02
88.15
0.5
89.0±0.011
0.01
1
85.3±0.32
0.03
85.65
Leaves
0.5
86.0±0.61
Fruits
1
93.0±0. 12
91.5
0.5
90.0±0.06
0.01
0.1
1
89.0±0.41
90.0
Leaves
0.5
91.0±0.30

Hexythiazox residues. Results in Table 3
showed the hexythiazox residues in fruits and leaves
of grapes. One hour after applications, hexythiazox
residues were 1.28 and 0.98 mg/kg, respectively.
Fruits and leaves of grapes contained 0.96 and 0.81
mg/kg with a loss of 25.00% and 17.34% of the initial amounts of hexythiazox for fruits and leaves, respectively after one day. Concentrations of Hexythiazox residues in fruits of grape were 0.96, 0.55, 0.12,
0 mg/kg, while in the leaves were 0.81 to 0.69, 0.50,
0 mg/kg after 1, 3, 7 and 10 days, respectively. The
losses of hexythiazox were gradually increased after
1, 3 and 7 days from its application to be 25.00, 57.03
and 92.18%, respectively for fruits and 17.34, 29.59
and 48.98%, respectively for leaves. Hexythiazox
had half-lives of 2.4 and 4.4 days in grape fruits and
leaves, respectively. The final residues levels of hexythiazox were 0.12 and 0.50 mg/kg for fruits and
leaves of grape after 7 days. According to the EU
[29], the MRLs for hexythiazox residues on fruit
grapes were 0.05 mg/kg. These data indicated that
grape fruits might be used safely one week after
spraying hexythiazox.
These findings are consistent with those of [6 ]
, who observed an initial deposit of 0.76 mg/kg in
bean pods after using hexythiazox at the indicated
dosage. While, [ 30 ] found after thin-layer sun exposure that the half-life duration of hexythiazox estimated using pseudo-first-order kinetics was larger
than 8 days, indicating the likelihood of residues surviving in food. Furthermore,[7] found that hexythiazox was dispersed in strawberries, with half-lives

ranging from 3.43 to 3.81 days. The residue of hexythiazox in strawberries decreased from 0.782 to
0.04 mg/kg, well below the Codex MRL of 6 mg/kg
for strawberries. [31 ] indicated that the residues of
hexythiazox were safe on the 5th and 7th day after
spraying. The half-life of hexythiazox ranged from
1.10 to 1.82 days and the safe waiting period of 3.8
days might be recommended for harvesting the tea
leaves after spraying hexythiazox. As explained
[32], the half-life value ranged between 1.43-2.01
days of hexythiazox in okra; The Pre harvest interval
of Hexythiazox in okra was calculated and found in
the range of 2-5 days.
Diniconazole residues. The persistence of
diniconazole in grapes under open-field conditions
was presented in Table 4 Results showed that residues in fruits and leaves of grape diniconazole (initial deposit) were 1.29 and 3.49 mg/kg, respectively.
The amounts of diniconazole in the fruits treated decreased to 0.58 and 0.02 mg/kg after 1 and 3 days of
application. The degradation of diniconazole in the
grape leaves were 2.42, 0.47 and 0.03 mg/kg after 1,
3 and 7 days after treatments, respectively. After 7
and 10 days of treatments, they were no detectable
amounts for the diniconazole in the fruits but in the
leaves, no detectable values for diniconazole after 10
days. The losses of diniconazole increased gradually
after 1 and 3 days from the application to be 55.03
and 99.14%, respectively for fruits and 30.65, 86.53
and 99.14%, respectively for leaves. The half-life
values (t1/2) of diniconazole in fruits and leaves of
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grapes were 0.9 and 1.6 days, respectively. According to [29], the value of MRLs for diniconazole residues in fruit grapes was 0.01 mg/kg, while PHI was
10 days for fruits and 15 days for leaves of grapes.

cording to a Codex Alimentarius Commission statement. Penconazole had a half-life of 13.4 (8.4–14)
days. Several elements, including light, heat, pH, and
moisture, might influence the pesticide persistence,
as well as the effect of some chemical and physical
components [36]and [37].

Our findings are consistent with those of [33 ] who tested
the residues of diniconazole (azole fungicide) on and in
grape leaves and discovered that the safety period (that
should be waited) before marketing grape leaves is at least
three weeks. The fungicide propiconazole residues in
wheat straw and leaves were studied for two years. At first,
the fungicide deposits on straw and leaves were around
one-quarter of the total dose applied to all treatment plots
. Moreover, the fungal residues vanished quickly, and the
fungicide's half-life in straw and leaves was about 5 days.
Fungicide residues in grain were low at harvest time, but
in straw and leaves were high, particularly at the greater
spraying rates compared with the permitted dosage. [34]
recorded that penconazole (a triazole fungicide) residues
decreased in grapes with increasing the time. The residues
of penconazole were dissipated to an extent of 14.42% after 1 day, and by 73.08% after 10 days after spraying. After
14 days of treatment, the residue of penconazole in grapes
was below 0.02 mg/kg. Also, they found that the penconazole half-life value (t1/2) on grapes was 1.56 days at
the recommended dosage. [35] observed the residues of
penconazole, which used as a common pesticide for

Difenoconazole residues. The persistence of difenoconazole in grapes under open-field conditions was
presented in Table 5. Results showed that residues in fruits
and leaves of grape difenoconazole (initial deposit) were
0.92 and 5.84 mg/kg, respectively. The amounts of difenoconazole in the fruits treated decreased to 0.79, 0.66, 0.45
and 0.21 mg/kg after 1, 3, 7 and 10 days of application,
respectively. The degradation of difenoconazole in the
grape leaves were 4.65, 2.78, 2.62 and 2.20 mg/kg after 1,
3, 7 and 10 days after treatments, respectively. After 15
days of treatments, they were no detectable amounts for
the difenoconazole in the fruits and leaves. The losses of

difenoconazole increased gradually after 1, 3, 7and
10 days from the application to be 14.13, 28.26,
51.08 and 77.17%, respectively for fruits and 20.37,
52.39, 55.13 and 62.32%, respectively for leaves.
The half-life values (t1/2) of difenoconazole in fruits
and leaves of grapes were 5.4 and 2.9 days, respectively. According to [29], the value of MRLs for difenoconazole residues in fruit grapes was 3 mg/kg,
while PHI was 17 and 21 days for fruits and leaves
of grapes.

the production of cucumber under the greenhouse
conditions. The maximum residual limits (MRLs)
for penconazole in cucumber were 0.06 mg/kg ac-

Time interval (days)
Initial
1
3
7
10
T½ (days)
MRL
PHI
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TABLE 3
Residue levels of hexythiazox in fruits and grape leaves.
Fruits
Leaves
Residues
Loss
Persistence
Residues
Loss
Persistence
mg/kg
(%)
(%)
mg/kg
(%)
(%)
1.28± 0.005
0.00
100
0.98± 0.004
0.00
100
0.96± 0.011
25.00
75.00
0.81± 0.005
17.34
82.65
0.55± 0.007
57.03
42.96
0.69± 0.006
29.59
70.40
0.12± 0.004
92.18
7.82
0.50± 0.006
48.98
51.02
ND
ND
2.4
4.4
0.05 mg/kg ( EU, 2013)
0.05 mg/kg (EU, 2013)
10
15

Initial: one hour after spraying. Data as mean ± SE. ND: Non Detected.

TABLE 4
Residues level of diniconazole in/on fruits and leaves grape.
Fruits
Leaves
Time interval (days)
Residues
Loss
persistence
Residues
Loss
persistence
(ppm)
(%)
(%)
(ppm)
(%)
(%)
Initial
1.29± 0.001
0.00
100
3.49±0.035
0.00
100
1
0.58± 0.012
55.03
44.96
2.42±0.003
30.65
69.34
3
0.02± 0.004
99.44
1.55
0.47±0.012
86.53
13.46
7
ND
0.03±0.005
99.14
0.85
10
ND
ND
T½ (days)
0.9
1.6
MRL
0.01 mg/kg( EU, 2013)
0.01 mg/kg( EU, 2013)
PHI
10
15
Initial: one hour after spraying. Data as mean± SE. ND: Non Detectable.
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TABLE 5
Residue levels of difenoconazole in/on fruits and grape leaves.
Fruits
Leaves
Time interval (days)
Residues
Los s Persistence
Residues
Loss
Persistence
mg/kg
(%)
(%)
mg/kg
(%)
(%)
Initial
0.92± 0.001
0.00
100
5.84±0.011
0.00
100
1
0.79± 0.032
14.13
85.86
4.65± 0.001
20.37
79.62
3
0.66± 0.011
28.26
71.73
2.78± 0.003
52.39
47.60
7
0.45± 0.003
51.08
48.91
2.62± 0.005
55.13
44.86
10
0.21± 0.003
77.17
22.82
2.20± 0.004
62.32
37.68
15
ND
ND
T½ (days)
5.4
2.9
MRL
3 mg/kg ( EU, 2013)
3 mg/kg( EU, 2013)
PHI
7
10
Initial: one hour after spraying. Data as mean± SE. ND: Non Detectable.

In previous studies, the residue concentrations of difenoconazole in sweet persimmons ranged from
0.20.56 mg/kg after 1 to 21 days after spraying, and
the residue amount was reduced below the MRL
level, 1.0 mg/kg, following 1 day harvest, according
to [38] The residual quantities of difenoconazole in
sweet persimmon did not surpass the MRL set limits.
According to [39], the computed half-lives (to.5) for
difenoconazole were 4.494 days in grape berries and
35.134 days in leaves following application. After
harvesting the grape berries and leaves for difenconazole, a waiting period of at least 7 and 10 days
is required.

from its application to be 25.00,57.03 and 92.18%,
respectively for fruits and 46.71,64.54 and 83.52%,
respectively for leaves. Spinetoram had a half-life of
1.09 and 1.07 days in grape fruits and leaves, respectively. The final residues of spinetoram were 0.87
mg/kg for leaves of grape after 10 days. According
to [29], the MRLs for spinetoram residues on fruit
grapes were 0. 5 mg/kg. These data indicated that
grape fruits might be used safely 10 days after spraying spinetoram.
Our findings are consistent with those of [40]
who recorded that spinetoram residues in pear fruits
were determined using QuEChERS method followed by HPLC-DAD. Three days after the application, spinetoram residues in pear fruits were below
the MRL (0.2 mg/kg). The results have shown that
spinetoram dissipation pattern with a half-life of 2.17
days, in pear fruits. [41] indicated that spinetoram
was sprayed on tomato at recommended dose and tomato fruit samples were collected at zero time (one
hour after application), 1, 3, 5, 7, 10 and 15 days after
application. Recoveries were ranged between 88.8195.41% with RSD of 3.4 -7.0% in tomato with fortification levels of 0.1, 0.5 and 1.0 mg/kg, respectively. Limit of quantification (LOQ) of this method

Spinetoram residues. Results in Table 6
showed the spinetoram residues in fruits and leaves
of grapes. One hour after application, spinetoram
residues were 9.54 and 14.75 mg/kg, respectively.
Fruits and leaves of grapes contained 5.13 and 7.86
mg/kg with a loss of 25.00% and 46.71% of the initial amounts of spinetoram for fruits and leaves, respectively after one day. Concentrations of spinetoram residues in fruits of grape were 2.36, 1.67
mg/kg, while in the leaves were 5.23 and 2.43 mg/kg
after 3 and 7 days, respectively. The losses of spinetoram were gradually increased after 1, 3 and 7 days

TABLE 6
Residue levels of spinetoram in/on fruits and grape leaves.
Time interval (days)
Initial
1
3
7
10
15
T½ (days)
MRL
PHI

Residues
mg/kg
9.45± 0.001
5.13± 0.032
2.36± 0.011
1.67± 0.003
ND
ND

Fruits
Loss
(%)
0.00
25.00
57.03
92.18
-

Persistence
(%)
100
75.00
42.96
7.82
-

1.09
0. 5 mg/kg ( EU, 2013)
10

Initial: one hour after spraying. Data as mean± SE. ND: Non Detectable.

11025

Leaves
Loss Persistence
(%)
(%)
0.00
100
46.71
53.29
64.54
35.45
83.52
16.47
94.10
5.89
1.07
0. 5 mg/kg( EU, 2013)
15

Residues
mg/kg
14.75±0.011
7.86± 0.001
5.23± 0.003
2.43± 0.005
0.87± 0.004
ND
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TABLE 7
Residue levels of methoxyfenozide in/on fruits and grape leaves.
Fruits
Leaves
Residues
Loss
Persistence
Residues
Loss
Persistence
Time interval (days)
mg/kg
(%)
(%)
mg/kg
(%)
(%)
Initial
0.69± 0.001
0.00
100
1.20±0.011
0.00
100
1
0.57± 0.032
17.39
82.60
1.06± 0.001
11.66
88.33
3
0.38± 0.011
44.92
55.07
0.96± 0.003
20
80
7
0.12± 0.003
55.89
44.11
0.71± 0.005
40.83
59.17
0.20± 0.004
83.33
11.66
10
ND
15
ND
ND
T½ (days)
3.3
8.5
MRL
1 mg/kg ( EU, 2013)
1 mg/kg( EU, 2013)
PHI
7
10
Initial: one hour after spraying. Data as mean± SE. ND: Non Detectable.

was found to be 0.1 mg/kg, while limit of detection
was 0.005 mg/kg. Half-life (t½) and pre-harvest interval (PHI) were studied and they were 2.71 and 10
days respectively. [42] showed that spinetoram dissipated rapidly from 0.62 to 0.36 mg/kg with a loss
percentage 41.9% in the first day after application in
pepper, while in cabbage spinetoram dissipated from
0.33 to 0.12 mg/kg with a loss percentage 63.6% in
the first day after application in a field trial.

CONCLUSION
Our results concluded that, after recommended
application of hexythiazox in fruits and leaves of
grapes, the half-lives were 2.4 and 4.4 days, with safe
period of 10 and 15 days respectively. Concerning,
Diniconazole the calculated half-lives were 0.9 and
1.6 days accompanied with 10 and 15 days' safe period, respectively. Regarding, spraying difenoconazole in grapes under open-field conditions with recommended application dose, the half-lives were 5.4
and 2.9 days with safe period of 7 and 10 days in
fruits and leaves, respectively. For spinetoram residues in grasp, the obtained half-lives were 1.09 and
1.07 with safe period of 10 and 15 days for fruits and
leaves, respectively. Finally, methoxyfenozide
showed half-lives 3.3 and 8.5 days with safe period
7 and 10 days, for fruits and leaves, respectively. In
recommendation, leaves safely harvested after 15
days from studied pesticides application, while,
fruits safely used after 10 days.

Methoxyfenozide residues. The persistence of
methoxyfenozide in grapes under open-field conditions was presented in Table 7. Results showed that
residues in fruits and leaves of grape methoxyfenozide (initial deposit) were 0.69 and 1.20 mg/kg, respectively. The amounts of methoxyfenozide in the
treated fruits decreased to 0.57 and 0.38 mg/kg after
1 and 3 days of application, and reached 0.12 mg/kg
after 7 days. The degradation of methoxyfenozide in
the grape leaves were 1.06, 0.96, 0.71 and 0.20
mg/kg after 1, 3, 7 and 10 days after treatments, respectively. After 10 and 15 days of treatments, they
were no detectable amounts for the methoxyfenozide
in the fruits but in the leaves, no detectable values for
methoxyfenozide after 15 days. The losses of methoxyfenozide increased gradually after 1, 3 and 7 days
from the application by 17.39, 44.92 and 55.89%, respectively for fruits while reached 11.66, 20, 40.83
and 83.33% after 1, 3, 7 and 10 days, respectively for
leaves. The half-life values (t1/2) of methoxyfenozide in fruits and leaves of grapes were 3.3 and 8.5
days, respectively. According to [29], the value of
MRLs for methoxyfenozide residues in fruit grapes
was 1 mg/kg, so fruits and leaves of grapes could be
used safely after 1 day from the spray with methoxyfenozide, while PHI was 7 days for fruits and 10 for
leaves of grapes. Our findings were not consistent
with those of [43], who showed that methoxyfenozide dissipated in cauliflower with the half-lives
(t1/2) at 2.5-3.5 days and in tea with t1/2 at 1.2 days
under field conditions in China.
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STUDY ON PORE AND THERMAL EVOLUTION
CHARACTERISTICS OF SHALE IN CHANG 7 MEMBER OF
YANCHANG FORMATION IN ORDOS BASIN
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ABSTRACT

INTRODUCTION

A large amount of shale gas reserves are stored
in continental sediments in China, and the Chang 7
Member of the Yanchang Formation in the Ordos
Basin is a hot spot in continental shale research. In
this paper, taking the Chang 7 shale of the Yanchang
Formation in the southern Ordos Basin as an example, the porosity and thermal evolution characteristics of continental shale have been systematically
studied using scanning electron microscopy, X-ray
diffraction, geochemical and physical property tests.
The research results show that the Chang 7 Member
shale develops various types of pores, including intergranular pores, intercrystalline pores, intragranular pores and organic pores. The intergranular pore
diameter is between 5.0 and 600.0 nm; the intragranular pore diameter is between 20.0 and 30.0 nm. Organic pores are mostly developed at the interface between organic components and clay minerals, and
are often oval or honeycomb-shaped. The Chang 7
Member shale has less organic pores as a whole,
which is related to its low thermal maturity. In continental shale, the porosity is positively correlated
with the total organic carbon content, indicating that
the development of pores in shale is closely related
to the organic carbon content. At the same time, the
correlation between porosity and quartz + feldspar
content is good as well, indicating that the content of
rigid clastic particles is also an important factor affecting the development of continental shale pores.
There is a positive correlation between the pore diameter of shale and the evolution degree of clay minerals. Diagenesis has a non-negligible effect on shale
pores. This study can provide a basis for the formulation of efficient development plans for continental
shale.

Continental shale plays an important role in
China's oil and gas exploration. At present, it is
found that more than half of the oil and gas comes
from continental strata. Therefore, it is necessary to
increase the research on the microscopic reservoir
characteristics and pore evolution of continental
shale [1-4]. The pore characteristics of shale directly
affect the quality of the reservoir and the occurrence
of oil and gas [5-7]. China has developed a large
number of continental organic-rich shale, represented by the Triassic Yanchang Formation shale in
the Ordos Basin. Some researches on the pore structure of shale have been carried out by the previous,
but most of these researches focus on marine shale
[8-12]. At present, people's understanding of the heterogeneity characteristics and pore evolution of continental shale formations is very insufficient. The
silty laminae in the Chang 7 Member shale series are
widely developed, and most of them appear in alternating layers with pure shale. The minimum thickness of single laminae is about 0.5 mm, and its cumulative thickness accounts for a relatively high proportion in the shale section. The content of silty laminae has a great influence on shale pores [13-16].
There are differences in petrological characteristics between pure shale and silty laminae in shale
strata, which have an important impact on the pore
structure and physical properties of the entire shale
strata [17-19]. The previous have done a lot of research on the controlling factors of shale pore development, and it is believed that the development of
shale pores in the Yanchang Formation in the Ordos
Basin is affected by the type and content of minerals.
However, these studies take the shale strata as a
whole and fail to consider that the evolution law of
pores of different rock types in the shale strata may
be different [20-22].
In the proven shale gas, the submicron-sized organic pores are recognized as the main component of
the continental shale pore system. In this paper, taking the Chang 7 shale of the Yanchang Formation in
the southern Ordos Basin as an example, the porosity
and thermal evolution characteristics of continental
shale have been systematically studied using scan-
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Yanchang Formation, continental shale, porosity, clay,
quartz, organic carbon
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ning electron microscopy, X-ray diffraction, geochemical and physical property tests. This study can
provide a basis for the formulation of efficient development plans for continental shale.
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of silty laminae. It is thinly interbedded with adjacent pure shale, and is more common at the top and
bottom of the Chang 7 Member. In the thin part of
the shale, the thickness of the laminae is usually less
than 1 mm, and the thickness can be up to 1 cm (Figure 1b). In addition, horizontal bedding or wavy-lens
bedding is well developed. Its minerals are mainly
rigid clastic particles such as quartz and feldspar, and
the content of clay minerals is lower than that of pure
shale (Figure 2).
Through focused ion beam scanning electron
microscopy and cast thin section analysis, the Chang
7 Member shale in the study area developed various
types of pores, including intergranular pores, intercrystalline pores, intragranular pores and organic
pores (Figure 3). Intergranular pores and intercrystalline pores are mainly developed between clay
minerals and rigid particles such as quartz and feldspar or between mineral crystals. Their pore morphologies are diverse and present in triangular, slit
and polygonal shapes. The peripheries of some intergranular pores were eroded to form intergranular
pores with a pore size ranging from 5.0 to 600.0 nm,
with a maximum size of 3.4 ȝm. The pore size of
most pores was less than 200.0 nm, with an average
of 75.0 nm. This type of pore has good connectivity
and is favorable for the seepage and migration of
shale oil and gas. Intragranular pores in shale are
mainly divided into three types: intragranular pores
of feldspar and calcite, intragranular pores of clay
mineral aggregates, and intragranular pores of pyrite
aggregates. Most of them have various shapes such
as nearly circle, diamond, triangle, ellipse, slit, irregular polygon and so on [23-25]. According to the observation, the intragranular pores with larger pore
size are dissolved pores of feldspar particles, and the
peak pore size is 20.0-30.0 nm. Organic pores are
mostly developed at the interface between organic
components and clay minerals, and are usually elliptical or honeycomb-shaped, with small pore sizes,
which can be less than 2.0 nm [26-28]. According to
statistics, there are few organic pores as a whole,
which is related to the low thermal maturity of
Chang 7 shale.
In the Chang 7 Member shale in the study area,
there is a certain difference in pore types between
silty laminae and pure shale. Clay mineral intergranular pores and organic pores are mainly developed in
pure shale. The main reason is that pure shale has
high content of clay minerals and relatively rich organic matter. However, the intergranular pores and
intragranular pores composed of rigid clastic particles in the silty laminae are relatively developed, and
the pore size is larger than that in pure shale. Meanwhile, in the silty laminae, the organic pores are
poorly developed due to the low content of organic
matter. Only when there are enough rigid particles
and they can play a supporting role, organic pores
will develop locally.

MATERIALS AND METHODS
The Ordos Basin is located on the western margin of the North China Plate. It is a large craton inland depression basin with an area of about 25×104
km2. The stratum is gentle and the dip angle is less
than 1°. The study area is located in the southern part
of the Ordos Basin, where the Triassic is relatively
well developed. From old to new, it consists of Liujiagou Formation, Heshanggou Formation, Zhifang
Formation and Yanchang Formation. The Yanchang
Formation is further divided into 10 members from
bottom to top, of which the Chang 7 member is dominated by deep lacustrine-semi-deep lacustrine facies,
and the Zhangjiatan shale with stable distribution in
the basin is developed. The thickness of the Chang 7
Member shale is 15-120 m, and it is thin in the northeast and thick in the southwest as a whole.
The collected samples belong to the Chang 7
member of the Yanchang Formation, and they belong
to the delta front facies. According to X-ray diffraction analysis (XRD), field emission scanning electron microscope (SEM), and geochemical experiments, the pore characteristics of reservoir shale and
the development characteristics of organic matter
components were studied. Nitrogen adsorption experiments were used to test the pore structure parameters of the shale. The nitrogen adsorption experiment instrument was an ASAP2020 specific surface
pore size analyzer from Mack Instruments, USA.
The SEM instrument was a Quanta 450. The instrument for the X-ray diffraction (XRD) experiment
was a D8ADVANCE X-ray diffractometer.

RESULTS
Shale pore structure. The mineralogy characteristics of different types of rocks were determined
by means of microscopic thin section and scanning
electron microscope observation and X-ray diffraction analysis. Pure shale is black or gray, with a high
total organic carbon content, generally greater than
3%, and is the main rock type of the Yanchang Formation shale. The black shale is mainly developed in
the middle and top of the Chang 7 Member, and is
dominated by bedding structures (Figure 1a). In addition, its crumb particle size is generally small. The
minerals are mainly clay minerals, with an average
content of 51%. Its mineral types include illite, imon
mixed layer, and chlorite. Shales developed in silty
laminae are mainly gray, gray-white and gray-yellow,
and the most prominent feature is the development
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silty laminae is relatively low, and medium-large inorganic intergranular pores and intragranular pores
are mainly developed. The silty laminae are dominated by rigid particles such as quartz and feldspar.
These rigid particles are more mature than clay minerals, and have stronger resistance to mechanical
compaction, and the pores between particles are easier to preserve [29-30]. At the same time, in the process of shale generation and expulsion of hydrocarbons, as the degree of thermal evolution increases,
acidic fluids such as organic acid and CO2 will be
produced, resulting in the dissolution of feldspar.
The content of feldspar in the silty laminae is higher,
the dissolution is stronger, and more pores are
formed than pure shale dominated by clay minerals
[31-32].

Effects of organic matter and mineral components on the degree of pore development. According to the test results, in pure shale, there is a
positive correlation between porosity and total organic carbon content (Figure 4a). It shows that the
development degree of pores in pure shale is closely
related to the organic carbon content. The development of macropores is mainly controlled by the content of rigid clastic grains such as quartz and feldspar.
At the same time, there is also a good correlation between porosity and quartz+feldspar content (Figure
4b). It shows that the development of shale pores is
significantly affected by the content of rigid clastic
particles.
It can be seen from the observation under the
microscope that the organic matter content in the

FIGURE 1
Field outcrop and microscope photos of the Chang 7 Member shale in the Yanchang Formation.
Notes: (a) Grey weathered shale outcrop; (b) Well HT1, 1308m.

FIGURE 2
Mineral composition characteristics of the Chang 7 Member shale.
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FIGURE 3
Microscopic images of microscopic pores in shale.
Notes: (a) and (b) Well FX17, 1023m; (c) and (d) Well LP123, 1135m.

FIGURE 4
Effect of organic matter and mineral composition on shale porosity.
Notes: (a) Relationship between organic carbon content and porosity; (b) Quartz+feldspar content versus porosity.

group in the Ordos Basin are the bending deformation of mica, and the fracture of rigid tabular feldspar particles or cracks along twin crystals and joints
[32-33]. Therefore, in the early stage of geological
evolution, compaction is the dominant factor leading
to the reduction of pore volume.
According to the physical property test results,
the clay mineral content of the selected samples is
not much different from the brittle mineral content.
Therefore, the brittleness index of the samples has
little difference, and the influence of the compression difference of each sample can be basically excluded. Compaction is one of the most direct reasons

Influence of diagenetic process on pore evolution. Different from the pore evolution of conventional reservoirs, the evolution of shale micropores
is a very complex process. In addition to being affected by diagenesis, it is also jointly controlled by
organic hydrocarbon generation and various chemical effects, resulting in changes in reservoir porosity.
Although there are many factors affecting the change
of shale porosity, the burial depth leads to strong mechanical compaction. Under the scanning electron
microscope, the common identification marks of
compaction in the shale of the Chang 7 oil layer
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for the rapid reduction of primary pore space in the
early stage, and it is also one of the main reasons for
the deterioration of reservoir physical properties.
The clay mineral content of Yanchang Formation in the Ordos Basin is relatively high, about
2/3 of the total mineral content, mainly composed of
illite (I), illite/smectite (I/S), chlorite (Ch) kaolinite
(K) and montmorillonite (S). It is dominated by illite
and illite/smectite layers, followed by chlorite and
kaolinite. Most of the samples in the study area do
not contain montmorillonite minerals. Clay mineral
mass fraction changes, types and compositions have
a direct impact on pore evolution. In the process of
mineral diagenesis, the progressive reaction of montmorillonite to illite through illite/smectite mixed
layer minerals is a common diagenetic change with
the increase of stratum burial depth and the rise of
ground temperature.

Fresenius Environmental Bulletin

The higher the evolution degree, the larger the average pore size of clay minerals (Figure 5). According
to the specific pore volume measured by the isothermal adsorption experiment, the specific pore volume
of the sample increases with the conversion of montmorillonite to illite. It shows that the effect of Aemon
transformation on shale pores cannot be ignored. As
the evolution progresses to the later stage, the specific pore volume of shale will show a further increasing trend.
Under formation conditions, pore evolution is
the result of the combined action of stress, fluid, temperature, and long geological time. There are many
types of pores in rocks, including primary pores
formed during diagenesis, and secondary pores after
rock formation. After the pores are formed, they
gradually become smaller or even disappear under
the action of compaction. In the process of diagenetic evolution, the hydrocarbon generation of organic matter proceeds simultaneously [34-35]. With
the increase of temperature and pressure, when the
maturity Ro reaches 0.60% of the oil-generating window, the organic matter starts to be converted into
petroleum. When the maturity continues to increase
to 1.00%, the oil is cracked into gas. When part of
the generated oil and gas enters the previous pores,
abnormal high pressure will be generated, and the
pore volume will be preserved under the action of
compaction. The remaining oil and gas also generate
organic oil outlet holes and gas outlet holes in the
organic matter, thereby increasing the porosity of the
shale.

FIGURE 5
Effect of thermal evolution on the average pore
diameter of shale.

CONCLUSIONS

The influence of Mengyi transformation on
shale micropores is complex and usually manifests
in two aspects: First, with the increase of formation
burial depth, the rise of ground temperature and the
gradual change of formation water to alkaline. During the conversion of montmorillonite to illite, the
water molecules between the montmorillonite layers
are gradually discharged, and the distance between
the intermediate water layers changes from 1.5 nm
to 1.0 nm. This process causes the increase of porosity and the formation of micro-cracks between the
layers. Second, the I/M mixed layer changed from
disordered state to ordered state, and a large amount
of interlayer water was released. It increases the mineral free water volume and enters the inherent pore
space of the shale, ultimately making the pore space
easier to preserve under formation compaction. Under normal circumstances, the exfoliated interlayer
water is acidic, and if it encounters brittle minerals
such as feldspar, it will react to form new dissolution
pores. Under the influence of free water, the volume
of shale pores changes, which usually manifests as
an increase in pore volume. The pore diameter of
continental shale in the study area is positively correlated with the evolution degree of clay minerals.

(1) In this paper, taking the Chang 7 shale of the
Yanchang Formation in the southern Ordos Basin as
an example, the porosity and thermal evolution characteristics of continental shale have been systematically studied using scanning electron microscopy, Xray diffraction, geochemical and physical property
tests.
(2) The Chang 7 Member shale develops various types of pores, including intergranular pores, intercrystalline pores, intragranular pores and organic
pores. The intergranular pore diameter is between
5.0 and 600.0 nm; the intragranular pore diameter is
between 20.0 and 30.0 nm. Organic pores are mostly
developed at the interface between organic components and clay minerals, and are often oval or honeycomb-shaped. The Chang 7 Member shale has less
organic pores as a whole, which is related to its low
thermal maturity.
(3) In continental shale, the porosity is positively correlated with the total organic carbon content, indicating that the development of pores in
shale is closely related to the organic carbon content.
At the same time, the correlation between porosity
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and quartz + feldspar content is good as well, indicating that the content of rigid clastic particles is also
an important factor affecting the development of
continental shale pores.
(4) There is a positive correlation between the
pore diameter of shale and the evolution degree of
clay minerals. Diagenesis has a non-negligible effect
on shale pores.
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ABSTRACT

INTRODUCTION

This study was conducted to determine the
effect of different row spacings (RS) and seeding
rates (SR) on the forage yield and related traits of
forage pea (Pisum sativum ssp. arvense L.). The field
experiments of the research were established
according to the Split Plots in Randomized Complete
Block Design with three replications under the
rainfed conditions of Bismil, district of Diyarbakır
province, Turkey, during two consecutive growing
seasons (2019-20 and 2020-21). In the experiments,
four row spacings, placed in the main plots, and four
seeding rates, placed in the sub-plots, were tested,
thus sixteen combination treatments were studied.
Due to the great climatic variation between the
growing seasons, statistically highly significant (P <
0.01) differences were detected between the growing
seasons in terms of all the investigated traits. And the
means of the results determined in rainy growing
season (2019-20) were found to be higher than those
obtained in the dry growing season (2020-21) in
terms of all of the investigated traits. Additionally,
the means of the investigated traits changed among
the row spacing and seeding rate treatments as
follows; days to 50% flowering 137.3–144.0 days,
natural plant height 53.33–81.00 cm, main stem
height 74.50–148.80 cm, main stem numbers per
plant 1.12–2.16 stems plant-1, main stem thickness
3.42–5.56 mm, fresh forage yield 10.15– 45.57 t ha1
and dry forage yield 2.65–9.87 t ha-1. By
considering all the means of the investigated traits in
the two growing seasons, the biplot analysis results
revealed that the investigated traits were divided into
three groups, and fresh forage and dry forage yield
traits took part in the same group. In terms of the two
forage yield traits, 20 cm row spacing and 100 seeds
m-2 treatment was found as the best combination
treatment. Hence, when forage yield of forage pea is
targeted, that treatment should be preferred.

Forage crops are of great importance in animal
feeding, as they provide quality roughage to livestock [1]. One of the most important problems of
Turkey's animal husbandry is the shortage of sufficient quality roughage [2,3]. Forage pea (Pisum sativum spp. arvense L.) is one of the important forage
plant species that can be used to meet the quality
roughage deficiency by using in fresh forage, dry
forage and silage production [4] in sole or mixture
sowings with creals, triticale, barley, oat, wheat [5].
As annual cool season legume species, forage pea
has been attracted great interest of researchers in
Turkey in recent decades. Because it has high forage
yield, forage quality, seed yield, frost resistance and
short growing period. As result of these intensive
studies, many new forage pea cultivars have been developed and released [6,7,8,9]. As a legume plant,
forage pea has the ability to fixate free atmospheric
nitrogen to soil. In this way, it enriches the soil both
in terms of nitrogen content and organic matter content. Moreover, it leaves a favorable soil conditions
for the next crops and increasing the crops yields.
The amount of the fixed nitrogen thanks to forage
pea cultivation to soil almost is 80-150 kg ha-1. This
accounts for 40-75 kg nitrogen content of 20% ammonium sulphate fertilizer [10].
In addition to genetic and environmental factors, agronomic factors and their interactions have
also a significant impact on the yield performance of
plant species [11]. Plant density is one of the important agronomic factors affecting plant yield and
yield components [12,13]. Since forage pea genotypes have great variations in terms of morphological and phenological traits [14], determining the effect of plant density on yield and its components is
of great importance. Row spacing (RS) and seeding
rate (SR) are the most significant treatments in determining plant density. Accordingly, De Bruin and
Pedersen [15] reported that narrow row spacing and
uniform plant distribution provide canopy leaf area
of plants to increase, and this provides higher light
interception capacity in the early stages of the plants.
In addition, it has been reported that this canopy formation promotes plant growth and enhances dry
matter accumulation [16,17]. According to Lone at

KEYWORDS:
Biplot analysis, drought effect, forage pea (Pisum sativum
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profile. Soil analysis revealed that the experimental
area soil had a sandy loam structure, and was lightbrown in color. The organic matter (0.28%) and
phosphorus (34.4 kg ha-1 P2O5) contents of the soil
were low, whereas its potassium (741 kg ha -1 K2O)
and calcium (8.33%) contents were high. Owing to
relatively high limestone content of the soil, the pH
status of the soil was alkaline (pH: 8.10), and the soil
was almost without salinity (0.002%).
The research area has a typical continental climate characteristic. In the region, winters are cool
and rainy, whereas summers are dry and hot. The
long-term annual average (1975-2021) total precipitation is 482.4 mm and the most part of precipitation
falls in the period between November and May.
Monthly total precipitation and average temperature
and humidity records of the research area for both
the growing seasons and long years’ average are
given in Table 1 [19]. Climatic data of the research
area were presented in the Table 1. When the Table
1 examined, it was seen that the total precipitation
amount recorded in the first growing season of the
study (2019-20) was found quite higher than the
long-term average and exclusively the second growing season (2020-21) precipitation amounts. For this
reason, the 2019-20 growing season was called as
rainy growing season and the 2020-21 growing season was called as dry growing season in this study.
Additionally, due to this high precipitation amount,
monthly temperature values in the 2019-20 growing
season were found lower than the long-term average
and the 2020-21 growing season records. In contrast,
the relative humidity means of this growing season
were found higher than the long-term average and
those of 2020-2021 growing season (Table 1).
The field trials were arranged in split plots in
Randomized Complete Block Design (RCBD) with
three replications under the rainfed conditions. In the
experiments, 4 row spacings (10, 20, 30 and 40 cm)
were placed in the main plots of the trials, while 4
seed ratings (50, 100, 150 and 200 seeds m-2) were
placed in the sub-plots.

al. [18] if plant density is higher than the optimum
level, plant growth would be poor and its yield would
be less from the expected level due to competition
between the plants for nutrients, space and light. At
the same time, there would be also adverse effect on
plant yield if plant density were below the optimum
level caused by underutilization of the plant growth
factors.
The present study was conducted to determine
the effect of different row spacings and seeding rates
on forage yield and yield components in forage pea.
For this aim, field trials were carried out for two consecutive growing seasons (2019-20 and 2020-21).
Additionally, due to the great variation seen in the
climatic characteristics of the growing seasons, the
research also focused on the effect of rainy and dry
seasons on forage yield and its components. Moreover, the relationship between the sixteen different
tested treatments and the investigated traits was
clearly revealed by using biplot analysis.

MATERIALS AND METHODS
This study was conducted for two consecutive
growing seasons (2019-2020 and 2020-2021) in the
experimental area of Bismil Vocational Training
School, Dicle University, Bismil, Diyarbakır, Turkey, (37°50'18"N, 40°38'52"E and altitude 541 m).
GAP Pembesi forage pea (Pisum sativum ssp. arvense L.) cultivar was used as the plant material of the
research. GAP Pembesi forage pea cultivar is the
first registered and unique cultivar in the Southeastern Anatolia Region of Turkey. The cultivar stands
out with its earliness as well as with high forage and
grain yields. Also, it consists with warm season
crops sowing date. The plant can be grown as catch
crop under rainfed conditions in irrigated agriculture
system in the region.
The experimental area was flat with almost no
erosion effect, and the soil layer had medium deep

TABLE 1
Monthly climatic data of research area during the growing seasons and long years’ average (1975-2021)
Sept.

Oct.

Growing seasons
2019-20
2020-21
Long years

0.4
0.0
3.9

52.0
0.0
31.7

2019-20
2020-21
Long years

25.2
27.7
24.9

19.1
20.0
17.3

2019-20
2020-21
Long years

27.9
26.1
31.2

50.9
29.1
48.4

Nov.

Dec.
Jan.
Feb.
Mar.
Apr.
Total Precipitation (mm) (Monthly)
9.0
185.4 89.4
58.6 164.8 110.0
54.0
27.6
39.1
40.2
43.0
5.6
53.8
70.1
70.1
67.8
65.7
68.5
Mean air temperature (°C) (Monthly)
9.7
6.8
3.6
3.7
10.6
13.5
10.6
4.7
4.1
7.0
8.4
15.9
9.5
3.9
1.6
3.6
8.3
13.8
Mean relative humidity (%) (Monthly )
57.7
86.3
77.7
75.1
72.4
71.0
65.1
79.9
70.7
64.7
65.2
54.3
68.0
77.5
77.2
7.3
66.5
63.4
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May

June

63.2
2.8
42.8

0.6
0.0
8.0

19.3
23.8
19.2

26.2
27.9
26.2

57.4
30.2
56.8

35.1
23.6
36.6

Mean
733.4
212.3
482.4
Total
13.8
15.0
12.8
Mean
61.2
50.9
53.3

© by PSP

Volume 31– No. 11/2022 pages 11036-11047

Sowings were made by hand in the seed beds
opened with a marker in the last week of November
for both of the growing seasons. Along with sowings, 150 kg diammonium phosphate fertilizer (DAP
18-46-00) per hectare was applied to the soil. The
trials were carried out without using any pesticides,
and weed control was made by hand. The forage harvesting of the plots were made in the full-blooming
stage of the plants, coincided with the last week of
April to the first week of May. The harvested forages
from each plot was immediately weighted and the results were converted to hectares. Afterwards, in order to determine the dry forage percentage in the
fresh forage, 500 g fresh forage samples taken from
each plot were kept in oven at 70 °C for 48 hours. In
the study all of the investigated traits were determined according to the technical instructions indicated in TTSM [20].
Variance analyses of data was made by using
the JMP 5.0.1 statistical software package [21], and
the least significant difference (LSD) test at the 0.05
probability level [22] was used for determining the
differences between means. On the other hand, biplot analysis and its graph were formed by using
GENSTAT statistical package program [23], and interpretations of the graph were made as specified by
Yan and Kang [24].
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The statistical analysis over the two-years combined data of the study indicated that there were
highly significant differences (P < 0.01) between the
growing seasons in terms of the examined traits. Additionally, row spacing (RS), seeding rate (SR) and
years interactions (RS × SR × Years) were found to
be highly significant (P < 0.01) in terms all of the
examined traits except for main stem height trait (Table 2-8). The importance of RS× SR × Years interactions indicated that the rankings of different RS
and SR treatments in forage pea changed significantly due to climatic differences between years for
the traits. It was determined that the average days to
50% flowering (DTF) determined in the forage pea
grown in the rainy growing season (2019-20) (142.3
days) was found to be higher than in the dry growing
season (2020-21) (139.8 days) (Table 2). Similarly,
Acikgoz [25] and Craufurd and Wheeler [26] reported that drought and higher temperatures led to
shortening in plants flowering days. Meanwhile; statistically highly significant (P < 0.01) differences
were determined among the seeding rates in the rainy
growing season (2019-20). In this growing season,
as the seeding rates per square meter increased, the
number of flowering days of forage pea decreased.
However, the row spacings (RS), seeding rates (SR)
were found to be highly significant (P < 0.01) for
days to 50% flowering in the dry growing season. In
this growing season, the plants were flowered earlier
in the 10 cm RS and 50 seeds m-2, 10 cm RS and 100
seeds m-2 SR treatments. RS× SR × Years interaction
indicated that the earliest flowering (137.3 days)

RESULTS AND DISCUSSIONS

TABLE 2
The forage pea 50% flowering day means forming with combination of different row spacings (RS) and
seeding rates (SR) in the rainy (2019-20) and the dry (2020-21) growing seasons+
Days to 50% flowering (days)
Seeding Rates (seeds m-2)
Row Spacings (cm)
10
20
30
40
Means
LSD (%5)
CV (%)
10
20
30
40
Means
LSD (%5)
CV (%)

50
143.7
144.0
143.3
144.0
143.8
RS: ns

100
ab
a
ab
a
a

142.7
143.7
142.7
143.0
143.0
SR:0.65**

139.0 jk
139.3
142.3 b-e
141.3
140.0 g-k
139.3
141.0 e-h
140.3
140.6 a
140.1
RS: 0.74** SR: 0.74**

150
200
Rainy season (2019-2020)
a-d
141.7 c-f
140.7
ab
142.3 b-e
140.7
a-d
142.3 b-e
141.0
a-c
140.7 f-ı
141.0
b
141.8 c
140.8
RS × SR x Years: 1.35**
0.55
Dry season (2020-2021)
ı-k
139.3 ı-k
139.0
d-g
139.7 h-k
138.7
ı-k
141.0 e-h
139.7
f-j
139.0 j-k
137.3
a-b
139.8 b
138.7
RS × SR x Years: 1.35**
0.63

+

The means with the same letter on the same column are not different using the LSD (5%) test.
Significant at *: P≤0.05; **: P≤0.01; ns: Non-significant
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Means
f-ı
f-ı
e-h
e-h
d

142.2
142.7
142.3
142.2
142.3 A
Years: 0.56**

jk
kl
h-k
l
c

139.2 c
140.5 a
140.0 a-b
139.4 b-c
139.8 B
Years: 0.56**
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was determined in the 40 cm RS and 200 seeds m2
SR treatment in dry growing season (2020-21), while
the latest flowering was determined in combinations
of 50 seeds m2 SR and 100 seeds m2 SR with all of
the RS treatments in rainy growing season (2019-20)
(Table 2).
The results of statistical analysis revealed that
there were highly significant differences (P < 0.01)
between the growing seasons in terms of natural
plant height (NPH) in forage pea. Accordingly, the
average NPH was determined to be 76.13 cm in the
rainy growing season (2019-20) and 57.13 cm in the
dry growing season (2020-21). Consistent with our
findings, Murray and Swensen [27] stated that since
forage pea is a typical cool season plant, its height is
longer in rainy and cool years and shorter in dry
years. On the other hand, there found to be highly
significant (P < 0.01) differences among the row
spacings (RS) for both of the growing seasons, but
the effects of the seeding rate (SR) were non-significant for NPH of forage pea. In the rainy growing
season (2019-20), the NPH in the 10 cm RS was
found to be lower than those determined in the other
row spacings. However, in the dry growing season
(2020-21), NPH in the 10 cm RS and 40 cm RS were
higher than those determined in the 20 cm and 30 cm
row spacings (Table 3). This indicated that there was
no regular relationship between natural plant height
of forage pea and RS treatments in dry years. Meanwhile, RS ×SR × Years interaction from Table 3 indicated that NPH means of forage ranged from 52.40
cm to 81.00 cm. The NPH means determined in this
study were found to be in agreement with results of

Fresenius Environmental Bulletin

Timuragaoglu et al. [28] and Sayar [29] reported for
forage pea. In addition, RS ×SR × Years interaction
revealed that statically the lowest NPH was determined in 30 cm and 100 seed m-2 treatment in dry
growing season (2019-20), whereas the higher NPH
means were determined in RS and SR treatments in
rainy growing season (2020-21).
The forage pea main stem height (MSH) means
in different row spacings (RS) and seeding rates (SR)
in the rainy (2019-20) and dry (2020-21) growing
seasons are presented in Table 4. When Table 4 was
examined, it was seen that the effect of the RS in the
dry growing season (2020-21), and the effect of SR
in both of the growing seasons on MSH trait were
non-significant. In contrast, statistically highly significant (P < 0.01) differences were determined between the growing seasons in terms of MSH. The average main stem height was 139.35 cm in the rainy
(2019-20) growing season, while 78.69 cm in the dry
(2020-21) growing season. As the reason for this
great difference between the two growing seasons; it
can be indicated that a rainy and cooler spring period
in a growing season causes the vegetative growth period of the plant to prolong and as a result the plant
main stem height becomes longer. Similar opinions
were reported by Murray and Swensen [27] and
Sayar and Han [9]. On the other hand, the RS × SR
× Years interaction were statistically non-significant. The non-significance of the RS × SR × Years
interaction in the MSH trait indicated that ecological
differences between years did not cause significant
changes in the rankings of the RS and SR treatments
of forage pea for the trait.

TABLE 3
The forage pea natural plant height (cm) means forming with combination of different row
spacings (RS) and seeding rates (SR) in the rainy (2019-20) and the dry (2020-21) growing seasons+

Row Spacings (cm)

50

100

10
20
30
40
Means
LSD (%5)
CV (%)

71.22
77.00
70.67
76.78
73.92
RS: 3.53**

b-e
a-c
c-e
a-c

73.78
79.33
76.00
73.67
75.69
SR: ns

10
20
30
40
Means
LSD (%5)
CV (%)

55.37
55.10
54.60
63.33
57.10
RS: 2.23*

f-ı
f-ı
g-ı
e-g

64.40
54.53
52.40
62.43
58.44
SR: ns

Natural plant height (cm)
Seeding Rates (seeds m-2)
150
200
Rainy season (2019-2020)
a-c
71.67 b-e
76.22
a-c
78.44 a-c
77.78
a-c
81.00 a
80.44
a-d
76.56 a-c
77.56
76.92
78.00
RS x SR x Years: 9.31**
5.57
Dry season (2020-2021)
d-f
58.08 f-ı
58.73
g-ı
53.33 h-ı
56.67
ı
55.23 f-ı
56.57
e-h
59.43 f-ı
53.90
56.52
56.47
RS x SR x Years: 9.31**
6.59

+The

means with the same letter on the same column are not different using the LSD (5%) test.
Significant at *: P≤0.05; **: P≤0.01; ns: non-significant
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Means
a-c
a-c
ab
a-c

73.22 b
78.14 a
77.03 a
76.14 a-b
76.13 A
Years: 2.11**

f-ı
f-ı
f-ı
hı

59.15 a-b
54.91 b
54.70 b
59.78 a
57.13 B
Years: 2.11**
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with decreasing plant population in a particular area.
In accordance with our findings, El Naim et al. [32]
reported that stem numbers of plants were less in
close row spacing, compared to wider row spacing.
Moreover, Welu [33] reported that the stem numbers
of plants increased with the decreasing in plant density.
According to results of the present study, a statistically highly significant difference was found between the growing seasons in terms of main stem
thickness (MST). The MST of forage pea in rainy
growing season (2019-20) (4.54 mm) was found to
be higher than in the dry growing season (2020-21)
(4.15 mm). In addition, RS × SR × Years interaction
was found as highly significant (P < 0.01). RS × SR
× Years interaction in the Table 6 showed that MST
means were ranged from 3.42 mm to 5.56 mm
among RS and SR treatments and the years. Both of
the endpoints MSN means were recorded in the rainy
growing season (2019-20). The highest one recorded
in the 40 cm RS and 50 seeds m-2 treatment, while
the lowest one recorded in the 10 cm RS and 150
seeds m-2 treatment. In partial agreement with our
findings, Tekeli and Ateş [7] reported that the MST
in forage pea ranged from 3.077 to 4.30 mm. The
differences between the ecological conditions and
the genotypes used can be specified as the reason for
this partial incompatibility between the MST results
of the two studies. Furthermore, as an important
point to be emphasized that the MST of forage pea
increased with larger row spacings, decreasing plant
densities and rainy growing seasons (Table 6).

However, it can be said that there was more variation
between RS and SR treatments for MSH trait in the
rainy growing season (2019-20), when compared
with the dry growing season (2019-20). Accordingly, in rainy growing season (2020-21) MSH
means of 10 cm RS and 40 cm RS were higher than
those of 20 cm and 40 cm RS treatments. The main
stem height means of the study were in a full agreement with previously reported results for forage pea
[7,9,28].
The analysis of variance results revealed that
there was highly significant difference between
growing years in terms of main stem numbers
(MSN) of forage pea. The MSN mean recorded in
the rainy growing season (2019-20) (1.88 stems
plant-1) was found to be higher than that of the dry
growing season (2020-21) (1.59 stems plant-1). Furthermore, for both of the growing seasons, there
were statistically significant (P < 0.01) differences
among the RS treatments for the MSN trait, but the
differences among the SR treatments were non-significant for both growing seasons. Also, RS × SR ×
Years interaction was found highly significant (P <
0.01) for MSN trait. The MSN means of forage pea
was changed from 1.00 stems plant-1 to 2.43 stems
plant-1 among the RS and SR treatments and the
years. Result of the present research showed that an
increase was observed in the main stem numbers of
forage pea with an increase in RS in both of the
growing seasons (Table 5). Similarly, Heath et al.
[30]) and Knott and Belcher [31] reported that the
main stem numbers of forage pea plant increased

TABLE 4
The forage pea main stem height (cm) means forming with combination of different row
spacings (RS) and seeding rates (SR) in the rainy (2019-20) and the dry (2020-21)
growing seasons+
Main stem height (cm)
Seeding Rates (seeds m-2)
50
100
150
200
Means
Row Spacings (cm)
10
20
30
40
Means
LSD (%5)
CV (%)

140.20
144.00
135.27
136.13
138.90
RS: 8.96*

151.27
147.87
136.40
135.87
142.85
SR: ns

10
20
30
40
Means
LSD (%5)
CV (%)

76.53
76.27
75.77
85.17
78.43
RS: ns

86.57
75.70
73.57
83.60
79.86
SR: ns

Rainy season (2019-2020)
148.80
147.93
125.53
132.00
132.07
135.53
138.93
141.87
136.33
139.33
RS x SR x Years: ns
7.73
Dry season (2020-2021)
79.25
79.90
74.50
80.17
76.40
77.73
82.93
75.07
78.27
78.22
RS x SR x Years: ns
7.80

+The

means with the same letter on the same column are not different using the LSD (5%) test.
Significant at *: P≤0.05; **: P≤0.01; ns: Non-significant
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147.05 a
137.35 b
134.82 b
138.20 a-b
139.35 A
Years: 3.72**

80.56
76.66
75.87
81.69
78.69 B
Years: 3.72**

© by PSP

Volume 31– No. 11/2022 pages 11036-11047

Fresenius Environmental Bulletin

TABLE 5
The forage pea main stem numbers (MSN) per plant means forming with combination of different row
spacings (RS) and seeding rates (SR) in the rainy (2019-20) and the dry (2020-21) growing seasons+
Main stem numbers per plant
Seeding Rates (seeds m-2)
Row Spacings (cm)

50

10
20
30
40
Means

1.60
1.40
1.73
2.13
1.72

LSD (%5)
CV (%)

100
e-j
a-e
c-ı
a-e

RS: 0.34 *

1.80
2.07
1.80
1.80
1.87
SR: ns

150
Rainy season
c-ı
1.80
a-f
1.60
c-ı
2.07
c-ı
2.43
1.98

200
(2020-2021)
c-ı
1.67
e-j
2.20
a-f
1.73
a
2.27
1.75

Means
d-j
a-d
c-ı
a-c

RS x SR x Years: 0.55**
10.74
Dry season (2020-2021)

10
1.33 h-k
1.00 k
1.00 k
1.13
20
1.33 h-k
1.53 f-k
1.27 ı-k
1.40
30
2.13 a-e
1.87 b-h
1.47 g-k
2.40
40
1.87 b-h
1.93 a-g
1.67 d-j
2.07
Means
1.67
1.58
1.35
1.75
LSD (%5)
RS: 0.32**
SR: ns
RS x SR x Years: 0.55**
CV (%)
14.68
+The means with the same letter on the same column are not different using the LSD (5%) test.
Significant at *: P≤0.05; **: P≤0.01; ns: Non-significant

1.72
1.82
1.83
2.16
1.88

b
b
ab
a
A

Years: 0.18 **

j-k
g-k
a-b
a-f

1.12 b
1.38 b
1.97 a
1.88 a
1.59 B
Years: 0.18 **

TABLE 6
The forage pea main stem thickness (mm) means forming with combination of different row
spacings (RS) and seeding rates (SR) in the rainy (2019-20) and the dry (2020-21) growing seasons+
Main stem thickness (mm)
Seeding Rates (seeds m-2)
Row Spacings
(cm)

50

100

150

200

Rainy season (2019-2020)
3.87 g-ı
3.42 ı
3.62 h-ı
4.01 g-ı
4.40 b-g
4.57 b-g
4.99 a-c
4.73 b-f
4.53 b-g
4.98 a-c
4.79 b-e
4.85 a-d
4.46 b
4.34 b
4.39 b
RS
x
SR
x
Years:
0.71**
SR: 0.38**
10.13
Dry season (2020-2021)
10
4.53
b-g
4.33 b-h
4.49
b-g
4.17
d-h
20
4.07
f-e
4.11 e-ı
4.09
e-ı
3.91
g-ı
30
3.97
g-ı
3.93 g-ı
3.87
g-ı
4.26
d-h
40
4.31
b-h
4.28 c-h
4.16
d-h
3.95
g-ı
Means
4.22
4.16
4.15
4.07
LSD (%5)
RS: ns
SR: ns
RS x SR x Years: 0.71**
CV (%)
8.42
+The means with the same letter on the same column are not different using the LSD (5%) test.
Significant at *: P≤0.05; **: P≤0.01; ns: Non-significant
10
20
30
40
Means
LSD (%5)
CV (%)

5.01 a-b
4.34 b-g
4.98 a-c
5.56 a
4.97 a
RS: 0.38**

Means
3.98 b
4.33 b
4.81 a
5.05 a
4.54 A
Years: 0.22**

4.38
4.04
4.01
4.18
4.15 B
Years: 0.22**

yield (FFY) of forage pea. Accordingly, it was determined that the average fresh forage yield was 32.55
t ha-1 in the rainy growing season (2019-20) and
14.56 t ha-1 in the dry growing season (2020-21) (Table 7). Similarly, Karadag and Buyukburc [37],
Sayar and Han [9] and Tan et al [38] reported that

In accordance with our findings, many researchers
reported that when the number of plants per unit area
decrease, MST of the plants increase. Namely, there
is an inverse relationship between plant density and
MST trait [33,34,35,36].
The climatic difference between the growing
years caused a great difference in the fresh forage
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(2020-21) (Table 8). In parallel with our DFY results, Turgut et al. [42] reported that to a certain extent high plant density and narrow row spacing significantly increased dry matter yield. Additionally,
in accordance with our DFY findings, many researchers reported that the DFY mean in forage pea
is in the same range [9,40,44]. The fresh forage yield
and dry forage yield results of the study revealed that
forage yield of forage pea were greatly affected by
climatic conditions. The forage yield of forage pea
in the rainy growing season (2019-20) was found to
be quite higher than in the dry growing season (202021). In addition, the combination of 20 cm RS and
100 seed m2 SR can be recommended for obtaining
the highest forage yield in forage pea in both of the
growing seasons.

the climatic differences between the growing seasons, especially the different amount of precipitation, significantly affected forage yield in forage
crops in rainfed conditions. Additionally, as seen on
Table 7, RS × SR × Years interaction for FFY trait
was found highly significant (P < 0.01), and FFY
means of forage pea had ranges from 10.15 t ha -1 to
45.57 t ha-1 among RS, SR treatments and the years.
The determined FFY means in the present study
were in a full agreement with the fresh yield data presented by Cecen et al. [39], Bilgili et al. [40], Durđić
et al. [41], and Sayar [29] in forage pea. Furthermore,
the effect of different RS and SR were found as
highly significant (P<0.01) on the FFY trait in the
rainy growing season (2019-20). However, in the dry
growing season (2020-21), the differences among
the RS was found highly significant (P < 0.01), while
the difference among the SR was non-significant.
According to the results of the research, by far the
highest FFY was obtained from 20 cm RS treatment
in the rainy growing season (2019-20), and the FFY
obtained from 100, 150 and 200 seeds m-2 SR in this
growing season were found higher than 50 seeds m2
seeding rate. Moreover, RS × SR × Years interaction clearly revealed that 20 cm row spacing with
100 seeds/m2 seeding rate was the best combination
to obtain the highest fresh forage yield in the rainy
growing season (2019-20) in forage pea. At the same
time, the fresh forage yield of this combination (20
cm RS and 100 seeds m-2 SR) was found well in the
dry growing season (2020-21) as well. For this reason, when fresh forage yield is aimed in forage pea,
growing with 20 cm row spacing and with 100 seeds
m-2 seeding rate can be easily recommended. In accordance with our FFY results, Turgut et al. [42] reported that narrower row spacing and to some extent
higher plant density significantly increased forage
yield. Similarly; Prusinski and Borowska [43] reported that decreasing in row spacing result in an increase in the pea forage yield.
Just as observed in the FFY, the dry forage
yield (DFY) of forage pea was greatly influenced by
climatic conditions of the growing years. Accordingly, the average dry forage yield of forage pea was
determined as 7.10 t ha-1 in the rainy growing season
(2019-20), and 3.95 t ha-1 in the dry growing season
(2019-20). Meanwhile, it was determined that there
was a statistically significant difference (P < 0.05)
among the row spacings (RS) and the seeding rates
(SR) in terms of the DFY trait in the rainy growing
season (2019-20). RS × SR × Years interaction for
DFY trait was found highly significant (P < 0.01),
and DFY means of forage pea had ranges from 2.65
t ha-1 to 9.76 t ha-1 among RS, SR treatments and the
years. Additionally; the highest DFY was obtained
from 20 cm RS and 100 seeds m2 SR treatment in the
rainy growing season (2019-20), while the lowest
DFY mean was recorded in the 10 cm RS and 150
seeds m2 SR treatment in the dry growing season

Evaluations with biplot analysis. The biplot
graph showing the relationship between the investigated traits and different row spacings (RS) and
seeding rates (SR) treatments is illustrated in Figure
1. According to the results of both of the growing
seasons, the biplot graph indicated that PC1 (the first
Principal Component) and PC2 (the second Principal
Component accounted for 20.06% and 38.92% of the
total variation respectively, thus the total PC score
was found to be 58.98%. Many researchers reported
that total PC score should be at least 50% to be able
to make a reliable interpretation of biplot graphs
[45,46,47,48,49,50,51,52].
In the present study, the total PC score of the
biplot graph was determined to be above this value
(Figure 1). It was reported that traits or environments
close to each other and located in the same direction
on a biplot graph indicate that there is a positive and
significant relationship between the traits or the environments, and they take part in the same group
[24,53,54,55,56]. Accordingly; the biplot analysis
showed that the investigated traits of the study were
divided into three groups. With a strong relationship,
the fresh forage yield (FFY) and dry forage yield
(DFY) traits took part in the first group. In the same
way, the natural plant height (NPH) and main stem
height (MSH) traits formed the second group. Finally, the days to 50% flowering (DTF), main stem
numbers (MSN) and main stem thickness (MST)
traits took part in the last group (Figure 1). The relationship between the treatments and the investigated
traits is seen on Figure 1. Considering the average of
the two growing seasons, the 20 cm row spacing
(RS) and 100 seeds m2 rate (SR) combination treatment (6) was found to be the best treatment in terms
of the FFY and DFY traits, while the 10 cm and 100
seeds combination treatment came to the fore in
terms of the NPH and MSH traits. Finally, the 30 cm
and 150 seeds m-2 (11), 30 cm and 200 seeds m-2 (12),
40 cm and 100 seeds m-2 (14) and 40 cm and 150
seeds m-2 (15) treatments were found to be better in
the DTF, MSN and MST traits.
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TABLE 7
Forage pea fresh forage yield (t ha-1) means forming with combination of different row spacings (RS) and
seeding rates (SR) in the rainy (2019-20) and the dry (2020-21) growing seasons+
Fresh forage yield (t ha-1)
Seeding Rates (seeds m-2)
Row Spacings
(cm)

50

10
20
30
40
Means
LSD (%5)
CV (%)

28.12 f-g
39.62 b
22.09 h-ı
18.04 ı-k
26.97 b
RS: 2.83**

10
20
30
40
Means
LSD (%5)
CV (%)

13.42 l-o
12.43 m-o
16.46 j-m
11.94 n-o
13.56
RS: 1.36**

100

150

200

Rainy season (2019-20)
31.70 d-f
35.90 b-d
36.43 b-c
45.57 a
38.33 b-c
39.08 b
30.10 e-f
23.92 g-h
30.38 e-f
34.17 c-e
35.58 b-d
31.79 d-f
35.38 a
33.43 a
34.42 a
SR: 2.83**
RS x SR x Years: 4.35**
10.51
Dry season (2020-21)
12.07 n-o
10.15 o
14.36 k-o
17.73 j-l
16.47 j-m
13.21 m-o
16.61 j-m
18.75 ı-j
15.27 j-n
14.84 j-n
14.02 k-o
15.20 j-n
15.31
14.85
14.51
SR: ns
RS x SR x Years: 4.35**
11.27

Means
33.04 b
40.65 a
26.62 d
29.90 c
32.55 A
Years: 2.25**

12.50 c
14.96 ab
16.77 a
14.00 bc
14.56 B
Years: 2.25**

+

The means with the same letter on the same column are not different using the LSD (5%) test.
Significant at *: P≤0.05; **: P≤0.01; ns: Non-significant

TABLE 8
Forage pea dry forage yield (t ha-1) means forming with combination of different row spacings (RS) and
seeding rates (SR) in the rainy (2019-20) and the dry (2020-21) growing seasons+
Dry forage yield (t ha-1)
Seeding Rates (seeds m-2)
Row Spacings
50
100
150
200
Means
(cm)
Rainy season (2019-2020)
10
7.57 b-c
7.36 b-c
8.37 b
8.27 b
7.89 b
20
9.72 a
9.87 a
7.63 bc
8.05 b
8.82 a
30
4.64 f-h
6.26 d-e
5.21 e-f
6.90 c-d
5.75 c
40
4.15 f-j
7.36 b-c
7.79 b-c
6.79 c-d
6.52 d
Means
6.52 b
7.71 a
7.25 a
7.50
a
7.10 A
LSD (%5)
RS:0.69 **
SR:0.69 *
RS x SR x Years: 1.10**
Years: 0.55**
CV (%)
11.60
Dry season (2020-2021)
10
3.74 h-k
3.21 j-k
2.65 k
4.09 g-j
3.42 b
20
3.29 jk
4.77 f-h
4.65 f-h
3.24 jk
3.99 ab
30
4.72 f-h
4.26 f-j
4.88 f-g
4.48 f-ı
4.49 a
40
3.40 ı-k
3.87 g-j
4.09 g-j
4.29 f-j
3.92 ab
Means
3.79
4.03
4.07
4.03
3.95 B
LSD (%5)
RS: 0.42**
SR: ns
RS x SR x Years: 1.10**
Years: 0.55**
CV (%)
13.09
+

The means with the same letter on the same column are not different using the LSD (5%) test.
Significant at *: P≤0.05; **: P≤0.01; ns: Non-significant

11043

© by PSP

Volume 31– No. 11/2022 pages 11036-11047

Fresenius Environmental Bulletin

FIGURE 1

Scatter biplot graph showing relationship between the investigated traits and different row spacings and seeding rates treatments in forage pea
(Traits: DTF: Days to 50% flowering, NPH: Natural plant height, MSH: Main stem height, MSN: Main stem numbers, MST:
Main stem thickness, FFY: Fresh forage yield, DFY: Dry forage yield.
Treatments: (1) 10 cm and 50 seeds m-2, (2) 10 cm and 100 seeds m-2, (3)10 cm and 150 seeds m-2, (4)10 cm and 200 seeds m2, (5) 20 cm and 50 seeds m-2, (6) 20 cm and 100 seeds m-2, (7) 20 cm and 150 seeds m-2, (8) 20 cm and 200 seeds m-2, (9) 30
cm and 50 seeds m-2, (10) 30 cm and 100 seeds m-2, (11) 30 cm and 150 seeds m-2, (12) 30 cm and 200 seeds m-2, (13) 40 cm
and 50 seeds m-2, (14) 40 cm and 100 seeds m-2, (15) 40 cm and 150 seeds m-2, (16) 40 cm and 200 seeds m-2)

treatment, 20 cm row spacing and 100 seeds m-2,
should be preferred.

CONCLUSIONS
The results of the present study showed that there
were statistically highly significant (P < 0.01)
differences between the two growing seasons in
terms of all investigated traits due to the great
climatic difference between the growing seasons.
And it was determined that the means of the fresh
forage yield, dry forage yield in particular and the
other investigated traits in the rainy growing season
(2019-20) were higher than in the dry growing
season (2020-21). Additionally, the means of the
investigated traits ranged depending on the row
spacing and seeding rate treatments as follows; days
to 50% flowering 137.3–144.0 days, natural plant
height 53.33–81.00 cm, main stem height 74.50–
148.80 cm, main stem numbers per plant 1.12–2.16
stems plant-1, main stem thickness 3.42–5.56 mm
fresh forage yield 10.15 – 45.57 t ha-1 and dry forage
yield 2.65–9.87 t ha-1. By considering all the means
of the investigated traits in the two growing seasons,
the biplot analysis results revealed that the
investigated traits were divided into three groups,
and the fresh forage and dry forage yield traits took
part in the same group. For the two forage yield
traits, the 20 cm row spacing and 100 seeds m-2
treatment was found as the best treatment. Hence,
when forage yield of forage pea is targeted, the
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BIOLEACHING PROCESS OF ZINC IN MINING WASTE
USING NATIVE MICROORGANISMS THROUGH A
D-OPTIMAL EXPERIMENTAL DESIGN
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of such byproducts can lead to pollution of groundwater due to weathering. [1], [2]. New approaches
and technologies must be developed to assist in both
the removal of undesired compounds and the recovery of valuable heavy metals [3]. Another extraction
alternative is bioleaching, which is based on the capacity of acidophilic microorganisms to solubilize
sulfured minerals by using elemental sulfur and/or
Fe2+ as an energy source. These microorganisms can
convert reduced sulfur compounds into sulfuric acid
and ferrous ions into ferric ions (Fe3+). In the process
of bioleaching from sulfured minerals, encapsulated
metals are extracted by the action of microorganisms. This process is easy to operate, highly safe, relatively low-cost, and environmentally friendly [4],
[5]. Bioleaching does not have a direct lixiviation
mechanism, but contact and non-contact mechanisms. For the first case, bacteria that adhere to the
sulfur wall through Fe ions (III) are required, since
iron forms complexes with its limo and extracellular
polymeric substances (EPS), and then the metallic
sulfur degradation begins. In the second case, bacteria that oxidize Fe (II) to Fe (III) are involved. Fe
(III) ions can attack metallic sulfurs, thus reducing
Fe (III) to Fe (II) [6]. The objective of this research
was to maximize the removal of zinc using bacteria
present in the mineral residue of study through the
standardization of the processing conditions.

ABSTRACT
The removal of metals in mineral waste by conventional processes presents diverse problems due to
their low grade and the presence of polluting elements that damage the equipment for extraction and
purification. The application of a bioleaching process using native bacteria capable of removing contaminating elements is a viable option. The objective
of this research was to maximize the removal of zinc
using bacteria present in the mineral residue of study
through the standardization of the processing conditions. To evaluate bioleaching, a D-Optimal experimental design was carried out using 9K and MR culture media, 0-200 rpm agitation speed, and 10-50%
pulp density. As responses, cell density, pH, oxidereduction potential, and zinc removal were evaluated. The optimum conditions obtained for maximum zinc removal were pulp density of 10% w/v in
both cases, 101.22 rpm, and 200 rpm, removing
41.11% and 41.68%, with medium 9K and MR, respectively. DNA was extracted from a cell package
obtained from the native microorganisms in liquid
media, from which genetic material was obtained
and used for the sequencing of the band obtained
from the bacteria and its subsequent identification.

KEYWORDS:
Bioleaching, Zinc, Biotechnology, DNA

MATERIALS AND METHODS
INTRODUCTION

Mineralogic and mineragraphic characterization of the mineral byproduct. The byproduct
used for this research was collected from the flotation processes carried out in a mine located at Coahuila, México, owned by DIPROINDUCA.
A chemical analysis was performed using
atomic absorption (AA) [7] and scanning electronic
microscopy (SEM) [8] to determine the composition
of the mineral.

There are several methods to extract metals, but
the most common are pyrometallurgy and hydrometallurgy. However, the pyrometallurgical processes
often are unable to treat byproducts profitably due to
the low concentrations of metals. Also, hydrometallurgical processes are unfit to recover low-grade
metals, since lixiviations with acid-aqueous solvents
have low selectivity. Furthermore, these methods are
aggressive toward the environment since the storage
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stains, cells from a liquid medium were fixed on a
slide using heat. For the Gram stain, violet crystal,
lugol, alcohol, and safranine were used for the coloring of cells. For the Ziehl Neelsen stain, Ziehl fuchsine-carbol solution, acid alcohol, and blue methylene were used for coloring and heat was applied to
the smear [11], [12].
The identification of microorganisms was performed through the concentration of a cellular package obtained from the liquid phase of the preinoculum, which was centrifuged and sonicated using an
ultrasound equipment BAKU BK-3550 at 50 W for
15 s to obtain the cellular package that was seeded in
a Petri dish with nutritive agar. Later, distilled water
was added to the plaques and the solid media was
mechanically withdrawn to extract the bacteria. The
liquid phase was moved into an Eppendorf tube, and
it was centrifuged to sediment the microorganisms.
The supernatant was removed, and the procedure
was repeated to obtain the cellular package from the
bottom of the microtube.
For the DNA extraction, a wash with lysis
buffer was performed, which was centrifuged at
13500 rpm for 5 min and the supernatant was removed. The procedure was repeated by adding lysozyme and it was incubated at 37°C for 15 min. Sodium dodecyl sulfate (SDS) at 20% was added and it
was incubated at 37°C for 5 min. Later, chloroform
and phenol were added and mixed to be centrifuged.
500 μl of ethanol were added and mixed using a vortex agitator and the sample was centrifuged at 13500
rpm for 5 min. The supernatant was removed and
dried at room temperature for 20 min. Lastly, the ball
formed was re-suspended in 100 μl of nuclease-free
water and mixed [13].
PCR was performed using the technique established for the amplification of the 16S ribosomal
gene, using a ciclosizer with a program of temperature gradient in which the sample is exposed to different temperatures for defined times for 2 h. Agarose gel at 1% was prepared in which the PCR was
performed [13].
The purification of the PCR was performed following the protocol of Wizard® SV Gel and PCR
Clean-Up System, using 24 μl of membrane union
solution and it was incubated for 1 min at room temperature. Later, it was centrifuged in a purification
column inside a microcentrifuge at 13500 rpm for 1
min; the liquid was disposed of, and the centrifugation was repeated with 700 μl of ethanol that were
disposed at the end. 500 μl of ethanol were added,
centrifuged again at 13500 rpm for 5 min, and centrifuged one last time for 1 min to evaporate the residual wash solution. The microcolumn was moved
into an Eppendorf tube and 50 μl was added of nuclease-free water, and it was incubated at room temperature for 1 min, centrifuged again at 13500 rpm
for 1 min, and the obtained liquid was stored at 20°C.

Culture media and microorganisms. The microbial consortium used in this research was obtained from bacteria isolated from the mineral byproduct donated by DIPROINDUCA. Morphological identification was performed using differential
stains to establish the characteristics of the bacteria.
Two culture media were evaluated to prepare
the preinoculum for the bacteria growth: 9K [9]: 3.0
g/L (NH4)2SO4, 0.5 g/L MgSO4·7H2O, 0.1 g/L KCl,
0.5 g/L K2HPO4, 0.01 g/L Ca(NO3)2 and 14 g/L
FeSO4·7H2O; in which pH was adjusted between 1.8
and 2.3; and, MR: 1.0 g/L (NH4)2SO4, 0.08 g/L
K2HPO4, 0.375 g/L CaCl·H2O, 2.0 g/L NaHCO, 8.0
g/L NaCl and 1.3 g/L MnO4; in which pH was not
adjusted. Both culture media were kept at a stirring
rate of 150 rpm at 30°C. Later, plate seeding was performed with each media and agarose, and both were
incubated at 30°C until colonies appeared that were
inoculated in liquid media under sterile conditions.
Monitoring and control of techniques. The
adjustment of pH was performed every 24 h using
H2SO4 (2N). The pH and the oxide-reduction potential (ORP) were monitored using a potentiometer
Hanna HI991003 with a titanium electrode Hanna
HI1297 at 24 h intervals for 5 days. The cellular density was monitored using a Neubauer chamber and a
LEICA DM100 microscope every 24 h for 5 days.
The zinc analyses of the samples were performed by digestion of aqua regia, by placing the
sample in a plastic tube with 5 ml of nitric acid
(HNO3) and 15 ml of hydrochloric acid (HCl) which
was moved into hot block digestion at 120°C for 1 h.
It was cooled down at room temperature for 1 h and
the sample was moved into a 100 ml volumetric flask
and 15 ml of HCl were added. Then, it was decanted
and gauged with distilled water until 100 ml were
reached; later, it was closed and agitated 20 times
and the sample was moved into a glass tube for inductively coupled plasma mass spectrometry analysis [10].
Bioleaching tests. A D-optimal experimental
design was used to evaluate zinc removal at constant
temperature (30°C) with the following factors: pulp
density (10-50%), stirring rate (0-200 rpm), and culture media (9K and MR). The evaluated responses
were pH, oxide-reduction potential (mV), cellular
density, and zinc removal (%). An ANOVA analysis
was performed (p<0.05) for both culture media (9K
and MR) with the addition of an energy source
[FeSO4]. The responses were analyzed with Design
Expert 13.0 and a numerical optimization by response surface superimposition was performed to
maximize zinc removal.
Characterization and identification of microorganisms. Morphological characterization of
the microorganisms was performed by Gram and
Ziehl Neelsen differential stains [11], [12]. For both
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that if the mineral was previously treated, as it happens to be in this research, it might favor the recovery of some low-grade metals, such as zinc. Additionally, some studies found that COD removal rates
were higher than that of the control with the addition
of zinc into wastewater [19].
Concerning the treatments with 9k culture media (Table 3), cellular density was not significantly
affected (P > 0.05) by the evaluated factors which
might be attributed to the pH and temperature values
for this culture media being adequate for the bacteria
growth independently of other factors [20]. Pertaining to redox potential, a negative significant effect (p
< 0.05) was found in stirring speed and pulp density.
The pH was significantly affected (p < 0.05) by a
proportional increase in stirring speed, thus promoting an alkaline environment in the culture media,
which might stimulate a higher bioleaching kinetic,
hence having a direct impact on zinc removal [18].
However, the increase in pulp density decreased pH
(p < 0.05), thus generating an acid media for bacteria. These changes in media indicate bio-oxidation of
Fe ions, which benefits the bioconversion of the
metal of interest [18]. Zinc removal was significantly
affected (p < 0.05) by both stirring speed and pulp
density, which, as well as with MR media, a stirring
speed above the optimal (101.2 rpm) may cause
stress on the bacteria and a decrease in zinc removal;
while the increase in pulp density generated a higher
zinc removal due to higher availability of material
susceptible to bacterial action [16], [17], [21].
The impact of the interaction between the stirring speed and pulp density is shown in all the responses as well as the treatments with MR culture
media since the availability of nutrients, action surface for bacteria, and the homogenization of mineral
residue are very important factors [21].
On the other hand, the amount of bacteria present did not show a significant effect (p > 0.05) on
zinc removal. However, bacteria presence supports
the bioleaching process which was most certainly
carried out simultaneously with a chemical process
due to the added acid into the culture media (in the
case of 9K media), but the presence and action of the
microorganisms are present due that MR media is alkaline, which also allows bioleaching activity. A

RESULTS AND DISCUSSION
Mineralogic and mineragraphic characterization. The chemical composition of the mineral
showed the following results: 0.01% Cu, 0.02% Pb,
21.90% Fe, 0.41% Zn, 0.01% As, and 4.0 g/T of Ag.
It was found that minerals with Fe were the most
abundant, with oxides as the main components of the
sample in sizes ranging from 10 to 120 microns. In a
lesser amount, Zn and Zn oxides with Fe in the solid
phase were found. The species detected by SEM are
shown in Table 1.
Biolixiviation trials. The results of the optimization of the bioleaching process with a pulp density
of 10% w/v for both culture media showed that the
highest zinc removals were 44.11% and 41.68% and
the optimal stirring speed was 101.22 rpm and 200
rpm in 9K and MR media, respectively.
Table 2 shows that stirring speed and pulp density had a significant effect (P < 0.05) on POR, pH,
and zinc removal in MR culture media, but not on
cellular density. This could be attributed to the bioavailability of nutrients at adequate stirring speeds
and pulp densities. Regarding the redox potential,
negative values were observed, indicating that increasing stirring speed and pulp density decreased
redox potential, which might affect zinc removal,
due to the requirement of the bioleaching process of
an oxidant environment for the bioconversion of the
metal of interest [14]. With pH, it was also observed
that pulp density had a positive effect (p < 0.05) on
it, since both parameters are linked to the bioleaching process, and this increase mainly occurs because
of the number of oxides that are released to the culture media [15]. The increase in both responses
stresses the microorganisms to solubilize the mineral
of interest [16], [17], [18]. As for zinc, it was observed that increasing the stirring speed decreased its
removal since a stirring speed above the optimal
(200 rpm) represents an inhibitory action to the bacteria [16], [18]. The positive effect of the pulp density indicates that increasing the amount of minerals
reflects a higher removal of zinc. It was reported [14]

TABLE 1
Detected species by SEM.
Type of mineral
Cu mineral
Zn mineral

Detected specie
Chalcopyrite, CuFeS2
Zn/Fe oxides
Fe/Zn oxides
Fe, FeOx oxides
Pyrrhotite, FeS
Fe metallic
Kaolinite-type silicates
feldspars of K
Calcite, CaCO3
Barite, BaSO4

Fe mineral

Gangue ore

Others
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TABLE 2
Flask–level bioleaching test regression coefficients for MR culture media.
Coefficients
Intercept
Linear
Quadratics
Interactions
b0
X1X2
X1
X2
X12
X22
2.95x105
74813.53
-2284.90
-82.52
2647.54
-1310.36
298.99
0.33
-5.13
-0.03
0.03
-3.61x10-3
-3
0.23
1.52
2.77x10-5
-3.21x10-3
-2.27x10-4
7.55x10
0.19
-9.56x10-5 4.65x10-3 -8.79x10-8
-5.93x10-5
-1.62x10-7

R2
0.49
0.70
0.83
0.78

X1= stirring speed [rpm]; X2= pulp density [g/100ml]; *Parameters in bold were significant (ρ<0.05); Y1= cell density [cel/ml];
Y2= redox potential [mV]; Y3=pH [-]; Y4= zinc removal [%].

Responses
Y1
Y2
Y3
Y4

TABLE 3
Flask–level bioleaching test regression coefficients for 9K culture medium.
Coefficients
Intercept
Linear
Quadratics
Interactions
b0
X1X2
X1
X2
X12
X22
6
-1.83x10
62129.11
69628.09
-82.52
2647.54
-1310.36
132.27
0.89
-4.58
-0.03
0.03
-3.61x10-3
0.22
0.05
-3.21x10-3
-2.27x10-4
7.94x10-3
2.77x10-5
0.16
-8.62x10-5 5.19x10-3 -8.79x10-8
-5.93x10-5
-1.62x10-7

R2
0.49
0.70
0.83
0.78

X1= stirring speed [rpm]; X2= Pulp density [g/100ml]; *Parameters in bold are significant (ρ<0.05); Y1= cell density [cel/ml];
Y2= redox potential [mV]; Y3=pH [-]; Y4= zinc removal [%].

(p > 0.05), which could be attributed to the iron already contained in the residue that can be used by
bacteria as an energy source in their biological processes, thus resulting in saving reagents and general
processing costs.

study [22] used a pH of 5 for bioleaching experimentation, obtaining a 72.86% removal in 4 to 5 days,
which is very similar to the processing conditions of
this research. However, another research [23] performed experiments with a duration of 25 days, using 9K culture media at 30°C and 150 rpm, reaching
a removal of 70%. Such conditions are similar to the
obtained from this research, with the highest removal
of zinc at a stirring speed of 200 rpm in MR culture
media and 101 rpm for 9K culture media; in both
cases, the highest removal of zinc was found with the
least amount of pulp density. Furthermore, the presence of heavy metals in the media because of the
pulp density present does not represent toxic levels
for the inhibition of bacteria. Also, high organic matter content in soil may reduce the availability of
heavy metals by the formation of some stable complexes with organic ligands (insoluble chelates)
which could be attributed to the decrease in Zn availability with increasing organic carbon content [24].
Tables 4 and 5 show that adding ferrous sulphate to 9K media did not have a significant effect

Responses
Y1
Y2
Y3
Y4

Characterization and identification of microorganisms. Tinctions. Gram tinction [11] allowed to observe bacteria with the shape of grouped
bacillus and some other forming chains (Figure 1).
Also, it showed an intense rose tone, which indicates
that they are gram-negative [22] with a diderm structure; an external membrane, and a cytoplasmatic
one, and between them a fine peptidoglycan layer.
Ziehl-Neelsen tinction [12] shown in Figure 1
indicates that the cells had layers of mycolic acids,
which confer them a higher resistance to acid substances that might break the cellular wall. Hence,
bacteria presented a high tolerance to the acid media
used in the bioleaching process, as well as resistance
to heavy metals.

TABLE 4
Regression coefficients of bioleaching with an energy source.
Coefficients
Intercept
Linear
Interactions
b0
X1X2
X1
X2
4.14
-0.01
0.46
0.138x103
160.50
1.08
-45.00
0.07
3.39x106
-2.93x105
-4141.12
58541.53
-6.97x105
0.14
0.01
4.03x106

R2
0.99
0.97
0.90
0.99

X1= stirring speed [rpm]; X2= Pulp density [g/100ml]; *Parameters in bold are significant (ρ<0.05); Y1= cell density [cel/ml];
Y2= redox potential [mV]; Y3=pH [-]; Y4= zinc removal [%].
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b)

FIGURE 1
Morphological characterization of microorganisms a) Gram’s stain, b) Ziehl-Neelsen stain.
TABLE 5
Regression coefficients of bioleaching without an energy source.
Coefficients
Intercept
Linear
Responses
b0
X1
X2
4.41
-4.22
-0.20
Y1
155.40
-0.47
-11.61
Y2
56416.53
1.74x106
2.13x105
Y3
4
4.47
0.28
-6.04
Y

Interactions
X1X2
1.38x103
0.07
-4141.12
403x106

R2
0.99
0.97
0.90
0.99

X1= stirring speed [rpm]; X2= Pulp density [g/100ml]; *Parameters in bold are significant (ρ<0.05); Y1= cell density [cel/ml];
Y2= redox potential [mV]; Y3=pH [-]; Y4= zinc removal [%].

FIGURE 2
Extraction of DNA in 1% agarose gel. Well 1: marker of 1 Kb, Well 2: blank,
and, Well 3: DNA band of the cell package.
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FIGURE 3
PCR amplification in 1% agarose gel. Well 1: of 100 bp, Wells 2, 3, and 4: amplification bands.

FIGURE 4
Purification of the PCR in 1% agarose gel. Well 1: marker of 100 bp, Well 2: bands of purified DNA.
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[6] Ye, M., P. Yan, S. Sun, D. Han, X. Xiao, L.
Zheng, S. Huang, Y. Chen, and S. Zhuang,
2017b. Bioleaching combined brine leaching of
heavy metals from lead-zinc mine tailings:
Transformations during the leaching process.
Chemosphere, 168, pp. 1115–1125.
[7] Mohd Fairulnizal, M. N., B. Vimala, D. N. Rathi, y M. N. Mohd Naeem., 2019. Atomic absorption spectroscopy for food quality evaluation. Evaluation Technologies for Food Quality,
pp.145–173. Available at:
[8] Abd Mutalib, M., M.A. Rahman, M.H.D. Othman, A.F. Ismail, J. Jaafar, Chapter 9 - Scanning
Electron Microscopy (SEM) and Energy-Dispersive X-Ray (EDX) Spectroscopy, Editor(s):
Nidal Hilal, Ahmad Fauzi Ismail, Takeshi
Matsuura, Darren Oatley-Radcliffe, Membrane
Characterization, Elsevier, 2017, Pages 161179, ISBN 9780444637765,
[9] Silverman, M.P. and Lundgren, D.G., 1958.
Studies on the Chemoautotrophic Iron Bacterium Ferrobacillus Ferrooxidans. Journal of
Bacteriology, 77(5), pp. 642–647.
[10] Wang, Y., Baker, L.A. y Brindle, I.D., 2016.
Determination of gold and silver in geological
samples by focused infrared digestion: A re-investigation of aqua regia digestion. Talanta,
148, pp. 419–426.
[11] Barile, M.F., 1983. Gram Staining Technique.
Methods in Mycoplasmology, pp. 39–41.
[12] Fairbrother, R.W. Chapter XXXVI - The Microscope: Staining Methods, Editor(S): R.W. Fairbrother, A Text-Book of Bacteriology (Fourth
Edition), Butterworth-Heinemann, 2014, Pages
430-437, ISBN 9781483200316.
[13] Ordaz-Díaz, L. A., J. A. Rojas-Contreras, F.
Flores-Vichi, M. Y. Flores-Villegas, C.
Álvarez-Álvarez, P. Velasco-Vázquez, y A. M.
Bailón-Salas, 2016. Quantification of Endoglucanase Activity based on Carboxymethyl Cellulose in Four Fungi Isolated from an Aerated Lagoon in a Pulp and Paper Mill. BioResources,
11(3).
[14] Álvarez, V. Z., 2019. Biolixiviación de
minerales sulfurados de cobre de baja ley. Tesis
doctoral. Universidad Complutence de Madrid.
Available at:
[15] Schippers, C. Tanne, J. Stummeyer, y T. Graupner, 2019. Sphalerite bioleaching comparison in
shake flasks and percolators. Minerals Engineering, 132, pp. 251–257.
[16] Bosecker, K. (1997). Bioleaching: metal solubilization by microorganisms. FEMS Microbiology Reviews, 20(3-4), 591–604.
[17] Sasaki, K., Takatsugi, K., & Hirajima, T.
(2011). Effects of initial Fe2+ concentration and
pulp density on the bioleaching of Cu from
enargite by Acidianus brierleyi. Hydrometallurgy, 109(1-2), 153–160.

DNA extraction, amplification, and purification of PCR. Genetic material was obtained from a
cell package obtained from the native microorganisms present in the mineral residue (Figure 2) since
a DNA band is seen in the well 3 above 10,000 base
pairs (bp). Figure 3 shows the amplification of the
corresponding gen at 800 bp from the extracted genetic material in wells 2, 3, 4, and 5. Figure 4 shows
a band obtained from the purification of the PCR amplification process with a 400 bp band using agarose
gel at 1%. Although DNA extraction was successful,
PCR amplification showed 800 bp bands, which
does not correspond to previous reports, since the
size of the band for the 16S ribosomal gene is from
1,400 to 1,600 bp [25].

CONCLUSIONS
The native consortium of microorganisms
showed the capacity to bioleach more than 44% of
the zinc in the mineral residue. For both media, the
optimal operating conditions for the maximal removal of zinc were pulp density of 10% w/v, thus
avoiding a possible inhibition of bacteria by the high
concentrations of heavy metals. The application of a
bioleaching process using native bacteria capable of
removing contaminating elements is a viable option
since this process is easy to operate, highly safe, relatively low-cost, and environmentally friendly.
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LQJV EHFDXVH RI WKHLU DIIRUGDEOH SULFH DQG VWURQJ
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PLQ)RUWKHVRUSWLRQLVRWKHUPVJ
VDPSOHVZHUHDGGHGWRP/&X ,, VROXWLRQZLWK
GLIIHUHQWFRQFHQWUDWLRQVRI
PJ/%RWKLVRWKHUPDQGNLQHWLFH[SHULPHQWVZHUH
FDUULHG RXW DW S+  DQG VKDNHQ DW  UPLQ DW
& 7KH VROXWLRQV ZHUH ILOWHUHG WKURXJK ILOWHU
SDSHUDQGWKHQSDVVHGWKURXJKPILOWHUPHP
EUDQHDQGWKHUHPDLQLQJ&X ,, FRQFHQWUDWLRQLQWKH
VROXWLRQVZDVGHWHUPLQHGE\DWRPLFVSHFWURSKRWRP
HWHU

'DWD3URFHVVLQJ7KHH[SHULPHQWDOGDWDZHUH
FDOFXODWHGXVLQJIROORZLQJHTXDWLRQ
 $GVRUSWLRQFDSDFLW\

DJLQJPLFURSODVWLFVLVPDLQO\DLPHGDWGLIIHUHQWDJ
LQJ FRQGLWLRQ WKHUH DUH IHZ VWXGLHV RQ WKH DJLQJ
PHFKDQLVPDQGDGVRUSWLRQFKDQJHVRIPLFURSODVWLFV
FDXVHG E\ XOWUDYLROHW UDGLDWLRQ LQ QDWXUDO HQYLURQ
PHQW
7KHUHIRUH LQ WKLV VWXG\ WUDGLWLRQDO SRO\HWK
\OHQHPLFURSODVWLFVDQGW\SLFDOKHDY\PHWDOFRSSHU
&X  ZHUH WDNHQ DV REMHFWV WR H[SORUH WKHHIIHFW RI
PLFURSODVWLFV ZLWK GLIIHUHQW DJLQJ WLPH  GD\ 
GD\V  GD\V DQG  GD\V  E\ 89 LUUDGLDWLRQ RQ
&X ,,  DGVRUSWLRQ 7KH DGVRUSWLRQ PHFKDQLVP RI
DJHGPLFURSODVWLFVWR&X ,, E\PHDQVRIDGVRUSWLRQ
NLQHWLF LVRWKHUPDO DGVRUSWLRQ PRGHOV ZHUH IXUWKHU
LQYHVWLJDWHG7KLVVWXG\DLPHGWRSURYLGHWKHRUHWLFDO
EDVLVIRUWKHVWXG\RIDGVRUSWLRQEHKDYLRUDQGPHFK
DQLVP RI WR[LF PHWDOV RQ PLFURSODVWLFV RIGLIIHUHQW
DJLQJGHJUHHV


0$7(5,$/6$1'0(7+2'6

0DWHULDOV 3RO\HWK\OHQH PLFURSODVWLFV 
P ZDVSXUFKDVHGIURP'RQJJXDQ6XGD3ODV
WLF 5DZ 0DWHULDOV &R /7' ,Q RUGHU WR UHPRYH
KHDY\ PHWDOV RQ WKH VXUIDFH RI WKH PLFURSODVWLFV
WKH\ZHUHFOHDQHGZLWKPRO/K\GURFKORULFDFLG
DQGWKHQULQVHGZLWKGLVWLOOHGZDWHUXQWLOVOLJKWO\DO
NDOLQH)LQDOO\WKH\ZHUHGULHGLQDFRQVWDQWWHPSHU
DWXUHLQFXEDWRUIRUIXUWKHUDQDO\VLV

$JLQJRIPLFURSODVWLFV7KHSRO\HWK\OHQHPL
FURSODVWLFVZHUHGLYLGHGLQWRSDUWVDQGWKUHHSDUWV
ZHUHSODFHGLQSHWULGLVKHVFRQWDLQLQJ+2VR
OXWLRQ6XEVHTXHQWO\WKHWKUHHSHWULGLVKHVZHUHH[
SRVHGWR89OLJKW ȖPD[ QPî:89&
EXOEV DWԨ'XULQJWKLVSHULRGWKHPLFURSODV
WLFVZDVWXUQHGRYHUHYHU\WZRGD\VDQG+2VROX
WLRQZDVDGGHGWRHQVXUHXQLIRUPDJLQJ$IWHUDJLQJ
IRUGGG QDPHGDV&.//DQG
/ UHVSHFWLYHO\  WKH VDPSOHV ZHUH FOHDQHG ZLWK
GLVWLOOHGZDWHUWRVOLJKWO\DONDOLQHDQGUHVLGXDOUHD
JHQWZHUHUHPRYHGIURPWKHSRZGHUVXUIDFHUHVSHF
WLYHO\

(IIHFWVRIGRVDJH8QDJHGSRO\HWK\OHQHPLFUR
SODVWLFV      
J ZHUHPL[HGZLWKP/RIPJ/&X ,, 
VROXWLRQDQGWKHS+RIVROXWLRQZDVDGMXVWHGWR
ZLWKDPPRQLDDQGK\GURFKORULFDFLG7KHQWKHVH
PL[HGVROXWLRQVZHUHFRQWLQXRXVO\VKDNHQDWURRP
WHPSHUDWXUHIRUKDQGWKHQWKHPL[WXUHZDVFHQ
WULIXJHGDWUPLQIRUPLQ7KHFRQFHQWUDWLRQ
RI &X ,, LQ WKH VROXWLRQ DIWHU ILOWHUHG E\  P
PHPEUDQH ZDV GHWHUPLQHG E\ DWRPLF VSHFWURSKR
WRPHWHU

%DWFK DGVRUSWLRQ H[SHULPHQW ,Q WKH NLQHWLF
H[SHULPHQW  P/ RI  PJ/ &X ,,  VROXWLRQ ZDV
DGGHG WKH JODVV ERWWOH ZLWK  J DJHG SRO\HWK
\OHQHPLFURSODVWLFVDQGWKHDGVRUSWLRQWLPHZDV

QH

V C  CH

M

:KHUH9LVWKHYROXPHRI&X ,, VROXWLRQ/0
LV PLFURSODVWLF TXDOLW\ * & DQG &H DUH WKH PDVV
FRQFHQWUDWLRQVRI&X ,, EHIRUHDGVRUSWLRQDQGDIWHU
DGVRUSWLRQHTXLOLEULXPPJ/
 $GVRUSWLRQUDWH

E

C  Ce
u   
M

:KHUH&LVWKHFRQFHQWUDWLRQRI&X ,, LQWKH
VROXWLRQEHIRUHDGVRUSWLRQPJ/&HLVWKHFRQFHQ
WUDWLRQRI&X ,, LQWKHDGVRUEHGVROXWLRQPJ/

$GVRUSWLRQ NLQHWLFV 7KH DGVRUSWLRQ NLQHWLFV
PRGHO ZDV XVHG WR ILW WKH DGVRUSWLRQ SURFHVV RI
&X ,, RQWKHVXUIDFHRISRO\HWK\OHQHPLFURSODVWLFV
ZLWKGLIIHUHQWDJLQJGHJUHHVE\XVLQJWKHTXDVLILUVW
RUGHUNLQHWLFVPRGHO T WKHTXDVLVHFRQGRUGHUNL
QHWLFVPRGHO T WKH(ORYLFKG\QDPLFVPRGHO T 
DQGWKH:HEHU0RUULVPRGHO T >@7KUHHGHFL
PDO SODFHV ZHUH UHVHUYHG IRU ILWWLQJ H[SHULPHQWDO
GDWDDQGWKHPHDQYDOXHZDVFDOFXODWHGIRUSDUDOOHO
GDWD7KHH[SUHVVLRQVRIWKHIRXUG\QDPLFVPRGHOV
DUHDVIROORZV
4XDVLILUVWRUGHUG\QDPLFVHTXDWLRQ

OQ QH Qt

OQQe  Kt  T 

4XDVLVHFRQGRUGHUG\QDPLFVHTXDWLRQ

W
QW



 t  T 

KQe Qe

(ORYLFKPRGHO

QW D  E OQt  T 
:HEHU0RUULVPRGHO

QW

K  W   C  T 

:KHUH4HLVWKHDGVRUSWLRQTXDQWLW\DWHTXLOLE
ULXPPJJ4WLVWKHDGVRUSWLRQDPRXQWRI&X ,, DW
UHDFWLRQWLPH7PJJ.LVDTXDVLILUVWRUGHUUDWH
HTXDWLRQFRQVWDQWPLQ.LVWKHTXDVLVHFRQGRU
GHUUDWHHTXDWLRQFRQVWDQWPLQ.LVWKHGLIIXVLRQ
UDWHFRQVWDQWPJ JāPLQ ĮLVWKHLQLWLDODGVRUS
WLRQ UDWH FRQVWDQW PJ JāPLQ  ȕ LV WKH DGVRUSWLRQ
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DPRXQWVKRZHGWKHRSSRVLWHWUHQG0RUHRYHUERWK
WUHQGVWHQGWREHIODWZKHQWKHDPRXQWRIDGVRUEHQW
ZDV KLJKHU WKDQ  J/ 7KH UHVXOWV LQGLFDWHG WKDW
ZLWKWKHLQFUHDVHRIWKHGRVDJHRIPLFURSODVWLFVWKH
DGVRUSWLRQHIILFLHQF\RI&X ,, LQFUHDVHGEXWWKHDG
VRUSWLRQFDSDFLW\RI&X ,, GHFUHDVHGZKLFKPD\EH
GXH WR FRPSOHWH RFFXSDWLRQ RI WKH DFWLYH VLWHV $W
KLJK DGVRUEHQW GRVH WKH DGVRUSWLRQ FDSDFLW\ GH
FUHDVHGGXHWROHVVRFFXSDWLRQRIDGVRUSWLRQDFWLYH
VLWHVDQGDJJORPHUDWLRQRIWKHPLFURSODVWLFVSDUWLFOHV
LQWKHUHDFWLRQPL[WXUH>@

$GVRUSWLRQNLQHWLFVRI&X ,, RQDJHGSRO\
HWK\OHQH PLFURSODVWLFV 7KH DGVRUSWLRQ SURFHVV RI
&X ,,  RQ SRO\HWK\OHQH PLFURSODVWLFV WUHDWHG ZLWK
XQDJHGDJHGIRUGDJHGIRUGDQGDJHGIRU
GDUHOLVWHGLQ)LJXUH5HVXOWVKRZHGWKDW7KHDG
VRUSWLRQ UDWH RI &X ,,  RQWR IRXU NLQGV RI SRO\HWK
\OHQH PLFURSODVWLFV VKRZHG WKH VLPLODU WUHQG DQG
WKLVSURFHVVFDQEHURXJKO\GLYLGHGLQWRWKUHHVWDJHV
WKHILUVWVWDJHZDVIURPWRKLQZKLFKIRXUNLQGV
RI SRO\HWK\OHQH PLFURSODVWLFV DOO UDSLGO\ DGVRUEHG
&X ,, DQG$$$DQG$DOODFKLHYHGWKH
PD[LPXP DGVRUSWLRQ FDSDFLW\ RI  
 DQG  UHVSHFWLYHO\ DW  K 7KH VHFRQG
VWDJHZDVIURPKWRKZKHQWKHDGVRUSWLRQUDWH
JUDGXDOO\GHFUHDVHG$WWKHWKLUGVWDJHDIWHUKWKH
DGVRUSWLRQUDWHLVDOPRVWZKLOHWKHPD[LPXPDG
VRUSWLRQDPRXQWVZHUHUHDFKHGDWKDQGWKHPD[
LPXPDGVRUSWLRQDPRXQWVRIXQDJHGDJHGIRUG
DJHGIRUGDQGDJHGIRUGSRO\HWK\OHQHPLFUR
SODVWLFVZHUHPJJPJJPJJDQG
 PJJ UHVSHFWLYHO\ 7KH UHVXOWV LPSOLHG WKDW
ZLWKWKHLQFUHDVHRIDJLQJWUHDWPHQWWLPHWKHDELOLW\
RISRO\HWK\OHQHPLFURSODVWLFVWRDGVRUE&X ,, DOVR
JUHZJUDGXDOO\ZKLFKPD\EHGXHWRWKHFKDQJHVLQ
SK\VLFRFKHPLFDO SURSHUWLHV DQG FHUWDLQ VWUXFWXUDO
FKDQJHV DIWHU DJLQJ WUHDWPHQW RI PLFURSODVWLFV ,W
ZDVUHSRUWHGWKDWDJLQJFDQFRDUVHUWKHVXUIDFHRI

FRQVWDQWUHODWHGWRDGVRUSWLRQHQHUJ\&LVWKHFRUUH
ODWLRQFRQVWDQWEHWZHHQWKHDGVRUEHQWSURSHUWLHVDQG
WKHGLIIXVLRQERXQGDU\OD\HUPJ JāPLQ 

,VRWKHUPDO DGVRUSWLRQ VLPXODWLRQ PRGHO
$GVRUSWLRQLVRWKHUPVFDQH[SODLQWKHDGVRUSWLRQFD
SDFLW\RIPLFURSODVWLFVWRKHDY\PHWDO7KHDGVRUS
WLRQ SURFHVV LV GLYLGHG LQWR SK\VLFDO DQG FKHPLFDO
DGVRUSWLRQ7KHFRPPRQO\XVHGPRGHOVDUH)UHXQ
GOLFKPRGHODQG/DQJPXLUPRGHO>@DQGWKHILW
WLQJHTXDWLRQVDUHVKRZQLQ T DQG T EHORZ
/DQJPXLUIRUPXODLV

Qe

Qm

K LCe
  K LCe

 T 

)UHXQGOLFKIRUPXODLV

QH

K f āCH n  T 

:KHUH4HLVWKHDGVRUSWLRQFDSDFLW\DWHTXLOLE
ULXP PJJ &H LV WKH FRQFHQWUDWLRQ DW HTXLOLEULXP
PJ/4PLVWKHWKHRUHWLFDOVDWXUDWHGDGVRUSWLRQFD
SDFLW\PJJ./LVWKHDGVRUSWLRQFRQVWDQWRI/DQJ
PXLUHTXDWLRQ/āPJ.IDQGQDUHH[SUHVVHGDV
HPSLULFDOFRQVWDQWVRIWKH)UHXQGOLFKHTXDWLRQ0J
Q Q
ā/


5(68/76

,QIOXHQFH RI DGVRUEHQW GRVH RQ WKH DGVRUS
WLRQRI&X ,, 7KHGRVDJHRIDGVRUEHQWLVDNH\IDF
WRUDIIHFWLQJWKHDGVRUSWLRQSURFHVV,QWKLVVWXG\WKH
HIIHFWRIDJHGSRO\HWK\OHQHPLFURSODVWLFVGRVDJHRQ
&X ,, DGVRUSWLRQZDVH[DPLQHGDVVKRZQLQ)LJXUH
5HVXOWVVKRZHGWKDWDVWKHGRVDJHRIPLFURSODVWLF
LQFUHDVHGIURPJ/WRJ/WKHDGVRUSWLRQUDWH
RI&X ,, LQFUHDVHGIURPWRZKHUH
WKHDGVRUSWLRQUDWHLQFUHDVHGUDSLGO\IRUPLFURSODVWLF
GRVDJHIURPJ/WRJ/:KLOHWKHDGVRUSWLRQ

),*85(
(IIHFWRIDGVRUEHQWGRVHRQWKHDGVRUSWLRQFDSDFLW\RI&X ,, 
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),*85(
)LWWLQJSORWVRISVHXGRILUVWRUGHUNLQHWLFVSVHXGRVHFRQGRUGHUNLQHWLFVDQG(ORYLFKPRGHOV




7$%/(
$GVRUSWLRQNLQHWLFPRGHOSDUDPHWHUVIRU&X ,, DGVRUSWLRQRQSRO\HWK\OHQHPLFURSODVWLFV
4XDVLILUVWRUGHU

4XDVLVHFRQGRUGHUPRGHO

(ORYLFKPRGHO
PRGHO
0DWH
.

.
4H
4 H
ULDO

D
E
5
5
5

PJJ 
PLQ  PJJ 
JPJPLQ 

&.

  

     
$

  

     
$

  

     
$


 

     

DQGUHVSHFWLYHO\7KH5YDOXHV
PLFURSODVWLFV ZKLFK LQ WXUQ LQFUHDVHV WKH SRURVLW\
DQG IXQFWLRQDO JURXSV RI WKH VXUIDFH OHDGLQJ WR
RI WKH TXDVLVHFRQG PRGHO RI &. $ $ DQG
SURYLGLQJ PRUH DGVRUSWLRQ VLWHV IRU FRQWDPLQDQWV
$WUHDWPHQWVZHUHDQG
>@
UHVSHFWLYHO\7KH5YDOXHVRI(ORYLFKPRGHORI&.
,Q RUGHU WR FODULI\ WKH DGVRUSWLRQ SURFHVV RI
$ $ DQG $ ZHUH    DQG
&X ,,  RQ DJLQJ SRO\HWK\OHQH PLFURSODVWLFV TXDVL
UHVSHFWLYHO\7KH5RIWKH(ORYLFKPRGHOZDV
ILUVWRUGHUNLQHWLFPRGHOTXDVLVHFRQGRUGHUNLQHWLF
OHVWDPRQJWKHWKUHHPRGHOV7KHTXDVLVHFRQGRUGHU
PRGHO(ORYLFKNLQHWLFPRGHODQG:HEHU0RUULVGLI
NLQHWLFPRGHOZDVEHWWHUILWWLQJWKDQWKHTXDVLILUVW
IXVLRQPRGHOZHUHILWWHGZLWK&X ,, DGVRUSWLRQH[
RUGHUDQG(ORYLFKNLQHWLFPRGHOVLQ&X ,, DGVRUS
SHULPHQWDO GDWD 7KH ILWWLQJ UHVXOWV ZHUH VKRZQ LQ
WLRQ SURFHVV E\ SRO\HWK\OHQH PLFURSODVWLFV 7KH
)LJXUHDQGWKHUHOHYDQWDGVRUSWLRQSDUDPHWHUVDUH
SVHXGRVHFRQGRUGHUPRGHODVVXPHVWKDWFKHPLVRUS
OLVWHGLQ7DEOH7KH5YDOXHVRITXDVLILUVWRUGHU
WLRQ LV WKH UDWHOLPLWLQJ VWHS RI DGVRUSWLRQ SURFHVV
DQG WKH DGVRUSWLRQ PHFKDQLVP GHSHQGV RQ WKH YD
PRGHORISRO\HWK\OHQHPLFURSODVWLFVXQGHUWKHIRXU
WUHDWPHQWV &. $ $ DQG $  ZHUH 
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ILWWLQJUHVXOWVDUHSUHVHQWHGLQ)LJXUH7KHGHWDLOV
RIWZRPRGHOVDUHVKRZQLQ7DEOH,QVHYHUDOLVR
WKHUPDODGVRUSWLRQPRGHOVSDUDPHWHUVVXFKDV./
.IDQG5FDQEHXVHGWRGHVFULEHWKHDGVRUSWLRQFD
SDFLW\RIDGVRUEHQWV>@$FFRUGLQJWRWKHILWWLQJ
GDWD ERWK /DQJPXLU LVRWKHUP DQG )UHXQGOLFK LVR
WKHUPPRGHOVFDQZHOOILWWKHH[SHULPHQWDOGDWD5
YDOXHVRI/DQJPXLULVRWKHUPDQG)UHXQGOLFKPRGHOV
ZHUHDQGXQGHU&.DQGXQ
GHU/WUHDWPHQWDQGXQGHU/DQG
DQGXQGHU/7KHFRUUHODWLRQFRHIIL
FLHQWV 5 RI/DQJPXLUPRGHOZHUHJUHDWHUWKDQWKDW
RIWKH)UHXQGOLFKPRGHOXQGHUDOOIRXUSRO\HWK\OHQH
PLFURSODVWLFVWUHDWPHQWVVRWKHDGVRUSWLRQEHKDYLRU
EHVW ILWWHG WKH /DQJPXLU LVRWKHUPDO DGVRUSWLRQ
PRGHO LQGLFDWLQJ WKDW &X ,,  DGVRUSWLRQ RQWR DJHG
SRO\HWK\OHQHPLFURSODVWLFVFRXOGEHDFKHPLVRUSWLRQ
SURFHVV ,Q DGGLWLRQ WKH ILWWLQJ FRHIILFLHQWV 5 RI
)UHXQGOLFKPRGHOVZDVJUHDWHUWKDQVXJJHVW
LQJWKDWWKHH[SHULPHQWDOGDWDZDVDOVRZHOOILWWHG 5
 WR)UHXQGOLFKHTXLOLEULXPPRGHO)UHXQGOLFK
LVRWKHUPPRGHODVVXPHVWKDWWKHDGVRUSWLRQEHKDYLRU
LV D PXOWLOD\HU SK\VLFDO W\SH RI DGVRUSWLRQ RQWR
DPRUSKRXV VXUIDFHV RI DGVRUEHQW KDYLQJ GLIIHUHQW
DGVRUSWLRQ HQHUJLHV >@ 7KHVH UHVXOWV LQGLFDWLQJ
WKDW&X ,, ZDVDGVRUEHGRQWRWKHDJHGSRO\HWK\OHQH
PLFURSODVWLFVPD\EHPDLQO\DFKLHYHGWKURXJKERWK
SK\VLFDODQGFKHPLFDOLQWHUDFWLRQV
,Q WKH /DQJPXLU DGVRUSWLRQ PRGHO 4P UHSUH
VHQWVWKHWKHRUHWLFDOPD[LPXPDGVRUSWLRQFDSDFLW\
ZKLFKFDQEHXVHGWRFRPSDUHWKHGLIIHUHQFHLQDG
VRUSWLRQ FDSDFLW\ EHWZHHQ GLIIHUHQW WUHDWPHQW 7KH
PD[LPXP DGVRUSWLRQ FDSDFLW\ RI SRO\HWK\OHQH PL
FURSODVWLFVXQGHUWKHIRXUWUHDWPHQWVDVIROORZV/
!/!/!&.ZKLFKDOVRSURYHVWKHSUHYLRXV
UHVHDUFKFRQFOXVLRQWKDWDJLQJFDQHQKDQFHWKHDG
VRUSWLRQ FDSDFLW\ RI PLFURSODVWLFV WR KHDY\ PHWDO
7KHUHIRUH WKH DGVRUSWLRQ FDSDFLW\ RI SRO\HWK\OHQH
PLFURSODVWLFVIRU&X ,, ZDVFORVHO\UHODWHGWRLWVDJ
LQJGHJUHH

OHQFHIRUFHRIDGVRUEHQWDQGDGVRUEHQWWKURXJKVKDU
LQJRUH[FKDQJHRIHOHFWURQV>@7KHVHUHVXOWV
LQGLFDWHG WKDW &X ,,  DGVRUSWLRQ RQWR SRO\HWK\OHQH
PLFURSODVWLFV ZDV JRYHUQHG E\ FKHPLVRUSWLRQ DG
VRUSWLRQ SURFHVV DQG DIIHFWHG E\ YDULRXV PHFKD
QLVPV VXFKDVVXUIDFHDGVRUSWLRQDQGPDVVWUDQVIHU 
>@,QDGGLWLRQDOWKRXJKWKH5YDOXHIRU(ORYLFK
PRGHOZDVQRWDVJRRGDVWKDWRIWKHTXDVLVHFRQG
OHYHOLWZDVJUHDWHUWKDQZKLFKFDQH[SODLQWKH
WKUHHVWDJHVRI&X ,, DGVRUSWLRQE\SRO\HWK\OHQHPL
FURSODVWLFVLQWKLVVWXG\)XUWKHUWKHSDUDPHWHU.RI
WKHTXDVLILUVWRUGHUNLQHWLFDQGTXDVLVHFRQGRUGHU
NLQHWLF PRGHOV LQFUHDVHG ZLWK WKH DJLQJ WLPH WKLV
PD\ EH EHFDXVH WKH SRUHV DQG R[\JHQFRQWDLQLQJ
IXQFWLRQDOJURXSVRQWKHVXUIDFHRIPLFURSODVWLFVLQ
FUHDVHZLWKWKHLQFUHDVHRIDJLQJWLPHDQGR[\JHQ
FRQWDLQLQJ JURXSV FDQ IRUP FRPSOH[HV ZLWK KHDY\
PHWDOVDQGGHSOHWHWKHLRQLFFRQFHQWUDWLRQLQWKHVR
OXWLRQUHVXOWLQJLQWKHORQJHUDJLQJWLPHWKHPRUH
DGVRUSWLRQH[KLELWHGE\SRO\HWK\OHQH>@

$GVRUSWLRQLVRWKHUPVRI&X ,, RQDJHGSRO
\HWK\OHQHPLFURSODVWLFV7KHHIIHFWRI&X ,, FRQ
FHQWUDWLRQ RQ WKH DGVRUSWLRQ FDSDFLWLHV RI SRO\HWK
\OHQHPLFURSODVWLFVZLWKGLIIHUHQWDJHGWUHDWPHQWLV
OLVWHGLQ)LJXUH7KHUHVXOWGHPRQVWUDWHGZLWKWKH
LQFUHDVHRI&X ,, FRQFHQWUDWLRQWKHHTXLOLEULXPDG
VRUSWLRQFDSDFLW\RI&X ,, RQWRIRXUNLQGVSRO\HWK
\OHQHPLFURSODVWLFVDOOLQFUHDVHGEXWWKHVORSHRIWKH
FXUYHJUDGXDOO\GHFUHDVHGDQGWHQGVWREHVWDEOHLQ
GLFDWLQJWKDWWKHKLJKHUWKHFRQFHQWUDWLRQRI&X ,, 
LRQZDVWKHOHVVLQIOXHQFHLWKDVRQWKHDGVRUSWLRQ
HIIHFW7KHUHVXOWVZHUHFRQVLVWHQWZLWK:DQJHWDO
 ZKRIRXQGWKDWXQGHUWKHFRQGLWLRQRIVLQJOH
SROOXWDQW ZLWK WKH LQFUHDVH RI SROOXWDQW FRQFHQWUD
WLRQWKHDGVRUSWLRQDPRXQWRIPLFURSODVWLFILUVWLQ
FUHDVHGDQGWKHQWHQGHGWREHVWDEOH>@
7R LQYHVWLJDWH WKH DGVRUSWLRQ PHFKDQLVP RI
&X ,, E\SRO\HWK\OHQHPLFURSODVWLFVZLWKGLIIHUHQW
WLPH/DQJPXLUDQG)UHXQGOLFKPRGHOVZHUHDSSOLHG
WRVLPXODWHDQGDQDO\]HWKHH[SHULPHQWDOGDWD7KH

),*85(
/DQJPXLUDQG)UHXQGOLFKDGVRUSWLRQLVRWKHUPVRI&X ,, E\DJHGSRO\HWK\OHQHPLFURSODVWLFV
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)UHXQGOLFKPRGHO
/DQJPXLUPRGHO
./
4 P


.
I
5
Q
5
/PJ 
PJJ 
 PJQ/Q 






























7KHH[WHQWRIWKHDGVRUSWLRQDQGWKHGHJUHHRI
QRQOLQHDULW\FDQEHUHIOHFWHGE\WKHQYDOXHRIWKH
)UHXQGOLFKLVRWKHUPPRGHO,QWKLVVWXG\WKHILWWLQJ
SDUDPHWHUQYDOXHVXQGHU&.//DQG/
WUHDWPHQWVZHUHDQGUH
VSHFWLYHO\DOORIZKLFKZHUHOHVVWKDQZKLFKLQ
GLFDWHV WKDW WKH DGVRUSWLRQ SURFHVV RI SRO\HWK\OHQH
PLFURSODVWLFV RQ &X ,,  ZDV HDV\ WR SHUIRUP 7KLV
PD\EHGXHWRWKHEDVLFFKDUDFWHULVWLFVRIPLFURSODV
WLFVVXFKDVKLJKVSHFLILFVXUIDFHDUHDVPDOOYROXPH
DQGVWDEOHVWUXFWXUH>@0RUHRYHUWKHQYDOXHGH
FUHDVHGZLWKLQFUHDVHRIDJLQJWLPHZKLFKLQGLFDWHG
WKDWWKH&X ,, DGVRUSWLRQE\DJHGSRO\HWK\OHQHPL
FURSODVWLFV ZDV QRQOLQHDU DQG EHORQJ WR PXOWLOD\HU
DGVRUSWLRQ>@


&21&/86,21

,QWKLVVWXG\WKHHIIHFWRIDJLQJRQDGVRUSWLRQ
EHKDYLRU RI SRO\HWK\OHQH PLFURSODVWLFV IRU &X ,, 
ZDVLQYHVWLJDWHG7KHUHVXOWVKRZHGWKDWWKHDGVRUS
WLRQRI&X ,, RQWRDJHGSRO\HWK\OHQHPLFURSODVWLFV
ZDVLQIOXHQFHGE\DGVRUEHQWGRVHDQGFRQWDFWWLPH
7KHDGVRUSWLRQNLQHWLFVPRGHOLQGLFDWHGWKDWWKHDG
VRUSWLRQSURFHVVILWWHGZHOOWRWKHSVHXGRVHFRQGRU
GHU NLQHWLF PRGHO 0RUHRYHU WKH DGVRUSWLRQ LVR
WKHUPPRGHOUHYHDOHGWKDWWKHVRUSWLRQEHKDYLRUZDV
EHVW GHVFULEHG E\ ERWK /DQJPXLU DQG )UHXQGOLFK
PRGHOV VXJJHVWLQJ WKDW WKH &X ,,  DGVRUSWLRQ RQWR
DJHG SRO\HWK\OHQH PLFURSODVWLFV ZDV JRYHUQHG E\
SK\VLVRUSWLRQDVZHOODVFKHPLVRUSWLRQPHFKDQLVPV
)XUWKHUPRUH WKH PD[LPXP DGVRUSWLRQ FDSDFLW\ RI
SRO\HWK\OHQHPLFURSODVWLFVXQGHUWKHIRXUWUHDWPHQWV
DV IROORZV / !/ ! / ! &. LPSO\LQJ WKDW
DJLQJRIPLFURSODVWLFVZRXOGHQKDQFHWKHLUDGVRUS
WLRQFDSDFLW\IRUKHDY\PHWDOV


$&.12:/('*(0(176

7KLV ZRUN ZDV IRXQGHG E\ 4LQJGDR $JULFXO
WXUDO8QLYHUVLW\8QLYHUVLW\OHYHO3URMHFW  ˈ
$RVKDQ 6FLHQFH DQG 7HFKQRORJ\ ,QQRYDWLRQ 3UR
JUDPRI4LQJGDR1DWLRQDO/DERUDWRU\RI0DULQH6FL
HQFHDQG7HFKQRORJ\ $6.- 






5()(5(1&(6

>@ :DQJ )/ /LX < /LDQJ % /LX - =RQJ
+< *XR ;+ :DQJ ;; 6RQJ 11
 9DULDWLRQVLQVRLODJJUHJDWHGLVWULEXWLRQ
DQGDVVRFLDWHGRUJDQLFFDUERQDQGQLWURJHQIUDF
WLRQVLQORQJWHUPFRQWLQXRXVYHJHWDEOHURWDWLRQ
VRLO E\ QLWURJHQ IHUWLOL]DWLRQ DQG SODVWLF ILOP
PXOFKLQJ 6FLHQFH RI WKH 7RWDO (QYLURQPHQW

>@ :DQJ;5:DQJ.5 /L <&:DQJ %
/LX-:DQJ)/=RQJ+</L6-6RQJ
11   $QDO\VLV RQ SROOXWLRQVLWXDWLRQ RI
PXOFKILOPUHVLGXDOLQIDUPODQGVRLOVLQTLQJGDR
FLW\)UHVHQ(QYLURQ%XOO
>@ &HVD)67XUUD$%DUXTXH5DPRV-  
6\QWKHWLF ILEHUV DV PLFURSODVWLFV LQ WKH PDULQH
HQYLURQPHQW$UHYLHZIURPWH[WLOHSHUVSHFWLYH
ZLWKDIRFXVRQGRPHVWLFZDVKLQJV6FLHQFHRI
WKH7RWDO(QYLURQPHQW  
>@ :DQJ )/ :DQJ ;; 6RQJ 11  
3RO\HWK\OHQH PLFURSODVWLFV LQFUHDVH FDGPLXP
XSWDNHLQOHWWXFH Lactuca sativa/ E\DOWHULQJ
WKHVRLOPLFURHQYLURQPHQW6FLHQFHRIWKH7RWDO
(QYLURQPHQW
>@ /LX - =RQJ +<   3K\VLRORJLFDO UH
VSRQVHV RI IRXU SHDQXW FXOWLYDUV WR FDGPLXP
VWUHVV)UHVHQ(QYLURQ%XOO
>@ /LX-=RQJ+<  'LIIHUHQWUHVSRQVHWR
FDGPLXPVWUHVVDPRQJSHDQXWFXOWLYDUV)UHVHQ
(QYLURQ%XOO
>@ 6RQJ11:DQJ-&-LD&=:DQJ)/
:DQJ;;  %LRFKDUDQG%DFLOOXVDP\
OROLTXHIDFLHQV 16 FDQ LQFUHDVH ELRPDVV DQG
UHGXFH FDGPLXP DFFXPXODWLRQ RI SDNFKRL H[
SODLQHGE\FKDQJHVRIFDGPLXPDYDLODELOLW\PL
FURELDO ELRPDVV DQG FRPPXQLW\ LQ WKH UKL]R
VSKHUHVRLO)UHVHQ(QYLURQ%XOO
>@ 6RQJ 11 -LD &= :DQJ -& =KHQJ '
:DQJ;;:DQJ)/  7KHGHFUHDVHRI
KHDY\PHWDODFFXPXODWLRQLQZKHDWWKHLPSDFW
RIELRFKDURQVRLOKXPXVFRPSRVLWLRQDQGFDG
PLXPELRDYDLODELOLW\)UHVHQ(QYLURQ%XOO

>@ +RGVRQ0('XIIXV+RGVRQ&$&ODUN$
3UHQGHUJDVW0LOOHU 07 7KRUSH ./  
3ODVWLFEDJGHULYHGPLFURSODVWLFVDVDYHFWRUIRU
PHWDOH[SRVXUHLQWHUUHVWULDOLQYHUWHEUDWHV(QYL
URQPHQWDO 6FLHQFH DQG 7HFKQRORJ\   
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>@:DQJ)/:DQJ;;6RQJ11  %L
RFKDUDQGYHUPLFRPSRVWLPSURYHWKHVRLOSURS
HUWLHV DQG WKH \LHOG DQG TXDOLW\ RI FXFXPEHU
Cucumis sativus/ JURZQLQSODVWLFVKHGVRLO
FRQWLQXRXVO\FURSSHGIRUGLIIHUHQW\HDUV$JUL
FXOWXUH (FRV\VWHPV  (QYLURQPHQW 

>@7KRUVWHQ+:HQLJHU$.+RIPDQQ7  
6RUSWLRQ RI RUJDQLF FRPSRXQGV E\ DJHG SRO\
VW\UHQH PLFURSODVWLF SDUWLFOHV (QYLURQPHQWDO
3ROOXWLRQ
>@=KRX=46XQ<5:DQJ<<<X)-LH
0   $GVRUSWLRQ EHKDYLRU RI &X ,,  DQG
&U 9,  RQ DJHG PLFURSODVWLFV LQ DQWLELRWLFV
KHDY\PHWDOVFRH[LVWLQJV\VWHP&KHPRVSKHUH

>@/DQJ 0) <X ;4 /LX -+ ;LD 7-
:DQJ7&-LD+=*XR;7  )HQWRQ
DJLQJ VLJQLILFDQWO\ DIIHFWV WKH KHDY\ PHWDO DG
VRUSWLRQ FDSDFLW\ RI SRO\VW\UHQH PLFURSODVWLFV
6FLHQFH RI 7KH 7RWDO (QYLURQPHQW 

>@/LX 3 /X . /L -/ :X ;: 4LDQ /
:DQJ0-*DR6;  (IIHFWRIDJLQJRQ
DGVRUSWLRQ EHKDYLRU RI SRO\VW\UHQH PLFURSODV
WLFVIRUSKDUPDFHXWLFDOVDGVRUSWLRQPHFKDQLVP
DQGUROHRIDJLQJLQWHUPHGLDWHV-RXUQDORI+D]
DUGRXV0DWHULDOV
>@+R1+(1RW&  6HOHFWLYHDFFXPXOD
WLRQRISODVWLFGHEULVDWWKHEUHDNLQJZDYHDUHD
RI FRDVWDO ZDWHUV (QYLURQPHQWDO 3ROOXWLRQ
  
>@/LX*==KX=/<DQJ<;6XQ<5<X
)0D-  6RUSWLRQEHKDYLRUDQGPHFKD
QLVPRIK\GURSKLOLFRUJDQLFFKHPLFDOVWRYLUJLQ
DQG DJHG PLFURSODVWLFV LQ IUHVKZDWHU DQG VHD
ZDWHU(QYLURQPHQWDO3ROOXWLRQ  
>@&KH *- /L 6-   $GVRUSWLRQ LVRWKHUP
PRGHOV NLQHWLFV VWXG\ DQG WKHUPRG\QDPLF SD
UDPHWHUV RI +J ,,  DGVRUSWLRQ E\ ELRFKDU SUH
SDUHG DW GLIIHUHQW S\URO\VLV WHPSHUDWXUHV
)UHVHQ(QYLURQ%XOO
>@:DQJ &0 /L 6-   &KDUDFWHUL]DWLRQ
DQG PRGHOOLQJ RI FDGPLXP DGVRUSWLRQ RI ELR
FKDU HIIHFW RI S\URO\VLV WHPSHUDWXUH )UHVHQ
(QYLURQ%XOO
>@:DQJ4-=KDQJ<:DQJMLQ;;:DQJ
</ 0HQJ*+ &KHQ<+   7KH DG
VRUSWLRQEHKDYLRURIPHWDOVLQDTXHRXVVROXWLRQ
E\PLFURSODVWLFVHIIHFWHGE\89UDGLDWLRQ-RXU
QDORI(QYLURQPHQWDO6FLHQFHV  
>@0DR 5) /DQJ 0) <X ;4 :X 55
<DQJ ;0 *XR ;7   $JLQJ PHFKD
QLVP RI PLFURSODVWLFV ZLWK 89 LUUDGLDWLRQ DQG
LWV HIIHFWV RQ WKH DGVRUSWLRQ RI KHDY\ PHWDOV
-RXUQDORI+D]DUGRXV0DWHULDOV
>@*XR ;7 3DQJ -( &KHQ 6< -LD +$
 6RUSWLRQSURSHUWLHVRIW\ORVLQRQIRXUGLI
IHUHQW PLFURSODVWLFV &KHPRVSKHUH  




>@7DQJ6/LQ/-:DQJ;6<X$46XQ
;   ,QWHUIDFLDO LQWHUDFWLRQV EHWZHHQ FRO
OHFWHG Q\ORQ PLFURSODVWLFV DQG WKUHH GLYDOHQW
PHWDOLRQV &X ,, 1L ,, =Q ,, LQDTXHRXVVR
OXWLRQV -RXUQDO RI +D]DUGRXV 0DWHULDOV 

>@=KDQJ+%:DQJ-4=KRX%<=KRX<
'DL =) =KRX 4 &KULHVWLH 3 /XR <0
 (QKDQFHGDGVRUSWLRQRIR[\WHWUDF\FOLQH
WRZHDWKHUHGPLFURSODVWLFSRO\VW\UHQH.LQHWLFV
LVRWKHUPVDQGLQIOXHQFLQJIDFWRUV(QYLURQPHQ
WDO3ROOXWLRQ  
>@:DQJ ;; =KDQJ 5; /L =< <DQ %
  $GVRUSWLRQ SURSHUWLHV DQG LQIOXHQFLQJ
IDFWRUV RI &X ,,  RQ SRO\VW\UHQH DQG SRO\HWK
\OHQH WHUHSKWKDODWH PLFURSODVWLFV LQ VHDZDWHU
6FLHQFH RI 7KH 7RWDO (QYLURQPHQW 

>@:DQJ4-=KDQJ<:DQJ<:DQJ</
0HQJ*+&KHQ<+  7KHDGVRUSWLRQ
EHKDYLRU RI PHWDOV LQ DTXHRXV VROXWLRQ E\ PL
FURSODVWLFVHIIHFWHGE\89UDGLDWLRQ-RXUQDORI
(QYLURQPHQWDO6FLHQFHV
>@6RQJ11%LDQ-//L-%/LX-:DQJ
%+DQ;-  5ROHDQGPXOWLVFDOHFKDU
DFWHULVWLFV RI JUDSKHQH PRGLILHG ELRFKDU LQ
GXFHGSLJPDQXUHDHURELFFRPSRVWLQJ)UHVHQ
(QYLURQ%XOO
>@:X;:/LX3+XDQJ+<*DR6;  
$GVRUSWLRQRIWULFORVDQRQWRGLIIHUHQWDJHGSRO
\SURS\OHQHPLFURSODVWLFV&ULWLFDOHIIHFWRIFDW
LRQV6FLHQFHRI7KH7RWDO(QYLURQPHQW  






5HFHLYHG

$FFHSWHG



&255(6321',1*$87+25

:HQER/L
1HWZRUN,QIRUPDWLRQ0DQDJHPHQW'LYLVLRQ
4LQJGDR$JULFXOWXUDO8QLYHUVLW\
4LQJGDR±&KLQD
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4XQ&KHQJ&HQ&KHQ 4LGRQJ<RX0LQ-LD3LQJ&KHQJ+XL/LX


-LQ)HQJ/DERUDWRU\&KRQJTLQJ&KLQD
&KRQJTLQJ8QLYHUVLW\RI6FLHQFHDQG7HFKQRORJ\&KRQJTLQJ&KLQD

&KRQJTLQJ8QFRQYHQWLRQDO2LODQG*DV'HYHORSPHQW5HVHDUFK,QVWLWXWH&KRQJTLQJ&KLQD

-LDQJVX2LOILHOG&RPSDQ\6,123(&<DQJ]KRX&KLQD

&KHQJGX1RUWK3HWUROHXP([SORUDWLRQDQG'HYHORSPHQW7HFKQRORJ\&RPSDQ\/LPLWHG&KHQJGX&KLQD




$%675$&7

6KDOH RLO DQG JDV SOD\V DQ LQFUHDVLQJO\ LP
SRUWDQWUROHLQXQFRQYHQWLRQDOHQHUJ\7KHVHGLPHQ
WDU\ FKDUDFWHULVWLFV RI ILQHJUDLQHG VHGLPHQWV DUH
FORVHO\UHODWHGWRWKHHQULFKPHQWRIVKDOHRLODQGJDV
2UJDQLFULFKVKDOHLVZHOOGHYHORSHGLQWKH&HQR]RLF
FRQWLQHQWDOODFXVWULQHEDVLQRI-LQKX6DJ6XEHL%D
VLQ7DNLQJWKH(IPHPEHUGHYHORSHGLQ3DOHRFHQH
DVDQH[DPSOHWKHVKDOHGHYHORSHGZLWKODUJHWKLFN
QHVVDQGZLGHDUHDKDVKLJKH[SORUDWLRQYDOXH)LQH
JUDLQHGVKDOHRLOVHGLPHQWLVDKRWUHVHDUFKWRSLFLQ
WKHZRUOG)LQHJUDLQHGVHGLPHQWLVDQLPSRUWDQWPD
WHULDOEDVLVIRUVKDOHRLOVRXUFHDQGDQLPSRUWDQWFDU
ULHUIRUVKDOHRLODFFXPXODWLRQ%\PHDQVRIFRUHRE
VHUYDWLRQWUDFHHOHPHQWPHDVXUHPHQWDQGJHRFKHP
LFDOLQGH[DQDO\VLVDQGWHVWLQJWKLVSDSHUV\VWHPDWL
FDOO\ DQDO\]HV WKH FKDUDFWHULVWLFV RI VHGLPHQWV DQG
VHGLPHQWDU\HQYLURQPHQWLQWKHVWXG\DUHDDQGWKHLU
FRQWUROOLQJ HIIHFWV RQ VKDOH RLO DQG JDV ,W LV FRQ
FOXGHGWKDWWKHVHGLPHQWDU\SHULRGRI(IPHPEHU
EHORQJVWRWKHHQYLURQPHQWRIVHPLGU\KHDWWRGU\
KHDW DQG WKH ZDWHU VDOLQLW\ LV IURP VHPLEUDFNLVK
ZDWHUWRVDOWZDWHU7KHPDLQRULJLQRIFOD\PLQHUDOV
LV FKHPLFDO GHSRVLWLRQ 6LOW\ PDWHULDO LV PHFKDQL
FDOO\SUHFLSLWDWHG2UJDQLFPDWWHULVWKHUHVXOWRIEL
RORJLFDO RU ELRFKHPLFDO FKHPLFDO DQG PHFKDQLFDO
GHSRVLWLRQ7KHFDUERQDWHPLQHUDOVDUHPDLQO\SUH
FLSLWDWHG E\ FKHPLFDO DQG ELRFKHPLFDO SURFHVVHV
DQG DOO NLQGV RI ILQH JUDLQHG VHGLPHQWV EHORQJ WR
GHOWD IURQW SURGHOWD VKDOORZ ODNH DQG GHHS ODNH
VHPLGHHSODNHVXEIDFLHV7KHVHFRQGVWHSLVWRHYDO
XDWH VRXUFH URFNV EDVHG RQ 72& GHWHFWLRQ RI FRUH
VDPSOHVFKORURIRUPDVSKDOW$GHWHFWLRQDQGURFN
S\URO\VLV LQGH[ DQDO\VLV &RPELQHG ZLWK WKH VKDOH
RLOSURGXFWLRQGDWDLWLVFRQFOXGHGWKDWWKHIDYRUDEOH
VKDOHRLOOLWKRIDFLHVFRPELQDWLRQLVWKHVKDOHVHJPHQW
FRQWDLQLQJ VLOW\ DQG OLP\ PDWWHU )LQDOO\ LW LV FRQ
FOXGHGWKDWWKHQH[WSULRULW\VKDOHRLOH[SORUDWLRQDU
HDV LQ -LQKXVDJ VKRXOG IRFXV RQ WKH VXEVDJ RI WKH
ZHVWHUQVORSHEHOWRIWKHSODQHDQGWKH(IDQG(I
VXEPHPEHUV RI WKH XSSHU (I PHPEHU ORQJLWXGL
QDOO\7KHVHUHVHDUFKUHVXOWVSRLQWRXWWKHGLUHFWLRQ

IRUWKHQH[WNH\VKDOHRLOH[SORUDWLRQILHOGLQ-LQKX
'HSUHVVLRQ DQG FDQ DOVR SURYLGH UHIHUHQFH IRU WKH
VKDOHRLOH[SORUDWLRQLQRWKHUFRQWLQHQWDOODFXVWULQH
EDVLQVLQWKHZRUOG


.(<:25'6
)LQHJUDLQHGVHGLPHQWVKDOHRLOVHGLPHQWDU\FKDUDFWHULV
WLFVVRXUFHURFNTXDOLW\OLWKRIDFLHVFRPELQDWLRQ



,1752'8&7,21

)LQHJUDLQHG VHGLPHQWDU\ URFNV SOD\ DQ LP
SRUWDQWUROHLQVHGLPHQWDU\HYROXWLRQDFFRXQWLQJIRU
DERXWWZRWKLUGVRIWKHWRWDOVHGLPHQWDU\URFNV>@
7KH\ DUH ULFK LQ RUJDQLF PDWWHU DQG DUH LPSRUWDQW
VRXUFH URFNV VKDOH RLO DQG JDV UHVHUYRLUV DQG FDS
URFNVRIFRQYHQWLRQDOUHVHUYRLUV,QHDUO\VWXGLHVDW
KRPHDQGDEURDGILQHJUDLQHGVHGLPHQWVZHUHRQFH
HTXDWHGZLWKDUJLOODFHRXVVHGLPHQWVEXWODWHUVRPH
VFKRODUVEHOLHYHGWKDWWKHVWUXFWXUHDQGPLQHUDOFRP
SRVLWLRQ RI ILQHJUDLQHG VHGLPHQWV ZHUH YHU\ FRP
SOH[ DQG FRXOG QRW EH OLPLWHG WR DUJLOODFHRXV VHGL
PHQWV0RUHRYHUGXHWRWKHVPDOOSDUWLFOHVL]HDQG
WKHGLIILFXOW\RIXOWUDPLFURVFRSLFGHWHFWLRQH[SHUL
PHQWV >@ WKH GHEDWH RQ ILQHJUDLQHG VHGLPHQWDU\
URFNVKDVQHYHUVWRSSHG
:KHQWKHFRQFHSWRIILQHJUDLQHGVHGLPHQWDU\
URFN ZDV SXW IRUZDUG WKHUH ZDV D FHUWDLQ FRQWUR
YHUV\RYHUZKHWKHUWKHVLOW\SDUWLFOHVEHORQJWRWKH
FDWHJRU\ RI ILQHJUDLQHG VHGLPHQWDU\ URFN 6RPH
IRUHLJQVFKRODUVSXWWKHVLOW\SDUWLFOHVLQWRWKHFDWH
JRU\RIILQHJUDLQHGVHGLPHQWDU\URFNEDVHGRQWKH
GLVSHUVLRQPHFKDQLVPDQGVHWWOHPHQWVWDWHRISDUWL
FOHV LQ ZDWHU ERGLHV DQG VHW WKH ORZHU OLPLW DV
PP2QWKHRWKHUKDQGEDVHGRQWKHPLFURVFRSLF
FKDUDFWHULVWLFVDQGYROXPHZHLJKWSHUFHQWDJHRIGLI
IHUHQWPLQHUDOVLQURFNVEHOLHYHGWKDWRQO\PXGSDU
WLFOHVZLWKDSDUWLFOHVL]HOHVVWKDQPPFRXOG
SDUWLFLSDWHLQWKHIRUPDWLRQRIILQHJUDLQHGVHGLPHQ
WDU\URFNV>@
$W SUHVHQW WKH GRPHVWLF DQG IRUHLJQ VFKRODUV
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(IPHPEHULQ-LQKX6DJ6XEHL%DVLQZHUHVWXGLHG
7KH URFN DQG PLQHUDO FKDUDFWHULVWLFV RI VHGLPHQWV
IRUPHGLQGLIIHUHQWVWDJHVRI(IPHPEHUZHUHDQD
O\]HGE\FRUHREVHUYDWLRQWKLQVHFWLRQLGHQWLILFDWLRQ
;UD\ GLIIUDFWLRQ ZKROHURFN PLQHUDO DQDO\VLV DQG
RWKHU WHFKQLTXHV )XUWKHUPRUH WKH DFFXPXODWLRQ
FRQGLWLRQVRI(IPHPEHUVKDOHRLODUHIXUWKHUVWXG
LHGDQGILQDOO\WKHOLWKRIDFLHVFRPELQDWLRQVZKLFK
DUHIDYRUDEOHWRKLJK\LHOGRIVKDOHRLODUHVXPPD
UL]HG7KLVVWXG\KDVJXLGLQJVLJQLILFDQFHIRUVKDOH
RLOH[SORUDWLRQLQ)XQLQJIRUPDWLRQ-LQKX6DJ


0$7(5,$/6

*HRORJLFDOVHWWLQJV7KH-LQKX6DJWKHVWXG\
DUHDRIWKLVVWXG\LVORFDWHGLQWKHZHVWRI'RQJWDL
GHSUHVVLRQ>@7KHPDLQERG\RIWKHVDJLVOR
FDWHGLQ+XDLDQ&LW\-LDQJVX3URYLQFHFRYHULQJDQ
DUHDRIDERXWNP7KH-LQKXGHSUHVVLRQLVVXU
URXQGHG E\ VRPH VZHOOV WKH =KDQJEDOLQJ VZHOO LQ
WKHZHVWWKH/LXSXVZHOOLQWKHHDVWWKH7LDQFKDQJ
VZHOO DQG /LQJWDQJTLDR VZHOO LQ WKH VRXWKDQG WKH
-LDQKXXSOLIWLQWKHQRUWK )LJXUH 
$FFRUGLQJWRWKHGULOOLQJGDWDLQWKHVDJWKH&H
QR]RLFVWUDWDDUHPDLQO\GHYHORSHGLQWKLVDUHDLQ
FOXGLQJ1HRJHQH<DQFKHQJIRUPDWLRQ 1\ 3DOHR
JHQH 6DQGLDR IRUPDWLRQ (V  'DLQDQ IRUPDWLRQ
(G  3DOHRJHQH )XQLQJ IRUPDWLRQ (I  DQG &UHWD
FHRXV7DL]KRXIRUPDWLRQ>@IURPWRSWRERWWRP
0RVWRIWKHZHOOVLQWKH(IPHPEHURI3DOHRJHQH
)XQLQJ IRUPDWLRQ KDYH QRW EHHQ GULOOHG 7KHUH DUH
PRUHWKDQK\GURFDUERQVKRZVLQ(IVKDOHIRU
PDWLRQVLQ-LQKXVDJZLWKZHOOVVXFFHVVIXOO\WHVWHG
DQGZHOOVSURGXFLQJPRUHWKDQWRIRLO$EXQ
GDQWK\GURFDUERQVKRZVDQGRLOWHVWUHVXOWVFRQILUP
WKDW(IPHPEHULQ-LQKXVDJKDYHWKHFRQGLWLRQVWR
IRUPDQGDFFXPXODWHVKDOHRLO

RQ WKH FRQFHSW RI ILQHJUDLQHG VHGLPHQWDU\ URFNV
KDYHUHDFKHGDFRQVHQVXV-LDQJDWWKHWKQDWLRQDO
VHGLPHQWRORJ\ FRQIHUHQFH LQ  SRLQWV RXW WKDW
ZLOOEHXVHGE\SDUWLFOHVL]HLVOHVVWKDQȝPRI
FOD\DQGVLOW\FOD\PLQHUDOVFRQWHQWWHUULJHQRXVFODV
WLFDQGFDUERQDWHRUJDQLFPDWWHUVXFKDVGLIIHUHQW
W\SHVRIVHGLPHQWSDUWLFOHVDQGWKHFRQWHQWLVPRUH
WKDQRIWKHURFNFDOOHGILQHJUDLQHGVHGLPHQWDU\
URFNV>@+RZHYHULWLVQRWGLIILFXOWWRVHHWKDWWKH
FRQFHSWRIILQHJUDLQHGVHGLPHQWDU\URFNVFRYHUVQRW
RQO\ WKH WZR GLVWLQFW JUDLQ VL]HV RI PXGVWRQH DQG
VLOWLWHEXWDOVRWKHFODVVLILFDWLRQRIURFNVZLWKFDU
ERQDWH PDJPDWLF URFN DQG RWKHU VSHFLDO FRPSRVL
WLRQV :LWK WKH WUDQVIRUPDWLRQ DQG GHYHORSPHQW RI
JOREDOHQHUJ\XQFRQYHQWLRQDOWLJKWRLODQGVKDOHRLO
ZLOO EHFRPH QHZ JURZWK SRLQWV DQG GRPLQDWH WKH
VWUDWHJLFUHSODFHPHQWILHOGVRIRLODQGJDVLQWKHIX
WXUH>@6LQFHWKHEUHDNWKURXJKLQWKHH[SORUDWLRQ
DQGGHYHORSPHQWRI0DULQHVKDOHJDVLQ6LFKXDQ%D
VLQJHRORJLVWVKDYHWXUQHGWKHLUDWWHQWLRQWRWKHFRQ
WLQHQWDO ODFXVWULQH UHJLRQ LQ HDVWHUQ &KLQD >@
DQGGLVFRYHUHGVHYHUDOVHWVRIVL]HDEOHILQHJUDLQHG
VHGLPHQWDU\VKDOHRLOGLVWULEXWLRQLQ6RQJOLDR%RKDL
%D\ 6XEHL DQG RWKHU VHGLPHQWDU\ EDVLQV VXFFHV
VLYHO\+RZHYHULQWKHSURFHVVRIVKDOHRLOGHYHORS
PHQWLWLVIRXQGWKDWWKHVKDOHRLOSURGXFWLRQLQWKH
VDPHVKDOHDUHDKDVGLIIHUHQW]RQDWLRQDQGGLIIHUHQFH
LQSODQHRUORQJLWXGLQDOGLUHFWLRQ,QWKHDQDO\VLVRI
VKDOH RLO KRUL]RQWDO ZHOOV LQ FRQWLQHQWDO ODFXVWULQH
EDVLQVLQHDVWHUQ&KLQDLWLVIRXQGWKDWWKHUHDUHRE
YLRXVGLIIHUHQFHVLQOLWKRORJ\DQGPLQHUDOFRPSRVL
WLRQRIILQHJUDLQHGURFNVLQWKHH[WHQVLRQGLUHFWLRQ
RIKRUL]RQWDOZHOOV >@ 7KLV UHIOHFWV WKHKLJKIUH
TXHQF\ FKDQJH RI VHGLPHQWDU\ HQYLURQPHQW GXULQJ
WKHGHSRVLWLRQRIILQHJUDLQHGURFN,QDGGLWLRQWKH
PL[HGGHSRVLWLRQRIYDULRXVILQHJUDLQHGPDWHULDOVLQ
GLIIHUHQW VHGLPHQWDU\ HQYLURQPHQWV OHDGV WR FRP
SOH[URFNDQGPLQHUDOFKDUDFWHULVWLFV>@
,Q WKLV VWXG\ WKH ILQHJUDLQHG VHGLPHQWDU\ RI


),*85(
7HFWRQLFSRVLWLRQRI-LQKX6DJ
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VLWLRQ:LWKWKHLQWUXVLRQRIVHDZDWHUWKHVXQNHQZD
WHUGHHSHQHGDQGWKHJUDLQVL]HRIWKHVHGLPHQWVLV
ILQH 7KH ILQHJUDLQHG VHGLPHQWV DUH FKDUDFWHUL]HG
E\ WKH PL[HG DFFXPXODWLRQ RI WHUULJHQRXV FODVWLF
URFNVDQGFDUERQDWHURFNVDQGDUHPDLQO\FRPSRVHG
RIVKDOORZODFXVWULQHWRVHPLGHHSODFXVWULQHVXEID
FLHV LQFOXGLQJ GDUN DUJLOODFHRXV VKDOH VLOWVWRQH
OLP\ GRORPLWH DQG ROLWLF OLPHVWRQH $PRQJ WKHP
GDUNVKDOHLVWKHPDWHULDOVRXUFHRIVKDOHRLO$FFRUG
LQJWRWKHGHSRVLWLRQDOF\FOHRIWKH(I0HPEHULW
FDQ EH GLYLGHG LQWR ILYH VXEPHPEHU (I a (I
IURPERWWRPWRWRS)URPWKHDQDO\VLVUHVXOWVRIWUDFH
HOHPHQWV IURP HDUO\ (I WR ODWH (I GHSRVLWLRQ
WUDFHHOHPHQW6U&XUHIOHFWVWKHFKDQJHRIVHGLPHQ
WDU\HQYLURQPHQWIURPVHPLGU\KHDWWRGU\KHDWWR
WHPSHUDWXUHDQGKXPLGLW\ )LJXUHD DQG6U%DUH
IOHFWVWKHFKDQJHRIVHGLPHQWDU\HQYLURQPHQWIURP
EUDFNLVK ZDWHU WR VDOW ZDWHU )LJXUH E  9&U UH
IOHFWVWKHFKDQJHRIVHGLPHQWDU\HQYLURQPHQWIURP
UHGXFHG WR VWURQJO\ UHGXFHG HQYLURQPHQW )LJXUH
F  2UJDQLFULFK VKDOH ZDV IRUPHG QHDU WKH PD[L
PXP ODNH IORRGLQJ VXUIDFH RI WKH WUDQVLWLRQ IURP
VWURQJO\UHGXFHGDQGVDOWZDWHUHQYLURQPHQWWRR[L
GL]HG ZDUPZHW DQG QRUPDO IUHVKZDWHU HQYLURQ
PHQW 7KHUHIRUH WKH FRQGLWLRQV IRU K\GURFDUERQ
JHQHUDWLRQDUHPRVWIDYRUDEOHLQWKHGU\KRWUHGXF
WLYH DQG VDOW ZDWHU HQYLURQPHQW RI (I DQG (I
GHSRVLWLRQSHULRGV


0HWKRGV 7KURXJK GDWD FROOHFWLRQ OLWHUDWXUH
UHYLHZDQGSUHYLRXVUHVHDUFKUHVXOWVWKHREMHFWLYHV
RIWKLVVWXG\DUHGHWHUPLQHGDQGUHVHDUFKLGHDVDQG
PHWKRGVDUHIRUPXODWHG7KHPLQHUDOW\SHVDQGURFN
FKDUDFWHULVWLFV RI ILQHJUDLQHG VHGLPHQWDU\ URFNV
ZHUHGHWHUPLQHGEDVHGRQWKHREVHUYDWLRQUHVXOWVRI
FRUHVWKLQVHFWLRQVDQGHOHFWURQPLFURVFRS\ZKROH
URFN ;UD\ GLIIUDFWLRQ DQDO\VLV DQG RUJDQLF FDUERQ
WHVWDQDO\VLV7KHPLQHUDORULJLQDQGJHQHVLVDUHGLV
FXVVHG EDVHG RQ WKH HQYLURQPHQWDO SDUDPHWHUV RE
WDLQHGIURPWKHDQDO\VLVRIRUJDQLFDQGLQRUJDQLFHO
HPHQWV 2Q WKH EDVLV RI PDWHULDO DQDO\VLV 72&
FKORURIRUP ELWXPHQ $ URFN S\URO\VLV LQGH[ DQG
5RDQDO\VLVZHUHXVHGWRHYDOXDWHVRXUFHURFNVLQWKH
VWXG\DUHD)LQDOO\WKHW\SHVRIVKDOHRLOOLWKRIDFLHV
FRPELQDWLRQLQWKH(IPHPEHUDUHHYDOXDWHGWRSUR
YLGHUHIHUHQFHIRUVXEVHTXHQWUHVHDUFK


5(68/76

'HSRVLWLRQDO HQYLURQPHQW DQDO\VLV 'XULQJ
WKH VHGLPHQWDU\ SHULRG RI (I 0HPEHU -LQKX 6DJ
ZDVLQWKHHDUO\VWDJHRIIDXOWGHSUHVVLRQZKLFKZDV
WKH GHOWDLF DQG ODFXVWULQH VHGLPHQWDU\ FRQVWUXFWLRQ
VWDJH DQG WKH K\GURG\QDPLF IRUFH ZDV ZHDN 7KH
ZKROHVDJLVLQWKHVWDWHRIXQGHUFRPSHQVDWHGGHSR


),*85(
6KDOHGHSRVLWLRQDOHQYLURQPHQW(I0HPEHU
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),*85(
7KHPDMRUFODVVGLYLVLRQVFKHPDWLFGLDJUDPRIVKDOH





6XEFODVV
/DPHOODUFOD\H\
GRORPLWH
/DPLQDWHGFOD\H\
OLPHVWRQH
7KLQEHGGHGVLOW
VWRQH


7$%/(
7KHFODVVLILFDWLRQRIVKDOHVXEFODVVRISRRULQRUJDQLFPDWWHU
/LP\ 'RORPLWLF 
6LOW\0LQHUDO
&OD\H\0LQHUDO
5HODWLYHDPRXQW
0LQHUDO  








GRORPLWH!FOD\H\!VLOW\







OLP\!FOD\H\!VLOW\







VLOW\!FOD\H\!OLP\ GRO
RPLWLF 

),*85(
0LFURVFRSLFVWUDWLILFDWLRQRI2LOVKDOH



1RWHV D &RQWLQXRXVVWUDWLILFDWLRQ *DR  E 'LVFRQWLQXRXVVWUDWLILFDWLRQ +&P 


5RFN DQG PLQHUDO FKDUDFWHULVWLFV RI VKDOH
7KHWRWDORUJDQLFFDUERQFRQWHQWLQWKHVKDOHZDVFDO
FXODWHGE\WKHDQDO\VLVRIRUJDQLFFDUERQDQGWKHRU
JDQLFPDWWHUYROXPHIUDFWLRQRIVDPSOHVLQWKH
(IPHPEHUZDVGHWHUPLQHGWREHEHWZHHQ
DQGZDVXVHGDVWKHERXQGDU\EHWZHHQRUJDQLF
ULFKVKDOHDQGRUJDQLFSRRUVKDOH )LJXUH RI
WKHVDPSOHVZHUHRUJDQLFSRRUVKDOH>@%HFDXVH
WKHRUJDQLFPDWWHULVPDLQO\VDSURSHOLFRLOVKDOHLV
PDLQO\ GHYHORSHG LQ RUJDQLFULFK VKDOH 7KHUH DUH
WKUHHVHULHVRIFOD\H\FDUERQDWHVLOWVWRQHDQGFOD\H\
VLOWVWRQH LQ RUJDQLFSRRU VKDOH 7DEOH   )LQDOO\
FRQVLGHULQJ SUDFWLFDELOLW\ KLJKOLJKWLQJ GRPLQDQW
FRPSRQHQWV DQG UHWDLQLQJ WUDGLWLRQDO QDPHV WKH
OLWKRIDFLHVRIWKH(IPHPEHUDUHGLYLGHGLQWRIRXU
W\SHVRLOVKDOHODPHOODUFOD\H\GRORPLWHODPLQDWHG
FOD\H\OLPHVWRQHDQGWKLQEHGGHGVLOWVWRQH

2LOVKDOH2LOVKDOHOLWKRIDFLHVLVULFKLQRUJDQLF
PDWWHUZLWKDWRWDORUJDQLFFDUERQFRQWHQWRI

DQGDQDYHUDJHRI$IWHUFRQYHUWLQJWR
YROXPH WKH YROXPH IUDFWLRQ RI RUJDQLF PDWWHU LV
PRUHWKDQ7KHFRQWHQWRIVLOWVWRQHFOD\PLQHU
DOVDQGOLP\ GRORPLWLF PLQHUDOVYDULHVJUHDWO\EXW
WKH OLP\ GRORPLWLF  PLQHUDO FRQWHQW LV WKH ODUJHVW
DFFRXQWLQJIRUDERXW7KHFRQWHQWRIVLOWLV
 ZKLFK LV VOLJKWO\ ODUJHU WKDQ WKDW RI FOD\
PLQHUDOV'XHWRULFKRUJDQLFPDWWHUWKHOLWKRIDFLHV
LVJHQHUDOO\GDUNLQFRORUDQGWKHPLFURVFRSLFVWUDWL
ILFDWLRQLVFRQWLQXRXVRUGLVFRQWLQXRXV )LJXUH 

/DPHOODU FOD\H\ GRORPLWH /DPHOODU FOD\H\
GRORPLWH WKH FRQWHQW RI VLOWVWRQH LV  DQG
OHVV WKDQ WKDW RI FOD\ PLQHUDOV WKH FRQWHQW RI FOD\
PLQHUDOVLVDQGWKHFRQWHQWRIGRORPLWLF
PLQHUDOVLVPRUHWKDQDQGJUHDWHUWKDQWKDW
RIFOD\PLQHUDOV7KHURFNVDUHOLJKWLQFRORUDQGORZ
LQ RUJDQLF PDWWHU FRQWHQW 7KH WKLQ VHFWLRQV DUH
PDLQO\FRPSRVHGRIJUDLQVDQGGLUHFWLRQDOVWUXFWXUHV
)LJXUH 
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),*85(
0LFURVFRSLFVWUXFWXUHRIODPHOODUFOD\H\GRORPLWH



1RWHV D *UDLQVVWUXFWXUH ;P  E 'LUHFWLRQDOVWUXFWXUH 7P 




),*85(
/DPLQDHVWUXFWXUHRIODPLQDWHGFOD\H\OLPHVWRQH +&P 

/DPLQDWHGFOD\H\OLPHVWRQH/DPLQDWHGFOD\
OLPHVWRQHWKHFRQWHQWRIVLOWVWRQHLVDQG
OHVV WKDQ WKDW RI FOD\ PLQHUDOV WKH FRQWHQW RI FOD\
PLQHUDOVLVDQGWKHFRQWHQWRIOLP\ GRO
RPLWLF  PLQHUDOV LV PRUH WKDQ  DQG JUHDWHU
WKDQWKDWRIFOD\PLQHUDOV7KLVW\SHRIOLWKRIDFLHVLV
JHQHUDOO\GDUNLQFRORUDQGLVFRPSRVHGDOWHUQDWHO\
RIGDUNODPLQDHULFKLQRUJDQLFPDWWHUDQGOLJKWODP
LQDH ULFK LQ FDUERQDWH 7KHUHIRUH WKH PLFURVFRSLF


VWUDWLILFDWLRQVW\OHRIURFNVLVODPLQDH )LJXUH 
7KLQEHGGHGVLOWVWRQH7KLQEHGGHGVLOWVWRQH
WKHFRQWHQWRIVLOWLVJUHDWHUWKDQDQGJUHDWHU
WKDQWKHFRQWHQWRIFOD\PLQHUDOVDQGWKHFRQWHQWRI
FOD\ PLQHUDOV LV  DQG WKH FRQWHQW RI OLP\
GRORPLWLF  PLQHUDOV LV  DQG OHVV WKDQ WKH
FRQWHQWRIFOD\PLQHUDOV7KHURFNKDVDKLJKFRQWHQW
RI VLOW DQG LWV PLFURVFRSLF VWUXFWXUH LV EORFN\ DQG
GLUHFWLRQDO )LJXUH 

),*85(
0LFURVFRSLFVWUXFWXUHRIWKLQEHGGHGVLOWVWRQH
1RWHV D %ORFN\VWUXFWXUH )P  E 'LUHFWLRQDOVWUXFWXUH &P 
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IRUPDWLRQ LV GRPLQDWHG E\ JUD\ EODFN PXGVWRQH
ZKLFK LV LQ FRQIRUPLW\ ZLWK WKH XQGHUO\LQJ (I
PHPEHU>@7KHILQHJUDLQHGVHGLPHQWVGHYHORSHG
LQWKHZHVWHUQVORSH]RQHRIWKHVDJDUHPDLQO\LQWHU
EHGGHGZLWKVLOWVWRQHDQGPXGVWRQHDQGWKHFRUUH
VSRQGLQJVHGLPHQWDU\VXEIDFLHVDUHGHOWDIURQWDQG
SUHGHOWDVHGLPHQWDU\VXEIDFLHV,QWKHQRUWKHDVWGL
UHFWLRQRIWKHVDJWKHZDWHUGHHSHQHGDQGWKHVXSSO\
RIWHUUHVWULDOPDWHULDOGHFUHDVHGJUHDWO\,WEHORQJVWR
WKH VKDOORZ ODNH VXEIDFLHV DQG FDUERQDWH SODWIRUP
GHYHORSHG IRUPLQJ ILQHJUDLQHG PL[HG GHSRVLWV RI
OLPHVWRQHPXGVWRQHDQGRUJDQLFPDWWHU>@'HHS
ODFXVWULQHDQGVHPLGHHSODFXVWULQHVXEIDFLHVGHYHO
RSHGLQWKHFHQWHURIWKHVDJIRUPLQJWKHPL[HGGH
SRVLWVRIGDUNVKDOHDQGILQHJUDLQHGRUJDQLFPDWWHU
ZLWKODUJHWKLFNQHVV

6KDOH RLO DFFXPXODWLRQ FRQGLWLRQV  
6RXUFHURFNTXDOLW\$FFRUGLQJWRWKHH[SHULPHQWDO
UHVXOWVRIPRUHWKDQRLOVKDOHVDPSOHVLQWKHUH
VHDUFKDUHDTOCFRQWHQWLVZLWKDQDY
HUDJH RI  PDLQO\ GLVWULEXWHG LQ WKH UDQJH RI
DQGTOCRIRIWKHVDPSOHVLV
 7KH\ ZHUH FRQFHQWUDWHG LQ (I PHDQ
 DQG(I PHDQ 7KHFRQWHQWRIFKOR
URIRUP DVSKDOW A LQ (I VHFWLRQ LV 
 ZLWK DQ DYHUDJH RI   RI
VDPSOH FKORURIRUP DVSKDOW $  7KH\ ZHUH
PDLQO\ GLVWULEXWHG LQ (I PHDQ  
(I PHDQ DQG(I PHDQ +\
GURFDUERQJHQHUDWLRQSRWHQWLDO 66 UDQJHGIURP
PJJ WR PJJ ZLWK DQ DYHUDJH RI 
PJJ  RI WKH VDPSOHV ZHUH
66PJJPDLQO\GLVWULEXWHGLQ(I DYHU
DJH  PJJ  DQG (I DYHUDJH  PJJ 
%DVHGRQWKHDERYHSDUDPHWHUVLWFDQEHVHHQWKDW
(IDQG(ILQ(IPHPEHUKDYHWKHKLJKHVWRU
JDQLF PDWWHU DEXQGDQFH DQG WKH JUHDWHVW K\GURFDU
ERQJHQHUDWLRQSRWHQWLDO7KH\DUHKLJKTXDOLW\K\
GURFDUERQJHQHUDWLRQVKDOHDQGWKHVKDOHRLOIRUPHG
KDV WKH PDWHULDO EDVLV IRU FRPPHUFLDO H[SORLWDWLRQ
>@
7KH FODVVLILFDWLRQ PHWKRG RI RUJDQLF PDWWHU
W\SHLVMXGJHGE\URFNS\URO\VLVSDUDPHWHUK\GURJHQ
LQGH[+,PHWKRG7KHUHODWLRQGLDJUDPEHWZHHQK\
GURJHQLQGH[ +, DQGR[\JHQLQGH[ 2, LQS\URO\
VLVSDUDPHWHUVLVWKHPRVWFRPPRQO\XVHGFODVVLFDO
GLDJUDPWRGHWHUPLQHWKHW\SHRIRUJDQLFPDWWHULQ
VRXUFHURFNV7KHFRUUHODWLRQFKDUWVKRZVWKDWWKHRU

*HQHWLF PHFKDQLVP DQG ILQHJUDLQHG VHGL
PHQWDU\ PRGHO *HQHWLF PHFKDQLVP 'XH WR WKH
GLIIHUHQW VRXUFH VXSSO\ ZDWHU GHSWK VDOLQLW\ WHP
SHUDWXUHDQGRWKHUFRQGLWLRQVILQHJUDLQHGVHGLPHQ
WDU\OLWKRIDFLHVZLWKGLIIHUHQWVWUXFWXUHDQGFRPSRVL
WLRQ ZHUH IRUPHG LQ WKH (I PHPEHU LQ -LQKX 6DJ
>@
&OD\H\PLQHUDOVDUHVPDOOLQVL]HDQGURXJKRQ
WKHVXUIDFHDQGFDQJHQHUDOO\EHVWDEOHLQZDWHUERG
LHVDVFROORLGVDQGWUDQVSRUWHGRYHUORQJGLVWDQFHVE\
WUDFWLRQVWUHDPV+RZHYHUZKHQWKHFRPSRVLWLRQRI
WKHVROXWLRQFKDQJHVWKHHOHFWURPDJQHWLFILHOGRQWKH
VXUIDFHRIFOD\PLQHUDOVLVFKDQJHGDQGWKHPXWXDO
DWWUDFWLRQ FRQGHQVHV LQWR ODUJH SDUWLFOHV XQWLO WKH
VHOIJUDYLW\RYHUFRPHVWKHYLVFRXVUHVLVWDQFHRIZD
WHUDQGWKHVHWWOHPHQWRFFXUV6LOW\PDWHULDOWKDWFDQ
EH PHFKDQLFDOO\ GHSRVLWHG DQG HQULFKHG GLUHFWO\
IURPWUDFWLRQRUJUDYLW\IORZPHGLDXVXDOO\LQODPL
QDURUGHQVHO\GLVSHUVHGIRUP)LQHUPXGVWRQHPD
WHULDOV KDYH VWURQJ DGVRUSWLRQ DQG FDQ DEVRUE FOD\
PLQHUDOVDQGRUJDQLFPDWWHUWRVHWWOHWRJHWKHUEXWWKH
WRWDO FRQWHQW LQ ODFXVWULQH VKDOH LV OHVV WKDQ 
7KHUHIRUHWKHGHSRVLWLRQRIVLOW\PDWHULDOVLVPDLQO\
PHFKDQLFDOGHSRVLWLRQ
2UJDQLFPDWWHULVDFRPPRQEXWVSHFLDOFRP
SRQHQWLQVKDOHZLWKYDULRXVRULJLQV2UJDQLFPDWWHU
FDQEHGLYLGHGLQWRH[WHUQDODQGLQWHUQDOVRXUFHVDQG
WKH LQWHUQDO SODQNWRQ VRXUFHV FRQWULEXWH PRUH WR
VKDOHRLO$YDULHW\RIRUJDQLVPVLQWKHEDVLQFDQSUR
YLGHRUJDQLFPDWWHU%HFDXVHWKHJURZWKRISODQNWRQ
DQGWKHGHSRVLWLRQRIFOD\PLQHUDOVWHQGWREHLQWKH
HQYLURQPHQW ZLWK ZHDN K\GURG\QDPLFV RUJDQLF
PDWWHUDQGFOD\PLQHUDOVKDYHVLPLODUVXUIDFHSK\VL
FDODQGFKHPLFDOSURSHUWLHVDQGWKH\DUHXVXDOO\GH
SRVLWHG WRJHWKHU 7KHUHIRUH WKH GHSRVLWLRQ RI RU
JDQLFPDWWHULVWKHUHVXOWRIDFRPELQDWLRQRIELRORJ
LFDORUELRFKHPLFDOFKHPLFDODQGPHFKDQLFDOVHGL
PHQWDWLRQ
7KHUHDUHYDULRXVW\SHVRIFDUERQDWHPLQHUDOV
LQVKDOHDQGWKHLUJHQHWLFPHFKDQLVPV:KHQWKHFOL
PDWHLVGU\DQGWKHZDWHUFRQFHQWUDWLRQUHDFKHVFDU
ERQDWH VDWXUDWLRQ PLFURFU\VWDOOLQH FDOFLWH FU\VWDOV
FDQEHSUHFLSLWDWHGIURPWKHZDWHUDQGWKHQJUDGX
DOO\JURZXSSUHFLSLWDWHWRWKHVXUIDFHRIVHGLPHQW
RUDGVRUEWRWKHVXUIDFHRIGHEULVSDUWLFOHVDQGVHWWOH
WRJHWKHU0LFURRUJDQLVPVFDQQRWRQO\VDWXUDWHDQG
SUHFLSLWDWH FDUERQDWH WKURXJK ELRFKHPLFDO SUR
FHVVHV EXW DOVR FDSWXUH DQG ERQG PLFURFU\VWDOOLQH
FDOFLWHWRIRUPODPLQDH7KHUHIRUHFDUERQDWHPLQHU
DOV DUH SUHFLSLWDWHG PDLQO\ E\ FKHPLFDO DQG ELR
FKHPLFDOPHDQV

6HGLPHQWDU\ PRGHO 7KH VHGLPHQWDU\ SHULRG
RIWKH(IPHPEHULQ-LQKX6DJEHORQJVWRWKHHYR
OXWLRQ VWDJH RI EDVLQ GHSUHVVLRQ 7KH ODNH EDVLQ LV
UHODWLYHO\JHQWOHDQGWKHVXUURXQGLQJHOHYDWLRQGLI
IHUHQFHLVQRWODUJHEDVLFDOO\NHHSLQJWKHSDWWHUQRI
KLJK LQ WKH ZHVW DQG ORZ LQ WKH HDVW 7KH DYHUDJH
WKLFNQHVVRIWKH(IPHPEHULVPDQGWKHPD[
LPXP WKLFNQHVV LV DERXW P 2Q WKH ZKROH WKH

JDQLFPDWWHUW\SHLQWKHVWXG\DUHDLVPDLQO\W\SHᶙ
ᶚNHURJHQRIZKLFKW\SHᶙᶚNHURJHQDFFRXQWV
IRU7KHRUJDQLFPDWWHUW\SHLVJRRGDQGSDU
WLDOVDSURSHOLFNHURJHQ )LJXUH 
7KHRUJDQLFPDWXULWLHV 5R RIVKDOHLQWKH(I
PHPEHUUDQJHIURPZLWKDQDYHUDJHRI
DQGWKH5RRIVDPSOHVLVDERYH
7KHPDMRULW\RIVKDOHVDPSOHVVKRZWKHFKDUDFWHULV
WLFVRIORZPDWXULW\DQGWKHRUJDQLFPDWXULWLHVLQ
FUHDVH OLQHDUO\ ZLWK WKH LQFUHDVH RI EXULDO GHSWK
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GLVVROXWLRQRFFXUVUHVXOWLQJLQDODUJHQXPEHURIGLV
VROXWLRQ SRUHV DQG FUDFNV >@ $IWHU WKH IRU
PDWLRQRIUHVHUYRLUVSDFHK\GURFDUERQPDWHULDOVDUH
FKDUJHGLQWRWKHUHVHUYRLUDQGODWHUVKDOHRLODFFX
PXODWLRQ


ZKLFKLVFRQGXFLYHWRWKHJHQHUDWLRQRIVKDOHRLOLQ
ODUJHTXDQWLW\>@


),*85(
.LQGVRINHURJHQ(I0HPEHU




)DYRUDEOH OLWKRIDFLHV FRPELQDWLRQ $FFRUG
LQJWRWKHDQDO\VLVRIORJJLQJGDWDRIWKHLQ(IDQG
(I ZHOO WHVW LW LV IRXQG WKDW WKH OLWKRORJ\ RI WKH
KLJK SURGXFWLRQ VHFWLRQ LV QRW SXUH VKDOH VHJ
PHQW EHIRUH UHVHUYRLU PRGLILFDWLRQ  EXW VKDOH VHJ
PHQW ZLWK VLOW\ LQWHUFDODWLRQ DQG OLP\ LQWHUFDODWLRQ
)LJXUH )URPWKHSHUVSHFWLYHRIVHGLPHQWDU\ID
FLHV GHYHORSPHQW PRVW KLJK\LHOGLQJ ZHOOV FRUUH
VSRQG WR VKRUHVKDOORZ ODNH GHSRVLWV )LJXUH  
7KH UHDVRQ LV WKDW GXULQJ WKH WKHUPDO HYROXWLRQ RI
VKDOH RLO D YDULHW\ RI RUJDQLF DQG LQRUJDQLF DFLGV
ZLOOEHJHQHUDWHGDQGWKHK\GURFDUERQUHVLGXDOSUHV
VXUHZLOOLQFUHDVHGULYLQJWKHDFLGLFVROXWLRQWRPL
JUDWHVKRUWGLVWDQFHVLQWRWKHVLOW\DQGOLP\LQWHUFD
ODWLRQ$IWHUHQWHULQJWKHLQWHULRURIWKHVHLQWHUOD\HUV


),*85(
6\QWKHVLVFROXPQPDSRI(IPHPEHU-LQKX
6DJ

),*85(
6KDOHGHYHORSPHQWFRPSRVLWHSDWWHUQGLDJUDPRI(IPHPEHU-LQKX6DJ







E\3639ROXPH±1RSDJHV



)UHVHQLXV(QYLURQPHQWDO%XOOHWLQ


GHSRVLWLRQ RI GLIIHUHQW NLQGV RI ILQHJUDLQHG VHGL
PHQWDU\URFNVIRUPHGWKHGHOWDIURQWSURGHOWDVKDO
ORZ ODNH GHHS ODNH DQG VHPLGHHS ODNH VXEIDFLHV
VHGLPHQWDU\PRGHOV
$FFRUGLQJWRWKHH[SHULPHQWDOUHVXOWVRIK\GUR
FDUERQ VRXUFH URFNV WKH (I DQG (I VXEPHP
EHUVRI(IPHPEHUKDYHWKHKLJKHVWRUJDQLFPDWWHU
DEXQGDQFH DQG WKH ODUJHVW K\GURFDUERQ JHQHUDWLRQ
SRWHQWLDODQGDUHKLJKTXDOLW\K\GURFDUERQJHQHUD
WLRQVKDOHDQGWKHVKDOHRLOIRUPHGKDVWKHPDWHULDO
EDVLVIRUFRPPHUFLDOH[SORLWDWLRQ7KURXJKWKHDQDO
\VLVRIRLOWHVWGDWDRI(IRLOZHOOLWLVIRXQGWKDW
WKH IDYRUDEOH VKDOH RLO OLWKRIDFLHV FRPELQDWLRQ RI
(IDQG(IVXEPHPEHULVWKHVKDOHVHJPHQWZLWK
VLOW\DQGOLP\LQWHUFDODWLRQ


$&.12:/('*(0(176

7KLVVWXG\LVIXQGHGE\WKH6FLHQFHDQG7HFK
QRORJ\ 5HVHDUFK 3URMHFW RI &KRQJTLQJ (GXFDWLRQ
&RPPLVVLRQ 1R .-41  DQG WKH 7KLQ
6KDOH *DV 5HVHUYRLU 3UHGLFWLRQ %DVHG RQ 6SHFWUDO
%OXH &RORU ,QYHUVLRQ 7HFKQRORJ\
1R
.-41 


5()(5(1&(6

>@ -LDQJ = /LDQJ &:X -=KDQJ - =KDQJ
:   6HYHUDO LVVXHV LQ VHGLPHQWRORJLFDO
VWXGLHV RQ K\GURFDUERQEHDULQJ ILQHJUDLQHG
VHGLPHQWDU\URFNV$FWD3HWUROHL6LQLFD  

>@ &KHQ6=KDQJ6:DQJ<7DQ0  
/LWKRIDFLHV W\SHV DQG UHVHUYRLUV RI 3DOHRJHQH
ILQHJUDLQHG VHGLPHQWDU\ URFNV LQ 'RQJ\LQJ
6DJ %RKDL %D\ %DVLQ 3HWUROHXP ([SORUDWLRQ
DQG'HYHORSPHQW  
>@ &DR < ;L . /LX . =KX 5 <XDQ *
  5HVHUYRLU SURSHUWLHV FKDUDFWHUL]DWLRQ
DQGLWVJHQHWLFPHFKDQLVPIRUWLJKWVDQGVWRQH
RLODQGJDVUHVHUYRLULQODFXVWULQHEDVLQWKHFDVH
RI WKH IRXUWK 0HPEHU RI /RZHU &UHWDFHRXV
4XDQWRX )RUPDWLRQ LQ WKH VRXWKHUQ 6RQJOLDR
%DVLQ$FWD3HWUROHL6LQLFD  
>@ :DQJ ; 6XQ < /LX 5 /L =   5H
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and the released H+ increases the acidity of groundwater [2]. From 2015 to 2021, China Geological Survey
conducted groundwater pollution survey in China's red
soil areas and found that acidic groundwater accounts
for a high proportion and is widely distributed in the
survey area.
Acid rain is one of the severest environmental
issues globally. Environmental acidification caused
by acid rain will affect the balance between soil and
groundwater environmental factors, improve the ion
exchange capacity, which leads to the increase of the
content of metal ions, the enhancement of biological
toxicity, and the impact on aquifer ecosystem [3,4].
Acid rain activates and releases heavy metals in soil,
and polluted groundwater, which aggravates the harm
of heavy metals to environment and human health [5,6].
In the past, people mostly used soil as the medium to
simulate the impact of acid rain on soil environment,
little attention has been paid to the impact of acid rain
on aquifer environment.
In fact, acidification also has a great impact on the
aquifer water environment. It has been reported that
acidification leads to the dissociation of heavy metal
ions and inorganic ions in aquifer [7,8]. We also isolated Al/Fe/Cu tolerant bacteria from acidified groundwater, it shows that the groundwater environment has
been significantly affected by acidification [9]. However, it is not clear how acidification affects aquifer water environmental factors and what is the correlation between these environmental factors. So, we study of the
effect of simulated acid rain (SAR) on hydrochemical
characteristics of red soil aquifer and its correlation
analysis. The objectives of the present work are: (i) revealed the influence of acid rain on aquifer acidification, (ii) revealed the effect of acidification on the content of nitrogen and typical metal ions in aquifer, and
(iii) studied the correlation analysis of hydrochemical
factors.

ABSTRACT
Acidification had a great impact on the aquifer
water environment. However, it was not clear how
acidification affects aquifer environmental factors and
what was the correlation between these environmental
factors. So, we studied the effect of simulated acid rain
(SAR) on hydrochemical characteristics of red soil aquifer and its correlation analysis. The results showed
that SAR caused the pH value of leachate to decline,
and the acidification degree of leachate increases significantly with the treatment time. There was a positive
correlation between the cumulative release of nitrogen
and heavy metals to the environment and the leaching
time. Moreover, the leaching of nitrogen and metal
ions were affected by filter media, the larger particle
size, the higher leaching efficiency. Continuous acidification will affect the transformation of soil nitrogen, activate heavy metals, and increase its harm to soil and
groundwater environmental pollution. Further, negative correlations between pH and NH4+-N (r=-0.61;
p<0.01), NO2--N (r=-0.80; p<0.01), NO3--N (r=0.34; p<0.01), Fe (r=-0.60; p<0.01), Al (r=-0.55;
p<0.01), Mn (r=-0.77; p<0.01), Cu (r=-0.42; p<0.01)
and Cd (r=-0.65; p<0.01) were found. In addition,
the correlation between the leaching rate of three nitrogen and metal ions showed their own characteristics, NH4+-N and NO2--N showed positive correlations with Fe, Al, Mn, Cu and Cd.

KEYWORDS:
Red soil, Acidification, Leaching, Heavy metals, Nitrogen

INTRODUCTION
Red soil is the largest soil type, and occupies an
important strategic position in the whole agricultural
development in China. However, due to acid deposition
and long-term application of acid fertilizer, there are
some prominent problems in red soil, such as acid,
plate, barren, pollution, drought, erosion and so on [1].
Additionally, compared with other types of soils, the
base of red soil is unsaturated and leaching is stronger,

MATERIALS AND METHODS
Soil sampling. Soil samples representing a typical acidic red soil were collected from red earth region, in the Jiangxi Province, eastern China
(27◦26′6′′ N, 115◦33′48′′ E). Four layers of soil (i.e.,
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tion) is about 900 mm. Each soil column is controlled by a multi-channel screw pump with a leaching rate of 50 mL/h, a total of 600 hours. For each
SAR treatment or the control, thirty-six columns
were set with three experimental replicates and fixed
on the stainless steel shelfs. Before leaching, highpurity water with pH of 7.0 is used to recoil from the
bottom of the leaching column to remove the air and
saturate the soil column. The acid rain leaching experiment is started after 24 hours of equilibrium.
From the moment the leaching acid rain drips into
the soil, the leaching solutions are collected every
four days, the typical hydrochemical characteristics
and elements content are measured.

0-20, 20-40, 40-60 and 60-80 cm) were collected
separately and delivered back to laboratory for the
following experiment. Some chemical properties of
the collected soil samples include: a pH of 5.6, CEC
18.45 (cmol/kg), EC 1.51(mS/cm), TOC 18.52
(g/kg), Cd 0.97 (mg/kg), Fe2O3 22.8 (mg/kg), Al
0.97 (g/kg), Cu 12.4 (mg/kg), Mn 0.82 (g/kg).
Simulation device design and operation. The
experiment was carried out in a plexiglass leaching
column, and the schematic diagram of the device
was shown in Figure 1. The inner diameter of the
plexiglass leaching column is 8 cm and the height is
100 cm. The lower layer was filled with 20 cm high
sterile coarse sand (0.5~1 mm in diameter), medium
sand (0.25~0.5 mm) and fine sand (0.1~0.25 mm) to
simulate different aquifer media, respectively. The
upper layer with a height of 80 cm was filled with
naturally air-dried red soils passing 20 mesh sieves
at the four soil sub layers (i.e., 0-20, 20-40, 40-60
and 60-80 cm) in the same order as soil collection.
Glass fibers were covered upon the surface soil in all
the columns to prevent soil from splashing out and
disrupting when the SARs were sprayed. Soils were
incubated under room temperature for 30 days.

Groundwater chemical analysis. The parameters NO3--N, NO2--N, NH4+-N and pH were tested
according to the Methods for Examination of Water
and Wastewater (APHA, 1998), and the concentrations of aluminum (Al), iron (Fe), manganese (Mn),
copper (Cu) and cadmium (Cd) were determined by
Inductively Coupled Plasma-Mass Spectroscopy
(ICP-MS), respectively. The analytical accuracy of
ICP-MS for Fe and Mn was ± 3.0%. The detection
limit for Al was 0.01 μg/L. For all samples, ion
charge imbalances were less than ± 5%.
Statistical analysis. All data were collected for
three replicates and analyzed using SPSS 19.0 software for Windows (IBM Corporation, United
States).The differences in all measurements were
compared using one-way analysis of variance
(ANOVA), followed by a least significant difference
test (LSD, p≤0.05).

RESULTS AND DISCUSSION
Variation of pH in soil aquifer. The changes
of pH value in soil aquifer (leaching solution) are
shown in Figure 2. It could be seen that pH values
decreased from 7.0 to 5.7 after 20 days in the control
group (pH 7.0), showed a gradual downward trend.
and in pH 5.5 and 4.5 treatment groups, the pH value
decreased rapidly from the 4th to the 12th day, then
fluctuated, finally maintained at about 5.2 and 4.5 respectively at the 20th day. Under lower pH value
(pH3.5), it did not change significantly from day 4 to
day 12, but gradually decreased from day 12 to day
20. Finally, it was even higher than the initial value.
The above results showed that acid rain will reduce
the pH value of soil aeration zone and lead to aquifer
acidification, which is consistent with most current
research results [4,7]. However, due to the long-term
acidic state of red soil and the viscous and low permeability characteristics of red soil, the impact of
low acid rain on aquifer acidification was not significant, but high acid rain would significantly increase
the risk of aquifer acidification [2,410]. Moreover,
our research showed that the smaller the particle size

FIGURE 1
The schematic diagram of the simulation device
The acid solutions were prepared by mixing
H2SO4 and HNO3 with a ratio of 5:1 and then diluted
with deionized water to certain pH levels. The SAR
was set four pH levels of 5.5, 4.5 and 3.5, referring
to the current acidity and acidification trend of natural precipitations in the study area. The ratio of
H2SO4: HNO3 in our SAR treatments was determined according to the SO42-: NO3- ratio in natural
precipitations in this region. Moreover, a control was
set using deionized water with the pH of 7.0.
The acid rain leaching amount is calculated according to the annual rainfall in Jiangxi Province, the
average annual actual rainfall (excluding evapora-
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sand medium treatment group with large particle
size. The pH value 5.5 group reaches 1.71 mg/L, the
pH 4.5 and 3.5 treatment group are 1.85 mg/L and
2.23 mg/L, respectively, then they all fell sharply,
and showed that the lower the pH value, the greater
the decrease. From the above results, it could be seen
that the acidification environment affected the transformation of soil nitrogen and its leaching to the
groundwater.
The research of Knoll et al. showed that the pollution of groundwater bodies with nitrogen depends
considerably on the properties of the subsurface [13].
According to our research, the leaching of nitrogen
to the groundwater was affected by filter media, the
larger particle size, the higher leaching efficiency,
showed an obvious positive correlation. A large
number of studies had shown that soil texture and
structure will determine the pore size distribution,
soil water holding capacity and the amount of water
in the air filled pore space in soil aggregates, so as to
provide habitat for soil microorganisms [14-16]. Microorganisms transformed nitrogen through nitrification and denitrification [17]. However, in our
study, acidification may lead to changes in microbial
populations and affect the transformation and migration of nitrogen, relevant research is still in progress.

of aquifer medium, the stronger the buffer capacity
of acid, which may be related to the difference of porosity [11]. In fact, soil aeration zone had a strong
buffer effect on acid, but there were great differences
in the pH value and change trend of different aquifers under different pH treatments.
Variation of nitrogen in soil aquifer. Soil
acidification increases the migration of nitrogen to
groundwater, resulting in groundwater nitrogen pollution, which had been reported in many literatures
[2,12,13]. It could be seen from Figure 3 that the
NH4+-N content in the leaching solution presented
the trend that first increased and then decreased. The
higher the degree of acidification and the larger the
particle size of the medium, the more ammonia nitrogen leached out. By 20 days, the ammonia nitrogen leaching rate is 43%, 45% and 50% higher than
that of the control group pH 7.0, respectively. Under
neutral pH leaching, the overall change range of
NO2--N content is small, but with the decrease of pH
value, nitrite dissolution showed an upward trend,
and which was not affected by the particle size of the
medium, the maximum dissolution amount is 0.97
mg/L. The change of NO3--N dissolution showed a
steady downward trend at neutral pH, with an overall
decrease of up to 30%, which occurred in the coarse

FIGURE 2
Variation of pH in soil aquifer
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FIGURE 3
Variation of nitrogen in soil aquifer
in aqueous media with different particle sizes in red
soil, the purpose was to analyze the ability and difference of typical heavy metal ions to migrate underground. The migration abilities were obviously affected by pH value and soil medium in our study,
which showed that the pH value range of acidified
soil was generally between 4.5-5.5, and the leaching
capacity of most metal ions (such as Al, Fe, Cd)
reached the highest value under these acidification
degrees. This was consistent with most research results of Al, Fe and Cd pollution in red soils [7,11,18].
Moreover, in the study of the relationships between
soil characteristics and leaching capacity, it was
found that what had a strong leaching capacity in soil
was mainly related to factors such as soil colloidal
and aquifer media properties [9, 2019]. The results of
this study showed that the unique characteristics of
red soil may also be conducive to the downward migration of ions in soil and increase the risk of heavy
metal pollution in groundwater.

Variation of typical metal ions in soil aquifer. The variations in metal ions (Al, Fe, Mn, Cu, Cd)
in different leaching columns were shown in Figure
4. The results showed that under acidic conditions,
the concentration of heavy metals in the leachate
showed a significant upward trend with the extension of treatment time, and the release of metal ions
were closely related to the particle size of aquifer
media, the smaller the particle size, the less the
leaching amount. Among these metal ions, the leaching rates of Mn and Cu were relatively high, the average leaching rate reached 95% and 89.2% after 20
days respectively in three different aquifer media.
The lowest leaching rate was Al, which is 42%.
Moreover, the leaching rate of metal ions varied
greatly under different acidification conditions, the
average leaching rate of Al and Fe were the highest
at pH5.5, reaching 96.2% and 115.4% in 20 days,
which were 60.8% and 77.3% higher than pH7.0,
54.2% and 33.6% higher than pH3.5, respectively.
The average leaching rate of Cd was the highest at
pH4.5, reaching 79.8% a in 20 days, which was
39.3% higher than pH7.0, 13.7% higher than pH3.5.
and the average leaching rate of Cu and Mn were the
highest at pH3.5, reaching 89.2% and 95.0% in 20
days, which were 69.5% and 42.9% higher than
pH7.0, respectively.
Acidification led to the dissociation of heavy
metals in soil and could improve the migration and
transformation efficiency of metal ions [18, 19]. In
this study, we simulated the effect of acidification on
the underground migration of Al, Fe, Mn, Cu and Cd

Correlation analysis of hydrochemical factors. Spearman rank correlation analysis (Table 1)
highlighted significant negative correlations between pH and Fe (r=-0.60; p<0.01), Al (r=-0.55;
p<0.01), Mn (r=-0.77; p<0.01), Cu (r=-0.42; p<0.01)
and Cd (r=-0.65; p<0.01). Moreover, they were also
significantly positively correlated with the leaching
time and the particle size of the aquifer media. The
results further verified that continuous acidification
could significantly increase the leaching rate of
heavy metal ions and cause potential pollution to soil
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and Cd (r=0.76, p<0.01), suggesting a potential role
of ammonium as an electron donor in metal ion reduction and conversion, being recognised for microbial metal ion (such as Fe) reduction in recent studies
[20, 21]. And, ammonia nitrogen forms nitrite
through nitrification, it was the main reason for its
significant correlation with metal ions. Interestingly,
it was particularly that there was no correlation between nitrate nitrogen and Fe, Al, Mn, Cu and Cd,
the most likely cause was that metal ions inhibited
the activity of nitrate bacteria [22]. At the same time,
it also showed that the nitrification section of our
system was seriously affected by acidification. The
result was consistent with the research results on the
effect of acidification on sludge nitrification characteristics by Maria do [23].

and groundwater. In addition, Fe, Al, Mn, Cd and Cu
were correlated positively with each other (r values
from 0.38 to 0.89; p<0.01). Because the sources of
heavy metals may have some similarities, they often
had associated or homologous relationships [7, 18],
this would be the main reason for the significant positive correlation between the precipitation values of
metal ions under acidic conditions.
Negative correlations between three nitrogen
concentration and pH were also found in present
study (Table 1). Moreover, Ammonium levels
showed positive relationships with Fe (r=0.25;
p<0.01), Al (r=0.16; p<0.05), Mn (r=0.48; p<0.01),
Cu (r=0.19; p<0.05) and Cd (r=0.39, p<0.01). Nitrite
nitrogen levels showed also strongest positive relationships with Fe (r=0.64; p<0.01), Al (r=0.63;
p<0.01), Mn (r=0.79; p<0.01), Cu (r=0.38; p<0.01)
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FIGURE 4
Variation of typical metal ions in soil aquifer

Negative correlation between pH and three nitrogen
concentration and heavy metal ions, and ammonia
nitrogen and nitrite nitrogen showed positive correlation with Fe, Al, Mn, Cu and Cd.

CONCLUSIONS
In summary, the present work reported the effect
of SAR on hydrochemical characteristics of red soil aquifer and its correlation analysis. SAR caused the pH
value of leachate to decline, and the acidification degree
of leachate increases significantly with the treatment
time. There was a positive correlation between the cumulative release of nitrogen and heavy metals to the environment and the leaching time. The leaching of nitrogen and metal ions were affected by filter media, the
larger particle size, the higher leaching efficiency. Continuous acidification will affect the transformation of
soil nitrogen, activate heavy metals, and increase its
harm to soil and groundwater environmental pollution.
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Leaching time
1

Filter
media
0

0

1

-0.15*
-0.32**
0.27**
-0.44**
0.52**
0.68**
0.68**
038**
0.49**

0.09
0.02
0.25**
0.25**
0.25**
0.178**
0.28**
-0.12
0.06
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TABLE 1
Correlation analysis of hydrochemical factors
pH
NH4+ NO2-- NO3-Cd
Fe
N
N
-N
-0.15*
0.27** -0.44** 0.52** 0.68**
**
0.32

1
-0.61**
-0.80**
-0.34**
-0.65**
-0.60**
-0.52**
-0.42**
-0.77**

1
0.53**
0.37**
0.39**
0.25**
0.16*
0.19*
0.48**

1
0.20**
0.76**
0.64**
0.63**
0.38**
0.79**

1
0.11
0.02
0.04
-0.02
-0.12

1
0.86**
0.82**
0.38**
0.84**

1
0.89**
0.58**
0.83**

Al

Cu

Mn

0.68**

0.38**

0.45**

1
0.49**
0.74**

1
0.58**

1

**all the coefficients are significant at the 0.01 significant level (2-tailed), *all the coefficients are significant at the 0.05 significant level (2-tailed).
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areas have prominent dry-wet (DW) cycle characteristics under the influence of climate. Due to the impact of rainfall and transpiration, the original cracks
of ES enlarge, new cracks occur, the number of
cracks rises and spreads, and eventually, a crack network forms. Cracks seriously damage the integrity
of soil, reduce the strength of ES, and then cause
landslide and collapse of expansive soil slope. In addition, the dry shrinkage caused by the continuous
dry-wet cycle (rainfall and evaporation) increases
the compressibility and hydraulic conductivity of the
soil, resulting in increased rainwater infiltration,
thereby the groundwater level is raised. The increased groundwater enhances the pore water pressure in the saturated region and reduces the matric
suction, thus the shear strength of the soil is decreased [1]. As such, ES pose many challenges to
construction activities. With the popularization of
sustainable development and the circular economy
concept, scholars have explored the application of
recycled products to improve ES. For example, sawdust biomass can be recycled to improve the stabilization of ES [2-3]; incorporating construction waste
into the ES can effectively enhance its characteristics
and contribute to the resource utilization of construction waste in response to government policies [4-5].
Generally speaking, the methods of improving
expansive soil can be divided into physical improvement and chemical improvement. Chemical improvement method is a widely used treatment
method for expansive soil subgrade, with a good improvement effect [6-9]. However, the chemical improvement method can cause environmental pollution and has higher requirements on construction
machinery and construction technology, resulting in
a significant increase in project cost [10]. In comparison, the advantage of the physical improvement
method is environment-friendly, which has little impact on the environment and has a good development
prospect, among which fiber reinforcement is one of
the effective methods. Le et al. [11] investigated the
behavior of polypropylene fiber-reinforced soil and
reported that an increase in fiber content caused an
increase in strength and shrinkage potential but
brought on the reduction of swelling potential.

ABSTRACT
As a new environment-friendly fiber material,
the dispersed basalt fiber (BF) was mixed into the
expansive soil (ES) in this study. In order to investigate the effect of dry-wet (DW) cycles on the mechanics and swelling-shrinkage characteristics of fiber-reinforced expansive soil (FRES)ヸa series of
geotechnical tests, including direct shear test and
swelling-shrinkage test, were carried out. Then, the
Particles and Cracks Analysis System (PCAS) was
used to quantitatively analyze the cracks generated
during the DW cycles. The results showed that the
BF could effectively improve the direct shear
strength (DSS) of ES and the peak DSS was reached
at a 0.4% fiber content. Meanwhile, BF can inhibit
the expansion and shrinkage of ES and the optimal
content of BF would be 0.4%. Under the action of
DW cycles, fiber reinforcement enhanced the shear
properties of ES and inhabited expansive soil cracking and shrinkage to some extent. Moreover, BF
demonstrated a satisfactory improvement with respect to the total crack area, total crack length ratio
and average crack width and limited the crack development of ES. In general, the research results indicate that BF is a suitable option for ES stabilization
in areas under DW cycles and can provide reference
for the application of FRES in slope and roadbed
treatment projects.

KEYWORDS:
Expansive soil, environment-friendly fiber, dry-wet cycle,
shear strength, swelling-shrinkage characteristics

INTRODUCTION
Expansive soil (ES) is a kind of strong hydrophilic clay. It has strong swelling-shrinkage characteristics, multi-crack, strength attenuation and over
consolidation. Compared with other clays, ES has
higher non-repetitive swelling-shrinkage characteristics. Therefore, many expansive soil distribution
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Hambirao et al. [12] mentioned that adding short
rubber fibers can improve tensile cracking of clay,
and the optimal fiber content is about 15% of soil
weight. Goyal et al. [13-14] studied coconut fiber reinforced soil, and the results show that coconut fiber
reinforced soil helps to reduce the expansion potential, and 1% fiber by weight of soil almost doubles
the CBR value. Martins et al. [15] found that sisal
fiber also can reduce the visibility of cracks.
Ayothiraman et al. [16-17] have demonstrated that
human hair fibers can be used to improve the properties of fine and coarse-grained soils. Rabab et al.
[18] used glass fiber as the discrete random reinforcement of expansive soil, and found that the
strength of expansive soil could be improved when
the fiber content was between 0.25% and 1.0%.
Nowadays, due to the obvious need for environmentally friendly materials, many efforts are devoted to
studying the effects of natural and composite fibers
on soil strength properties. Basalt fiber made from
natural rock is a kind of environment-friendly natural green fiber, which has excellent mechanical properties, thermal stability, chemical stability and electrical insulation properties. Because there is no boron
and other alkali metal oxides discharged in the basalt
melting process. Hence, there is not only no precipitation of harmful substances and emission of harmful
gases into the atmosphere but also no pollution of the
environment by industrial wastes and toxic substances in the process of basalt fiber manufacturing.
It can replace glass fiber to a large extent, is widely
used in aerospace, petrochemical, construction and
other fields. Therefore, basalt fiber is known as the
new environmental fiber of the 21st century volcanic
rock into silk and gold. Basalt fiber has been proved
to be used as an effective reinforcement material in
concrete [19], while the research on the application
of basalt fiber to soil improvement is still in its initial
stage [20-21]. In addition, scholars have studied the
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strength characteristics of improved expansive soil
by BF [8, 22-23], but the effect of expansion and
shrinkage characteristics of improved expansive soil
under the effect of dry-wet cycle and the quantitative
analysis of cracks produced are less.
In this paper, the dispersed basalt fibers were
mixed into expansive soil. A series of geotechnical
tests, including direct shear test, unloaded swelling
rate test, loaded swelling rate test and shrinkage test,
were carried out to evaluate the potential of fiber-reinforced expansive soil to improve shear strength
and swelling-shrinkage characteristic and to investigate the effect of adding optimal ratio fiber on the
dry-wet cycle mechanics, swelling-shrinkage characteristic and cracking behavior of expansive soil.

MATERIALS AND METHODS
Expansive soil (ES). The ES used in this experiment is from Nanjing, Jiangsu, China and the
color is grayish green. The mineral composition and
physical properties of expansive soil specimens used
in the experiment are shown in Table 1.
Basalt fiber (BF). The BF used in this studywas manufactured by JiangSu TianLong Continuous
Basalt Fiber Co.,Ltd and the length is 12 mm, as
shown in Figure 1. The performance parameters of
BF are shown in Table 2.
Sample preparation and methodology. Sample preparation. Step 1 - prepare the expansive soil
sample. Collected ES samples were air-dried,
grounded, and passed through a 2mm sieve. After
oven drying, mix all the materials thoroughly according to the proportion and prepare the sample according to the optimal moisture content.

TABLE 1
Physical property of expansive soil

Proportion

2.7

Clay mineral composition content/%
MontmoChlorite
rilonite
Illite
and kaoand
linite
smectite
group

87.4

4.3

8.3

Plastic
limitωP/%

Liquid
limitωL/
%

Plastic index IP

OMC/
%

Maximum dry
density
g/cm3

Free
swell
ratio
/%

Natural
moisture
content
/%

22.9

55.5

32.6

20

14.52

80

13.25

TABLE 2
Property indexes of Basalt Fiber
Ingredient

Fiber
type

Monofilament
diameter/μm

Density
/(kg/m3)

Tensile
strength
/MPa

Elasticity
modulus
/GPa

Ultimate
elongation/%

Acid and
alkali
resistance
/%

Melting point
/°C

BF

Bunchy
monofilament

13

2650

≥2000

90~110

3.5

≥99

1250
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48h, record the displacement meter reading every
other day and weigh the whole set of quality until the
difference between the two readings does not exceed
0.01 mm.

Step 2 - mix basalt fiber into expansive soil.
Different amounts of fibers (0%, 0.2%, 0.4%, 0.6%,
0.8%) were sprinkled into the soil samples and
mixed well, which are fully stirred and sealed for 24
hours to make the moisture content of the sample
consistent. The fiber content is calculated as a percentage of dry soil mass, accurate to 0.01g.
Step 3 - reshape the sample. The soil sample is
compacted according to the method of the geotechnical test method standard of China (GB / T501232019) [24], and the ring knife is used for sampling
for direct shear test and expansion and shrinkage
test. The sample size is φ 61.8 mm × 20 mm.
Step 4 - the optimal content. The prepared
FRES is tested by direct shear test, expansion rate
test and shrinkage test, so as to obtain the optimal
content.
Step 5 -DW cycle test. The samples were prepared according to the optimal reinforcement ratio
obtained in step 4, and the DW cycle test was carried
out to study the strength and deformation of FRES.

Dry-wet cycle test. In order to simulate the
evaporation, infiltration and seasonal variation of expansive soil slope due to rainfall, a dry-wet cycle test
without vertical load was carried out. Direct shear
test, expansion rate test and shrinkage test were carried out to explore the reinforcing effect of FRES
with different DW cycles. During the test, keep the
moisture content of the sample consistent.
The DW cycle is divided into two processes.
Water absorption expansion: record the vertical expansion and deformation data of the sample during
water immersion expansion until the difference between the two readings was less than 0.01mm. At
this time, the sample reached saturation and its water
content was measured. Water loss contraction: low
temperature drying method was used to simulate the
evaporation and water loss process in expansive soil
area, the temperature was controlled at about 40°C,
and the drying time was 6h. During the drying process, the vertical shrinkage deformation of the samples during water loss and shrinkage was recorded in
real time, and the moisture content was measured at
10, 20, 30, 60, 120, 180, 240, and 360min, respectively.

Experimental methodology. Direct shear
test. ZJ strain controlled direct shear apparatus was
used in this study to measure the shear strengths of
ES with different fibre contents, and the shear rate
was 0.8 mm/min. The vertical load was set to 100
kPa, 200 kPa, 300 kPa and 400 kPa.
Expansion rate test. The test is carried out on
the consolidator. The load of the expansion rate test
was set to 0 kPa, 50 kPa and 100 kPa. At the beginning, apply the required load at the same time, compress the sample until the deformation is stable, and
measure the displacement meter reading. Inject pure
water into the container from bottom to top, and keep
the water level 5 mm above the sample. Record the
displacement meter reading every 2h until the difference between the two readings does not exceed 0.01
mm after immersion in water. At this time, the expansion stable sample is saturated.

RESULTS AND DISCUSSION
Optimum BF content of ES on DSS. According to Table 3 and Figure 1, the direct shear strength
(DSS) of FRES is higher than that of ES. With the
increase of fiber content, the DSS increases. When
the fiber content is 0.4%, it reaches the maximum
value, and when the content exceeds 0.4%, the reinforcement effect of fiber on soil decreases. At the
same time, in the index of DSS, the cohesion(c) increases significantly with the increase of fiber content, while the change of internal friction angle (φ) is
not obvious. It can be seen that the addition of BF
can improve the DSS of ES, and there exist an optimal content 0.4%.

Shrinkage test. Place the sample on the perforated plate and conduct the test under the condition
that the temperature is not higher than 30Ԩ. Record
the displacement meter reading every 2h and weigh
the mass of the sample and the whole device. After

BF length/mm

12
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TABLE 3
The parameter of direct shear test
Moisture content 17.5%
BF content/%
Cohesion force c/kPa
0.00
26.321
0.20
37.051
0.40
39.468
0.60
35.855
0.80
33.884
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Internal frictional angle φ/°
4.616
5.461
5.712
5.842
5.126
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FIGURE 2
The curves of vertical pressure and DSS in different fiber content.

FIGURE 3
Relationship curves between fiber content and expansion rate under different vertical loads.
Notes: (a) Relations between pressure and swelling ratio, (b) Relations between fiber content and swelling ratio under different
pressure.

FRES. The greater the vertical load, the weaker the
effect of fibers on the swelling soil improvement.
From Figure 3(b), the unloaded swelling rate
gradually decreased from 14.94% to 3.6% when the
fiber content increased from 0.0% to 0.6%; the
swelling rate decreased from 9.66% to 2.04% when
the vertical load increased to 50 kPa; the swelling
rate decreased from 4.28% to 1.88% when the vertical load was 100 kPa. The swelling rate of the FRES
decreased significantly compared with that of raw
soil and the swelling rate of the specimens decreased
with the increase of the fiber content on the same
vertical load.
Figure 4(a) shows the curves of unloaded swelling
rate versus time for different fiber contents. It can be
seen from that the unloaded swelling rate decreased
significantly with the increase of fiber content. This

Optimum BF content of ES on swellingshrinkage characteristics. Expansibility. In order
to compare the inhibition effect of basalt fiber (BF)
on the expansibility of expansive soil (ES), 12mm
long BF was used with the reinforcement content of
0.0%, 0.2%, 0.4% and 0.6% respectively in the
study. As shown in Figure 3(a), the swelling rate of
raw soil and FRES gradually became smaller with
the increase of vertical load. Meanwhile, when the
vertical load increased from 0kPa to 100kPa, the difference between the expansion rate of FRES and that
of ES becomes smaller. The difference between the
expansion rate of FRES and that of raw soil at the
same fiber content became smaller with the increase
of vertical load. This indicated that the vertical load
had a greater effect on the swelling of raw soil and
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min after the test started. The swelling rate is more
stable throughout the test. The swelling rate of the
FRES is greater than that of ES. The fiber form connected pipes in the soil, thus increasing the permeability and shortening the saturation time. The swelling rate was significantly reduced by incorporating a
certain content of fibers in the expansive soil. At a
certain vertical load, increasing the fiber content can
suppress the swelling deformation of the expansive
soil more effectively.

is due to the fact that the fiber in the soil exerts a
restraining effect when the specimen swelled by immersion, and thus the swelling force inside the specimen is partially canceled. The greater the fiber content, the greater this restraining effect, effectively
preventing the swelling of the specimen. Comparing
Figure 4(a)-(c), it can be seen that the time for swelling deformation to reach stability in the swelling test
is different. The raw soil expanded rapidly at the initial stage of immersion, and only about 50% of the
final swelling volume was completed within 1000

FIGURE 4
Relations between swelling ratio and time under different fiber content.
Notes: (a) Free swelling ratio, (b) Swelling ratio under 50 kPa pressure, (c) Swelling ratio under 100 kPa pressure.

FIGURE 5
Shrinkage curve under different fiber content.
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FIGURE 6
The curves of vertical pressure and shear strength of specimens.
Notes: (a) The curves of vertical pressure and shear strength of ES, (b) The curves of vertical pressure and shear strength of
FRES.

FIGURE 7
Relationship between shear strength index value and cycle number.
Notes: (a) Polynomial relationship between cohesion and number of DW cycles, (b) Polynomial relation between internal
frictional angle and number of DW cycles.

Figure 6, it can be seen that the higher the number of
DW cycles, the lower the shear strength. The shear
strength of the FRES was significantly higher than
that of the raw soil with the same number of DW cycles. The shear strength reduction of raw soil and
FRES was the largest at the end of the first DW cycle, while the reduction of shear strength became
slower after the second and third DW cycles.
Figure 7 illustrates the fitted curves of the relationship made between the cohesive force(c), the angle of internal friction(φ) and the number of cycles(n) in order to quantitatively reflect the impact of
DW cycles on the DSS of the ES. The cohesive
force(c) tends to become smaller as the number of
DW cycles increased, and the cohesive force(c) of
FRES is significantly higher than that of ES, and the
variation trend is consistent. The correlation coefficients of the polynomial relationship were high between the cohesive force(c) and the number of DW
cycles, but the correlation coefficient of FRES was

Shrinkage. From Figure 5, the linear shrinkage
of the specimens decreased with the increase of fiber
content, and the increase of fiber content could inhibit the shrinkage of the ES. As the fiber content
increased from 0.0% to 0.6%, the linear shrinkage of
the ES decreased from 4.43% to 3.345%, and the linear shrinkage decreased by 24% compared with that
of the raw soil. This is due to the staggered interconnection of the BF during the water loss and shrinkage
of the specimens, forming a mesh structure that constrains the shrinkage and deformation of the soil.
Therefore, the incorporation of BF can effectively
inhibit the swelling and shrinking properties of the
ES and there exist an optimal content 0.4%. It is consistent with the optimal content obtained in 4.1.
Effect of DW cycle on DSS. Direct shear tests
were conducted on the FRES that experienced 0 to 3
DW cycles, and the shear strength curves obtained
from the experiments were shown in Figure 6. From
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of both FRES and ES decreased as the number of cycles increased.

higher than that of ES. This suggested that the addition of fiber improved the mechanical properties of
ES and strengthened the sensitivity of the cohesive
force(c) of the expansive soil under DW cycles [25].
The correlation coefficient is low between the internal friction angle(φ) and the number of DW cycles
for FRES, indicating that the change pattern of the
internal friction angle(φ) under the effect of DW cycles is not obvious.

Expansion rate. According to Figure 8(b), the
ES has stronger swelling characteristics than the
FRES, and the expansion rate of the FRES is less
than that of the ES during the three DW cycles.
Figure 8(b) indicates that FRES had a common
feature along with the ES: the relative expansion rate
of the first DW cycle is significantly higher than that
of the third, and the expansion rate of the specimens
tends to increase with the number of DW cycles increased. The time for the specimen expansion rate
which reached stability in the third DW cycle (<2100
min) was less than that in the first DW cycle (>3000
min), and the time required to reach stability was
shorter and shorter, which indicated that the permeability of the specimen had a certain growth after
several DW cycles. In addition, the number and connectivity of cracks increased with the number of DW
cycles increased in the specimen.

Effect of DW cycle on swelling-shrinkage
characteristics. Expansibility. Figure 8(a) demonstrates that FRES have lower absolute and relative
expansion rates than ES, and the expansion rates of
FRES and ES are closer and closer with the different
number of cycles. This indicated that BF can effectively inhibit the expansibility of ES. Furthermore,
the absolute and relative expansion rates of the FRES
and ES are not very different and both reach the maximum value in the first cycle, which are 22.02% and
13.29% respectively. Thereafter, the expansion rates

FIGURE 8
Swelling rate of specimens in the dry-wet cycle test.
Notes: (a) Variation of swelling rate with the number of DW cycles, (b) Variation of relative swelling rate with time in DW
cycle test.

FIGURE 9
Variation of shrinkage percentage with DW cycles.
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FIGURE10
Processing of PCAS image.

/

Raw soil

FRES

TABLE 4
Surface crack analysis result of specimens in DW tests
Total
Number of
Crack area
Total crack
Crack length
crack area
DW cycles
length/mm
ratio/%
ratio/%
/mm2
1
71.37
3.62
133.36
0.19
2
106.45
5.00
212.89
0.20
3
148.05
6.95
205.17
0.14
1
123.21
5.78
182.33
0.15
2
119.56
5.61
191.95
0.16
3
93.95
4.63
224.58
0.24

Average
width /mm
3.54
3.65
4.15
3.09
3.01
3.18

demonstrates a satisfactory improvement with respect to the total crack area, total crack length ratio
and average crack width and limited the crack development of ES during DW cycles.

Shrinkage. Figure 9 illustrates that the shrinkage rate of ES is greater than that of FRES during the
three DW cycles. This proved that the content of BF
can effectively reduce the shrinkage of ES. Further
analysis from Figure 9 revealed that the absolute
shrinkage of ES and FRES are greater than their relative shrinkage. After reaching the maximums in the
first DW cycle, the absolute and relative shrinkage
of ES gradually declined until the difference remained essentially unchanged by the third DW cycle. The absolute shrinkage and relative shrinkage of
FRES decreased first and then increased, and also
reached the peak in the first cycle.

CONCLUSIONS
For a given range of content, basalt fiber can
enhance the shear strength of expansive soil. With
the increase of fiber content, the shear strength of fiber reinforced expansive soil enhances, and for different fiber contents, the peak shear strength is
reached at a 0.4% fiber content.
Basalt fiber can inhibit the swelling and shrinkage of expansive soil. The expansion rate of fiberreinforced expansive soil is significantly lower than
that of raw soil; Under the same vertical load, the expansion rate of fiber-reinforced expansive soil is
much lower than that of expansive soil; when the
specimen shrinks due to water loss, the fibers are interleaved into a network structure, which restrains
the soil and minimizes the shrinkage deformation.
Under the action of dry-wet cycles, the shear
strength of expansive soil and fiber-reinforced expansive soil decreased with the number of cycles increased, and the cohesion tended to decrease. In the
same cycle, the cohesion of the fiber-reinforced expansive soil is significantly higher than that of the
raw soil, while the change law of the internal friction
angle is not obvious.

Quantitative analysis of cracks. The images
of the soil samples (after 3 cycles) were quantitatively analyzed by the Particles and Cracks Analysis
System (PCAS) software from Nanjing University
[26] and extracted parameters related to soil cracks,
such as the length, width, area, etc. as shown in Figure 10 and Table 4.
According to Table 4, it can be seen that with
the number of DW cycles increased, the total crack
area of the ES enhanced gradually, while the total
crack area of the FRES gradually decreased with the
number of DW cycles increased. The crack length
ratio of the ES was higher than that of the FRES after
two cycles. After the third cycle, the crack length ratio of ES decreased, whereas the crack length ratio
of FRES risen. The average width of ES showed limited changes. This suggested that the use of BF
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[7] Indiramma, P., Sudharani, C., Needhidasan, S.
(2020) Utilization of fly ash and lime to stabilize
the expansive soil and to sustain pollution free
environment-An experimental study. Materials
Today: Proceedings. 22, 694-700.
[8] Vijayan, D., Parthiban, D. (2020) Effect of Solid
waste based stabilizing material for strengthening of Expansive soil-A review. Environmental
Technology and Innovation. 20, 101108.
[9] Ashfaq, M., Moghal, A. (2021) Influence of
Lime and Coal Gangue on the CBR Behavior of
Expansive Soil. in Civil Infrastructures Confronting Severe Weathers and Climate Changes
Conference. 2021. Springer. 101-112.
[10] Yang, H., Song, K., Liu, Y., Hong, W. (2009)
Physical treating Techniques of highway embankment filled with expansive soils. Chinese
Journal of Geotechnical Engineering. 30(4),
491-500.
[11] Le, C., Liang, Z., Song, Z. (2015) Influence of
polypropylene fiber-reinforcement on consolidation and compression characteristics of kaolin.
Rock and Soil Mechanics. 36, 372-376.
[12] Hambirao, G., Rakaraddi, P. (2014) Soil stabilization using waste shredded rubber tyre chips.
IOSR Journal of Mechanical and Civil Engineering. 11(1), 20-27.
[13] Goyal, P., Trivedi, A., Sharma, M. (2015) Improvement in Properties of Black Cotton Soil
with an Addition of Natural Fibre (Coir) Derived From Coconut Covering. International
Journal of Engineering Research and Applications (IJERA). 5, 36-37.
[14] Jayasree, P. (2015) Volume change behavior of
expansive soil stabilized with coir waste. Journal of Materials in Civil Engineering. 27(6),
04014195.
[15] Martins, A., Silva, F., Toledo Filho, R. (2015)
Mechanical behavior of self-compacting soilcement-sisal fiber composites in Key Engineering Materials. Trans. Tech. Publ. 2(1), 72-80.
[16] Ayothiraman, R., Bhuyan, P., Jain, R. (2014)
Comparative studies on performance of human
hair and coir fibers against synthetic fibers in
soil reinforcement. in 2nd Annual International
Conference on Architecture and Civil Engineering (ACE 2014). Singapore. 256-264.
[17] Sahu, R., Ayothiraman, R., Ramana, G. (2016)
Shear behavior of sand reinforced with human
hair fibers. in 19th Southeast Asian Geotechnical Conference and 2nd AGSSEA Conference
(19SEAGC & 2AGSSEA). 336-348.
[18] Jalasutram, S., Sahoo, D., Matsagar, V. (2017)
Experimental investigation of the mechanical
properties of basalt fiberǦreinforced concrete.
Structural Concrete. 18(2), 292-302.

The addition of fibers can effectively inhibit the
expansion and shrinkage of expansive soil in dry-wet
cycles. The expansion ratio of fiber-reinforced expansive soil and expansive soil decreased with the
number of cycles increment. In the process of drywet cycle, the expansive soil had stronger expansion
than the fiber-reinforced expansive soil. The expansion rate of fiber-reinforced expansive soil is lower
than that of expansive soil; the shrinkage rate of expansive soil is higher than that of fibrous soil. Thus,
the environment-friendly fibers have an inhibitory
effect on the crack development of expansive soils
during dry-wet cycles.
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CALCULATION OF KEY PARAMETERS AND
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BASIN AS AN EXAMPLE
Yufei He1,*, Changmin Zhang2, Jing Ye3, Le Zhao4, Renjie Yang5
1

Geology Research Institute, China National Logging Corporation, Xi’an, Shaanxi 710077, China
2
Qinghai Branch, China National Logging Corporation, Dunhuang, Qinghai 736202, China
3
NO.1 Gas Production Plant of Petro-China Changqing Oil Field Company Ltd., Xi'an, Shannxi 710016, China
4
NO.1 Oil Production Plant of Petro-China Changqing Oil Field Company Ltd., Xi'an, Shannxi 710018, China
5
China University of Petroleum (East China), Qingdao, Shandong 266000, China

methane production capacity assessment and
exploration and development [2,3,4,5]. With the
development of logging technology, the logging and
interpretation technology in CBM field has been
improved, and its evaluation of coal seam thickness
and coal quality has become more and more perfect
[6,7,8], which can basically meet the needs of CBM
resource exploitation. However, with the increasing
accuracy requirements of logging and interpretation
of coalbed methane reservoirs at home and abroad
and the increasing number of evaluation indexes in
the past 10 years, the logging and interpretation
models and methods previously established for
coalbed mining can no longer meet the needs of
coalbed methane exploration and development.
The Hancheng block is located at the northeast
edge of the Weibei coalfield in the Ordos basin [9],
and the main coal-bearing strata in the Hancheng
block are the Permian Shanxi and Taiyuan
formations [10,11]. The main coal seams No. 3, No.
5, and No. 11 [12] are stably distributed, and the
burial depth is generally 400-1,000 m. The thickness
of the coal seams is 1.5-10.0 m in a single layer, and
the cumulative thickness is 5.5-13.5 m; the
formation pressure coefficient is 0.6-0.8; the
porosity is 1.5-8.0%; the permeability is 0.01×10−32.5×10- 3μm2 ; ash content distribution is wide, from
9.8% to 39.8%, with an average of 19.9%, moisture
content 0.3% to 1.0%, volatile content 8.59% to
15.19%, mainly low - medium ash coal with low
moisture and low volatile content; mirror quality
group reflectivity between 1.83% and 3.05%,
reflecting large changes in coal rank, mainly lean
coal, poor coal, partly coking coal; gas content from
9 to 17m3 /t; broken coal structure [13], dominated
by fractured coal and broken grain coal. The overall
characteristics of coal seams in Hancheng block, low
pressure, low permeability, high gas content,
fragmented coal body structure, and strong nonhomogeneity, lead to large vertical variations in key
parameters of coal seams, especially variable coal

ABSTRACT
With the increasing demand for new energy
sources today, the development of clean energy from
coal-bed methane (CBM) is receiving increasing
attention. Logging is one of the key technologies in
CBM exploration and development, and accurate
calculation and evaluation of CBM reservoirs using
logging information is a prerequisite for CBM
exploration and development. In view of the strong
inhomogeneity of coal-bed methane reservoir in
Hancheng block of Ordos Basin, the fragmented
structure of coal body, the large vertical variation of
key parameters, especially the difficulty of
determining the Ash content of industrial
components of coal bed, the variable structure of
coal body and the difficulty of logging identification,
the large difference of gas content, lead to the lack
of accurate and systematic understanding of coal
reservoir evaluation. Based on the abundant logging
information, this paper establishes a new model for
calculating the ash content, coal body structure, gas
content and horizontal stress difference coefficient
of coal seams in the study area. It provides technical
guarantee for the accurate evaluation of key
parameters of CBM reservoirs in the study area and
the optimal selection of shot hole layer.

KEYWORDS:
Logging, Ordos Basin, reservoir classification, gas
content, ash content

INTRODUCTION
Coalbed methane exploration is a key research
direction for unconventional oil and gas resources
development in recent years, and accurate evaluation
of coalbed methane content [1] is especially critical
for single-well production prediction and coalbed
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body structure and difficult logging identification,
large differences in gas content, and difficulty in
logging quantitative calculations, and the previously
established logging interpretation models and
methods for coal seam mining can no longer meet
the needs of CBM exploration and development.
There is an urgent need to further improve the
conversion rate of coring and logging data to
improve the accuracy of CBM reservoir
identification.

Fresenius Environmental Bulletin

'GR

GR  GRmin
GRmax  GRmin

(2)

Where: GR is natural gamma logging value,
API; GRmax is natural gamma maximum value of
coal seam section, API; GRmin is natural gamma
maximum and minimum value of coal seam section,
API.
Calculation of coal body structure. Coal body
structure is an important factor affecting CBM
exploration and development [17], which not only
affects the pore-permeability characteristics of coal
reservoirs and CBM enrichment, but also affects the
fracture modification and efficient development of
CBM [18,19], and is one of the key indicators of coal
reservoir recoverability and the main geological
factor of CBM reservoir production capacity [20,21].
Different coal structures develop different fracture
systems, which directly affect factors such as coal
seam permeability, gas content, and coal dust output.
In this paper, based on the national standard GB/T
30050-2013 [22], the coal body structure of
Hancheng district block is classified into three types,
namely, primary structural coal, fractured coal and
fractured grain coal, from the perspective of gas
geology and the macroscopic and microscopic
structural characteristics of the coal body [17,23].
Making full use of the advantages of higher
vertical resolution, good continuity and shorter
acquisition time of the logging information, the
relationship between the logging information and
different coal body structures is established on the
plate (Figure 1). From the analysis of the plate, it is
concluded that well diameter and resistivity are the
most sensitive to divide different coal body
structures; with the more broken coal body structure,
the more serious well diameter expansion, the deep
reistivity gradually decreases, and the natural
gamma of coal seams with different coal body
structures will have different effects. The well
diameter, deep resistivity and natural gamma curves
are integrated to establish the coal body structure
discriminating factor to identify and classify the coal
body structure of Hancheng district block.

Methods and processes. This study is based on
coring data and logging data, this study established a
calculation model for coal seam ash content, coal
body structure, gas content and horizontal stress
difference coefficient in the target area, which
provided key parameter support for accurate
classification and evaluation of coalbed methane
reservoirs. Combined with the comprehensive
analysis of multi-parameter evaluation, the coal
seam and roof and floor are considered as a system,
and the classification evaluation standard of CBM
system in the study area is established.
Calculation of the industrial ash content of
coal seams. The industrial analysis of coal is the
basis of coal quality evaluation, especially the
logging evaluation of coal ash content. The bulk
density of coal samples has a good relationship with
ash content, so the density logging can be used to
obtain the industrial analysis parameters [14,15].
However, in practice, density logging is greatly
influenced by borehole conditions due to the poor
mechanical properties of coal, and there is a large
error in using the relationship between bulk density
and ash alone to obtain the ash content [16].
Considering that the main component of ash in coal
is mud, pure coal does not absorb radioactive
material [14]. Based on this, there is a correlation
between the natural gamma relative values and the
ash analyzed in the laboratory, using eq.(1) and (2) .
(1)
Aad 31.212 u 'GR  4.3049
Where: Aad is the mass percent of ash, %; ΔGR
is the natural gamma relative value, fractional.

FIGURE 1
Logging and identification of coal body structure in Hancheng block on the eastern edge of Ordos Basin
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TABLE 1
Criteria for discriminating the structure of coal body
Coal Body Structure Type
MT Discriminant Interval
Primary Structural Coal
<0.55
Fractured Coal
0.55~0.75
Fractional Coal
>0.75
models, and interpretation methods and models
suitable for CBM logging must be studied [25] in
order to make a correct evaluation of CBM.
The present-day gas content of the coal seam is
the residual amount of gas produced, stored, and
escaped from the coal seam during its evolution
(mainly reflected in the influence of tectonics and
hydrodynamics), i.e., it is the volume of methane gas
contained in a unit weight of coal under standard
temperature and standard pressure conditions
nowadays. Generally speaking, the higher the gas
content of a coal seam, the better the gas enrichment
and the more favorable the coal bed methane
development. In the process of gas content testing,
the main source of error is the fugitive gas volume,
which is a difficult task in the determination of coal
seam gas content. The direct method can be divided
into USBM direct method, modified direct method,
and Smith-Williams method according to the
different methods of fugitive gas acquisition and
processing [26,27,28,29,30], but the gas content
obtained by these methods usually corresponds to
the lower limit of the actual gas content, while the
closed core method, which is closer to the actual gas
content, is currently used. Indirect methods, on the
other hand, can be divided into weight method,
adsorption isotherm method, and Kaim method, each
of which has its own conditions and scope of
application and is hardly applicable to the estimation
of gas content in unsaturated coal seams.
The present-day gas content of coal seams can
more accurately reflect the real situation of the
present-day gas content of coal seams, which can
better and more economically guide the production
and development. Based on the response
characteristics of coal quality logging, combined
with the sensitive factors of present-day gas content
logging, built the coal seam primitive present gas
content model synthetically. In the model, the
calculation model of present gas content is
established by considering ash content, density,
formation water salinity and structural curvature
regression using eq.(5).
Where: Vgas is the present-day gas content, m3
/t; X1 is the logging calculated ash, %; X2 is the
logging density, g/cm3; X3 is the formation water
mineralization, mg/L; X4 is the tectonic curvature,
dimensionless.

Due to the different geological and physical
response mechanisms of various logging methods,
there are also differences in the magnitude and order
of magnitude of various logging curves as well as the
measurement status of the loggers, therefore, it is
necessary to do the normalization of each logging
parameter index in the range of 0~1 before the coal
body structure is determined by eq.(3):

'X

X  X min
X max  X min

(3)

Where: X is measured log response value; Xmax
is maximum value of the treated well section; Xmin is
minimum value of the treated well section.
The coal body structure discriminant is
calculated and discriminated by eq.(4):

'GR  'CAL
2
2

MT

2

 ' lg RD  1

(4)
Where: MT is the coal body structure
discriminant, API; CAL is the well diameter, cm; RD
is the deep resistivity, Ω.m; ᶭGR is the normalized
natural gamma curve; ᶭCAL is the normalized well
diameter curve; ᶭlgRD is the normalized log deep
resistivity curve.
Combined with the specific block logging
response, the coal structure logging evaluation
criteria were formed. Take Hancheng block in Ordos
Basin as an example, the coal body structure factor
discriminant criteria (Table 1).
Calculation of the gas content of the coal
seam. The coal seam is both a gas producing and a
gas storage layer [24]. Under primitive stratigraphic
conditions coalbed methane is endowed in the coal
seam in three states: free, adsorbed, and dissolved
[1]. Only a small amount of it exists in the free state,
and most of it is adsorbed on the surface of the coal
seam in the form of single molecules. The storage of
methane in coal seams relies on adsorption rather
than on the presence of a trap for the reservoir gas,
and thus is fundamentally different from
conventional natural gas storage. Therefore, the
interpretation of CBM cannot be simply applied to
conventional natural gas logging interpretation

Vgas

3.578 ln X 1  1.302 ln X 2  5 X 3  0.843 X 4  26 .636
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Coal seam horizontal stress discrepancy
coefficients are constructed. The horizontal
principal stress model for CBM reservoirs uses a
combined spring empirical model [31], which is
more applicable to the characteristics of CBM
reservoirs with strong non-homogeneity˖

V h  DPP
V H  DPP

Q
1 Q

V V  DPP 

Comprehensive classification and evaluation
of coalbed methane reservoirs. The coalbed
methane system is a natural system that includes a
set of effective source rocks, namely coal seams and
the coalbed methane it generates, as well as all the
geological elements and geological processes
necessary for the enrichment of coalbed methane.
The main idea of logging evaluation of coalbed
methane system is to comprehensively evaluate the
coalbed methane system by taking the coal seam and
roof and floor as a whole. It gets rid of the limitation
of single evaluation of coal seam or roof and floor in
the past. Therefore, taking the coal seam and roof
and floor as an overall evaluation system, and
comprehensively considering the development of
coal seam and roof and floor, the comprehensive
classification evaluation standard of coalbed
methane system logging in Hancheng block is
established (Table 2).

EH h QEH H

1 Q 2 1 Q 2
(6)

EH H QEH h
V V  DPP 

1 Q
1 Q 2 1 Q 2

Q

(7)
Where, σv is the vertical stress, which is
generally equal to the overlying rock pressure of the
rock, MPa; σh is the minimum horizontal principal
stress, MPa; σH is the maximum horizontal principal
stress, MPa; α is the Biot coefficient; PP is the
formation pore pressure, MPa; εh, εH are the strains
in the direction of the minimum and maximum
principal stresses, which are constant within the
same fracture block.
Horizontal stress difference coefficient affects
fracture transformation fracture direction and scale.
The larger the horizontal stress difference coefficient
is, the easier it is to form long fractures along the
direction of the maximum principal stress, and the
fracture transformation capacity effect is good.
Construct the horizontal principal stress difference
coefficient, the formula is as follows [32]˖

Kh

V H V h
Vh
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Application examples. Y1 well 3# , 5# , 11#
cumulative development of 11.4m thick coal seam,
coalbed
methane
reservoir
classification
identification and evaluation, 11# coal seam 891.5894.0m, The logging evaluation of this interval is
low in ash content, the coal body structure is primary
coal, the current gas content is high, the water
content of the roof and floor is weak, there is a big
difference in stress between roof and floor ,and coal
seam and the coalbed methane reservoir is
comprehensively identified and evaluated as a class
I section, which is a well section with good
fracturing productivity (Figure 2). Results The daily
gas production of the fracturing gas test reached
3600 m3/d, and the predicted production capacity
was consistent with the gas production production
results.

(8)

Where: Kh is the horizontal principal stress
difference coefficient, dimensionless; σh is the
minimum horizontal principal stress, MPa; σH is the
maximum horizontal principal stress, MPa.

TABLE 2
Comprehensive classification and evaluation criteria for coalbed methane system logging
Stratigraphic
Influencing Factors
Class I
Class II
Class III
Ash
<8
8 ~ 13
>13
Primary Structural
Coal Body Structure
Fractured Coal Fractional Coal
Coal, Fractured
Coal
Coal Seam
Gas Content
>15
8 ~ 15
<8
Horizontal Principal
Stress Difference
>0.10
0.05 ~ 0.10
<0.05
Coefficient
No Water, Weak
Certain Water
High Water
Aqueous
Water
Content
Content
Top And Bottom
NonCrack
Crack Development
Non-Development
Development
Development
Plates
Stress Difference
>5
3~5
<3
With Coal Seam
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FIGURE 2
Application of Y1 well logging data in coalbed methane reservoir evaluation
the more complex the fracturing fractures
communicate with the natural fractures and the more
complicated the expansion pattern of the fracturing
fractures.
The horizontal principal stress difference
coefficient is a morphological characteristic that
affects the post-compression fracture. The larger the
horizontal principal stress difference coefficient is,
the larger the fracture fracture communicates with
the natural fracture, the more complex the extension
pattern of the fracture fracture, and the general postcompression capacity. The horizontal stress
difference coefficient is constructed, production
capacity after fracturing general. Horizontal stress
difference coefficients are constructed.
It has got rid of the limitation of single
evaluation of coal seams or top and bottom plates in
the past. Take coal seam and roof and floor as a
whole evaluation system, and the development of
coal seams and top and bottom plates are
comprehensively considered, and the comprehensive

CONCLUSION AND AWARENESS
The coal body structure of Hancheng block at
the eastern edge of Ordos Basin is mainly divided
into three types, namely, primary structural coal,
fractured coal and fragmented coal, and the logging
information and different coal body structure plates
are established, which, well diameter and resistivity
are the most sensitive to classify different coal body
structures; as the coal body structure becomes more
fragmented, well diameter dilation becomes more
serious, and deep resistivity gradually decreases.
Synthesizing well diameter, deep resistivity and
natural gamma curve, the discriminant factor of coal
body structure is established, and the coal body
structure of Hancheng block is identified and
divided.
The difference coefficient of horizontal
principal stress is the morphological feature that
affects the fractures after fracturing. The larger the
difference coefficient of horizontal principal stress,
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classification and evaluation criteria of coalbed
methane system logging in Hancheng block are
established.
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the total area of land damaged by mines in China has
reached 262.0×104 hm2, while the proportion of reclamation and treatment of abandoned industrial and
mining lands only accounts for about 21%. The land
damaged by mining development and abandoned industrial and mining lands after closure are increasing
year by year, and with the increase of the number, it
has become a global problem[1,2]. Industrial and
mining waste land mainly includes mining waste
land, waste land caused by infrastructure construction such as transportation and water conservancy,
industrial waste land and other waste land. Industrial
and mining wasteland not only occupies a large
amount of land resources, but also easily causes negative ecological and environmental impacts such as
soil pollution, soil erosion, soil salinization and landslides in the mining area. [3,4]. The existing research
results show that due to the development and utilization of mineral resources, the soil quality of the abandoned land in the mining area has deteriorated to varying degrees. The uncontrolled mining for a long
time has led to the extreme lack of soil moisture,
loose structure, reduced fertility and changes in material composition, eg,wei et al(2008) [5] found that
the soil water content in coal mining subsidence area
is generally lower than that in non subsidence area.
Some other studies have also shown that the contents
of organic matter, nitrogen and phosphorus in the
soil of abandoned land are only 20% to 30% of the
vegetation covered soil [6], the research of chen et
al(2019) [7]shows that the pH value of the soil in the
waste land of Panyi Mine in Huainan City is mainly
alkaline, and the bulk density is slightly tight or
above. According to the analysis of the fertility grading standard of the second national soil survey, the
content of organic matter is at the level of level 4 relatively deficient and below, and the content of alkali
hydrolyzed nitrogen and total phosphorus is at the
level of level 5 generally.
In addition, industrial and mining wasteland often has different degrees of pollution. Abdullahi et
al., (2020)[8] and Li et al., (2014) [9] found that potential pollution elements such as heavy metals lead,
cadmium, chromium, arsenic and mercury are
widely present in the abandoned phosphate rock
area. These toxic pollutants not only reduce the qual-

ABSTRACT
In order to explore the soil environmental quality of the abandoned industrial and mining areas in
northern Shaanxi Province, the pollution status of
heavy metals in the abandoned areas was evaluated
by single pollution index method and comprehensive
pollution index method, and the soil fertility status
of different abandoned areas was evaluated by the
improved Nemerow index method. The results
showed that (1) the soil fertility level of different
abandoned lands was low, and the order of soil fertility level from large to small was abandoned river
channel > abandoned brick factory > coal dump >
open-pit mine I > open-pit mine II. (2) The contents
of heavy metals (Cd, Cu, Cr, Hg, Ni, Pb, As, and Zn)
in the soil of the study area did not exceed the risk
control value of "Soil Environmental Quality Agricultural Land Soil Pollution Risk Control Standard
(Trial)" (GB 15618-2018), but the contents of heavy
metals in some areas exceeded the background value
of soil in Shaanxi Province. (3) Single pollution index method indicated that the pollution index of
heavy metals Pb, Zn, As and Hg in the soil of the
study area were all < 1, and the heavy metal pollution
level was clean. The comprehensive pollution index
showed that the heavy metal pollution in the soil of
the study area was mild or below. (4) The sharing
rate of heavy metal Cd in soils of different abandoned areas in northern Shaanxi was the lowest, and
its sharing rate was less than 5%, while the differences of other heavy metals were not obvious.

KEYWORDS:
Abandoned land, Soil fertility, Heavy metal pollution

INTRODUCTION
In recent years, due to the slowing of the economic growth of China, the continuous optimization
and upgrading of the industrial structure and the decline of mineral product prices, the integration of
mineral resources and the closure of industries with
excess capacity have produced a large number of
abandoned industrial and mining lands. At present,
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landscape, but also seriously restricts the sustainable
development of the economy and society. Land reclamation is an effective measure to restore the soil
ecological environment. In order to improve the
quality and efficiency of the reclamation work, it is
necessary to understand the soil quality and correctly
evaluate the soil quality. Therefore, this study investigated the open-pit coal mines, abandoned brick factories, coal yards and river dredging projects in
Northern Shaanxi, and evaluated the environmental
quality of the soil in the abandoned land, providing
theoretical reference for further reclamation work in
the future.

ity of the atmosphere, water and crops, but also endanger the living things and human health through
the food chain. Wang et al.,(2021) [10]Pointed out
that mining activities and mine waste land are one of
the main sources of heavy metal pollution. Due to
copper mining and the existence of a large number
of waste land in Tongling area, copper, cadmium,
lead and chromium pollution in farmland soil around
the mining area is serious, local economic development is seriously restricted, and the health of residents is seriously threatened[11,12]. Ran et
al.,(2021) [13] explored the sources, spatial distribution and hazards of heavy metals to public health in
an abandoned arsenic mine, the study showed that
the average concentrations of arsenic (As), cadmium
(Cd), mercury (Hg), manganese (Mn), lead (Pb), antimony (Sb), strontium (Sr) and thallium (Tl) in the
soil of abandoned arsenic mine were higher than the
background average, arsenic in soil has potential
non-carcinogenic hazards and carcinogenic risks to
local residents. Abandoned mine site soils often contain various As and Sb minerals including arsenopyrite
(FeAsS),
pyrite
(FeS2),
scorodite
(FeAsO4.2H2O),
tooeleite
(Fe6(AsO3)4(SO4)(OH)4·4H2O),
tripuyite
(FeSb2O6), and stibnite (Sb2S3) [14]. Oxidative dissolution of sulfide minerals can release As and Sb
and cause serious contamination of the surrounding
soil and ground water[15]. The recovery of the damaged land in the mining area is very slow. Even after
the transformation, the soil is still quite different
from the ordinary farmland soil in terms of structure,
fertility and pH value, and the soil productivity is difficult to reach the level of the original soil or cultivated soil[16-19]. Therefore, speeding up the reclamation and redevelopment of abandoned industrial
and mining land is of positive significance for promoting the comprehensive land consolidation, revitalizing the existing construction land, improving the
utilization rate of abandoned industrial and mining
land, and alleviating the land use bottleneck.
Soil fertility is the basic attribute of soil and an
important indicator to measure soil quality. It is the
ability of soil to provide fertility, resist erosion and
mechanical support for plants under the comprehensive effect of physical, chemical and biological factors. Soil fertility quality is an important content of
soil ecosystem, which includes soil fertility and soil
pollution. The evaluation of soil fertility quality can
provide decision-making basis for the utilization of
land resources, scientific fertilization and adjustment
of land structure and layout. Yulin in Northern
Shaanxi is the most important coal base in Shaanxi
Province and plays a pivotal role in Shaanxi. At present, there are more and more abandoned mines that
have been exhausted. The idle abandoned land not
only wastes land resources, affects the ecological

MATERIALS AND METHODS
Study Area. The sample collection area is located in Shenmu City, Shaanxi Province, which is
located in the transition zone from the Loess hilly
and gully region of northern Shaanxi to the grassland
of Inner Mongolia. It belongs to the semi-arid continental monsoon climate, with an altitude of
987~1449.4m. It has more northwest wind, frequent
sandstorm, short frost-free period, long sunshine
time and large accumulated temperature effectiveness. The annual average sunshine in the region is
2875.9 hours, the sunshine percentage is 65%, the
total solar radiation is 141.86 kcal/cm, the biological
radiation is 70.93 kcal/cm, it is one of the areas with
more sunshine and strong radiation in Shaanxi Province. The area is mainly yellow soil and aeolian sand
soil, soil structure loose, poor erosion resistance, serious soil erosion. The main land use types are cultivated land, grassland, woodland, industrial and mining land and trade land.
Sample Collection. Soil samples were collected in April 2019, the sampling points were set
according to the restoration target of the local industrial and mining abandoned land. A total of 5 soil
samples were collected from the abandoned land.
Among them, plot 1 (A1) was the abandoned river,
and the waste of the river was to be removed and leveled, plot (A2) and plot (A3) are open-pit coal mines,
which are to be renovated into forest land, plot 4
(A4) is an abandoned brick factory, which is to be
renovated into farmland, plot 5 (A5) is an open coal
dump, which is to be renovated into woodland. At
each sampling point, the "S-shaped" method was
used for multi-point mixed sampling. Soil samples
of 0-30 cm (all about 1 kg) in the surface layer were
collected and brought back to the laboratory sealed
for analysis of soil nutrients and heavy metals. Sample collection location is shown in Figure 1.
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FIGURE 1
Location of study area
Nemerow Index Method. There are still some
defects in using soil single index to evaluate soil fertility. After summarizing relevant studies, this study
weighted standardized data and put it into
Nemerow's formula to obtain an improved
Nemerow's formula, namely soil comprehensive fertility index. The formula is as follows:

Determination Method. The determination of
soil nutrient content refers to the national standard
method. Soil pH was determined using PHS-3B pH
meter, according to "soil pH determination" NY/T
1377-2007; Soil organic matter was determined by
potassium dichromate heating method, according to
"Soil testing - Part 6: Determination of soil organic
matter" NY/T 1121.6-2006; Soil total nitrogen was
determined by Kjeldahl method, according to "soil
total nitrogen determination method (semi-trace
Kjeldahl method)" NY/T 53-1987; Soil available
phosphorus was determined by 0.5 mol/L sodium bicarbonate extraction and molybdenum-antimony
anti-color method. Soil available potassium was determined by extraction of 1 mol/L neutral ammonium acetate solution with flame photometer. Do
three parallel runs for each sample.
The soil samples were air-dried, ground and
sieving. After HNO3-H2O2-HF digestion, the contents of heavy metals Cd, Ni, Cu, Zn, Pb, Cr and As
were determined by inductively coupled plasma
mass spectrometry (ICP-MAS, Agilent 7700). Hg in
soil was digested by (1+1) aqua rega in boiling water
bath and determined by atomic fluorescence spectrometry (AFS-9760). Do three parallel runs for each
sample. The reagents used were superior grade pure
or analytical pure as specified in the standard
method, and the standard material (GBW 08303)
was used for quality control. The recovery rate of
heavy metal in the standard material was between
90~110%.

Q

2
2
˄Piave˅
˄Pi min˅
˄n -1˅
u
2
n

(1)

Where: Q is soil comprehensive fertility index,
Piave is the average value of soil fertility coefficient,
Pimin is the minimum value of soil fertility coefficient, n is the number of soil attributes.
Soil fertility standardization treatment. Because the order of magnitude of the single soil fertility index was not consistent, it could not be directly
summed. In this study, the data were standardized to
eliminate the differences among the indicators during the evaluation. The treatment method is shown
in Table 1. The classification standard values of soil
attribute factors (Xa, Xc, Xp) are mainly divided according to the second national soil census standard
(Table 1).
Where: Ci is the measured value of the attribute, Xa, Xc and Xp are the grading indexes, and Pi is
the fertility coefficient.
Standard value of soil attribute classification. The classification of soil properties in this
study is based on the technical specifications for soil
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TABLE 1
Standardized treatment method of soil fertility evaluation
Classification standard
Processing method
Pi Ci / X˄
Poor Ci≤Xa
a Pi d 1˅

P 1 ˄C - X ˅˄
/ X - X ˅˄˘
1 P d 2˅
i
i a
c a
i

Medium Xa˘Ci≤Xc

P
i

preferably Xc˘Ci≤Xp

2 ˄C - X ˅˄
/ X - X ˅˄2˘P d 3˅
i
c
p
c
i

P
i

Good Ci˚Xp

3

TABLE 2
Classification standards of soil properties
Classification standard

pH˘7.0

pH˚7.0

Organic matter (g/kg)

Total nitrogen
(g/kg)

Xa
Xc
Xp

4.5
5.5
6.5

7
8
9

10
20
30

0.75
1.50
2.00

analysis (the second national soil survey) and the actual conditions of different abandoned lands. See Table 2 for specific determined values.

Soil Nutrient Status and Fertility Evaluation
of Abandoned Land. The measured values of soil
nutrient indexes of different abandoned lands was
shown in Table 3. In general, the soil pH of each
wasteland is weakly alkaline, indicating that the soil
of each industrial and mining wasteland in Northern
Shaanxi has not been acidified. The soil pH comprehensively reflects the chemical properties of the soil,
and too high or too low will affect the growth of
plants, pH is directly related to the existing forms of
nutrient elements, microbial activities and nutrient
release in soil. The soil pH in the survey area is between 7.85 and 8.65, which belongs to weak alkaline
soil, which may be related to the soil forming parent
rock in this area [20]. Soil nitrogen is one of the important indicators of soil fertility, and its content and
distribution are comprehensively affected by various
factors such as soil parent material, climate conditions, carbon and nitrogen input; The input and output of soil organic matter directly determine the content of soil organic matter, and soil organic matter is
the bottleneck to improve soil fertility. In this study,
the abandoned brick factory has a high content of total nitrogen and organic matter in the soil. After investigation and survey, it is found that the abandoned
brick factory has been shut down for many years, and
it is covered with certain artemisia and other vegetation. The litter such as dead leaves is input into the
soil, which increases the content of soil nutrients,
with the decomposition of root exudates of the vegetation, the nutrients can also be released into the
soil; The dust, industrial exhaust gas and other pollutants produced in the mining process of open-pit
coal mines are the main factors causing surface pollutants. In some low-lying areas, the wind speed is

(1) Single pollution index method
The calculation formula is୧ ൌ ୧ Ȁ୧ .
(2)
Where: Pi is the pollution index of the pollutant,
Ci is the measured value of the pollutant, mg/kg; Si
is the evaluation standard of the pollutant, and the
evaluation standard of the pollutant is subject to the
second-level national standard.
When the measured soil value < background
value, it belongs to grade I (clean); When Pi < 1, it
belongs to grade II (still clean); 1≤Pi < 2 belongs to
grade III (mild pollution); 2≤Pi < 3 belongs to grade
IV (moderate pollution); When Pi≥3, it belongs to
grade V (heavy pollution).
(2) The formula of comprehensive pollution index method is:
2
pij2 max  Pijave

2
(3)
Where: P is the comprehensive quality index of
the j-th monitoring point; Pijmax is the maximum
value of all three pollution indexes of pollutant i at
the j-th monitoring point; Pijave is the average value
of all single pollution indexes of pollutant i at the jth monitoring point.
(3) Pollutant sharing rate

Pz

¦

Ki

Pi
u100%
Pz

i
n

Pi

Available
phosphorus
(mg/kg)
5
10
20

Where: Pz is the comprehensive pollution index; ηi is the pollutant sharing rate.
RESULTS AND DISCUSSION

EVALUATION METHOD
OF SOIL HEAVY METAL POLLUTION

P

Available potassium
(mg/kg)
50
100
200

(4)

(5)
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higher than that of the rest of the waste land (P <
0.05). In addition, the soil fertility is also related to
the activities of microorganisms and enzymes in the
soil. The activities of microorganisms and enzymes
in the soil of the mining area are low, which reduces
the turnover rate and energy cycle of nutrient elements in the soil to a certain extent.
Based on the Nemero index method, the comprehensive evaluation of soil fertility of industrial
and mining wasteland in Northern Shaanxi is carried
out. The comprehensive evaluation value ranges
from 0.71 to 1.18. The overall data is small and the
soil fertility level is low. It can be seen from Table 4
that the order of soil fertility of the five abandoned
lands is A1 > A4 > A5> A2> A3, indicating that the
soil fertility of the abandoned lands covered with
vegetation is better than that of other abandoned
lands.

low, and the dust and exhaust gas produced by mineral mining cannot be well diffused and diluted.
However, in the plain areas with high wind speed,
the amount of dust is increased due to the wind force,
and the diffusion range of pollutants is enlarged; A
large amount of dust generated by open-pit mining
enters the soil under the action of atmospheric sedimentation and surface leaching, which changes the
soil structure, which not only increases the risk of
soil heavy metal pollution, but also reduces the content of soil organic matter and total nitrogen; The
content of available nutrients in soil also directly affects the growth and development of plants. The content of available nutrients in soil directly affects the
growth and development of plants. In this study, the
content of available potassium in the soil of the waste
brick factory was significantly higher than that of the
rest of the waste land (P < 0.05), and the available
phosphorus in the waste river was significantly

NO.

pH

A1
A2
A3
A4
A5

8.34±0.19b
8.49±0.28b
7.85±0.71c
8.65±0.03a
8.62±0.62a

Fresenius Environmental Bulletin

TABLE 3
Soil nutrient indexes of different wastelands
Organic matter
Total nitrogen
Available potas(g/kg)
(g/kg)
sium (mg/kg)
20.30±4.95a
0.30±0.035c
65±5.0b
7.05±3.50c
0.22±0.044de
49±1.1c
10.72±2.46bc
0.29±0.036d
60±2.9b
21.90±9.40a
0.50±0.075a
161±2.5a
15.65±9.46bc
0.39±0.030b
38±1.0d

Available phosphorus (mg/kg)
11.60±7.3a
1.80±0.7cd
0.80±0.6d
3.54±0.7bc
3.62±0.7bc

The data in the table are the mean ± standard error. If there is a same letter after the data in the same column, it means that
there is no significant difference between different types of waste land (P > 0.05), the same below.

TABLE 4
Soil comprehensive fertility evaluation by Nemero index method
Sampling site
NO.
Nemerow index
Abandoned River
A1
0.90
Abandoned brick factory
A4
0.89
Coal yard
A5
0.81
Open pit coal mine I
A2
0.74
Open pit coal mine II
A3
0.71

Element

Cd
Cr
Hg
As
Pb
Cu
Zn
Ni

Sort
1
2
3
4
5

TABLE 5
Soil background value and soil environmental quality standard value
Soil backSoil pollution risk control value of agricultural land
ground value
(mg/kg)
Soil backin Northern ground value
pH>7.5
Shaanxi (Aeoin Shaanxi
pH≤5.5 5.5<pH≤6.5 6.5<pH≤7.5
lian sandy
Province
soil)
0.08
0.76
1.5
2.0
3.0
4.0
33.30
62.5
800
850
1000
1300
/
0.063
2.0
2.5
4.0
6.0
/
11.1
200
150
120
100
16.75
21.4
400
500
700
1000
14.06
21.4
/
/
/
/
43.35
69.4
/
/
/
/
/
28.8
/
/
/
/
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FIGURE 2
Heavy metal content of soil in different wasteland
and 1.23 times of the background value of soil in
northern Shaanxi, respectively. The content of heavy
metal Cd in soil of each sampling site did not exceed
the background value of soil in Shaanxi Province,
but the content of heavy metal Cd in soil of abandoned river channel and open-pit coal mine I exceeded the background value of soil in northern
Shaanxi Province, with the exceeding multiples of
2.50 and 1.38 respectively. For heavy metal Hg, the
soil heavy metal Hg in the abandoned river and openpit mine I sampling sites were 1.75 and 1.10 times of
the soil background value in Shaanxi Province, respectively. The heavy metal Cu in each sampling
point did not exceed the background value of soil in
Shaanxi Province, but the heavy metal Cu in the
sampling points of open pit mine I, open pit mine II
and abandoned brick factory exceeded the background value of soil in northern Shaanxi Province,
and the exceedances were 1.05, 1.21 and 1.31, respectively. Compared with the soil background
value in northern Shaanxi Province, the soil Pb exceedances of standard in the sample sites of abandoned brick factory and coal dump were 1.02 and
1.00 times, respectively.
The degree of soil heavy metal pollution in different abandoned lands is different. The reason may
be that the parent rock of soil formation in abandoned lands under different working conditions is
different, and the parent rock of soil formation plays
a key role in the content of soil elements. Studies
have shown that there are great differences in the
content and pollution degree of different elements in
the soil of the same abandoned land.

Characteristics of Soil Heavy Metal Pollution In Different Wasteland. Figure 2 shows the
content of heavy metals in soil of different abandoned lands. It can be seen from the figure that there
is no significant difference in the content of heavy
metals among all sampling points (P>0.05), and
there is no difference in Cd and Pb among all sampling points. According to the Risk Control Standard
for Soil Pollution in Agricultural Land with Soil Environmental Quality (Trial) (GB 15618-2018), the
content of heavy metal elements in soil in different
abandoned lands did not exceed the risk control
value of the Risk Control Standard for Soil Pollution
in Agricultural Land with Soil Environmental Quality (Trial) (GB 15618-2018) (Table 5). Compared
with the soil background value in Shaanxi Province,
the heavy metal Cr content in the coal dump sampling site was 2.04 times higher than the soil background value in Shaanxi Province, and the heavy
metal Cr content in the coal dump sampling site was
significantly higher than that in the other sampling
sites (P<0.05). Compared with the soil background
value in northern Shaanxi Province, the heavy metal
Cr content in the soil at each sampling site exceeded
the standard. The exceeding multiple is 1.46, 1.88,
1.42, 1.38, 1.51, 1.29, 1.83, 3.83 in order. The most
serious heavy metal Cr pollution occurs in the abandoned coal dump. The content of heavy metal Zn in
the abandoned river sampling site was 1.03 times of
the background soil value in Shaanxi Province. The
contents of heavy metal Zn in the soil samples of
abandoned river, open pit mine I, open pit mine II
and abandoned brick factory were 1.65, 1.29, 1.14
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less than 5%. The heavy metal Zn share rate in the
soil at the second sampling site of open-pit coal mine
is 16%. Heavy metal As has a high share rate of 17%
in the waste brick factory. The share rates of Pb and
Cr in the coal dump are relatively high, which are
15% and 39% respectively. There is little difference
in the share rate of heavy metals in abandoned industrial and mining areas.

Evaluation Of Heavy Metal Pollution In
Soils Of Different Abandoned Lands. Figure 3
shows the sharing rate of heavy metal pollutants in
soils of different industrial and mining abandoned
areas. It can be seen from the figure that there is no
significant difference in the sharing rate of heavy
metals in soil of different industrial and mining abandoned areas, among which the sharing rate of Cd in
the study area is the lowest, and its sharing rate is

FIGURE 3
Heavy metal pollutant sharing rate in soils of different industrial and mining wastelands (%)
TABLE 6
Evaluation grade of heavy metal pollution index of soil in different
industrial and mining wasteland
Pollution index
Evaluation
Elements
method
A1
A2
A3
A4
1.75 Slight
Cr
0.78 Clean
0.60 Clean
0.49 Clean
pollution
1.00 Slight pol1.12 Slight
Cd
0.91 Clean
0.65 Clean
lution
pollution
Single facPb
0.76 Clean
0.52 Clean
0.60 Clean
0.14 Clean
tor polluZn
0.74 Clean
0.53 Clean
0.56 Clean
0.13 Clean
tion index
1.10 Slight
Cu
0.80 Clean
0.69 Clean
0.56 Clean
method
pollution
As
0.69 Clean
0.79 Clean
0.67 Clean
0.75 Clean
Hg
0.98 Clean
0.86 Clean
0.96 Clean
0.37 Clean
2.04 Moderate
Ni
0.39 Clean
0.37 Clean
0.33 Clean
pollution
Comprehensive pollu1.36 Slight pol0.92 Clean
0.72 Clean
0.86 Clean
tion index
lution
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A5
0.63 Clean
1.05 Slight
pollution
0.65 Clean
0.65 Clean
0.79 Clean
0.74 Clean
0.98 Clean
0.65 Clean
1.52 Slight
pollution
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Table 6 shows the evaluation grades of soil
heavy metal pollution index in different industrial
and mining abandoned lands. Shows that the study
area in the soil heavy metal Pb, zinc, the pollution
index of the As and Hg element was < 1, the heavy
metal pollution levels As it is clean, and heavy metal
Cd, Cr, Cu in part of the sample point pollution index
between 1 ~ 2, characterized by light pollution,
heavy metal Ni in abandoned channel sampling point
pollution index was 2.04, characterized by moderate
pollution. The heavy metal comprehensive pollution
index of abandoned river and coal dump in the soil
of different industrial and mining abandoned lands is
higher than that of other abandoned lands, and the
soil of this abandoned land has potential heavy metal
pollution. The comprehensive pollution index of
heavy metals in the five lands in the study area from
large to small is coal yard, abandoned river, open pit
coal mine I, abandoned brick factory and open pit
coal mine II.
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ABSTRACT
The efficient development of shale gas, an important unconventional oil and gas resource, can alleviate the current severe energy situation. However,
shale gas usually has low porosity and permeability,
and natural fractures are densely distributed, which
has a great impact on the accurate prediction and efficient development of shale gas geological reserves.
Moreover, complex fracture network will be formed
in shale reservoir during hydraulic fracturing, and
gel breaking and invasion of fracturing fluid will
cause reservoir damage, which will affect the subsequent development of shale gas. Therefore, in this
study, the behavior of fracture initiation and propagation in shale hydraulic fracturing was explored by
finite element method, and the pollution and damage
of fracturing fluid to the surrounding strata were analyzed experimentally. It is found that: (1) The shale
reservoir is extremely high in strength and brittleness, and its elastic modulus and tensile strength are
12.54 GPa and 6.9 MPa, respectively. At the same
time, the porosity and permeability of shale reservoirs are extremely poor, with the permeability of
only 0.15 mD. Therefore, it is imperative to develop
shale oil and gas resources by hydraulic fracturing.
(2) The crack propagation is extremely fast at the beginning of hydraulic fracturing, and will gradually
slow down as the fracturing continues. Moreover, after a long hydraulic fracturing operation, the hydraulic fractures will eventually continue to expand and
extend along the direction of the maximum horizontal principal stress. (3) During fracturing operation,
the invasion of fracturing fluid and its pollution to
reservoir will weaken with the increase of additive
concentration. When the concentration of carboxymethyl cellulose in fracturing fluid increases from
5 g/cm3 to 40 g/cm3, the invasion range of fracturing
fluid will decrease from 3.825 m to 0.989 m. The research can provide ideas and technical support for
the formulation optimization of fracturing fluid and
the exploration of shale gas recovery enhancement

KEYWORDS:
Shale reservoir, hydraulic fracturing, fracturing fluid invasion, reservoir pollution, reservoir damage

INTRODUCTION
With the increasing global demand for oil and
gas, shale gas (as an important unconventional oil
and gas resource) has gradually become a substitute
for conventional oil and gas resources, and it will
surely be one of the most important energy sources
in the future [1-2]. Therefore, it is of great strategic
significance and value to carry out research on shale
gas accumulation mechanism and development technology related to subsequent energy supply [3-4]. As
we all know, there are abundant shale gas resources
in the world [5]. Usually, shale joints are well developed, and there are many types of fractures in shale,
mainly including natural fractures and micro-fractures. Fractures can not only be used as the storage
space of natural gas in shale reservoirs, but also increase the adsorption area and space of natural gas in
shale, thus improving the natural gas saturation in
shale (see Figure 1). In addition, joints and fractures
can also be used as effective migration channels of
natural gas, improving the effective porosity and permeability of reservoirs [6-8]. However, the permeability of shale matrix is usually only between 10-12
m2 and 10-18 m2 (i.e., 10-3 mD scale), while the permeability of shale natural fractures is usually only
between 10-6 and 10-4 m2 [9-11]. In the process of
shale gas development, the shale reservoir needs to
be reformed to increase the number of fractures and
expand the seepage channel of shale gas. Therefore,
the accurate characterization of natural fractures in
shale gas reservoirs and the geological modeling of
hydraulic fracture propagation are very helpful for
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FIGURE 1
The fracture in shale reservoir and its influence on shale gas adsorption and desorption.
results related to fracture propagation and production
analysis in the process of hydraulic fracturing [1416]. Especially at present, there is no systematic
method to establish the geological model of shale gas
reservoir combining natural fractures and hydraulic
fractures, and there is a lack of quantitative description of shale oil and gas production [17]. The fractures and joints in shale reservoirs have not yet been
defined accurately and their geological models are
similar in difficulty and complexity to the development of fractured reservoirs [9]. (3) The research on
the destination and environmental effect of fracturing fluid after hydraulic fracturing has not been
widely carried out, which is an important issue related to the quality of groundwater.
Based on this, this study firstly analyzed the
mineral composition and mechanical parameters of
shale reservoir by experiment, which was the basis
of numerical simulation analysis of fracture propagation and fracture network formation. After that,
the finite element fluid-solid coupling numerical
simulation model of hydraulic fracture propagation
is established to analyze the behavior characteristics
of fracture initiation and propagation and the formation mechanism of fracture network. Finally, the
tracer method is used to analyze the invasion of fracturing fluid into the formation around the fracture
and its damage to the reservoir. It is hoped that this
study will reveal the formation mechanism of fracture network in the hydraulic fracturing process of
shale gas reservoir, and also try to provide technical
support for exploring the preparation of clean fracturing fluid system.

the geological reserves analysis and efficient development of shale gas. Moreover, the uncertainty of
fracturing fluid remaining in the ground during the
reservoir reconstruction has also aroused the public's
concern about potential environmental pollution.
Because of the tight lithology and low permeability of shale reservoir, hydraulic fracturing is an effective means of reservoir reconstruction. However,
the conventional characterization and modeling
methods of oil and gas reservoirs cannot accurately
describe the distribution of fracture network parameters after hydraulic fracturing in shale reservoirs
[18-19]. Great progress has been made in the research of geological modeling methods of shale gas
reservoir matrix and natural fractures. And Kim et al.
[20] carried out numerical research on geomechanical response of generalized Marcellus shale gas reservoir during hydraulic fracturing. It is found that
due to the high mobility of gas, gas injection will
make the fracture generation and propagation rate of
shale gas reservoir faster than that of water injection.
Guo et al. [21] established a two-dimensional fracture model of multi-fracture propagation coupled
with seepage-stress-damage in shale hydraulic fracturing based on damage mechanics. Using the mechanical parameters of shale reservoir, the propagation of hydraulic fractures with natural fractures is
numerically simulated. It is found that hydraulic
fractures tend to expand along natural fractures during hydraulic fracturing, and the smaller the fracture
spacing, the stronger the interaction between hydraulic fractures and the easier it is to change the propagation path. At present, the geological modeling and
development analysis of shale gas reservoirs are facing considerable challenges, which are mainly manifested in the three aspects: (1) At present, there is
still a lack of quantitative evaluation means for shale
gas reservoir heterogeneity due to its unique brittleness, extremely developed joints and natural fractures. Compared with conventional oil and gas reservoirs, shale gas reservoirs have more types and numbers of fractures [12-13]. (2) At present, the geological models used to construct shale gas reservoirs are
too simplified, ignoring their heterogeneity, resulting in the lack of credibility of numerical simulation

MATERIALS AND METHODS
Shale reservoir characteristics. X-ray diffraction experiment was carried out on 7 shale reservoir
cores drilled in the target oilfield, and the shale mineral composition in the target area was obtained, as
shown in Table 1. It is worth noting that the values
in Table 1 are the average of the experimental results
of 7 shale cores. It can be seen from Table 1 that
shale samples are mainly composed of minerals such
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TABLE 1
X-ray diffraction results of shale minerals in target oilfield
Mineral composition
Account for/%
Quartz
47.2
Feldspar and carbonate rocks
38.3
Cay mineral
10.1
Other
4.4
TABLE 2
Experimental results of shale reservoir mechanics and seepage characteristic parameters in target oilfield
/
Parameter
Value
Elastic modulus elasticity, MPa
12.54
Poisson's ratio
0.23
Mechanical characteristic parameCohesive force, MPa
5.76
ters
Internal friction angle, °
35.4
Tensile strength, MPa
6.9
Permeability, mD
0.15
Seepage characteristic parameter
Porosity, %
10

Z=0.702e2.5T pr2  5.524e 2.5T pr  0.044Tr2  0.164Tr  1.15
r

r

(5)

to consider the influence of joints and natural fractures [15]. Therefore, the static equilibrium equation
can be written as Formula (1):
Em
1
1 ·
§ 1
pmG ij

H ij
V ij  ¨
¸ V kk G ij 
2G
3K
© 6G 9 K ¹
(1)

as Shi Ying, feldspar, carbonate and clay minerals.
Among them, Shi Ying accounts for 47.2%; feldspar
and carbonate account for 38.3%; clay minerals account for 10.1% and other minerals account for
4.4%. The extremely high Shi Ying content will lead
to the extremely high shale reservoir strength, and
the shale brittleness will be significantly enhanced.
At the same time, the mechanical properties
and seepage parameters of 7 shale cores in the target
reservoir are measured, and the results are shown in
Table 2. Similarly, the mechanical characteristic parameters and seepage parameters are also obtained
by taking the average of 7 data. It can be seen from
Table 2 that the target shale reservoir has high
strength, with the elastic modulus of 12.54 GPa,
Poisson's ratio of only 0.23, cohesion of 5.76 MPa,
internal friction angle of 35.4, permeability of 0.15
mD and tensile strength of 6.9 MPa. These data can
be used as basic data for research on fracture propagation behavior and fracture network formation
mechanism during hydraulic fracturing of shale reservoirs.

Where ε is strain and dimensionless; G is the
stiffness, MPa; K is the Lame coefficient, dimensionless; σ is the stress, MPa; P is the pore pressure
and Biot coefficient is 0.753.
The mass conservation equation of shale gas
[15, 17] can be expressed as Formula (2):
wmk
§ K
·
  ¨  k U gk pk ¸ 0
wt
© P
¹
(2)
Where mk is the source and sink term of shale
gas, including the generation and precipitation of
free gas and adsorbed gas, which can be expressed
as Formula (3):
V p
mk =U gk Ik +U gaIs L k
pk  pL
(3)
Where ρgk is the gas density under reservoir
conditions, g/cm3; ρga is the gas density under standard conditions, g/cm3; ρs is the density of shale matrix, g/cm3; VL is Langmuir's volume constant, dimensionless. According to the ideal gas law, gas
density is defined as Formula (4)[17]:
pM
U=
ZRT
(4)
Where Z is the compression coefficient, which
can be calculated by the apparent critical pressure
and the apparent critical temperature. The calculation formula was shown as Eq. (5).
Here, Pr and Tr represent the apparent critical
pressure (MPa) and apparent critical temperature (K)
of shale gas, respectively.
In addition, the mass conservation equation of

Mathematical model. Hydraulic fracturing involves the flow of fracturing fluid in fractures (fluid
mechanics), the damage and deformation of shale
(solid mechanics), the invasion of fracturing fluid
into the stratum and the reservoir damage (geochemistry). Therefore, the initiation and propagation of
cracks and the formation of fracture network in the
hydraulic fracturing process is a complicated fluidsolid coupling process. Therefore, the modeling process involves related equations of seepage mechanics, rock mechanics, geochemistry and other disciplines.
As mentioned earlier, shale is rich in joints and
natural fractures, so the mechanical equilibrium
equation in the process of hydraulic fracturing needs
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FIGURE 2
Comparison of experimental and numerical simulation results [22].
is almost coincident with the final shape of the fracture in the numerical simulation. Quantitative analysis shows that the fracture turning angle in the simulation is almost the same as that in the experiment,
which is also 60. All these indicate that the numerical
simulation model can effectively realize the analysis
and research of fracture behavior in the process of
hydraulic fracturing.
However, it should be noted that although the
experimental results are very similar to the simulation results, there are still some differences. Therefore, it is not necessary to use numerical simulation
to conduct relevant research through experiments,
because numerical simulation is bound to be accompanied by certain assumptions and simplifications.
Therefore, numerical simulation research is only a
remedial measure taken under the condition of insufficient research means.

gas flow in matrix and fracture system is as Formula
(6):
 wmm
K
§
·
  ¨  U m m pm ¸ qm
°
P
©
¹
° wt
®
° wm f   §  U K f p · q
¨ f
f ¸
m
° wt
P
©
¹
¯
(6)
Where μ is aerodynamic viscosity, cP; ρm and
ρf are the densities of shale gas reservoir matrix and
fractures, respectively, g/cm3. They are the source
and sink items of gas respectively, and dimensionless. T is time, s. Usually, the storage space and migration channel of shale gas are matrix and fracture
respectively. mm is the mass of adsorbed gas, g; mf is
the mass of free gas in the crack, g.
In the process of fracturing, the N-S equation of
fracturing fluid invading into the formation can be
expressed as Formula (7) – above.
Equations (1) to (7) are complete mathematical
models of fracture propagation and fracturing fluid
invasion in hydraulic fracturing process. The numerical solution of mathematical model is extremely
complicated, which needs to be decoupled and dispersed by Galerkin method. Considering the limitation of space, the decoupling and discrete processes
will not be described here.

RESULTS
Crack initiation and propagation. Based on
the above-mentioned basic data and mathematical
model, this paper analyzes the behavior of fracture
initiation, propagation and turning in hydraulic fracturing, trying to provide reference for fracturing design of shale reservoir and lay a theoretical foundation for understanding the formation mechanism of
complex fracture network. Figure 3 shows the fracture morphology evolution (fracture behavior) at the
beginning of fracturing operation. Figure 3A is the
initial state of perforation. As shown in Figure 3B, at
the beginning of fracturing operation, when the bottom hole pressure reaches 75.22 MPa, the hydraulically induced fracture first appears at the tip of the
perforation hole. However, these cracks do not appear along the axis of the perforation hole, but have

Model verification. The applicability and effectiveness of the mathematical model are verified
by comparing the numerical simulation results with
the mentioned experimental results, and the comparison results are shown in Figure 2. In Figure 2, the
left figure (Figure 2A) shows the experimental results of shale fracturing, while the right figure (Figure 2B) shows the results of numerical simulation.
From Figure 2, we can see that the fracture propagation behavior in the hydraulic fracturing experiment
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a certain angle difference with it (that is, the angle θ
in Figure 3C is 23.8, which is defined as the initial
steering angle here). As the fracturing operation continues, the bottom hole pressure will gradually increase, and when the bottom hole pressure reaches
80.10 MPa, the fracture will continue to expand for
a certain distance along the fracture initiation direction (the initial expansion distance here is 0.192 m).
With the continuous injection of fracturing fluid, the
process of fracture turning and expanding will continue to repeat the above process (as shown in Figure
3D). However, it should be noted here that the crack
gradually deflects in the direction of the maximum
principal stress (see Figure 3D), and finally expands
and extends in this direction.
The final shape of hydraulic induced fractures
in the process of reservoir reconstruction is very important for shale oil and gas development. Therefore,
we define two parameters, W and L, to quantify the
shape of cracks. Among them, the parameters W and
L are the offset and half-fracture length of the fracture at different simulation times (assuming the borehole axis is the origin). The changes of parameters W
and L can be used to reflect the behavior evolution
of fracture turning and fracture propagation, respectively. The faster the parameters W and L change, the
faster the crack turns and spreads. It should be noted
that the perforation arranged in this study is symmetrical about the drilling axis, so only one side of the
fracture propagation behavior is analyzed.
In order to facilitate the study of the evolution
of crack morphology and its turning behavior, Figure
4 draws the evolution curve of the crack offset and
half-crack length at different times. As shown in Figure 4, the propagation behavior of fractures in the
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whole fracturing operation can be divided into two
stages: the initial stage (the first 2.0 minutes) and the
steady propagation stage (the last 8.0 minutes). During the first 2.0 minutes of the hydraulic fracturing
operation, the turning and propagation of the fractures are very intense. However, after about 2.0
minutes of hydraulic fracturing, the turning of hydraulic fractures continued, but its speed gradually
slowed down. Finally, the hydraulic fracture expanded by about 47.85m, and the hydraulic fracture
deviated from the direction of the maximum principal stress by about 4.98m m. According to the trend
of the curve in Figure 4, it can be concluded that after
a long hydraulic fracturing operation, the hydraulic
fractures will eventually continue to expand and extend in the direction of the maximum horizontal principal stress.
Fracturing fluid invasion and pollution. Hydraulic fracturing technology is not only beneficial
to the development of shale oil and gas, but also
causes reservoir pollution. Thickened water fracturing fluid is used here, and its viscosity is 75 cents.
Compared with active water fracturing fluid, the viscosity has been greatly improved. Because the thickening agent in the fracturing fluid is carboxymethyl
cellulose, it has certain toxicity and pollution. Therefore, while analyzing the behavior of fracture propagation in hydraulic fracturing, the related research on
formation pollution and reservoir damage has also
been carried out. Figure 5 shows the pollutant concentration and pollution range in the formation
around the fracture under the condition of different
carboxymethyl cellulose mass fraction in fracturing
fluid.

FIGURE 3
Cloud map of the initiation, turning and expansion of hydraulic fractures in the area near the well.
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FIGURE 4
Evolution curve of crack offset and half crack length.

FIGURE 5
Pollutant concentration and invasion range in fracture-surrounding strata at different concentrations of
carboxymethyl cellulose.
From Figure 5, we find that with the increasing
concentration of carboxymethyl cellulose in fracturing fluid, the content of pollutants in the formation
around the fracture is also increasing. However, the
rising speed will gradually slow down (see Figure
5a). When the concentration of carboxymethyl cellulose in fracturing fluid is 5g/cm3; the final pollutant
content in the formation around the fracture is only
2.44 mg/cm3. However, when the concentration of
carboxymethyl cellulose in the fracturing fluid rises
to 40g/cm3; the final pollutant content in the formation around the fracture has become 4.38 mg/cm3,
which is nearly twice that of the low concentration
of carboxymethyl cellulose. Moreover, the concentration of carboxymethyl cellulose in fracturing fluid
will also affect the invasion range of fracturing fluid
into the formation. It can be seen from Figure 5b that
the increase of the concentration of carboxymethyl
cellulose in fracturing fluid will prevent the invasion
of fracturing fluid into the formation and its pollution
to the formation. When the concentration of carboxymethyl cellulose in fracturing fluid is 5.0 g/cm3, the
invasion range of fracturing fluid in the formation
around the fracture is as high as 3.825 m. However,
when the concentration of carboxymethyl cellulose
in fracturing fluid increased to 40 g/cm3; the invasion
range of fracturing fluid in the formation around the
fracture quickly decreased to 0.989m, which was one

quarter of the invasion range of fracturing fluid at
low concentration of carboxymethyl cellulose.
Figure 6 shows the mechanism diagram of the
influence of carboxymethyl cellulose concentration
in fracturing fluid on invasion range. From the schematic diagram shown in Figure 6, we can clearly see
that when the concentration of carboxymethyl cellulose in the fracturing fluid is not high, the viscosity
of the fracturing fluid is extremely low, and the fluidity and filtration performance of the fracturing
fluid are extremely strong. At this time, under the action of high pressure in the fracture, the fracturing
fluid is likely to infiltrate into the surrounding strata
(see Figure 6A). However, when the concentration
of carboxymethyl cellulose in fracturing fluid is
high, the fluid loss performance of fracturing fluid
will deteriorate rapidly due to the high viscosity of
fracturing fluid. At this time, even if the pressure of
fracturing fluid in the fracture is extremely high, a
large amount of fracturing fluid will not invade the
shale reservoir around the fracture.
Reservoir pollution prevention and control
measures. In order to prevent additives in fracturing
fluid from causing serious pollution and damage to
shale reservoirs, a series of prevention and control
measures are put forward:
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FIGURE 6
Mechanism of the influence of carboxymethyl cellulose concentration on its invasion range.
Notes: (a) Low concentration, (b) High concentration.

(1) Develop and use clean fracturing fluid to
minimize its pollution and damage to the formation
in the process of reservoir reconstruction;
(2) Develop new environmentally friendly fracturing fluid additives to minimize the use of highly
polluting tackifiers (such as fluorine-containing
tackifiers);
(3) Optimize engineering measures to reduce
the invasion and pollution of fracturing fluid into the
formation during fracturing.

mance, thus weakening its invasion into the formation.

CONCLUSIONS
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ABSTRACT

INTRODUCTION

To study the rational application of pig manure,
biogas residue and their effect on the improvement
of soil fertility in tea garden, a plot location experiment of applying chemical fertilizer (T1), halfamount pig manure biogas residue (T2), full amount
pig manure biogas residue (T3) and pig manure organic fertilizer (T4) in tea garden soil for three consecutive years was carried out. Soil physicochemical
properties, microbial biomass, carbon, nitrogen and
phosphorus contents and related enzyme activities
were compared among different treatments. The results showed that different pig manure application
methods could effectively reduce the acidification
degree of tea garden soil, and improve soil organic
matter, soil total content and available NPK fertility,
among which T4 treatment increased the most significantly. Compared with CK, the contents of soil
organic matter, alkali-hydrolyzed nitrogen, available
phosphorus and available potassium in T4 treatment
were increased by 60.83%, 223.36%, 239.22% and
90.39%, respectively. The contents of carbon, nitrogen and phosphorus in microbial biomass were increased by 44.15%, 98.51% and 121.31%, respectively. Soil sucrase, urease, acid phosphatase, catalase and cellulase activities were increased by
23.00%, 37.69%, 40.24%, 31.53% and 61.07%, respectively. There were significant or extremely significant positive correlations between the activities
of five enzymes and the contents of soil organic matter and nutrients. The results showed that soil organic
matter and nutrient contents, enzyme activities and
microbial biomass were significantly increased under different pig manure application methods,
among which the application of pig manure organic
fertilizer had the most significant effect. However, it
was necessary to pay attention to the problems such
as the aggravation of nitrogen and phosphorus loss
caused by the high content of soil available nutrients.

The application of organic fertilizer has been
considered as an important measure to fertilize soil
fertility, improve soil physical and chemical properties, enhance soil microbial and enzyme activities,
increase crop yield, and realize agricultural cycle development [1]. Pig manure is the largest amount of
organic fertilizer applied in China, and it is rich in
organic matter, nitrogen and phosphorus, which is
often used to improve and improve farmland fertility
[2]. Application of pig manure can effectively improve soil aggregate stability and carbon and nitrogen content, prevent soil acidification, significantly
increase soil organic matter, nitrogen, phosphorus
and potassium content and crop yield [3]. In addition,
long-term application of pig manure can not only improve soil physical and chemical properties, but also
significantly increase soil enzyme activities, and the
combined application of pig manure and chemical
fertilizer can maintain and improve soil microbial
number, soil respiration and other microbial characteristics [4, 5].
Soil enzymes are highly catalytic proteins secreted by plant roots and microorganisms that respond more rapidly to changes in fertilization and
management practices than soil physical and chemical properties. At home and abroad at present, the researches on the change of extracellular enzyme activity in the soil for the most part soil carbon, nitrogen and phosphorus cycle around the related enzyme
activity change, including the hydrolysis of cellulose,
the glucose release of the beta-1,4 -glucose anhydride (beta G) enzyme, hydrolysis lignin, the release
of xylose beta-1, -wood glycosidase (beta) X, Cellobiose hydrolase (CBH), which hydrolyzes cellulose
and releases cellobiose, and β-1, a 4-terminally
linked glucosamine polymer, β-1, which releases Nacetylglucosamine, 4-n-acetyl glucosanhydrase
(NAG) and acid phosphatase (AP) that hydrolyzes
monophosphate and phospholipid and releases phosphate groups [6]. Soil enzymes have attracted wide
attention because they can specifically catalyze the
degradation of some important biochemical substances that are not easily degraded and difficult to
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soil was passed through a 2 mm sieve and placed in
a refrigerator at 4ć for cold storage, and soil enzyme activities were measured as soon as possible.
The other part of the soil was air-dried and sieved for
determination of soil pH and nutrient content.

degrade, participate in the terminal reaction and generate substances that are easy to be absorbed and utilized, and are easy to study the chemical reaction kinetics, thus can be used to evaluate ecological processes [7]. Although many studies have shown that
the application of organic fertilizer can significantly
improve soil enzyme activities, there are few reports
on the changes of soil enzyme activities under different application methods of pig manure organic fertilizer.
Organic fertilizer is commonly used as cake
fertilizer in tea garden. The amount of NPK and its
application mode directly affect the soil fertility of
tea garden, but so far there are few systematic studies
on this aspect, and the necessary experimental data
for fertilizer application in production are also lacking to provide support. Based on a long-term localization experiment in Rizhao City, Shandong Province, this study investigated the effects of different
pig manure application methods on soil properties
and enzyme activities related to carbon, nitrogen and
phosphorus cycle, to provide a basis for the rational
application of organic fertilizer in tea gardens, improvement of soil fertility and sustainable agricultural development.

Soil basic physical and chemical properties
determination. Soil pH was measured by pH meter,
soil and water ratio was 2.5:1; the organic matter was
determined by potassium dichromate oxidation and
external heating method. Total nitrogen was determined by Kjeldahl method. Total phosphorus was
determined by NaOH melt - molybdenum-antimony
anti-colorimetric method. Total potassium was determined by NaOH fusion-flame photometry. Alkalihydrolyzed nitrogen was determined by alkali-hydrolyzed diffusion method. Available phosphorus
was determined by NaHCO3-molybdenum-antimony anti-colorimetric method. Available potassium
was determined by NH4OAc extraction-flame photometry [8].
Determination of soil enzyme activities. The
soil urease activity was measured with a sodium phenolǦsodium hypochlorite colorimetric method, the
soil acid phosphatase activity was determined by a
phenyl disodium phosphate colorimetric method,
and the soil sucrase activity was determined by a 3,5dinitrosalicylic acid colorimetric method [9]. Soil
Catalase Activity and Soil Cellulase Activity were
determined with the methods described by Nagaraju
et al. (2009) [9].

MATERIALS AND METHODS
Test site. The test area is located in Rizhao City,
Shandong Province, with a warm temperate sub-humid monsoon climate, with an average annual precipitation of 870 mm, an active accumulated temperature of 4260Ԩ (≥10Ԩ), and sufficient light. The
basic physical and chemical properties of soil before
the test were as follows: PH 7.11, organic substance
51.3 g· kg-1, total nitrogen 1.07 g·kg-1, total phosphorus 0.005g·kg-1, total potassium 0.387 g· kg-1, alkalihydrolyzed nitrogen 46.5mg· kg-1, available phosphorus 5.12 mg· kg-1, and available potassium 18.4
Mg · kg-1.

Soil microbial biomass. Soil microbial biomass carbon, nitrogen, and phosphorus were determined with the methods described by Wang et al.
(2022) [10].

RESULTS AND DISCUSSION
Effect of pig manure and biogas residue application on soil pH and organic matter in tea garden. The application of organic fertilizer could significantly improve the acid-base buffering capacity
of soil and slow down the acidification degree of tea
garden soil. Compared with no fertilizer treatment
(CK), the application of chemical fertilizer (T1), half
amount of biogas residue (T2), full amount of biogas
residue (T3), and pig manure organic fertilizer (T4)
all caused soil acidification in tea garden to a certain
extent, among which the application of chemical fertilizer reduced the pH most significantly (Figure 1).
Compared with CK, soil pH decreased by 1.02, 0.68,
0.31 and 0.23 units under T1, T2, T3 and T4 treatments, respectively. Organic fertilizer contains hydroxyl and amino groups that can interact with H+
and heavy metal cations, so it can effectively improve soil acid-base buffering capacity [11].

Experimental design. The experiment was implemented in 2019, with 5 treatments, including 4
treatments of chemical fertilizer (T1), half amount of
biogas residue (T2), full amount of biogas residue
(T3), and pig manure organic fertilizer (T4). No fertilizer was used as control (CK), and the experiment
was randomly arranged in blocks. Pig manure for the
test was collected from intensive farms around the
experimental station, decomposed and treated with
biogas slurry in April each year, and applied to the
soil in October each year.
Sample collection. In October 2021, 0-20 cm
soil of each plot was collected by five-point sampling method. After mixing, 1 kg mixed soil sample
was taken by quartering method, and animal and
plant residues and gravel were removed. Part of the

11118

© by PSP

Volume 31– No. 11/2022 pages 11117-11124

Fresenius Environmental Bulletin

source for soil microorganisms, accelerates soil microbial activities, increases active organic matter,
and promotes the increase and activation of soil organic matter [13]. Organic matter is more easily decomposed and utilized under the coordination of soil
microorganisms and soil chemical nutrients, and
many active components are released in the decomposition process, which increases the content of water-soluble organic matter in the soil [14]. Long-term
application of chemical fertilizer is not conducive to
the formation of soil aggregate structure, while the
application of organic fertilizer can increase the
amount of crop root stubble and root exudates, improve soil structure, and facilitate the protection of
organic carbon into large aggregates, thus increasing
the content of soil organic matter [15, 16]. The content of water-soluble organic matter can reflect the
content and turnover rate of potential active nutrients
in soil, as well as the nutrient cycle and supply status
of soil [17]. As an important part of organic matter
providing nutrients to plants, granular organic matter
is a better indicator of soil health [18]. The change of
soil carbon pool capacity is affected by the change of
soil easily oxidized organic matter. This activity index is more sensitive to measure soil organic matter
than other agricultural variables and can indicate the
early change of soil organic matter [19]. Therefore,
it is necessary to further study the active components
of soil organic matter in tea garden after pig manure
application, to provide a basis for the change of soil
organic matter and the evaluation of soil fertilizer.

FIGURE 1
Soil pH values under different pig manure application treatments

FIGURE 2
Soil organic matter content under different pig
manure application treaments
Effect of pig manure and biogas residue application on soil organic matter in tea garden. T1,
T2, T3 and T4 treatments significantly increased the
organic matter content of tea garden soil, among
which pig manure treatment had the most significant
effect (Figure 2). Compared with CK, soil organic
matter content increased by 32.15%, 40.85%, 54.65%
and 60.83% under T1, T2, T3 and T4 treatments, respectively. Both biogas residue and pig manure organic fertilizer had significantly higher improvement
effect on tea garden soil than chemical fertilizer. The
humification of pig manure in the process of decomposition transformed fresh organic matter into humic
matter, which was the main reason for the significant
increase in the content of organic matter in soil [12].
The application of organic fertilizer injects exogenous organic matter into the soil, provides carbon
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Effect of pig manure and biogas residue application on soil carbon, nitrogen and phosphorus
contents in tea garden. The application of chemical
fertilizer, biogas residue and pig manure organic fertilizer significantly increased the contents of total nitrogen, total phosphorus and total potassium as well
as the contents of available nitrogen, available phosphorus and available potassium in tea garden soil,
among which the pig manure organic fertilizer treatment had the most significant effect (Figure 3). Compared with CK, soil total nitrogen content under T1,
T2, T3 and T4 treatments increased by 1.31, 1.88,
2.87 and 3.94 times, total phosphorus content increased by 0.729, 2.00, 3.25 and 13.04 times, and total potassium content increased by 0.026, 0.112,
0.155 and 0.302 times, respectively. Compared with
CK, soil available nitrogen content increased by
72.62%, 113.46%, 203.24% and 223.36% under T1,
T2, T3 and T4 treatments. Available phosphorus content increased by 101.96%, 143.14%, 198.04% and
239.22%; the content of available potassium was increased by 8.79%, 29.08%, 61.59% and 90.39%.
Both biogas residue and pig manure organic fertilizer
significantly increased the nutrient content of tea
garden soil, and pig manure organic fertilizer had the
best effect on soil fertility improvement because it
retained a relatively full range of nutrient elements.
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FIGURE 3
Effects of soil nitrogen and phosphorus and potassium contents under different pig
manure organic fertilizer treatments
organic fertilizer significantly increased the microbial biomass carbon, nitrogen and phosphorus contents of tea garden soil, and the pig manure organic
fertilizer treatment had the most significant effect
(Figure 4). Compared with CK, soil microbial biomass carbon content increased by 5.57%, 14.55%,
21.14% and 44.15% under T1, T2, T3 and T4 treatments. The microbial biomass nitrogen content increased by 22.96%, 44.42%, 71.24% and 98.51%.
The microbial biomass phosphorus content increased by 18.93%, 48.68%, 105.28% and 121.31%.
Both biogas residue and pig manure organic fertilizer
significantly increased the activity of microorganisms in tea garden soil, and pig manure organic fertilizer significantly promoted the reproduction of microorganisms because it provided more carbon, nitrogen and phosphorus sources.
Soil microorganisms are an important part and
the most active part of soil [24]. They are decomposers and converters of all organic matter entering soil
and participate in the process of mineralization and
humification of organic matter, which is closely related to the content of soil organic matter [25]. Organic fertilizer can regulate the C/N ratio of rhizosphere soil, coordinate soil soluble nitrogen and soluble carbon, optimize the number of rhizosphere microorganisms, improve the activity of various enzymes, and promote the coordination of C/N ratio
[26]. Soil microbial biomass carbon has a good correlation with soil organic matter content, and the application of organic materials has a great impact on
it [27]. The results of this study showed that different
application methods of pig manure organic fertilizer
could significantly increase soil microbial biomass

Many research results showed that the application of organic fertilizer could significantly increase
soil nitrogen, phosphorus and potassium nutrient
contents, enhanced enzyme activities related to carbon, nitrogen and phosphorus cycling in soil, to ensure stable and high crop yield [20]. The contents of
organic matter, N, P and K in the imported pig manure were significantly higher than those in the soil
itself. Previous research results showed that soil total
nitrogen was positively correlated with organic matter content, and the variation of total nitrogen was
largely due to organic matter [21]. Since P is easily
fixed by soil, the difference is mainly affected by the
accumulation of P in soil from pig manure. Compared with soil total N and total P, the variation range
of total K content was smaller, which may be due to
the large amount of soil K taken away by the increase
of crop aboveground biomass, and the weak adsorption and fixation effect of soil K content, so K content was easily lost with water leaching. For can be
absorbed by the plant using the effective state of
NPK, its nutrient content significantly increased
with the increase of applying swine manure content,
this is because the pig contains a lot of nutrients and
organic matter rich microbes, after plowing soil into
a large amount of active material will also promote
the organic matter of reaction, the microbial biomass
increased significantly, the biochemical reaction rate
is accelerated [22-23].
Effect of pig manure and biogas residue application on soil microbial biomass carbon, nitrogen and phosphorus in tea garden. The application
of chemical fertilizer, biogas residue and pig manure
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40.24%. Catalase activity increased by 3.87%,
14.15%, 20.53% and 31.53%; Cellulase activity increased by 17.28%, 26.87%, 51.23% and 61.07%.
Both biogas residue and pig manure organic fertilizer
significantly increased the activity of microorganisms in tea garden soil, and pig manure organic fertilizer had the best effect on the formation and evolution of soil fertility.
All biochemical reactions in soil are completed
under the catalytic action of enzymes. The level of
enzyme activities in soil can reflect the soil biological activity and the intensity of biochemical reactions. The results of this study showed that different
pig manure application methods could increase soil
enzyme activities, which may be attributed to the following reasons: (1) Pig manure could introduce
many microorganisms and enzymes related to carbon, nitrogen and phosphorus cycles into the soil,
thereby increasing enzyme activities [28]. (2) Pig
manure can significantly improve soil physical and
chemical properties, promote crop and soil microbial
growth, and increase soil enzyme activities [29]; (3)
Pig manure provides soil with more and richer substrates to exert substrate induction effect and induce
the production of more enzymes [30]. (4) Pig manure
can provide a large amount of carbon source for microorganisms, and then induce microorganisms to
produce more extracellular enzymes [31].

carbon and nitrogen contents, and enhance the regulation ability of carbon and nitrogen.

FIGURE 4
Effects of soil microbial biomass carbon, nitrogen and phosphorus contents under different pig
manure organic fertilizer treatments
Effect of pig manure and biogas residue application on soil enzyme activities in tea garden.
The application of chemical fertilizer, biogas residue
and pig manure organic fertilizer significantly increased soil enzyme activities in tea garden, and pig
manure organic fertilizer treatment had the most significant effect (Figure 5). Compared with CK, soil
sucrase activity increased by 4.78%, 14.50%, 18.52%
and 23.00% under T1, T2, T3 and T4 treatments.
Urease activity was increased by 6.24%, 11.16%,
17.14% and 37.69%. The activity of acid phosphatase increased by 7.83%, 13.98%, 19.70% and
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Correlation between enzyme activity and
soil organic matter, total and available N, P and
K, microbial biomass C, N and P. The activities of
the five enzymes had significant or extremely significant positive correlations with soil organic matter
and nutrient contents. Nitrogen, phosphorus and potassium are essential macronutrients for plant growth.
The supply of nitrogen, phosphorus and potassium in
soil directly affects the growth and development of
crops. The organic nitrogen, phosphorus and potassium in soil are finally transformed into the form that
can be absorbed and utilized by plants through complex biochemical reactions, which are completed under the catalysis of soil enzymes. Therefore, the difference of enzyme activities in different soils also
represents the transformation of nutrients in soil. The
five enzymes tested in this study play key roles in the
decomposition and release of some important organic nutrients. The increase of pig manure application increased the activities of enzymes related to
carbon cycle, accelerated soil carbon cycle, and promoted the release of energy in soil. In addition, the
formation of organic nitrogen (such as amino acid,
amide, etc.) and inorganic nitrogen (such as ammonium, nitrate, etc.) in alkali-hydrolyzed nitrogen has
a direct or indirect influence, and nitrogen is an essential element for the formation of enzyme proteins.
Therefore, the content of alkali-hydrolyzed nitrogen
may also become an important factor affecting the
activities of enzymes involved in carbon cycling [3233].
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FIGURE 5
Effects of soil enzyme activities under different pig manure organic fertilizer treatments
CONCLUSIONS
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ABSTRACT

INTRODUCTION

The olive fly is the main pest of the olive tree;
it causes qualitative and quantitative damage. The
aims of this study were to determine the chemical
composition of the essential oil of Pinus halepensis
Mill. and to evaluate the insecticidal activity against
Bactrocera Oleae adults.
The composition of the essential oil extracted
by hydrodistillation from needles of Pinus halepensis collected at Guezoul Mountain Tiaret Algeria in
February 2018, was characterized by gas chromatography-mass spectrometry (GC/MS). The insecticidal
effects of essential oil inhalation on Bactrocera
Oleae adults were investigated. The breeding of the
flies was carried out at the plant protection laboratory at the University of Ibn Khaldoun Tiaret Algeria.
Hydrodistillation of the needles of Pinus
halepensis gave 0.2 % oil yield on a dry weight basis.
The analysis of the essential oil allowed to identify
40 components, mainly sesquiterpene hydrocarbons
(36.1%), monoterpene hydrocarbons (22.2%) and
diterpenes (6%). The major constituents were caryophyllene (35.3%) and α-pinene (14.93%), While propanoic acid, 2,2-dimethyl-, 2-phenylethyl ester
(7.93%), α-caryophyllene (7.69%), caryophyllene
oxide (5.51%) and cubeben (3.29%) are minor compounds.
The essential oil of Pinus halepensis has
proven to be biocidal against adults of Bactrocera
oleae, Mortality of 100% of the population is noted
with a dose of 20 μl /0.5 L of the area after 36 hours
of essential oil inhalation.
These results indicated that of Pinus halepensis
essential oil has high chemical diversity and great
potential to be developed into more effective and environmentally friendly anti-insect agents.

Bactrocera oleae (Rossi) (Diptera: Tephritidae) olive fruit fly is the most serious insect pest of
the cultivated olive (Olea europea L.). The insect
lays its eggs in olive fruit, larvae feeding upon and
growing in the mesocarp of olive fruits, the greatest
damage is caused by this. Larvae tunnel throughout
the fruit during feeding destroying the pulp, in terms
of its transformation the larva becomes a pupa [1].
The flies cause a serious quantitative and qualitative loss in table olives, olive oil production, and
in export market value. Olive fruit flies prefer larger
fruits and earlier maturing olive varieties [2].
In the search for alternative methods of biological control, the plant kingdom offers many possibilities [3]. Much research is currently being developed
to isolate or identify secondary substances, extracted
from plants, with insecticidal, repellent or anti-feedant activity against insects [4].
Plant essential oils have been recognized as an
important natural source of insecticides and their use
as mosquito control agents has been shown to minimize the impact that most pesticides compounds impose on the environment. Natural pesticides show
promise because they are effective, environmentally
friendly, easily biodegradable and inexpensive [5].
Pinus halepensis Mill. (Pinaceae) is one of
many trees known for their medicinal virtues especially for their economic importance. It is the most
widely distributed tree throughout the entire Mediterranean region. The Aleppo pine tree is known to
have aphrodisiac characteristics as well as medicinal
properties [6].
The objective of our work is to determine the
chemical composition of Pinus halepensis Mill. needles essential oil and to evaluate the insecticidal activity by observing the longevity of Bactrocera
Oleae adults during the application of the Aleppo
pine needles essential oil.

KEYWORDS:
Pinus halepensis Mill, Essential oil, GC/MS, insecticidal
activity, Bactrocera oleae
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FIGURE 1
C28), and on the other hand, by comparing their
mass spectra with those of chemical compounds
listed in a Nist 2. L database.

MATERIALS AND METHODS
Plant material. Aleppo pine (Pinus halepensis
Mill.) needles (Figure 1) were collected from Guezoul Mountain Tiaret region (west of Algeria,
35°23’38”N, 1°18’22”E) in February 2018. Botanical determination was performed by Pr. Ait Hamou
using available literature [7]. Before extraction, the
plant material was dried in the shadow for a few days
at room temperature.

Insecticidal activity bioassays. The mass rearing of the olive fly was carried out at the plant protection laboratory of Ibn Khaldoun Tiaret University
(Algeria), under conditions of temperature (25 ± 1
°C), relative humidity (65%), and photoperiod (16:8
h L:D), adapting the method described by [8]. The
infested fruits were placed in a plastic box, at the
base of the box we placed a paper towel, which helps
absorb excess oils from the infested olives while
feeding the larvae. We put canvas fabric to cover the
plastic boxes. Pupae were collected daily, placed on
sterile sawdust in plastic cups and pulverized sawdust with water daily. The adults received a liquid
diet containing water, sugar and hydrolyzed brewer's
yeast [9].
The test consists of observing the longevity of
the adult stage of the insect pest Bactrocera oleae.
The essential oil was spread on filter paper, which
was placed inside transparent jars of the same volume. Ten flies of Bactrocera oleae of the same generation are introduced into each jar, which is hermetically closed, five different doses of oil Aleppo pine
essential oil were applied to them and an untreated
jar served as a witness. The tests are repeated three
times for each dose and the control jar is carried out
in parallel without being exposed to essential oils.
The mortality control is made by counting dead insects, from the first day of treatment until the death
of all individuals.

Essential oil extraction by hydrodistillation.
The needles of Aleppo pine (P. halepensis) (50 g)
were cut into small pieces and submitted to hydrodistillation for 3 h within 500 ml distilled water using
a Clevenger apparatus. A yellow essential oil was
collected and dried over using anhydrous sodium
sulfate (Na2SO4) and stored in dark sealed vials at
4°C before further investigations.
Gas chromatography/mass spectrometry
analysis of essential oil. EO analysis was performed
using a gas chromatography analysis/mass spectrometry analysis (GC/MS) type: Hewlett Packard
Agilent, The analytical conditions were as follows:
the analyzes were carried out in electron impact ionization mode (EI) with an ionization energy of 70 eV
in using SCAN mode acquisition. The column used
is : length 30 m * D int 0.25 mm * film thickness
0.25 μm. Injections were made in 1/50 splitless
mode. Helium was the carrier gas at a flow rate of
1mL.min-1. The column temperature is 60 to 250°C
at a rate of 3°C min-1 in splitless mode. The temperature of the oven was programmed as follows: the
initial temperature of the column is 60°C for 8min,
2°C/min up to 250°C., isothermal for 10. The injected volume of the essential oil is of 0.2 μL. The
compounds of this oil corresponding to the major
peaks of each chromatogram were identified, on the
one hand, by comparing their retention times (Tr)
with those of a control series of linear alkanes (C9-

RESULTS
Essential oil analysis. Hydrodistillation of the
essential oil from Pinus halpensis needle gave 0.2%
oil yield on a dry weight basis. GC-MS analysis of
essential oil accounted for 94.11% and allowed the
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times with those of a control series of linear alkanes
(C9-C28), and by comparing their mass spectra with
those of chemical compounds listed in a Nist 2. L
database.

TABLE 1
Chemical composition of the essential oil from Pinus halpensis needle
N°

Components

RI exp b

IR Lit c

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Trans-Thujene
α-pinene
β-pinene
γ-Terpene
Benzen < 1 -dimethoxy->
Limonene
α-Phellandrene
3-Carene
Terpinolene
Camphor
Terpinen-4-ol
α-Cubebene
Ocimene β
Caryophyllene
α-Gurjunene
γ-Muurolene
α-Caryophyllene
β-Cubeben
Pentanoic acid, 2- methyl
Propanoic acid, 4- methyl
Cubeben
β-Bisabolene
Octadienel.1 <2,2-dimclhyl-3,4->
Caryophyllene oxide
Guaiol
o-Menth-8-ene
α-Humulen
α-Muurolene
Spathulenol
Muurolene < 14-hydroxy-u->
1-Cyclohexene <3-mcthylcnc->
Cyclopantanol
Kaur-16-ene
Dihydroangeliein <2'3'.3'-timethyl-2',3'->
2-Carene
Atis-16-ene
Phenyl ethyl 3-methylbutanoale
Benzenemethanol 4- hydroxyl
Cycloisolongifolene, 9,10-dehydroMethyl abietate

15350
15153
15146
15330
14353
15288
15299
15125
15366
24203
25653
58658
15122
58808
58928
58900
58682
58949
60122
60066
58816
53288
16307
69495
58941
16249
58749
58822
58924
79813
22821
21145
101963
112339
15310
101991
108999
81820
57446
126172

1112
0932
0974
1054
1165
1024
1002
1008
1086
1141
1174
1345
1044
1417
1409
1478
1415
1387
0927
0933
1380
1505
1103
1582
1600
1145
1452
1500
1577
1779
0785
0786
1997
1893
1001
1002
1490
1335
1317
2385

%d

Identification

0,34
14,93
2,78
0,31
0,11
0,14
0,19
0,32
1,05
0,22
0,14
0,74
0,25
35,3
0,12
0,79
7,69
0,55
0,75
7,93
3,29
0,79
0,1
5,51
1,19
1,14
0,17
0,71
0,15
0,48
1,35
0,31
0,47
0,36
0,48
0,55
1,06
0,56
0,11
0,66

NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L
NIST 2.L

e

Total identified (%)
94,11
Monoterpene hydrocarbons
22,2
Oxygenated monoterpenes
14,0
Sesquiterpene hydrocarbons
36,1
Oxygenated sesquiterpenes
8,00
Diterepenes
6,00
Others
7,81
a Compounds are listed in order of their elution from a HP-5MS column.
b Linear retention index on HP-5MS column, experimentally determined using homologous series of C8-C32 alkanes.
c Linear retention index taken from Adams and NIST 2.L
d Relative percentage values are means of three determinations with a RSD% in all cases below 19 %.
e Identification methods: Co-I, based on comparison of RT, RI and MS with those of analytical standard; MS, based on
comparison with WILEY, ADAMS, FFNSC2 and NIST08 MS libraries; RI, based on comparison of calculated RI with those
reported in ADAMS, FFNSC 2 and NIST 2.L.
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FIGURE 2
Mortality corrected by Pinus halepensis needle essential oil against Bactrocera oleae adults
The Pinus halpensis needle essential oil components and the respective percentage content are
shown in Table 1. The major components were caryophyllene (35.3%) and α-pinene (14.93%), while
Propanoic acid, 2,2-dimethyl-, 2-phenylethyl ester
(7.93%), α-caryophyllene (7.69%), caryophyllene
oxide (5.51%) and cubeben (3.29%) are minor compounds.

Research carried out in Algeria on the chemical
composition of the essential oil of P. halepensis needles showed that there are several chemotypes for the
same species. Our results are in agreement with data
obtained by Sadou et al. (2015) [10], who found the
presence of 16 compounds in the EO of Aleppo pine
needles. In the Kala site, β-caryophyllene (31.89%),
α-pinene (24.41%) and β-myrcene (19.38%) are the
major compounds of this EO. The minor compounds
are represented by α-terpinolene (5.27%), α-caryophyllene (4.76%), Sabinene (3.42%) and β-pinene
(2.13%). While in Soughres α-pinene (21.01%) and
β-caryophyllene (31.14%), these two compounds
constitute more than half of the total composition of
this oil while in the Ghazaouet region caryophyllene
oxide was with a rate of 48% [13]. However, another
study in Serbia found that the main important classes
are the class of hydrocarbon sesquiterpenes and oxygenated diterpenes [14].
According to Dob et al. (2005) [11], the chemical composition was dominated by β-caryophyllene
(40.3%), these results are in agreement with data obtained by Roussis et al. (1995) [25], who found that
monoterpene (41.8%) was dominated in Greek pine
oils with remarkable differences in amounts of the
component over all of the caryophyllene (19.05%).
The results obtained by Vidrich et al. (1988)
[16], reported that β-caryophyllene (26.31%) plays
an important role in Italian Pinus oil. Macchioni et
al. (2003) [17], found that the main compounds of
Aleppo pine needle oil cultivated in Italy were: myrcene (27.9%), α-pinene (18.1%) and β-caryophylene
(16.4%), with (73.2%) of monoterpenes and (21.2%)
of sesquiterpenes.

Insecticide activity. The results of insecticidal
tests of Pinus halepensis needle essential oil against
Bactrocera oleae adults are shown in Figure 2.Pinus
halepensis Mill essential oil has proven to be biocidal against adults of Bactrocera oleae, a mortality
of 100% of the population is noted with a dose of 20
μl / 0.5L of the area after 36 hours of inhalation.

DISCUSSION
According to Sadou et al. (2015) [10], the yield
of essential oils from the needles of P. halepensis
harvested in the spring at two Algerian sites, the forest of Lake Mellah in El Kala National Park, and the
Zaarouria forest in Souk Ahras were 0.81% and
0.3% respectively. The same species collected in the
region of Sidi Fredj in Algeria is of the order of
0.52% [11].
The results of the chemical composition of essential oils obtained from P. halepensis carried out
by Ejjabraoui et al. (2021) [12] show that Seven constituents, representing (93.65%) of the essential oil
have been identified ,the main compound were αpinene (88.62%).
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The results of the chemical composition of essential oils obtained from the leaves of Pinus
halepensis collected in the region of Tessimsilt and
Djelfa (Algeria) carried out by Tazerouti et al.
(1993) [14], show that α-pinene (17.56%) and βmyrcene (8.45%), respectively dominated in later
sites.
Our results are in agreement of those obtained
by Hmamouchi et al. (2001) [18], who studied the
oil composition of needles of the same sample species in Morocco, in which α-pinene (23.3%)is found
to be dominant and β-caryophyllene (14.2%) present. Several reports on the composition of needle
oils from other Pinus species revealed that monoterpene hydrocarbons were the main constituents of
most of the oil, they often made up 50% or more of
the oil [19-22].
The variability can be explained by the differences in environmental conditions: climate, altitude,
geographic location, harvest season, the parts of the
plant used and the distillation technique or extraction
process.
Pinus halepensis Mill essential oil has proven
to be biocidal against adults of Bactrocera oleae according to Senouci (2016) [23], after half an hour of
exposure to a dose of 0.8μl/0.25L of area of the essential oil of Pistacia lentiscus against adults Bactrocera oleae, a mortality of 100 % of the population
is noted. While exposure to a dose of 5 μl/0.25L of
Marrubium vulgaris EO area kills all olive fly adults.
The biocidal effect of EO from Pinus halepensis is
less significant compared to EO from Pistacia lentiscus and EO from Marrubium vulgaris. The difference in toxicity between plants is caused by the concentration and presence of inhibitory molecules.
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transits to high-temperature deep strata. In the process of coalbed gas well drilling, due to the influence
of high temperature on the rheological property of
coalbed gas drilling fluid, it is often faced with complex downhole accidents such as well wall stability,
well control and sticking caused by solid particle
deposition [1-4]. If this problem cannot be solved, it
may affect the safe and efficient drilling of coalbed
methane wells. Therefore, the establishment of solid
particle sedimentation analysis model and the discussion of the sedimentation characteristics of solid
particles in coalbed methane drilling fluid are of
guiding significance to solve the problem of solid
particle sedimentation stability of drilling fluid [5-7].
In order to explore the settling law of solid particles in coalbed methane drilling fluid, scholars at
home and abroad have carried out a series of numerical simulation and experimental studies [8-13]. Wei
et al. [14] systematically summarized the calculation
model of free settling velocity of solid particles in
Newtonian fluid and discussed the settling characteristics of solid particles in liquid. Liu et al. [15] established the corresponding settlement velocity prediction model for the settlement characteristics of particles in the fluid containing fiber, and carried out the
relevant settlement characteristics research using the
indoor experimental device. The error between the
fitting prediction model and the experimental results
is less than 13%, which has a good correlation with
the logging. Surowiak et al. [16] established the general formula of the probability density function of the
particle settling velocity by using the random variable probability distribution function theorem, analyzed that it was mainly affected by the physical and
geometric characteristics of the particles, and calculated the probability density function of the particle
size and density Weber distribution. Niu et al. [17]
took the cuttings of offshore oil and gas wells as the
analysis object, discussed the factors affecting the
settling velocity of solid particles in oil-based drilling fluid, and proposed that particle size, bulk density and fluid properties are the key factors affecting
particle settling. Shahi et al. [18] studied the sedimentation law of quartz sand in water through indoor
experiments using image shadow method, established an empirical model of sedimentation velocity,

ABSTRACT
In the process of coalbed methane drilling and
production, it is often faced with complex downhole
accidents caused by solid particle deposition of drilling fluid. It is of great significance to solve the problem of solid particle deposition stability to guide the
protection and regulation of coalbed methane reservoir. Based on Navier Stokes equation and particle
force balance equation, an analysis model of solid
particle settlement performance is established to predict the solid particle settlement law in the process
of coalbed methane drilling and production. The
stress tensor surface area method was used to establish the evaluation indexes of particle force and sedimentation velocity, and the influence of drilling
fluid characteristics and particle properties was analyzed. The simulation law was verified by experiments. The results show that the density and viscosity of drilling fluid are inversely proportional to the
settling velocity, and the particle size and density are
directly proportional to the settling velocity. Among
them, the density of drilling fluid is the key factor
affecting the settling velocity, and the unit influence
degree can reach 72%. The second is the density of
solid particles, particle size and viscosity of drilling
fluid. The density of drilling fluid reduces the resultant force of particles by increasing the liquid phase
force. The viscosity of drilling fluid reduces the settling velocity by increasing the resistance of settling
liquid phase. Furthermore, the particle size increases
the difference between gravity and liquid force, and
significantly increases the particle settling velocity
and the particle density promotes the sedimentation
of particles by increasing the influence of gravity.

KEYWORDS:
Coalbed methane, solid particle, settlement stability, numerical simulation, finite element method

INTRODUCTION
With the continuous development of coalbed
methane exploration, the drilling target gradually
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for coalbed methane; p is the flow field pressure. F
is the volume force, and its calculation formula is as
Formula (3)~(4):
(3)
Fr 0

dimensionless diameter and Reynolds number, and
improved the prediction accuracy of sedimentation
velocity. All the studies provide theoretical support
for analyzing the settling performance of solid particles in drilling fluid.
In this paper, aiming at the problem of solid
particle settling in coalbed methane drilling fluid, the
simulation study on the factors affecting the stability
of solid particle settling is carried out. Based on the
flow field description equation and particle mechanics equilibrium equation, this study established the
analysis model of solid particle settling characteristics, and analyzed the influence of coalbed methane
drilling fluid and particle characteristics on settling
performance. A high-speed camera and a plexiglass
cylinder were used to establish an indoor settlement
simulation device, and the laws obtained by numerical simulation were verified. The knowledge gained
in this paper has guiding significance for guiding the
comprehensive performance of coalbed methane
drilling fluid and the optimization design of coalbed
methane plugging materials.

Fz

U a  g

(4)

Where a is the acceleration of the particles, g is
the gravitational acceleration.
The differential equation of force balance of
particles is as Formula (5):

mxx

Fg  Fz

(5)

Where, m is the mass of particles, x is the position of particles, Fg is the gravity of particles, and Fz
is the component of the force of drilling fluid on particles in the z direction.
The calculation formula of gravity is as Formula (6):

Fg =  U pV p g

(6)

Where ρp is the density of solid particles, VP is
the volume of solid particles.
According to the z-direction stress tensor on the
particle surface, the z-direction component of the
force of the fluid on the particles in the coalbed methane drilling fluid can be obtained, and thus the
force of the fluid on the particles can be obtained as
Formula (7).

MATERIALS AND METHODS
Model description equation and boundary
conditions. Based on the geological conditions of
coalbed methane formation, the stress of spherical
particles in the flow field is studied and the stress
analysis diagram is drawn as Figure 1.

Fz

2S ³ rn  ª  pI  P u  u
¬
S

T

ºdS
¼

(7)
Where r is the radial distance and n is the vector
perpendicular to the particle surface direction.
The initial position and speed conditions of the
model are 0, and the specific expressions are as Formula (8):
(8)
u0 v0 x0 x0 0
The particle surface is a non slip boundary; the
outer boundary of the fluid action area is set as a
symmetric boundary condition; the inlet velocity of
the fluid action area is the sedimentation velocity of
the particle, and the outlet of the action area is a zero
normal stress boundary. The specific expression is as
Formula (9)~(11) [21]:
(9)
u=0 , Particle surface boundary

u
FIGURE 1
Schematic diagram of force analysis of spherical
particles in flow field [9].

0, x , Scope entry boundary

n  ª  pI  P u  u
¬
exit boundary

It can be seen from Figure 1 that Navier Stokes
Equation was used to describe the flow field around
particles (as Formula (1) and Formula (2)) [19-20].
wu
T
   P u  u  U u u  p F (1)
U

T

º
¼

(10)

0 , Scope
(11)

Physical model and grid division. Based on
the flow field description equation and the particle
mechanics equilibrium equation, a two-dimensional
axisymmetric model analysis model is established
according to the symmetry theory. The shape and
mesh division structure of the model are shown in
Figure 2.
It can be seen from Figure 2 that the scope of

wt

 u 0

(2)
Where, ρ Is the density of drilling fluid for coalbed methane; u is the flow velocity of coalbed methane drilling fluid; μ is the viscosity of drilling fluid

11132

© by PSP

Volume 31– No. 11/2022 pages 11131-11138

Fresenius Environmental Bulletin

density of coalbed methane drilling fluid increases
from 1.1 g/cm3 to 1.5 g/cm3, and the particle settling
velocity increases from 0.045 m/s to 0.001 m/s. The
effect of drilling fluid density on particle settling velocity can reach 72%. The results show that the settling velocity of particles increases rapidly with the
increase of time in a short time. When the time
reaches a certain value, the settling velocity tends to
be stable. With the increase of coalbed methane drilling fluid density, the particle settling velocity decreases significantly. It can be seen from Figure 5(b)
that at the beginning of sedimentation, due to the
constant gravity, the particles are accelerated to sink
under the action of gravity. With the increase of
speed, the fluid resistance of the particles gradually
increases, until the gravity is equal to the liquid resistance, the particles drop at a uniform speed. With
the increase of the density of coalbed methane drilling fluid, the resistance of the fluid to the particle
settlement gradually increases, so the particle settlement velocity is inversely proportional to the density
of the drilling fluid.

action is a cylinder with a radius of 6.0 mm and a
height of 14.0 mm. The particles are located on the
axis of the scope, and the center point is 6.0 mm
away from the bottom end of the scope. The triangular mesh generation model is adopted, and the minimum mesh size is 1.75 × 10-6 m. The basic parameters of the model are shown in Table 1.
Indoor experimental device and method. A
high-speed camera and a plexiglass cylinder are used
to establish a simulation experimental device for
solid particle sedimentation test. The schematic diagram of the device is shown in Figure 3. As can be
seen from Figure 3, the height of the experimental
cylinder is 1.5 m and the diameter is 10 cm. X150
camera with image resolution of 2560 × 1920. Before the experiment, the prepared mixed solution of
polymer and brine was slowly added into the plexiglass cylinder to prevent the generation of bubbles
and affect the sedimentation analysis of particles.
Turn on the camera, adjust the camera picture and
light source, put spherical particles with different
shapes and densities, and test the settling speed of
particles.

RESULTS
Influence of drilling fluid density. Figure 4
was a distribution diagram of particle velocity field
at different times. Through the velocity field cloud
diagram, the velocity change in the process of particle sedimentation can be intuitively analyzed.
Through the post-processing calculation, the change
curve of particle sedimentation velocity and force
with time can be obtained, so as to analyze the sedimentation performance of particles.
Figure 5 shows the influence of the density of
drilling fluid for coalbed methane on particle sedimentation. It can be seen from Figure 5(a) that the

FIGURE 3
Schematic diagram of simulation experiment device.

FIGURE 2
Physical model of particle sedimentation and grid division results.

11133

© by PSP

Volume 31– No. 11/2022 pages 11131-11138

Fresenius Environmental Bulletin

TABLE 1
Basic parameters of the model
Parameters
Density of drilling fluids, g/cm3
Viscosity of drilling fluids, mPa·s
Solid particle radius, mm
Solid particle density, g/cm3

Value
1.1
10.0
1.0
1.5

FIGURE 4
Cloud diagram of particle sedimentation velocity field.

FIGURE 5
Influence of drilling fluid density on particle sedimentation.
can be seen from Figure 7 that the particle size increases from 1.0 mm to 3.0 mm, the particle settling
speed increases from 0.045 m/s to 0.104 m/s, and the
influence of particle size on the settling speed
reaches 43%. The larger the particle size, the greater
the liquid-phase force it receives, but the difference
between gravity and liquid-phase resistance is also
larger. Therefore, with the increase of particle size,
the settling speed of particles is accelerated, and affected by the viscosity of coalbed methane drilling
fluid, the greater the viscosity, the more obvious the
settling contrast of large particle materials.

Influence of drilling fluid viscosity. Figure 6
shows the effect of the viscosity of coalbed methane
drilling fluid on particle sedimentation. It can be
seen from Figure 6 that the viscosity of coalbed methane drilling fluid increases from 10 mPa·s to 30
mPa·s, the particle settling velocity decreases from
0.045 m/s to 0.021 m/s, and the unit viscosity decreases by 18% to the velocity. With the increase of
the viscosity of coalbed methane drilling fluid, the
change of the liquid resistance of particles is relatively small, but the increase of viscosity has a more
significant impact on the sedimentation rate, and the
impact is relatively small compared with the density
of coalbed methane drilling fluid.

Effect of particle density. Figure 8 shows the
effect of particle density on sedimentation. It can be
seen from Figure 8 that with the increase of particle
density, the particle settling speed gradually increases. The particle density increased from 1.5

Influence of particle size. Figure 7 shows the
effect of particle size on particle sedimentation. It
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g/cm3 to 2.5 g/cm3, and the particle settling speed increased from 0.045 m/s to 0.116 m/s. The influence
of particle density on the settlement reached 60%.
The reason for particle settling speed is that under
the same volume condition, the influence of gravity
on particles with larger density is greater than that of
fluid resistance. Therefore, the increase of particle
density promotes the settlement of particles.
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Analysis of experimental verification. The
density of drilling fluid is adjusted by adding sodium
formate, the viscosity of coalbed methane drilling
fluid is adjusted by changing the amount of polymer,
and the density of solid-phase material is adjusted by
selecting particles of different materials. The influence of different factors on the settling stability of
particles can be obtained as Figure 9.

FIGURE 6
Effect of viscosity of drilling fluid on particle sedimentation.

FIGURE 7
Influence of particle size on particle sedimentation.

FIGURE 8
Effect of particle density on particle sedimentation.
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FIGURE 9
Influence of drilling fluid properties and particle characteristics on sedimentation velocity.
lowed by solid particle density, particle size and viscosity of coalbed methane drilling fluid. In order to
improve the filling effect of solid particles, low-density materials should be selected as much as possible,
and relatively small particle size should be selected
for filling and plugging according to the particle size
grading principle. Under the condition that the safety
density window of the wellbore is not affected, the
density of the drilling fluid for coalbed methane can
be appropriately increased to improve the suspension
stability of the system.
Using high-speed camera and plexiglass cylinder, the indoor simulation experimental device and
evaluation method of settling particles are established, and the influence of the characteristics of
coalbed methane drilling fluid and particle properties
is analyzed. The results of indoor experiment are
consistent with the results of numerical simulation,
which is helpful to guide the performance optimization of coalbed methane drilling fluid through numerical simulation experiments in the later stage.

As can be seen from Figure 9, the experimental
test results are almost the same as the simulation results. The increase of density and viscosity of coalbed methane drilling fluid will reduce the settling velocity of particles, while the increase of particle size
and density will increase the settling velocity of particles. Among them, the density of coalbed methane
drilling fluid is the most significant, followed by the
density of coalbed methane drilling fluid, particle
density, viscosity of coalbed methane drilling fluid
and particle size.

CONCLUSIONS
Based on the flow field description equation
and particle mechanics equilibrium equation, the
analysis model of solid particle sedimentation of
drilling fluid in the process of coalbed methane drilling and production is established. Considering the
influence of particle mechanical properties and rheological properties of drilling fluid, the evaluation
indexes such as particle settling velocity and force
exerted on particles are established, and the influence of factors such as density of drilling fluid, viscosity of drilling fluid, particle size and particle density on particle settling is discussed.
The density of coalbed methane drilling fluid is
the main factor affecting particle sedimentation, fol-
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groundwater can be directly affected by mining activities, resulting in elevated levels of heavy metals
[3]. These heavy metals eventually enter the human
body through the food chain, which will cause severe
damage to human health [4]. Therefore, the storage
and treatment of mine drainage has been the focus of
the mining industry.
Dissolved organic matter (DOM) is a kind of
organic mixture with a complex structure that is
ubiquitous in aquatic ecology and plays a vital role
in the global aquatic environment carbon cycle [5].
DOM can provide nutrients and energy for aquatic
organisms and form DOM-metal complexes [3,6].
Dong et al. [6] found that DOM affects the migration, transformation and bioavailability of Mn in
groundwater. Qiao et al. [7] studied the relationship
between DOM and As in the surface water and
groundwater of the Hetao Plain, China, and found
that DOM with higher molecular weight may accelerate the migration of As. Although the content of
DOM in the water environment is very low, it can
affect the form and bioavailability of heavy metals
through complexation and adsorption [3]. In addition, studying the content and composition of DOM
in surface water and groundwater under the influence of mining activities will help in the treatment of
polluted water [8]. In recent years, due to its advantages of high sensitivity, good selectivity, ability
to access a large amount of information, less water
sample required and no damage to the sample. So,
three-dimensional fluorescence spectroscopy was
widely used [9]. Three-dimensional fluorescence
spectroscopy combined with parallel factor analysis
(EEM-PARAFAC) is an algorithm that can discriminate the intensity of different DOM fluorescent
components, because of its significant advantages in
the traceability of water pollutants, it is widely used
in various water environments [10]. In addition,
EEM-PARAFAC can well reveal the characteristics
and content of each fluorescent component [11].
The metal mining area in southern Anhui Province of China is one of the areas with more complex
environmental problems due to its long-time development. However, previous studies had focused on
the content and sources of heavy metals in soil, surface water, groundwater, and sediment around the

ABSTRACT
Mining activities have significantly impacted
the water ecological environment, but few studies
have shown the relationship between dissolved organic matter (DOM) and heavy metals. We were selected the surface water and shallow groundwater
around metal mines in southern Anhui Province
(China) as the research objects and explored the content characteristics of hydrochemical parameters and
heavy metals and the optical characteristics of DOM.
The results showed that both surface water and
groundwater were weakly alkaline, and the chemical
types of surface water and groundwater are CaHCO3 and Mg-HCO3, respectively. The total fluorescence intensity of the five fluorescence peaks
(Peak A, B, C, M, and T) in groundwater was significantly lower than that in surface water and mine
drainage. Fluorescence excitation-emission (EEM)
spectrophotometry coupled with parallel factor analysis (PARAFAC) revealed humic-like components
(C1, C2, and C3) and protein-like components (C4).
The content of seven heavy metals (Cr, Cu, Ni, Zn,
As, Cd, and Pb) in surface water and groundwater
did not exceed China's drinking water hygiene quality standards. The co-occurrence network analysis
showed a relationship between the humification of
DOM, protein-like component (C4), and heavy metals.
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INTRODUCTION
Mining activities have been widely reported to
adversely affect the soil, surface water, and groundwater surrounding the mining area [1]. Mine drainage is one of the most representative pollutants produced in mining activities, and contains a large number of toxic and harmful elements, and is an important pollutant that affects the aquatic ecological
environment in mining areas [2]. Surface water and
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most concentrated areas of metal mines (Figure. 1a).
Because this area belongs to the metallogenic belt of
the lower reaches of the Yangtze River, especially
the Mesozoic geological tectonic movements are frequent, a series of magma intrusion and extrusive activities have occurred, and the metallogenic conditions are good, so the study area is rich in mineral
resources. Nanling County began to excavate copper
mines as early as the Western Zhou Dynasty and is
one of the birthplaces of Chinese bronze culture. The
study area is mostly mountainous with an altitude of
about 500 m, which is a transition zone from hills to
plains along the river (Figure. 1b). It belongs to the
subtropical monsoon climate, with four distinct seasons, abundant rainfall, and sufficient sunshine. The
annual average temperature is 15.8°C, the coldest
average temperature in January is 2.8°C, and the hottest average temperature in July is 28.3°C.

mining area [12,13]. There is no research on DOM's
three-dimensional fluorescence spectral characteristics in mining water under the influence of mining
activities. Therefore, this study selected the surface
water and groundwater around typical metal mines
in southeastern Anhui Province, China, as the research object and explored the relationship between
DOM and heavy metals. The purpose of this study is
(1) to investigate the optical characteristics of DOM
in the surface water, shallow groundwater, and mine
drainage; (2) to investigate the pollution degree of
heavy metals; (3) to explore the relationship between
DOM and heavy metals.

MATERIALS AND METHODS
Study area. The study area is located in the
southeast of Anhui Province, China, one of China's

FIGURE 1
Location of the study area and sampling sites.
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water varies from 7.97 to 8.93, with an average value
of 8.46, indicating that the surface water in the study
area is weakly alkaline. The value of surface water
EC varies between 101 and 305 μs/cm, with an average value of 241.16. Surface water TDS values varied between 50 and 145 mg/L, with an average of
113 mg/L.
The Piper tri-linear diagram is an effective tool
for identifying the hydrochemical types [16]. As
shown in Figure 2, HCO3- was the dominant anion in
surface water and groundwater. Ca2+ was the main
cation in surface water, while Mg2+ was the dominant cation in groundwater. It is clear that the dominant cations and cations in mine drainage are Na+
and Cl-, respectively. It can be seen that the hydrochemical type of surface water and groundwater in
the study area are Ca-HCO3 and Mg-HCO3 respectively, while the hydrochemical type of mine
wastewater is Na-Cl. Generally, the hydrochemical
type of water bodies not affected by human activities
is mostly HCO3-.

Sample collection and analysis. In December
2021, 17 water samples (2 mine drainage, 12 river
water samples, and 3 groundwater samples) were
collected in the study area, and the latitude and longitude of each sampling point were recorded using
the geographic positioning system (GPS). A portable
test pen measured EC, pH, and total dissolved solids
(TDS) content. The samples were sent back to the
laboratory immediately after collection and were filtered through a 0.45 μm filter membrane for testing.
Heavy metals (As, Cr, Cu, Cd, Pb, and Zn) were
measured by ICP-MS ( ICPMS-2030LF, Shimadzu,
USA). The UV-Vis spectrum of DOM was measured
by a UV-Vis spectrophotometer (UV-2700, Shimadzu, USA) with a scanning wavelength of 200800 nm with an interval of 0.5 nm, with Mili-Q ultrapure water as a reference. Three-dimensional fluorescence spectra of water samples were measured
using a fluorescence spectrometer (F-4700, Hitachi,
Tokyo, Japan). The excitation wavelength (Ex) and
emission wavelength (Em) slit widths were set to 5
nm, the excitation wavelength scanning range was
200~400 nm and the emission wavelength scanning
range was 220~550 nm. The scanning speed was
10000 nm/min. Ultrapure water was used as the
blank to deduct the scattering.

Fluorescence characterization of DOM. Representative EEMs of water samples (surface water,
mine drainage, and groundwater) in the study area
are shown in Figure 3. The fluorescence intensity of
mine drainage was significantly greater than that of
surface water and groundwater. The EMMs of different pollution will show different dominant peaks
[17]. Five main fluorescence peaks (Peak A, B, C,
M, and T) were identified by Peak picking analysis
in drEEM toolbox: Peak A (Ex/Em=260/400-460
nm) was mainly autogenic for fulvic acid; Peak B
(Ex/Em=275/305 nm) is tyrosine-like; Peak C
(Ex/Em=320-360/420-460 nm) is UVA humic-like,
mostly found in water and soil in agricultural areas;
Peak M (Ex/Em=290-310/370-410 nm) derived
from microorganisms, often from anthropogenic activities (wastewater and agricultural non-point
sources); and Peak T (Ex/Em=275/340 nm) is tryptophan-like. Figure 4 is a histogram of the accumulation of fluorescence peaks in surface water,
groundwater, and mine drainage in the study area. It
can be seen from Figure 4 that the total fluorescence
intensity of the five fluorescence peaks (Peak A, B,
C, M and T) of groundwater was significantly lower
than that of surface water and mine drainage. Peak
M can be used to indicate the impact of human activities on water bodies. It can be seen from Figure 4
that Peak M in mine drainage is greater than that of
surface water and groundwater. [18] studies have
found that aquaculture can affect dissolved organic
matter quality and quantity in river water. It can be
seen from Figure 4 that the total intensity of the fluorescence peaks in the S8 water sample is the largest,
even greater than that of the mine drainage, and there
is aquaculture in the S8.

Data processing and analysis. Using the
drEEM toolbox in Matlab to conduct PARAFAC
modeling [14]. In addition, five fluorescence peaks
(Peak A, B, C, M and T) were identified using Peak
picking analysis in the drEEM toolbox. To visualize
the correlation between heavy metals and DOM-related parameters, co-occurrence network graph was
generated using Gephi. The specific steps of co-occurrence network analysis can refer to this article.
Fluorescence index (FI), the biological index (BIX)
and the humification index (HIX) were use to characterize the source of DOM, the proportion of DOM
produced by recent microbial activity and the degree
of humification [15] . R Studio was used to statistical
analysis and draw.

RESULTS AND DISCUSSION
Hydrochemical parameter statistics. The
physicochemical parameters of the water samples in
the study area are shown in Table 1. The mean concentrations of the major ions in groundwater were
ordered as follow: HCO3- > Cl- > SO42- > NO3- > Cl> Mg2+ > Na+. The pH of groundwater was between
7.43 and 8.05 (mean of 7.76), and the TDS was between 24 and 67 mg/L (mean of 42.67 mg/L). The
mean concentrations of the major ions in surface water were ordered as follow: HCO3- > Ca2+ > SO42- >
Cl- > Mg2+ > Na+ > NO3-. The pH value of surface
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TABLE 1
Statistical summary of physicochemical paramters.
Sample
Surface
water
Groundwater
Mine
drainage

Min
Max
Mean
Min
Max
Mean
Min
Max
Mean

pH

EC (μS/cm)

7.97
8.93
8.46
7.43
8.05
7.76
7.87
7.97
7.92

101
305
241.17
49
138
90.33
1770
3200
2485

TDS
(mg/L)
50
145
113.08
24
67
42.67
855
1500
1177.5

Na+
(mg/L)
1.30
6.21
3.90
1.53
6.95
3.61
233.16
363.03
298.1

K+
(mg/L)
0.87
5.06
2.01
0.36
1.22
0.69
5.66
7.05
6.35

Ca2+
(mg/L)
15.69
54.28
42.19
2.01
7.80
4.57
147.52
297.26
222.39

Mg+
(mg/L)
1.63
9.70
5.06
2.17
5.56
3.76
2.77
3.75
3.26

Cl(mg/L)
0.012
0.058
0.038
3.59
11.35
6.17
294.98
698.07
496.52

NO3(mg/L)
0.095
3.068
1.70
0.80
12.59
6.15
263.39
268.16
265.77

SO42(mg/L)
4.59
24.66
10.33
3.80
6.74
5.18
103.71
124.65
114.18

FIGURE 2
Piper diagram of groundwater, surface water, and mine drainage.
In this study, the PARAFAC model was used
to identify the fluorescent components of surface
water, groundwater and mine drainage in the study
area, and a total of four components were identified
(Figure. 5). It is generally believed that the fluorescent substances with emission wavelengths (Em)
greater than 380nm are humic-like substances. The
fluorescent substances with Em less than 380nm are
protein-like substances [5]. Four components were
extracted using PARAFAC, including humic-like
components (C1, C2, and C3) and protein-like components C4. The fluorescence peak of component C1
is located at Ex/Em=290/385nm, which is a humic-

like substance. The maximum intensity fluorescence
peak of C2 is located at Ex/Em=270/448nm, which
is a terrestrial humic substance commonly found in
water catchments [19]. C3 has two fluorescence
peaks
(Ex/Em=250/400nm
and
Ex/Em=325/400nm), this component represents humic substances, which may be derived from the
transformation of microorganisms, and its molecular
weight is lower than that of C1 and C2 [20]. The fluorescence peak of C3 is located at
Ex/Em=275/326nm, which is tryptophan and widely
exists components in wastewater, agricultural rivers,
and seawater [5,21].

11142

© by PSP

Volume 31– No. 11/2022 pages 11139-11150

Fresenius Environmental Bulletin

FIGURE 3
EEM fluorescence spectra of DOM in surface water, groundwater, and mine drainage.

FIGURE 4
Peak A, B, C, M, and T fluorescence intensity stacked histogram.
To quantitatively analyze the content of each
fluorescent component, the maximum fluorescence
intensity of each component was used to characterize
the content of each fluorescent component [17,22].
It can be seen from Figure 6 that the total fluorescence intensity of the four fluorescent components in

groundwater was significantly lower than that in surface water and mine drainage, indicating that the
content of dissolved organic matter in groundwater
was low. The contents of humic-like components
(C1, C2, and C3) in groundwater were lower than
those in surface water and mine wastewater. The
content of C1 in mine drainage was significantly

11143

© by PSP

Volume 31– No. 11/2022 pages 11139-11150

Fresenius Environmental Bulletin

source of dissolved organic matter, which is of great
significance for deciphering the source of DOM.
Three indices, fluorescence index (FI), humification
(HIX) and biological index (BIX) are often used to
discriminate the origin of DOM. When the FI value
is more significant than 1.9, the DOM has autochthonous characteristics, and when the FI value is less
than 1.4, it means that the DOM is mainly allochthonous sources [5]. It can be seen from Table 2 that the
FI values of surface water and groundwater in the
study area are both greater than 1.9, indicating that
DOM is mainly produced by microbial activities
[10]. In addition, the average value of FI of mine
drainage is 2.62, which is significantly larger than
that of surface water and groundwater, indicating
that mine drainage has strong autogenic characteristics.

higher than that in surface water and groundwater,
suggesting that the dissolved organic matter in mine
drainage may originate from human activities. The
composition of DOM is related to human activities,
and the type of land use, urbanization, and discharge
of domestic sewage will all affect the composition of
DOM [23]. For the protein-like component C4, the
content of C4 in the surface water is significantly
greater than that in mine drainage and groundwater.
In contrast, the C4 content in groundwater was not
different from mine drainage, indicating that the
mining of open-pit metal mines will cause humiclike substances (C1) in mine drainage but not increase the content of the protein-like component C4.
Spectral parameter analysis of DOM. The
fluorescence index is often used to indicate the

FIGURE 5
Contours plots of the four components and split-half validated by PARAFAC modeling.
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FIGURE 6
Histogram plot of PARAFAC components in groundwater, surface water and mine drainage.

S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
G1
G2
G3
M1
M2

TABLE 2
Spectra parameter of DOM in surface water, groundwater and mine drainage.
Fl
BIX
HIX
2.35
1.05
0.74
2.30
1.04
0.78
2.38
0.98
0.75
2.20
0.97
0.76
2.33
0.85
0.77
2.18
0.94
0.77
2.31
0.96
0.75
2.20
0.89
0.79
2.19
1.04
0.68
2.40
1.09
0.71
2.15
1.09
0.73
2.29
0.97
0.79
2.39
1.06
0.65
2.11
0.84
0.74
1.95
1.29
0.49
2.62
1.86
0.70
2.62
2.02
0.71
Analysis of heavy metal pollution. The comprehensive characteristics of the content of seven
heavy metals (Cr, Cu, Ni, Zn, As, Cd, and Pb) in surface water and groundwater in the study area are
shown in Figure 7 and Table 3. The average contents
of Cr, Cu, Ni, Zn, As, Cd and Pb in surface water
were 0.038, 1.12, 0.82, 13.33, 1.99, 0.026 and 0.20
μg/L, respectively. The average contents of Cr, Cu,
Ni, Zn, As, Cd and Pb in groundwater were 0.043,
4.69, 0.90, 34.51, 0.028, 0.041 and 0.18 μg/L, respectively.

BIX can reflect the relative content of dissolved
organic matter produced by microbial activity in a
relatively recent period. If the BIX is greater than
0.8, it indicates that the DOM has prominent autogenic characteristics, and it can reflect the large proportion of microbial organic matter [24]. The BIX
value of surface water in the study area is between
0.85 and 1.08, indicating that its autogenic characteristics are obvious. HIX is an important parameter
to characterize the degree of humification of DOM.
The greater the value of HIX between 0 and 1, the
higher the degree of humification [25]. It can be seen
from Table 2 that the humification degree of the surface water in the study area is the highest.
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FIGURE 7
Histogram of heavy metal content in surface water and groundwater.
TABLE 3
Heavy metal concentrations in groundwater and surfacewater.
mean
SD
SV
min
Groundwater
As
0.03
0.02
0.77
0.01
Groundwater
Cd
0.04
0.01
0.33
0.03
Groundwater
Cr
0.04
0.03
0.61
0.02
Groundwater
Cu
4.69
3.81
0.81
0.32
Groundwater
Ni
0.90
0.50
0.56
0.33
Groundwater
Pb
0.18
0.21
1.17
0.03
Groundwater
Zn
34.51
47.71
1.38
4.58
Surfacewater
As
2.00
0.67
0.33
0.82
Surfacewater
Cd
0.03
0.01
0.55
0.01
Surfacewater
Cr
0.04
0.02
0.42
0.01
Surfacewater
Cu
1.12
1.15
1.02
0.00
Surfacewater
Ni
0.82
0.44
0.54
0.15
Surfacewater
Pb
0.20
0.18
0.88
0.02
Surfacewater
Zn
13.33
17.02
1.28
1.07

max
0.05
0.05
0.07
7.27
1.29
0.42
89.53
3.35
0.06
0.06
4.10
1.53
0.58
51.18

shown in Figure 8. There is a significant positive correlation between Cu and Zn at the level of 0.01, indicating that Cu and Zn may have a common
source[1]. However, Cu and As showed a significant
negative correlation at the 0.05 level, suggesting that
Cu and As may be different sources. It is generally
believed that Cu and Zn are related to soil's parent
material. In addition, the content of Cu and Zn in the
study area is low, it can be inferred that the source of
Cu and Zn in the surface water and groundwater in
the study area may be natural sources. There was a
significant positive correlation between Cd and Pb at
the level of 0.05, indicating that Cd and Pb may be
the same source. Pb is generally considered to be related to coal combustion and the use of leaded gasoline in industrial activities and vehicle exhaust emissions [28].

It can be seen from table 3 that the average content of Zn in groundwater and surface water is the
highest. In addition, the coefficient of variation of Zn
in groundwater and surface water is significantly
larger than that of other heavy metals, indicating that
the spatial heterogeneity of Zn is more significant,
which may be related to human activities [26]. It can
be seen from Figure 7 that except for the heavy metals As and Pb in surface water, the contents of other
heavy metals are lower than those in groundwater.
The contents of heavy metals in groundwater and
surface water meet the national drinking water hygiene quality standards (GB5749-2022).
The relationship between heavy metals can be
used to study their origin and migration process [27].
The correlation analysis of those heavy metals in surface water and groundwater in the study area is
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FIGURE 8
Correlation analysis of heavy metals in surface water and groundwater.

FIGURE 9
Co-occurrence networks of heavy metals and fluorescence parameters.
Co-occurrence network analysis. DOM contains many active functional groups, which is a vital
medium to control the adsorption and complexation
between DOM and heavy metals [29]. To visualize
the correlation between heavy metals and fluorescence parameters, a co-occurrence network was generated using Gephi software (Figure 9). BIX was significantly positively correlated with Zn and Cu, and

the correlation coefficients were 0.73, 0.68 (p<0.01),
indicating that strong microbial activity may increase the content of Zn and Cu in water. However,
HIX is significantly negatively correlated with Cu
and Zn, and the correlation coefficients are -0.75 and
-0.74. It may be that DOM with a high degree of humification has a strong affinity with heavy metals
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area under the influence of mining activities and the
relationship between DOM and heavy metals.

[30]. There was a moderate positive correlation between As, C4, and Peak B, with correlation coefficients of 0.56 and 0.59 (p<0.05), respectively, indicating that C4 and Peak B may be good indicators of
As. DOM is considered to be an essential medium
for the release of As from sediments into groundwater [31].
Moreover, the fluorescent components C1, C2,
C3, and C4 all showed a significant positive correlation (p<0.01), indicating that these fluorescent components have similar sources. Zhang et.al [32] explored the relationship between DOM and dissolved
metal in Shenzhen Urban Rivers in southern China,
and found that dissolved heavy metals are unrelated
to total dissolved organic carbon, but, there is a
greater possibility of correlation between fluorescent
components and dissolved ions . Tang et al. [5] studied the composition of DOM in urban and suburban
rivers and its relationship with water quality indicators and found that there was a good linear relationship between fluorescent component C2 and chemical oxygen demand (COD), although there is a correlation between dissolved organic matter related parameters and water quality parameters, the relationship between DOM related parameters and water
quality parameters will differ in different water environments.
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and releasing large amounts of greenhouse gases that
seriously disrupt ecological balance [5]. As a key
driver of elemental biogeochemical cycles, frequent
forest fires significantly alter the composition, structure and function of forest ecosystems, as well as nutrient cycling and energy transfer, causing changes
in biodiversity and forest carbon pools and carbon
allocation patterns, which in turn affect forest succession processes and carbon sequestration capacity
[6-7]. Currently, forest fires have developed in areas
that were previously rarely visited, and fires are occurring in alpine regions such as the Arctic Circle
and even Siberia [8]. The Tibet Plateau, a typical alpine region, is distributed with about 21.8 × 104 km2
of forest, which contributes up to 31.7% to the total
ecosystem service value of the Tibetan Plateau [9].
The Nyingchi region in the southeastern part of the
Tibetan Plateau is the main distribution area of Tibetan forests, and forest fires have been frequent in
recent years, with three forest fires occurring in the
last two years around the urban area of Nyingchi city
alone.
As soil animals present in all soils, soil nematodes play an important role in the biogeochemical
cycling of elements, influencing the post-fire forest
recovery process and playing a key role in the growth
of above-ground vegetation. Soil nematodes are
abundant and closely related to the soil environment,
and can influence the soil environment in which they
are found by participating in soil processes such as
nutrient cycling [10]. Compared to other ecosystems,
soil nematodes have the highest diversity and abundance due to the complex ecology and plant diversity
of forest ecosystems [11]. In addition, soil nematodes occupy different positions in the soil food web
and form complex relationships with soil resources
and microorganisms, which together drive soil ecological functions [12]. It can be seen that the presence of soil nematodes will directly or indirectly influence the cycling and transformation of soil nutrients and play a role in the supply of plant nutrients
[13-15].
Soil nematodes are heat phobic [16], and their
communities are responsive to temperature [17]. The

ABSTRACT
To understand the effect of fire intensity on soil
nematode communities in subalpine forest of southeastern Tibet, we collected soils from 0-10 cm of forest plots with different fire intensities for 3 months
after fire in the Pinus densata forest of Biri National
Forest Park, Nyingchi, Tibet, and adopted highthroughput sequencing techniques to analyze the
characteristics of soil nematode communities in control, low, moderate and severe burned forest plots.
The results showed that the soil dissolved organic
carbon content decreased and the available phosphorus content increased with increasing fire intensity.
Fire reduced the Shannon index and species richness
index of soil nematodes and shifted the soil organic
matter decomposition pathway from bacterial to fungal. The increased intensity of fire altered the soil
nematode community structure, but all were dominated by bacterivorous nematodes. Dissolved organic carbon and available phosphorus content were
significantly correlated with soil nematode community diversity and structure. This study revealed that
during the 3-month recovery from fire in the Pinus
densata forest in southeastern Tibet, the reduction in
soil dissolved organic carbon due to increased fire
intensity was a key factor in stalling post-fire soil microbial growth and shifting organic matter decomposition pathways, thereby limiting the food resources
available to soil nematodes and altering soil nematode community diversity and structure.

KEYWORDS:
Soil nematode community, fire intensity, high-throughput
sequencing, Pinus densata forest, Southeastern Tibet

INTRODUCTION
Global warming and climate extremes have increased the frequency of forest fires [1-3], causing
about 1% of annual global forest loss, equivalent to
4% of global net terrestrial primary productivity [4],
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Wils., and Betula utilis D. Don. The forest soils are
weakly acidic, mainly mountain brown loam and
acid brown loam, with a soil thickness of about 40
cm, so the 0-10 cm surface layer was taken for the
determination of relevant indicators. The geographical coordinates of the sample site are
29°39'16.43″N, 94°21'52.61″E, at an altitude of
about 2998 m above sea level. A forest fire broke out
in the study area at the end of February 2021 and was
promptly extinguished, covering an area of about 0.1
km². The type of fire was an acute surface fire, and
although the area of overfire was small, there were
areas of varying fire intensity damage as a result of
the fire.

high temperature environment brought about by forest fire disturbance inevitably leads to changes in soil
nematode communities. Existing studies have shown
that fire reduces the total number of soil nematodes,
including plant-parasitic nematodes, bacterial-feeding nematodes and fungal-feeding nematodes, in alpine coniferous forests on the Tibetan Plateau,
changing the community structure composition of
the food web and shifting the decomposition of soil
organic matter from the bacterial to the fungal pathway [18]. However, in forests in the European region, soil nematode abundance and biomass were not
significantly affected by forest fire, except in Mediterranean forests, where soil bacterial-feeding nematodes increased and fungal-feeding and plant-parasitic nematodes decreased in response to forest fire
disturbance, and fire significantly altered soil nematode community trophic taxa abundance [19]. Some
studies in Mediterranean coniferous forests have also
suggested that different bacterivorous nematodes
were affected differently by fire, but fungivorous
nematodes were not affected by fire, while omnivorous nematodes were increased by fire, and that fire
reduced nematode trophic group diversity and generic diversity [20]. From the above studies, it is
clear that fire changes the proportion of soil nematode trophic taxa and that such changes may potentially lead to changes in the level of forest ecosystem
functioning after fire. However, it is not known how
and why soil nematode communities change after
fires of different intensities. In this study, we chose
to investigate the effects of different fire intensities
on soil nematode communities in the Pinus densata
forests in southeastern Tibet, which could provide
theoretical basis and basic data for studying the postfire recovery process of soil biomes in subalpine forests on the Tibetan Plateau, as well as the ecological
succession and artificial recovery of alpine forests.

Soil sampling. At the beginning of June 2021,
sampling areas with different fire intensity were set
up in areas with consistent site conditions such as
slope, aspect and altitude and less human interference, according to whether trees survived in the
burned area and the height of trunk blackening,
which were specifically divided into: (1) in the unburned plots, all plants survived, and there was no
trace of blackening in the trunk, which was used as
control check (CK); (2) low fire intensity (LF) in the
mild fire sample, the burned wood was less than
30%, and the blackened height of all tree trunks was
less than 2 m; (3) the moderate fire intensity (MF) in
the Moderate fire sample, where 30%-70% of the
wood was burned by fire and the blackening height
of all the tree trunks was between 2-5 m; (4) severe
fire intensity (SF) in the severe fire sample where the
burned wood reached more than 70% and the blackened height of the trunk was greater than 5 m [22].
The specific sampling methods are as follows: in
each plot, 0-10 cm topsoil samples were drilled several times with a soil drill with an inner diameter of
3.5 cm to form a mixed soil sample, and the samples
were repeated for three times to form a total of 12
soil samples, each of which was at least 1000 g. The
samples were placed in plastic bags and quickly
placed in a vehicle refrigerator to take back to the
laboratory. Various residues in the soil samples were
removed. Part of the soil samples were crushed and
passed through a 1-mm soil sieve for determination
of soil physical and chemical indexes, while the
other samples were frozen at -80 Ԩ for highthroughput sequencing of soil nematode communities.

MATERIALS AND METHODS
Study area. The study area is located in the Biri
Shenshan National Forest Park, Bayi District,
Nyingchi City, Tibet Autonomous Region, with a total forest park area of 2.23×103 km², of which 126
km² is forested, with a forest cover of 55.91%, accounting for about 48% of the total forest area in
southeast Tibet, at an average altitude of 4500 m.
The area is in a tropical humid and semi-humid climate zone, characterized by a mild and rainy summer climate, strong light, large temperature differences between day and night, low rainfall and dry air
in winter, with an annual rainfall of around 746 mm
and abundant water resources, accounting for more
than 70% of the total water resources in Tibet. The
average annual temperature is 9.78 Ԩ, the average
annual sunshine is 2000 h and the frost-free period is
193 d [21]. The forest vegetation types are mainly
Pinus densata Mast., Quercus aquifolioides Rehd. et

Determination of soil physical and chemical
indexes. The determination methods of soil physical
and chemical indexes are summarized as follows:
Acidity meter method is used to determination of soil
pH value, conductivity determined by conductivity
method, drying method has been applied to the determination of soil moisture content, soil organic
matter content is determined by potassium dichromate method, soil total nitrogen content is determined using the method of half minim kelvin, using
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species (where Pi is the proportion of the individual
number of the ith plant parasitic nematode species to
the total number of all plant parasitic nematode species when PPI value is calculated). S is the number
of identified taxon (genus); Ba and Fu respectively
refer to the number of bacterivorous and fungivorous
nematodes.

sodium hydroxide melting-molybdenum antimony
colorimetric determination of total phosphorus in
soil, sodium hydroxide melting method has been applied to the determination of soil total potassium
content, the content of available phosphorus in soil
was determined by neutral ammonium acetate leaching-flame photometry, the content of available potassium in soil was determined by ammonium acetate leaching-flame photometry, and the content of
nitrate and ammonium nitrogen in soil was determined by continuous flow analyzer [23]. Using the
methods in the literature, the AA3 continuous flow
analyzer (Seal Analytical, Germany) was used to determine the content of soil dissolved organic nitrogen [24], and the Multi N/C 2100 TOC was used to
determine the content of soil dissolved organic carbon [25].

Data processing and analysis. The cloud platform www.i-sanger.com (Shanghai Meiji Biomedical Technology Co., LTD.) was used to analyze soil
nematode communities and their relationships with
soil environmental factors. The sequencing data
comparison database is NCBI (NT). Excel 2019 was
used to calculate soil environmental factors and soil
nematode ecological indicators, and SPSS 20.0 was
used to analyze the difference significance and correlation. Excel 2019 was used to analyze and map
the trophic groups of soil nematodes at genus level.
R language (version 3.3.1) was used for PCA statistical analysis and mapping, and pheatmap software
package in R language was used for Spearman correlation analysis, which was shown by heatmap.

Illumina MiSeq sequencing of the nematode
community. Total DNA was extracted according to
the e. z. n. a. soil ® kit (Omega bio-tek, Norcross,
GA, u. S.). DNA concentration and purity were detected by NanoDrop2000, and DNA extraction quality was detected by 1% agarose gel electrophoresis.
PCR amplification was performed using NF1F (5'GGTGGTGCATGGCCGTTCTTAGTT-3')
and
18Sr2bR (5'-TACAAAGGGCAGGGACGTAAT3') primers [26-28]. Sequencing and analysis were
performed on the Illumina Miseq PE300 platform
operated by Shanghai Meiji Biomedical Technology
Co., LTD.

RESULTS
Soil environmental factors under different
fire intensities. The physical and chemical indexes
of soil after fire with different intensities are shown
in Table 1. Among many soil physical and chemical
indexes, most indexes did not change significantly
with the increase of fire intensity, only available
phosphorus (AP) and dissolved organic carbon
(DOC) were affected by fire intensity. The content
of available phosphorus tended to increase with the
increase of fire intensity, while the content of dissolved organic carbon tended to decrease. It can be
seen that fire intensity does not affect all soil environmental factors, which is helpful to understand the
natural soil recovery process after fire, especially
how soil biomes recover after fire.

Ecological index of soil nematode community. High-throughput sequencing technology has
been widely used in the field of soil microbial research, and there is a trend of increasing in the study
of soil nematodes. There are some unclassified nematodes in the comparison results of existing databases, so the comparison library needs to be further
improved to reflect the nematode species in the soil
environment more accurately and completely [29].
Based on the sequencing data of soil nematode at genus level, the ecological index of soil nematode community was calculated to exclude unclassified nematode genera. The ecological index is calculated using the following formula:
Shannon index˄H˃˅˖ ܪᇱ ൌ ε σௌୀଵ ܲ lnܲ
Simpson index˄λ˅˖ߣ ൌ σ ܲଶ
Pielou index˄J˅˖ ܬൌ ܪԢΤܵ
Maturity index˄MI˅˖ ܫܯൌ σ ܿሺ݅ሻ ൈ ܲ
Plant parasite index˄PPI˅˖ ൌ σ ܿሺ݅ሻ ൈ
ܲ
Nematode channel ratio˄NCR˅˖NCR=Ba/
˄Ba+Fu˅
In the above equation, c(i) refers to the colonizer-persister value (c-p value) of the life history
strategy of the ith soil nematode species, and Pi is the
proportion of the individual number of the ith soil
nematode species to the total number of all nematode

Ecological indices of soil nematode communities under different fire intensities. Because
some unidentified genera were included in the soil
nematode genera determined by high-throughput sequencing, the ecological index analysis of soil nematode communities in this paper was calculated on
the basis of removing unidentified genera. As shown
in Table 2, the ecological index of soil nematode
community mainly includes community diversity index and community functional index. In terms of
community diversity index, Shannon index (H') and
richness index (S) representing species diversity
tended to decrease with the increase of fire intensity,
indicating that fire intensity would reduce soil nematode diversity. In terms of community functional index, maturity index (MI) and plant parasitic nematode index (PPI) showed a decreasing trend, but the
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nutrient sources in the low fire intensity and unburned plots were similar, and those in the moderate
and severe fire intensity plots were similar.
In order to understand the change of soil nematode ecological index caused by fire intensity, the
correlation analysis between the ecological index
and soil environmental factors was carried out. The
results showed that available phosphorus and dissolved organic carbon were significantly correlated
with soil nematode species diversity (Shannon index, richness index) and soil disturbance degree (PPI
value). Available phosphorus was significantly negatively correlated with soil nematode species diversity (Shannon index, richness index), and dissolved
organic carbon was significantly positively correlated with soil disturbance degree (PPI value). These
results indicated that the more intense the external
disturbance (fire), the less soil nematode community
diversity.

variation of MI was not significant. The change of
maturity index indicated that the increase of fire intensity would reduce the diversity of soil resources
to a certain extent. The change of PPI value also indicates that the increase of fire intensity means the
increase of external disturbance frequency. The
nematode channel ratio (NCR) showed the following
pattern: in the unburned plots (CK) and the low fire
intensity plots (LF), the NCR values were both
greater than 0.5, and the soil food web was mainly
decomposed by bacteria, but in the moderate fire intensity plots (MF) and severe fire intensity (SF), the
soil food web was mainly decomposed by fungi. According to the ecological index of soil nematode
community, there seemed to be a phenomenon: the
increase of fire intensity reduced soil nematode diversity and community function, and the nematode

Sam
ple
CK

LF

MF

SF

pH
6.17
±0.
43a
5.97
±0.
37a
5.91
±0.
22a
6.02
±0.
16a
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TABLE 1
Soil physical and chemical properties under different fire intensities
EC/
SO
AP/( AK/(
NO3NH4WC/
TN/ TP/ TK/
(μs/c
M/
mg/k mg/k N/(mg N/(mg
%
%
%
%
m)
%
g)
g)
/kg)
/kg)
33.1 24.9 4.96 0.11 0.05 1.04 19.6 179.6
0.24±
9.15±
4±10 6±4. ±0.8 ±0.0 ±0.0 ±0.0 5±3. 5±24.
0.06a
1.88a
.22a
46a
4a
1a
1a
3a
33a
94a
41.5 18.0 5.25 0.13 0.05 1.08 33.0 189.5
0.16±
9.21±
5±2. 4±5. ±0.8 ±0.0 ±0.0 ±0.0 9±9. 2±20.
0.03a
3.16a
99a 04ab
0a
3a
1a
6a
08a
53a
62.2 22.8 5.02 0.14 0.06 1.08 61.8 304.6
21.60
0.19±
1±23 9±3. ±1.3 ±0.0 ±0.0 ±0.0 4±22 8±12
±7.94
0.02a
.20a 01ab
7a
2a
2a
5a
.34b 3.67a
b
44.2 11.3 4.27 0.13 0.07 1.02 61.8 201.3
0.18±
9.06±
6±19 6±2. ±0.9 ±0.0 ±0.0 ±0.0 4±10 7±26.
0.04a
5.71a
.67a
68b
1a
1a
1a
2a
.91b
56a

DON/
(mg/k
g)
27.04
±6.03
ab
25.69
±4.73
b
39.73
±9.79
a
21.61
±5.75
b

DOC/
(mg/k
g)
250.0
5±42.
38a
205.3
1±59.
66ab
167.0
3±39.
58ab
144.0
5±52.
22b

Notes: CK: Control check; LF: Low fire intensity; MF: Moderate fire intensity; SF: Severe fire intensity; pH: pondus hydrogenii; EC: Electrical conductivity; WC: Water content; SOM: Soil organic matter; TN: Total nitrogen; TP: Total phosphorus;
TK: Total kalium; AP: Available phosphorus; AK: Available kalium; NO3-N: Nitrate nitrogen; NH4-N: Ammonia nitrogen;
DON: Dissolved organic nitrogen; DOC: Dissolved organic carbon; Data are mean ± standard deviation, different letters in the
same column indicate significant differences˄P˘0.05˅

TABLE 2
Diversity index and functional index of soil nematode communities under different fire intensities
Functional index of the soil nematode
Diversity index of the soil nematode communities
communities
Sample
H˃
λ
J
S
MI
PPI
NCR
CK
1.15±0.14a 0.19±0.07a 0.41±0.11a 6.67±2.08a 2.91±0.32a 2.37±0.64a 0.57±0.26a
LF
0.52±0.39ab 0.13±0.10a 0.67±0.27a 3.67±1.16b 2.66±1.14a 2.00±0.00a 0.53±0.48a
MF
0.20±0.35b 0.10±0.18a 0.53±0.50a 1.00±1.00b 1.80±1.72a 0.67±1.16b 0.33±0.58a
SF
0.23±0.40b 0.12±0.20a 0.50±0.50a 1.00±1.00b 2.33±2.08a 0.00±0.00b 0.33±0.58a
Notes: H˃: Shannon index; λ: Simpson index; J: Pielou index; S: Richness index; MI: Maturity index; PPI: Plant parasite
index; NCR: Nematode channel ratio
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TABLE 3
Correlation between ecological index and soil physical and chemical properties
Ecological
index

pH

H˃

0.14
2

J

0.09
3

0.34
2
0.10
7

λ

0.01
4

0.20
4

S

0.14
1

MI

0.28
1

PPI

0.01
9

EC

0.28
6
0.06
7
0.07
4

WC

SOM

TN

TP

TK

AP

AK

0.18
5

0.598
*

0.05
5

0.25
7

0.790
**

0.18
8

0.02
1

0.20
6
0.23
5

0.75
9**
0.20
6

0.59
4*
0.31
7

0.14
2
0.15
4

0.133

NO3-N
0.44
7
0.36
9

0.12
1
0.23
9

0.46
1

0.13
3

0.46
2

0.50
2

0.12
8

0.18
2

0.09
5
0.26
0

0.75
8**

0.52
6

0.36
4

0.12
6

0.05
3

0.47
8

0.61
4*

0.37
3

0.29
4

0.27
5

0.444

0.04
6

0.425

0.17
6

0.47
4

0.41
6

0.424

0.32
2

0.15
2

0.00
8

NH4
+
-N

DO
N

0.35
9
0.35
9
0.22
8
0.36
0
0.37
2
0.10
5

0.00
4
0.08
9
0.30
5
0.04
2
0.23
5

0.225

0.13
6

0.704
*

DOC
0.911
**
0.719
**

0.818
**
0.361

Notes: Spearman correlation, * represents significant correlation (P < 0.05), ** represents extremely significant correlation (P
< 0.01)
0,6

Relative abundance

0,5
0,4
Ba

0,3

Fu
Pp

0,2

Op
0,1
0,0
CK

LF

MF

SF

Trophic group
FIGURE 1
Composition of trophic group in soil nematode communities under different fire intensities
CK: Control check; LF: Low fire intensity; MF: Moderate fire intensity; SF: Severe fire intensity

soil nematode communities under different fire intensities at the genus level. The results showed that
there were indeed significant differences between
the unburned and burned plots, and the nematode
community structure was more similar between the
moderate and severe fire intensities (Figure 2). Our
results indicated that fire could change the community structure of soil nematodes, and with the increase of fire intensity, the community structure of
soil nematodes became more similar.

Community structure of soil nematodes under different fire intensities. Fire intensity had a
certain effect on the composition of trophic groups
of soil nematodes. With the increase of fire intensity,
bacterivore and fungivorous nematodes showed a
decreasing trend, and bacterivore nematodes maintained a relatively dominant position (Figure 1).
Fire intensity affected the composition of nematode trophic groups, but whether it affected the
community structure needed further analysis. To understand whether there was such a difference, Principal component analysis (PCA) was performed on

11155

© by PSP

Volume 31– No. 11/2022 pages 11151-11161

Fresenius Environmental Bulletin

FIGURE 2
Principal component analysis of soil nematode communities under different fire intensities
significantly correlated with Chromadorea and Enoplea, and available phosphorus being significantly
correlated with Chromadorea and unclassidied_p_Nematoda (Figure 3). At the genus level,
dissolved organic carbon and available phosphorus
were still better correlated with soil nematode communities relative to other soil environmental factors
(Figure 4).

Relationship between soil nematode communities and soil environmental factors. The correlation between soil nematode communities and soil environmental factors was conducted at the phylum
and genus levels. At the class level, the dissolved organic carbon and available phosphorus content were
significantly correlated with the soil nematode community, with dissolved organic carbon being highly

FIGURE 3
Correlation between soil nematode community and soil environmental factors at class level
Notes: Spearman correlation, * represents significant correlation (P < 0.05), ** represents extremely significant correlation
(P < 0.01)
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FIGURE 4
Correlation between soil nematode community and soil environmental factors at genus level
maturity of soil nematodes [20]. Chen believed in his
study of coniferous forest that fire caused the soil
food web to change from bacteria to fungi [18] The
above studies support the results of this study. However, it should be noted that the effect of fire on soil
nematode diversity and function is also related to the
recovery time after fire. The longer the recovery
time, the different soil nutrient enrichment level and
soil nematode community status [34].
The changes of soil nematode diversity and
function were significantly correlated with soil dissolved organic carbon and available phosphorus. For
nematode diversity, dissolved organic carbon was
positively correlated with it, while available phosphorus was negatively correlated. Dissolved organic
carbon is an organic carbon source that can be directly utilized by microorganisms [35], which can affect the supply and availability of nutrients [36].
However, the increase of burning intensity leads to
the decrease of dissolved organic carbon content,
which means that the loss of available organic carbon source inhibits the growth and reproduction of
microorganisms and reduces the food resources of
nematodes, thus reducing the diversity of soil nematodes. Soil organic matter did not change with the
increase of fire intensity, but the composition of soil
organic matter changed, as evidenced by the decrease of dissolved organic carbon, which also indicated that the refractory organic matter components
increased, so the decomposition pathway of soil organic matter also changed from bacterial to fungal
[37]. Fire causes a large number of microbial deaths
in the surface soil and releases phosphorus in microbial biomass [38-39]. Therefore, in a general sense,
the higher the fire intensity in the same habitat, the
higher the soil available phosphorus content is. However, although soil microorganisms migrate and colonize the soil surface layer 3 months after fire, the

DISCUSSION
Effects of fire on soil environmental factors.
The physical, chemical and biological properties of
soils are themselves affected by forest fires and are
mainly the result of fire intensity [30], i.e. by the
level of temperature and the duration of the fire. The
results of this paper show that an increase in fire intensity decreases the soil dissolved organic carbon
content, but increases the soil available phosphorus
content. Fire forms soil black carbon through the
burning of organisms, which in turn contributes to
the formation of a stable soil organic carbon pool
[31], while an increase in fire intensity means an increase in the stable soil organic carbon pool and a
consequent decrease in easily decomposable and
available soil dissolved organic carbon. Many studies have shown that fire increases the soil available
phosphorus content, particularly in the 0-10 cm soil
layer, and Boyle and Adams et al. concluded that the
soil available phosphorus content increases 1 month
after fire [32], but decreases again 15 months later
due to leaching of the exchangeable phosphorus in
the soil surface layer [33]. Considering the context
of this study, sampling was conducted at the beginning of June, 3 months after the fire, before the rainy
season in this area, so the effect of leaching was limited and the results showed a significant increase in
soil available phosphorus.
Effect of fire on ecological indices of soil
nematodes. The increase of fire intensity reduced
soil nematode diversity, and changed soil organic
matter decomposition pathway from bacteria to
fungi through gradually increasing external disturbance. The study of Pen-Mouratov et al. in Israeli forests proved that fire would reduce the richness and
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structure. Combined with the effects of burning on
the diversity and function of soil nematodes, it can
be seen that dissolved organic carbon is an important
soil factor, that is, it can affect the food resources
available for soil nematodes in the short term by
modifying the living environment of soil microorganisms, and then affect the recovery process of soil
nematodes community after burning. The differences and similarities of nematode community structure in soil with different fire intensities at 3 months
after fire were observed: the community structure of
unburned soil was obviously different from that of
burned soil, and the community structure of moderate burned soil was more similar to that of severe
burned soil.
In recent years, there has been an increase in the
occurrence of fires in Tibetan forest areas, but none
of them has produced large enough burned plots,
which is beneficial to the attention of local authorities to forest protection. However, the selection of
the study area is also limited, which may make the
research results limited. Further research and discussion are still needed to understand the post-fire restoration process of sub-alpine forests on the Tibet
Plateau.

effect of phosphorus on microorganisms is strongly
dependent on the availability of carbon [40], so the
effective dissolved organic carbon still occupies the
priority position in the impact on soil microorganisms. The above discussion illustrates the following
process: In the short term (3 months) after burning,
burning intensity enhancement causes soil soluble
organic carbon content and available phosphorus
content increased, in the process of soil restoration,
how many of the soluble organic carbon determines
the amounts of microbes, which in turn affects the
food resources of soil nematodes, show the diversity
of soil nematodes over fire intensity enhancement.
The reduction of soluble organic carbon, which is
easy to decompose, also makes the organic matter
decomposition pathway change from bacteria to
fungi.
Effects of fire on soil nematode community
structure. The composition and structure of soil
nematodes were changed by fire intensity, and the
communities of soil nematodes were more similar
between moderate and severe burning. Chen believed that burning would change the soil nematode
community structure [18]. In the burning intensity
divided in this paper, it was obvious that moderate
burning was more similar to the soil nematode community structure of severe burning due to its high intensity. The extremely high temperature caused by
the fire killed a large number of soil nematodes in
the soil surface layer (i.e., 0-10 cm in this paper), and
the vacant niche was gradually replaced by the nematode communities in the deeper soil that were not
killed by the high temperature during the recovery
process after the fire. Although soil nematode communities may not be the same under strong burning
intensity, their structures are more similar due to the
interference of high temperature. Bacterivore nematodes occupy a dominant position, even after fire,
Bacterivore nematodes still maintain a high dominant position in the short term (3 months), which is
consistent with many research results, that is, soil
nematode community after fire is dominated by Bacterivore nematodes [41-42]. This may be related to
the resources available to the soil nematode community during reproduction after fire. In the short recovery process after fire, the rapid propagation of soil
microorganisms in the soil surface layer provides favorable conditions for soil nematodes to recover in
the surface layer. Meanwhile, soil bacteria occupy a
dominant position compared with fungi, providing
favorable food resources for bacterial-eating nematodes. Bacteria themselves are considered to be the
main driving force of nematode communities under
different environmental conditions [43-44], while
microbial communities affect the composition of
nematode trophic groups [44, 45-46].
Soil dissolved organic carbon and soil available
phosphorus content are the main soil environmental
factors for the change of soil nematode community

CONCLUSION
Three months after the fire of the Pinus densata
forest in Biri Shenshan National Forest Park,
Nyingchi, Southeast Tibet, the fire intensity had an
effect on soil available phosphorus and dissolved organic carbon. The increase of fire intensity led to the
increase of soil available phosphorus content and the
decrease of soil dissolved organic carbon content. At
the same time, the increase of fire intensity also significantly reduced the diversity and changed the
structure of soil nematode community. The reduction of dissolved organic carbon caused by the increase of fire intensity led to the change of soil organic matter decomposition pathway from bacteria
to fungi, which was also the key factor to block the
growth of soil microorganisms after fire, limited the
available food resources of soil nematodes, and affected the diversity and structure of soil nematodes
community. It is important to note that the presence
or absence of high intensity precipitation drenching
during and after the fire season and the length of
post-fire recovery time are also critical factors influencing the relationships and structure of the soil biomes.
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the application of oil-based drilling fluids, the addition of hydrate inhibitors, and the removal of water
in natural gas [7-10]. Among them, the addition of
hydrate inhibitor is currently the most widely used
and effective method [11-15]. According to the inhibitory mechanism, the hydrate inhibitors are classified into three categories including kinetic inhibitors, thermodynamic inhibitors and anti-aggregation
agents. Among them, the problems of large amount,
serious pollution and poor economic benefits of thermodynamic inhibitors, as well as the problems of
narrow application scope and high cost of anti-aggregation agents, limit their practical application
[16-17]. Therefore, the development and application
of environmentally friendly, economical and efficient hydrate kinetic inhibitors is extremely important.
At present, the mechanism of hydrate kinetic
inhibitors is still unclear, which still relied on various
hypotheses. Among them, the perturbation suppression hypothesis has the highest recognition, which
refers to disrupting the cluster structure of water
molecules through inhibitors before hydrate nucleation, so that the cage structure formed by water molecules tends to rearrange, so as to achieve the purpose of inhibiting hydrate nucleation [18]. However,
the low concentration of kinetic inhibitors in solution
make it difficult to control liquid water with large
volume. And the long-chain polymer structure of kinetic inhibitors leads to their thermodynamic fluctuations and low molecular mobility, making it difficult to disrupt nucleation. Therefore, the perturbation
suppression hypothesis is still unreasonable to a certain extent. Xu et al [19] conducted molecular simulations on the nucleation and growth process of methane hydrate in PVCap solution. They found that the
location of PVCap molecules on the junction of methane and water contributes to the higher stability of
the nanobubbles. By slowing down the dissolution of
gas molecules in the solution, PVCap molecules reduce the collision probability of gas molecules in the
solution, thereby prolonging the hydrate nucleation
induction time. The results show that the system contains 15518 water molecules and 1200 methane molecules. When no inhibitor is added, the mole fraction
of dissolved methane in the solution is 2.76%. After

ABSTRACT
Kinetic inhibitors have the advantages of low
cost, small dosage and good effect. Thus, they have
great development prospects in the field of natural
gas hydrate prevention and control. However, its inhibition mechanism is not clear enough, which severely limits the development and application of kinetic inhibitors. In this paper, the hypothesis of
PVCap inhibition of CH4 dissolution is verified by
experiments, and the influence of its concentration
and molecular weight on the inhibition effect is explored. And the following experimental results are
obtained. PVCap inhibits hydrate nucleation by
slowing down the dissolution of CH4 before hydrate
induced nucleation. And the higher the concentration
and molecular weight of PVCap, the more obvious
the effect of inhibiting CH4 dissolution and the
stronger the ability to inhibit hydrate nucleation and
growth.

KEYWORDS:
CH4 hydrate, Kinetic inhibitor, PVCap, Inhibition performance, Molecular weight

INTRODUCTION
With the development of economy, the demand
of oil and gas resources is gradually increasing. In
addition, the global oil and gas development is gradually shifting to deep water areas [1-3]. However, in
the process of deepwater oil and gas development,
natural gas hydrates are easily formed in wellbore
manifolds and gathering pipelines due to the low
temperature and high pressure condition. The formation of hydrate will not only affect the performance of the drilling fluid, but also adhere to the wall
of the wellbore or manifold, which leads to the
blockage of the blowout preventer group, choke
manifold, kill manifold and gathering pipeline,
thereby affecting normal drilling operations and
transportation [4-6]. The commonly used technical
means to prevent the formation of hydrates include
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with unknown temperature into the reactor, avoid the
dissolution of methane during the cooling process,
and accurately judge the induction time of hydrate
formation.

adding PVCap with a degree of polymerization of 40,
the mole fraction of dissolved methane was 2.27%,
indicating that PVCap can reduce the dissolution of
methane in water.
Based on this result, the hypothesis that PVCap
can inhibit the dissolution of methane was proposed.
In this manuscript, a methane hydrate formation experiment was designed to explore the effect of the
concentration and molecular weight on the effect of
PVCap, and the mechanism of inhibiting methane
dissolution was verified.

Experimental materials. The materials used
in the experiment are methane, deionized water, and
1-6# PVCap (the molecular weight is shown in Table
1). Two kinds of solutions were prepared, 5# PVCap
with concentrations of 0.5, 1.0, 1.5, and 2.0 wt% and
1-6# PVCap solutions with a concentration of 2.0
wt%, respectively, and the CH4 hydrate formation
experiments were carried out.

MATERIALS AND METHODS
Experimental procedure. First, the autoclave
was evacuated to -0.1 MPa, and then 250 mL of the
pre-configured solution was injected into the autoclave by a hand pump. The CH4 was injected into the
gas temperature control kettle to 7.5 MPa, then the
temperature of the experimental system was lowered
to 3°C by a constant temperature water bath device.
Finally, the gas enters the autoclave by opening the
communication valve, the stirring device was turned
on to accelerate the formation of hydrate simultaneously. During the experiment, the temperature and
pressure changes in the reactor were recorded every
second through the data acquisition software [19-20].

Experimental apparatus. The experimental
device used in this experiment is mainly composed
of a gas temperature control kettle, a high-pressure
reactor, temperature sensor, pressure sensor, stirring
device and a constant temperature water bath, as
shown in Figure 1. The volume of the gas temperature control kettle and the autoclave are both 390 mL
and the maximum pressure is 25 MPa. They are connected through a connecting valve; therefore, the gas
and liquid can be independently cooled and mixed to
form hydrate. This design can eliminate the temperature fluctuation caused by the introduction of gas

FIGURE 1
Schematic diagram of the experimental apparatus.
Notes: (1) gas cylinder, (2) middle container, (3) valves, (4) pressure sensor, (5) connecting valve, (6) pressure sensor, (7)
stirring device, (8) gas temperature control kettle, (9) high-pressure reactor, (10-11) temperature sensor.

No.
1#
2#
3#
4#
5#
6#

TABLE 1
Molecular weight of series PVCap
Mna/(g·mol-1)
Mwa/(g·mol-1)
4
1.67 × 10
3.10 × 104
5
1.41 × 10
1.42 × 105
4
1.94 × 10
2.54 × 104
5
2.07 × 10
3.25 × 105
1.88 × 105
2.12 × 105
1.20 × 104
2.45 × 104

PDIb
1.85
1.01
1.31
1.57
1.13
2.04

Notes: a Determined by GPC using a GPC-1260 Gel permeation chromatograph (Agilent Technologies, USA); b Determined
by dividing the weight average molecular weight and the number average molecular weight.
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(4)
Where V is the volume, mL. M is the molecular
molar mass. n is the moles, mol. ρ is the density
g·cm-3, The density of water is 1 g·cm-3, and the density of hydrate is 0.918 g·cm-3.
The volume reduction of water in hydrate formation is 103.5Δn. The hydrate production is
130.17Δn. The gas consumption Δn can be obtained
from the volume change Formula (5) and the gas
state formula (1).
Vtotal = Vwater + Vgas + Vhydrate
(5)
Where Vtotal is the total volume of reactor, mL.
Vwater is the volume of water after reaction, mL. Vgas
is the volume of residual gas, mL. Vhydrate is the volume of hydrate formed, mL.
The gas consumption Δn refers to the hydrate
generation amount, from which the hydrate growth
rate during the hydrate generation process can be calculated.

RESULTS
Mechanism of PVCap inhibiting methane
dissolution. (1) Induction time of CH4 hydrate nucleation. The curve of temperature and pressure
change with time during hydrate formation in deionized water is shown in Figure 2.
After the CH4 in the gas temperature control
kettle and the liquid in the high-pressure reactor are
cooled to about 3 ℃, the connecting valve was
opened and pressurize the deionized water in the
high-pressure reactor to about 7.5 MPa. Due to the
dissolution of methane in water, the pressure will
drop in the early stage of the experiment [27-28].
When the time is about 118 min, the pressure will
drop sharply and the temperature will rise rapidly,
which marks the beginning of hydrate formation. It
is considered that 118 min is the induction time of
hydrate nucleation. In the next few hours, methane
hydrate is continuously formed, methane gas is continuously dissolved in water, the pressure in the reactor is continuously reduced, the pressure curve is
steadily decreased, the temperature curve is slightly
fluctuating, and the reaction is relatively stable.

PV
nZRT
(1)
Where P is the pressure of gas, Pa. V is the volume of gas, m3. n is moles of gas, mol. R is the universal gas constant, 8.314 Pa·m3·mol-1·K-1. Z is the
compressibility factor, calculated according to Gopal
empirical formula [26]. T is the absolute temperature
of the gas, K.

nt / VL

(2)
Where x is methane solubility, mol·m-3. nt is the
moles of dissolved methane, mol. VL is the volume
of solution, m3Ǆ
(3) Growth rate of CH4 hydrate. After the hydrate nucleation, as shown in Formula (3), the gas
volume changes due to the consumption of methane
and water and the formation of hydrate, as shown in
Formula (4).

CH4 +5.75 H2O o CH4  5.75 H2O

Mn / U

V

Data processing. (1) Induction time of CH4 hydrate nucleation. The parameters such as temperature and pressure will change significantly when the
hydrate is formed, and this moment is considered as
the hydrate nucleation induction time in this experiment.
(2) Methane solubility before hydrate nucleation. The methane solubility before hydrate nucleation was calculated by PVT assay[23-25]. PVT
method belongs to saturation method to measure methane solubility. It is to add solution and gas into the
reaction kettle with a certain volume, record the internal temperature (T1) and pressure (P1) at the initial
time of the experiment. The number of moles of gas
is calculated according to the equation of state of
compressibility factor, i.e. Formula (1), and obtain
the number of moles n1 of CH4 before hydrate nucleation. When the hydrate starts to form, the mole
number n2 of CH4 after hydrate nucleation is calculated from the temperature (T2) and pressure (P2) at
this time. The number of moles nt of dissolved methane gas is calculated according to the difference
between the number of moles of gas before and after
nucleation. The solubility x of CH4 before hydrate
nucleation is further calculated according to Formula
(2).

x
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FIGURE 3
Temperature-pressure curves of CH4 hydrate formation process in 0.5-2.0 wt% PVCap solutions.
Notes: (a) 0.5 wt% PVCap, (b) 1.0 wt% PVCap, (c) 1.5 wt% PVCap and (d) 2.0 wt% PVCap solutions

TABLE 2
Nucleation induction time of CH4 hydrate in different concentration PVCap solutions
No.
Solution /250 mL
Induction time /min
1
deionized water
118
2
0.5 wt% PVCap
196
3
1.0 wt% PVCap
266
4
1.5 wt% PVCap
293
5
2.0 wt% PVCap
312
TABLE 3
CH4 consumption and solubility in different concentration PVCap solutions before hydrate nucleation
No.
Solution/250 mL
CH4 consumption/mol
CH4 solubility/(mol·m-3)
1
deionized water
0.015295
61.18
2
0.5 wt% PVCap
0.012133
48.532
3
1.0 wt% PVCap
0.012091
48.364
4
1.5 wt% PVCap
0.010216
40.864
5
2.0 wt% PVCap
0.009198
36.792
that in deionized water. This indicates that the higher
the concentration of PVCap, the longer the induction
time of hydrate nucleation, and the stronger the ability to inhibit the growth of methane hydrate. The hydrate inhibition effect of 0.5 wt% PVCap solution is
poor, and the hydrate inhibition effect of 2.0 wt%
PVCap solution is the best. After the concentration
is greater than 0.5 wt%, the inhibition effect will increase by about 0.2 times for every 0.5 wt% increase
in concentration. The increase in inhibition effect is
not large, but the cost of concentration increase will
increase greatly. Therefore, the appropriate inhibitor
concentration can be selected according to the actual
production needs.

In this section, CH4 hydrate is formed in PVCap
solution with different mass concentrations and the
methane solubility before nucleation is calculated to
verify the hypothesis of PVCap inhibiting methane
dissolution mechanism. The temperature and pressure change curve with time in the experiment of
CH4 hydrate formation in 0.5-2.0 wt% PVCap solution is shown in Figure 3.
The induction time of hydrate nucleation in the
above five groups of experiments is summarized in
Table 2. Comparing the nucleation induction time of
CH4 hydrate in different concentrations of PVCap
solution, it was found that the nucleation induction
time of methane hydrate in PVCap solution was
greater than that in deionized water, indicating that
PVCap can prolong the nucleation induction time of
methane hydrate and inhibit the growth of methane
hydrate. In 0.5-2.0 wt% PVCap solution, the induction time of hydrate nucleation was 196 min, 266
min, 293 min and 312 min, respectively, which was
1.66 times, 2.25 times, 2.48 times and 2.64 times of

(2) Methane solubility before hydrate nucleation. The methane consumption before hydrate nucleation and the solubility of methane in solution in
each group of experiments are calculated by using
Formulas (1) and (2). The data are summarized in
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Table 3. Before hydrate induced nucleation, the methane solubility in PVCap solution is lower than that
in deionized water, and the higher the concentration,
the stronger the ability to inhibit methane dissolution.
The smaller the solubility of methane in the solution
before hydrate induction nucleation means that less
methane is dissolved in the solution, which indicates
that the presence of PVCap slows down the dissolution of methane in the experimental solution and
plays a role in inhibiting hydrate formation [29-30].
This provides an experimental basis for the above
mentioned hypothesis of PVCap inhibiting methane
dissolution mechanism, that is, PVCap may inhibit
the growth of hydrate by inhibiting the dissolution of
methane in solution.

Fresenius Environmental Bulletin

formation experiment, where pro is the abbreviation
of progress. The larger the tpro, the more hydrate formation, and the closer to the late stage of hydrate
growth. The growth rate of CH4 hydrate was calculated in each group when tpro = 0.1, 0.3, 0.5, 0.7 and
0.9, and make a histogram, as shown in Figure 4.
It can be seen from Figure 4 that in the early
stage of hydrate growth (tpro = 0.1, 0.3), the hydrate
growth rate is faster, and in the middle stage of hydrate growth (tpro = 0.5, 0.7), the hydrate growth rate
slows down. At the later stage of the experiment (tpro
= 0.9), the hydrate growth rate has been as low as
about 0.01 mol·min-1. In the whole hydrate growth
process, the growth rate of hydrate in deionized water is the fastest. After adding PVCap, the growth
rate of hydrate is effectively inhibited. 0.5 wt%
PVCap can play an inhibitory effect, and the hydrate
growth rate in 2.0 wt% PVCap solution is the lowest.
At the same time, it can also be found that when the
concentration of PVCap is greater than 0.5 wt%, it
can play a better hydrate inhibition effect, but the increase of concentration has little inhibition on the hydrate growth rate [31].

(3) Growth rate of CH4 hydrate. The methane
consumption in the process of entering the growth
stage after hydrate nucleation in the five groups of
experiments was calculated by using Formulas (3)(5). The amount of hydrate produced in each group
at the end of the experiment is summarized in Table
4.
On the basis of the calculated hydrate production, the hydrate growth rate in the hydrate growth
process can be obtained by calculating the slope. The
parameter tpro = nt /ntotal is defined to help compare
the hydrate formation in each group of experiments,
where nt represents the amount of hydrate generated
at time t, and ntotal represents the total hydrate formation at the end of the experiment. tpro = nt /ntotal is
always an indicator reflecting the progress of hydrate

Influence of molecular weight on the effect
of PVCap. (1) Induction time of CH4 hydrate nucleation. PVCaps with different molecular weights
of 1 #, 2 #, 3 #, 4 #, and 6 # were prepared into 2.0
wt% solutions, and CH4 hydrate formation experiments were carried out respectively. The curves of
temperature and pressure with time were drawn, as
shown in Figure 5.

TABLE 4
Amount of CH4 hydrate formation in PVCap solutions with different concentrations
at the end of the experiment
No.
Solution/250 mL
Amount of hydrate formation/mol
1
deionized water
0.0769
2
0.5 wt% PVCap
0.0750
3
1.0 wt% PVCap
0.0708
4
1.5 wt% PVCap
0.0659
5
2.0 wt% PVCap
0.0511
0,07
deionized water
0.5 wt% PVCap
1.0 wt% PVCap
1.5 wt% PVCap
2.0 wt% PVCap

Growth rate of CH4
hydrate/(mol·min-1)

0,06
0,05
0,04
0,03
0,02
0,01
0
0,1

0,3

0,5
0,7
0,9
tpro
FIGURE 4
CH4 hydrate growth rate at different times in PVCap solutions with different concentrations.
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FIGURE 5
Temperature- pressure curves of CH4 hydrate formation process in PVCap solutions with different molecular weights.
Notes: (a) 1# PVCap, (b) 2# PVCap, (c) 3# PVCap, (d) 4# PVCap and (e) 6# PVCap.

TABLE 5
Summary of experimental results of CH4 hydrate formation in PVCap
solutions with different molecular weights
Mw
Induction
CH4 solubility Amount of hydrate
Solution/250 mL
time/min
/(mol·m-3)
formation/mol
/(g·mol-1)
Deionized water
/
118
61.18
0.0769
2.0 wt% 6# PVCap
2.45 × 104
134
58.41
0.0789
2.0 wt% 3# PVCap
2.54 × 104
150
54.90
0.0750
2.0 wt% 1# PVCap
3.10 × 104
170
57.84
0.0735
2.0 wt% 2# PVCap
1.42 × 105
269
45.22
0.0539
5
2.0 wt% 5# PVCap
2.12 × 10
312
36.79
0.0511
2.0 wt% 4# PVCap
3.25 × 105
333
28.99
0.0520
The hydrate induction time in the above seven
groups of methane hydrate formation experiments is
summarized in Table 5, and 1-6 # PVCap is sorted
according to the molecular weight from small to
large. By analyzing the induction time of methane
hydrate in PVCap solutions with different molecular
weights in Table 5, it is found that the induction time
of methane hydrate in PVCap solutions with different molecular weights of 1-6 # is greater than that in
deionized water, indicating that the synthesized
PVCaps with different molecular weights can inhibit
hydrate nucleation. The molecular weight of PVCap
was in the range of 2.45h104 g·mol-1~3.25h105
g·mol-1, the higher the molecular weight, the longer
the induction time of hydrate.

(2) Methane solubility before hydrate nucleation. The methane solubility before hydrate induced nucleation in PVCap solutions with different
molecular weights is calculated. Table 5 is shown for
details. PVCaps with different molecular weights
can reduce the methane solubility in the solution before hydrate nucleation, indicating that 1-6 #
PVCaps have hydrate inhibition properties. And the
larger the molecular weight, the stronger the ability
to reduce the methane solubility before hydrate nucleation. According to the hypothesis of inhibiting
methane dissolution mechanism, it means that the
larger the molecular weight of PVCap, the better the
performance of inhibiting hydrate nucleation.

11167

© by PSP

Volume 31– No. 11/2022 pages 11162-11170

Fresenius Environmental Bulletin

0,07

deionized water
6# PVCap
3# PVCap
1# PVCap
2# PVCap
5# PVCap
4# PVCap

Growth rate of CH4
hydrate/(mol·min-1)

0,06
0,05
0,04
0,03
0,02
0,01
0
0,1

0,3

0,5
0,7
0,9
tpro
FIGURE 6
CH4 hydrate growth rate at different times in PVCap solutions with different molecular weights.
time of hydrate nucleation, the lower the growth rate,
and the smaller the production amount. When the
concentration of PVCap solution is 1.0 ~ 2.0 wt%,
the increase of concentration has little effect on the
inhibition of hydrate formation and hydrate growth
rate.
(3) Within the experimental range (the molecular weight of PVCap is 2.45h104 g·mol-1 to 3.25h
105 g·mol-1), the higher the molecular weight of
PVCap, the better the performance of inhibiting hydrate nucleation.

(3) Growth rate of CH4 hydrate. The hydrate
formation amount was calculated, which was in
PVCap solutions with different molecular weights at
the end of the experiment, as shown in Figure 6. The
molecular weight of 1 #, 3 #, 6 # PVCap is small, and
the ability to inhibit hydrate growth is general; The
molecular weight of 2 #, 4 #, 5 # PVCap is large,
which can well inhibit the growth of methane hydrate. In the experimental range, the larger the molecular weight of PVCap, the smaller the hydrate formation amount after the hydrate formation experiment, that is, the stronger the ability to inhibit hydrate growth.
The growth rate of methane hydrate was calculated in each group when tpro = 0.1, 0.3, 0.5, 0.7 and
0.9, and make a histogram, as shown in Fig. 6. In the
seven groups of hydrate formation experiments, the
hydrate growth rate was faster in the early stage of
hydrate growth, slower in the middle stage, and
lower to about 0.01 mol·min-1 in the later stage.
Compared with the hydrate growth rate in deionized
water, PVCap with small molecular weight (1 #, 3 #
and 6 #) has no obvious effect on inhibiting the hydrate growth rate, while PVCap with large molecular
weight (2 #, 4 # and 5 #) can play a better hydrate
inhibition effect. In the experimental range, the ability to inhibit the growth rate of hydrate increases
with the increase of molecular weight.
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ABSTRACT

INTRODUCTION

Total petroleum hydrocarbon compounds include a host of short-chain, aliphatic as well as aromatic chemicals. This hydrocarbon waste contains
potential toxic agents and constitutes a health risk to
the exposed human population. A way to remedy oilpolluted sites is with the addition of specific microorganisms (bacteria, cyanobacteria, algae, fungi,
protozoa) or through enhancement of microorganisms already present, which can improve biodegradation efficiency. Some of these microorganisms can
degrade a wide range of target constituents present
in oil sludge. In this research, two highly efficient
diesel-oil degrading bacteria were isolated from
samples of soils contaminated with hydrocarbons
from auto repair shops. Strains UPD1 and UPD2
were identified as Pseudomonas aeruginosa based on
their 16S rDNA gene sequence as well as their morphological, physiological, and phylogenetic characteristics. The biodegradation potential and characteristics of the strains were analyzed. Gas chromatography analysis showed that these strains could degrade most diesel components, and the degradation
rate was up to 92% after nine days of incubation. The
heap leaching technique was used for 3 months to
compare the processes of biostimulation of native
microorganisms and bioaugmentation with strain the
UPD2 to bioremediate soil contaminated with
70,187 mg/kg Total Petroleum Hydrocarbons. In the
biostimulation process, the concentration decreased
to 16,411 mg/kg (77%), whereas in the bioaugmentation process decreased to 6,464 mg / kg (91%).
Both strains of Pseudomonas aeruginosa (UPD1 and
UPD2) proved to be an alternative to improve the
performance of bioremediation processes of contaminated soils by hydrocarbons through the heap leaching technique.

It is estimated that in the state of Durango,
México, only 70% of car workshops conducted their
hazardous waste management according to the national environmental regulations, the rest, are very
likely to misuse them [1]. The non-regulated auto repair shops, installed on the periphery of cities of developing countries, represent a pollution problem
due to their lack of proper disposal of waste or oil,
which are sometimes poured directly into the drain
system or onto the ground. This problem is also present in some industries due to spills in the areas of
vehicle maintenance, equipment repair, or leaks in
containers [2]. In 1995, a Mexican mining company
identified soils that were contaminated with hydrocarbons, reporting a total petroleum hydrocarbon
(TPH) contaminant concentration in the soil of
61,000 mg kg-1 [3]. The TPH compounds include a
host of short-chain, aliphatic as well as aromatic organic compounds [4]. This hydrocarbon waste contains potential toxic agents and constitutes a health
risk to the exposed human population. The common
forms of exposure are inhalation [5], dermal contact
[6], and ingestion of petroleum-contaminated food
and water. Studies have documented the adverse environmental and potential health effects of petroleum
hydrocarbons over the years: genetic damage [7],
impairment of renal function [8], pulmonary pathologies [9], and risk of cancer [10], among others. Petroleum hydrocarbon contamination is a global issue
with implications for the environment, public health,
and economic development. Physico-chemical treatments can be used for soil cleanup, but they are expensive and could have repercussions that might
compromise soil structure and the environment. On
the other hand, biological remediation treatments are
cost-effective and can restore soil structure [11]. The
soil in some mechanical workshops provides a
source of microorganisms with the potential to help
to solve the problem of contamination by TPH. An-
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using phosphates buffer for dilutions and nutritive
agar to spread the microorganisms. Two microbial
strains were distinguished based on their morphological differences.

other way to remedy oil-polluted sites is with the addition of specific microorganisms (bacteria, cyanobacteria, algae, fungi, protozoa) or through the enhancement of native microorganisms, which could
improve biodegradation efficiency [3]. Some pseudomonas can degrade a wide range of target constituents present in oil sludge [12-13]. Specifically,
many pseudomonas strains, that are capable of degrading polycyclic aromatic hydrocarbons, have
been isolated from the soil [14]. In this study, two
bacterial strains, UPD1 and UPD2, were isolated
from hydrocarbon-contaminated soils located inside
mechanical workshops on the outskirts of the city of
Durango, Mexico. Both strains were identified as
Pseudomonas aeruginosa and proved to have the potential for hydrocarbon degradation. The UPD1
strain was used to compare the technique of the heap
leaching process against biostimulation and bioaugmentation.

Degradation of diesel oil. An inoculum culture
(OD600 of 1.0) of each strain was transferred, in triplicate, into 100 mL of 1% (v/v) diesel-added mineral
medium as the sole carbon and energy source. The
components of diesel included a variety of hydrocarbons (C11 to C21) and branched alkanes. Samples
were cultivated in an orbital shaker incubator at 27°C
and 200 rpm for 9 days. One non-inoculated flask
was analyzed as control to detect any decrease in diesel oil concentration due to factors other than microbial utilization. Microbial growth kinetics and viable
counts were evaluated in nutrient agar (triplicate).
Analytical methods for diesel degradation.
Since the diesel was not distributed homogeneously
with the cultures, it was necessary to extract the samples with an equal volume of n-hexane. The selected
samples were analyzed using a gas chromatograph
(GC) fitted with an FID detector and an HP-1 column
with helium as the carrier gas. The temperatures in
the injector and detector were 280°C and 300°C, respectively. The column temperature was kept at
40°C for 2 min, then it increased by 10°C per min
until 300°C were reached and it was held for 15 min.
Samples were injected into the GC with the total petroleum hydrocarbon (TPH) measured as the sum of
all peak areas on the chromatogram. To differentiate
the loss of diesel due to physical phenomena (agitation and temperature) a sterilized culture without inoculation was used as negative control.

MATERIALS AND METHODS
Soil. Samples of soil contaminated with petroleum hydrocarbons (HDP) were taken from three car
workshops in the municipality of Durango, Mexico
using 6 L sterilized bags for laboratory transportation. The samples were characterized according to
the unified soil classification system (USCS) methods (Table 1).
Medium. The mineral medium (MM) proposed
by [15] and modified by [3] contained (per liter) 25
g NaCl, 0.7 g KCl, 0.7 g MgSO4·7H2O, 1 g NH4NO3,
2 g KH2PO4, 3 g Na2HPO4·2H2O, and 2% (v/v) of
microelements solution (sterilized by 0.22 μm membrane filter) (pH 7.5). The solution with microelements contained (per liter) 4 g MgSO4·7H2O, 1 g
CuSO4·5H2O, 1 g MnSO4·H2O, 1 g FeSO4·7H2O,
and 1 g CaCl2. The medium was supplied with diesel
oil as the sole carbon source. Nutritive medium
(NM) contained the following constituents: tryptone
(10.0 g/L), yeast extract (5.0 g/L) and NaCl (10 g/L)
(pH 7.0). Agar Luria Broth (LB) medium contained
tryptone (10.0 g /L), yeast extract (5.0 g/L), NaCl (30
g/L) and agar (10 g/L) (pH 7.0). All used chemicals
were analytical grade.

Biochemical tests for strain identification.
Presumptive identification of oxidase-positive gramnegative Bacillus was performed by API 20E (BioMerieux, USA) kit. The strips were inoculated and
registered according to the directions of the manufacturer.
Phylogenetic analysis using 16S rRNA gene
sequence comparison. For the 16s rDNA analysis,
genomic DNA was extracted with the standard alkaline lysis method described by [15], using the genomic DNA extracted as a template and bacterial
universal primers 356F 5´-CGCCCGCCG CCGCG
CCCCGCGCCCGTCCCGCCGCCCCCGCCCCC
CTACGCGAGGCAGGAG-3´ and 517R 5´-ATTACCGCGGCTGCTGG-3´ [16]. The PCR reactions contained a 1 µl template, 12.5 µl 10X buffer

Isolation of microorganisms. 90 mL of nutrient medium were inoculated with 10 g of each sample of contaminated soil. The samples were cultivated for 24 h at 27°C and 200 rpm. After incubation,
the most probable number (MPN) was determined

Texture
Particle size
pH
SM: silty sand; SC: clayey sand
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TABLE 1
Characteristics of the contaminated soil
SM–SC
83% very fine sand (0.10–0.05mm)
6.7
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oxidation patterns of 20 different substrates by a
given isolate, the obtained isolates showed a dubious
profile among Pseudomonas aeruginosa, fluorescent, or putida. To this date, various studies had suggested that the phenotypic classification techniques
are not solely adequate for the identification of Pseudomonas spp, which leads into a problematic classification [18]. To confirm the species of Pseudomonas, an analysis based on the 16s rDNA sequence
was performed [19]. Both strains (UPD1 and UPD2)
were identified as Pseudomonas aeruginosa, showing 98% of identity (Figure 2). The obtained findings
were consistent with previous reports which found
that Pseudomonas sp. was the most degradative bacterium in a mixed bacterial consortium isolated from
oil-contaminated soil [20-21].

mix, and 1 pmol primer (each) [17]. The reactions
were preheated at 94°C for 5 min, followed by 10
cycles of 65°C for 30 s, 30 s at 55°C, and 72°C for 1
min. The amplification products were purified using
the PCR purification kit (QIAGEN GmbH, Hilden,
Germany) and checked for expected product size
(250 bp) by agarose gel electrophoresis (100 V, 25
min). The nucleotide sequence was established directly from the PCR product using the dideoxy
method and the primers previously described. Specie
identification was made by comparison with the
GenBank database using Basic Local Alignment
Search Tool (BLAST) analysis.
Biostimulation conditions. To stimulate the
growth of the native microorganisms, the heap leaching system in piles proposed by [3] was used. To
avoid a soil compaction problem during the biostimulation process and to allow an efficient flow
through the piles, the contaminated soil sample was
mixed with sand (2% w/w) and agglomerated with
10% v/w of the mineral solution, reaching an agglomerate size of 5 mm [3]. Thirty-five kg of soil–
sand mixture were placed in a polyethylene container (31 x 53 x 38 cm). A flow of 200 mL h-1 was
used for the experiments. The mineral solution was
distributed throughout the container for twelve
weeks using peristaltic pumps. Air was applied to the
system by an air compressor using perforated polyethylene hoses. Airflow was adjusted to maintain a
concentration of at least 3 mg L-1 of dissolved oxygen in the recirculating mineral medium. Samples of
the soil–sand mixture were taken from the bottom of
the Luria Broth in the container. The heap leaching
process was carried out for 12 weeks. All experiments were conducted in triplicate.

Degradation of diesel oil. The contaminated
soil had a pH of 6.8 and the concentration of TPH
was as high as 70,185 mg kg-1. The potential of degradation of hydrocarbons using UPD1 and UPD2 native strains was compared based on the optimal conditions for biodegradation, published by [3]. These
conditions were pH 7.0, temperature 29°C, initial
concentration of diesel 1% (v/v) and initial cell concentration of 1 x 106 cells/mL. After five days of incubation in a mineral medium with diesel (1%) as the
sole source of carbon and energy, both strains were
in the stationary phase (Figure 2). The chromatogram of diesel (Figure 3) shows the mix of hydrocarbons before and after nine days of degradation. After
9 days of experimentation, strains degraded up to
92% of diesel (Table 2). Both strains showed a significant decrease in the time required for the degradation of diesel compared to previous reports of similar experiments [22].
Biostimulation. Figure 4 shows the kinetics of
TPH degradation under biostimulation and bioaugmentation conditions. Soil samples from car workshops contained an initial concentration of 70,187
mg/kg of TPH: 11.5 times above the maximum permissible limits for soils for industrial use, according
to the Mexican Official Standard NOM-138SEMARNAT/SSA1-2012. Despite the high concentration of TPH in the soil, an initial concentration of
3.88 x 105 CFU/g was found. This initial concentration of bacteria suggests that biostimulation is feasible [14, 23-24]. The microorganisms maintained an
exponential growth for three weeks under the tested
mineral medium circulation and aeration conditions.
The microorganisms showed an average concentration of 7.12 x 106 CFU/g and it was maintained for
up to three months in the stationary phase (Figure 4).
After the start of the heap leaching experiment, a
rapid decrease in the concentration of TPH was observed, especially during the first month. This is consistent with the period in which microorganisms
were in the exponential growth phase. Within 12
weeks, the concentration of TPH decreased to

Bioaugmentation conditions. A pre-inoculum
of 1.0 x1010 CFU/mL UPD1 was distributed in a
sample of 35 kg of contaminated soil. This sample
was treated under the same biostimulation experimental conditions in the heap leaching system. All
experiments were conducted in triplicate.
RESULTS AND DISCUSSION
Isolation of diesel oil-degrading bacteria. After incubating the contaminated soil for 24 h in a nutrient medium, five gram-negative strains with different morphology were isolated. Afterward, the
growth properties of these isolates on diesel (1%)
were analyzed. Only two strains (UPD1 and UPD2)
were able to grow under these conditions (Figure 1).
At the LB agar medium, both isolates showed cream
color colonies, convex colony elevation, butyrous
consistency (shiny, wet-looking, and translucid),
lightly gummy, and eventually developed a light
green color. Gram staining of isolates showed gramnegative characteristics. Based on phenotypic characterization by the API 20 E system, which evaluates
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16,411 mg/kg: an elimination of 77% of TPH concentration, which is a significant decrease in the time
required for the degradation of diesel compared to
previous reports of similar experiments [25].

mineral medium and oxygen, the bacteria maintained their exponential growth for up to three
weeks. During the stationary phase, an average of
5.47 x 107 CFU/g was maintained. At 12 weeks, the
TPH concentration decreased to 6,464 mg/kg: 91%
of TPH elimination. This result indicates that bioaugmentation of UPD1 strain on the polluting hydrocarbons provides reproducible and more robust bioremediation enhancements [26-27].

Bioaugmentation. In the bioaugmentation experiment (Figure 4), the initial concentration of microorganisms was 4.03 x 106 CFU/g, which included
microorganisms originally present in the polluted
soil with added UPD2 cells. With the stimulation of

Strain
UPD1
UPD2
a Results

Fresenius Environmental Bulletin

TABLE 2
TPH degradation for each strain.
Percentage of TPH degradation (%)a
92.03 ± 1.27
92.57 ± 1.27

represent mean value ± standard deviation at least three replicated.

FIGURE 1
Phylogenetic tree of Pseudomonas sp. strains UPD1 and UPD2 and related species constructed based on
16S rDNA gene sequence using the neighbor-joining method. Bar, 0.005 Knuc units.
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FIGURE 2
Kinetics of growth in mineral medium with Diesel (1%).

7

9

FIGURE 3
Gas Chromatography of diesel was extracted after nine days of incubation. Orange, uninoculated diesel;
green, inoculated diesel, and UPD1strain; blue, inoculated diesel, and UPD2 strain.
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FIGURE 4
TPH degradation kinetics under conditions of biostimulation and bioaugmentation.

 Viable count under bioaugmentation conditions,  TPH concentration under bioaugmentation conditions, z Viable count
under biostimulation conditions, { TPH concentration under bioaugmentation conditions.

[2] Contexto de Durango, newspaper (25/05/2011).
Irregular mechanical workshops provoke contamination risk. Retrieved from http://contextodedurango.com.mx/noticias/2011/05/25/talleres-mecanicos-irregulares-provocan-riesgo-de-contaminacion
(Accessed date: 31/07/2022)
[3] Salinas-Martínez, A., M. de los SantosCórdova, O. Soto-Cruz, E. Delgado, H. PérezAndrade, L.A. Háuad-Marroquín, H. MedranoRoldán. (2008). Development of a bioremediation process by biostimulation of native microbial consortium through the heap leaching technique, Journal of Environmental Management,
88(1):115-119,
[4] Brewer R, Nagashima J, Kelley M, Heskett M,
Rigby M. (2013). Risk-based evaluation of total
petroleum hydrocarbons in vapor intrusion studies. Int J Environ Res Public Health.
13;10(6):2441-67.
[5] Wang J, Chen S, Tian M, Zheng X, Gonzales L,
Ohura T, Mai B, Simonich SL. (2012). Inhalation cancer risk associated with exposure to
complex polycyclic aromatic hydrocarbon mixtures in an electronic waste and urban area in
South
China.
Environ
Sci
Technol.
4;46(17):9745-52.

CONCLUSIONS
The indigenous microorganisms of sites contaminated with hydrocarbons can be used in the biostimulation and bioaugmentation of soils. However, many factors like strain selection, microbial
ecology, type of contaminant, environmental constraints, as well as the introduction of culture procedures, may lead to their failure. In this research, two
strains of Pseudomonas aeruginosa (UPD1 and
UPD2) were identified and proved to be an alternative to improve the performance of bioremediation
processes through the heap leaching technique. Advances in the understanding of the production of biosurfactants by Pseudomonas spp and their molecular characterization might lead to improve the quality
of the processes of bioremediation.
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ABSTRACT

INTRODUCTION

The development of human economy and society is deeply dependent on the consumption and
combustion of fossil fuels, but the combustion of
fossil fuels will inevitably produce a large amount of
pollutants, which will lead to environmental pollution and damage to the living environment. The research, based on the deep learning theory, is going to
study the spatial and temporal distribution characteristics of pollutants and analyzed the factors that affect the transport and distribution of pollutants. Also,
this study attempts to control and reduce the impact
of pollutants on the environment and human society
in the transport link. The research constructed a
mathematical model of atmospheric pollutant emissions and transport, and made a sensitivity analysis.
The research found that the mathematical model
constructed is extremely fast in operation and is suitable for the simulation analysis of pollutant diffusion
behavior. The diffusion of pollutants is a gradual
process, and the concentration of pollutants near the
pollution source tends to increase slightly as the process of combustion continues. The final concentration of gaseous pollutants near the pollution source
has risen to 0.21mg/m3. The oxygen concentration
will limit the full combustion of the fuel, so that the
overall concentration of pollutants in the confined
space is relatively reduced under the condition of
high oxygen content. When the oxygen content was
increased from 20% to 40%, the rate of pollutant diffusion increased by nearly 7.5. Combustibles are
more likely to be fully burned at high temperatures,
resulting in a faster diffusion rate of pollutants and a
lower concentration of pollutants. This study can
provide theoretical basis and support for exploring
the emission and diffusion behavior of air pollutants.

Although the global economy has made great
strides in recent decades, it is based on the huge consumption of fossil energy and environmental pollution. The World Health Organization (WHO) and the
U.S. Energy Information Administration (EIA) also
believe that air pollution is the biggest factor affecting global human health and survival in the future
[1]. Likewise, air pollution is currently considered
by EU(European union) to be the second largest environmental issue, second only to climate change
[2]. From this point of view, air pollution is a global
problem, threating human health [3-6]. Air pollutants released by burning fossil fuels or other human
activities in any one country or region are likely to
float in the atmosphere and affect air quality elsewhere [7-8]. In addition, there are still great differences in the damage of environmental pollutants
with different particle sizes to humans or the environment. Therefore, it is of great significance to
study the emission and transport behavior of pollutants to control pollutants.
The emission and transport of pollutants involves the theoretical knowledge of aerodynamics,
fluid mechanics and chemistry [9-11]. However, previous studies usually build related models based on
the theory of multi-layer perception (MLP) neural
network, whose theoretical framework is shown in
Figure 1. As shown in Figure 1, the number of parameters or variables (neural units) in the hidden
layer is usually 4 to 7, and the number of training
cycles is usually between 10 and 100. The number of
neural units in the hidden layer is chosen experimentally, and the error function is used in the form of a
sum of squares function [12]. Based on this model,
many scientists have also carried out a series of studies on the diffusion and transport of pollutants, and
achieved a series of progress and breakthroughs.
Holloway et al. [13] studied the reflection of the intercontinental transport of air pollution on the air
quality and climate agenda, and considered the possibility and necessity of a new hemispheric air pollution treaty. The study found that the intercontinental
transport of air pollutants occurs mainly through two
mechanisms: intermittent advection and increased
global background. Ma et al. [14] planned to analyze

KEYWORDS:
Atmospheric environment, air pollution,
transport, deep learning, numerical simulation

pollutant
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identify, analyze and obtain rules from large batches
of sample data, and then predict the trend of data. In
fact, deep learning is a branch of artificial intelligence. Understanding its basic theory is of great significance for in-depth analysis of the transport behavior of gaseous pollutants. This section explains
through forward propagation, gradient descent, back
propagation, objective function, parameter update,
model saving, and inference prediction.

the pollution characteristics, migration paths and
pollution source distribution of major pollutants in
Shenyang by collecting pollution monitoring data
from 2017 to 2018. The results showed that the main
pollutant in Shenyang City was PM2.5 during the
study period. Mongolia, eastern Inner Mongolia,
northwestern Jilin and most of Liaoning were the
main potential sources of PM2.5 in Shenyang in winter. Wang et al. [15] analyzed carbon pollutants and
investigated the formation mechanism of haze events
by collecting multiple PM2.5 samples in different seasons in the surrounding area of Shanghai. The analysis of the main components of pollutants and the
composition of N-alkanes showed that the contribution of vehicle exhaust emissions to carbon-containing aerosols was greater than that of coal combustion. The data could provide important information
for measures to reduce carbon emissions and improve air quality in Shanghai and other Chinese cities. Although these studies can provide a theoretical
basis for analyzing the formation mechanism and
diffusion law of gaseous pollutants, they still cannot
fully explain and analyze the spatiotemporal distribution law and diffusion behavior of air pollutants.
Therefore, this study used a numerical simulation model for analyzing the emission behavior of air
pollutants based on deep learning theory, and predict
the characteristics of its diffusion behavior. At the
same time, the factors affecting the diffusion behavior of air pollutants are also analyzed. Finally, engineering measures to curb air pollution are given.

Forward propagation. According to deep
learning theory, the known activation function is
shown in Formula (1) [16]:
z1 x w1  b 2
z 2 output1 w2  b 2
(1)
output1 W ( x * w1  b1)
output 2 W (output1* w2  b2)
In the Formula (1), z1 and z2 are the output data
obtained through the sample, dimensionless; output1
and output2 are the probability of the two output data
obtained after machine learning, %.

Objective function. The sample may be many
or it may be single. Therefore, the objective function
needs to be discussed in a single sample and multiple
samples. Through the objective function, we can calculate the result we need.
Among them, the function of a single sample is
Formula (2) [16-17]:
J  ª¬ y ln( y )  (1  y ) ln(1  y ) º¼
(2)
However, when the number of samples is n, the
sample function can be expressed as Formula (3):

MATERIALS AND METHODS
Deep Learning Theory. Deep learning is a
branch of machine learning, which can automatically

FIGURE 1
A neural network based on multi-layer perception.
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pM
(8)
ZRT
In Formula (8), Z is the compressibility coefficient, which can be calculated from the apparent critical pressure and the apparent critical temperature.
The calculation formula is Formula (9) [24-25]:
In which, Pr and Tr represent the apparent critical pressure (MPa) and apparent critical temperature
(K) of shale gas, respectively. In addition, during the
transport of pollutants, slits in nature are encountered. To this end, the mass conservation equation
for the flow of gaseous pollutants in the slit is Formula (10) [26]:
 wmm
K
§
·
  ¨  U m m pm ¸ qm
°
P
w
t
©
¹
°
(10)
®
w
m
K
·
f
° f   § U
p f ¸ qm
¨ f
° wt
P
©
¹
¯
In Formula (10), μ is the dynamic viscosity of
the atmosphere, cP; t is time, s. mm is the flow mass
of the gaseous pollutant, g; mf is the mass of the gaseous pollutant flowing in the slit, g.
The mathematical model has strong nonlinear
characteristics, and it is extremely difficult to solve
numerically. Its solution relies on the Galerkin
method for finite element solution [22]. Among
them, the flow is assumed to be advection, and the
turbulent effect is extremely weak,firstly; The influence of other human factors on the flow of pollutants
is ignored, secondly; The pollutants are single-phase,
not multiple pollutants mixture thirdly. To this end,
the discrete form of the N-S in Formula is obtained
based on the Galerkin method: (Eq. 11)
At the same time, the discrete form of the pollutant mass conservation equation obtained by discretization can be expressed as the Formula (12):

U=

(3)

Gradient descent algorithm. Through optimization and screening, the use of mini-batch gradient
descent method can effectively avoid the defects of
stochastic gradient method and batch gradient
method, and then obtain ideal results. When the sample pool contains n samples, the algorithm formula
based on the mini-batch gradient descent method can
be expressed as Formula (4) [18]:
1 i 9
T j : T j  D ¦ hT x k  y k x kj
10 k i
(4)
Back propagation. The partial derivative of
the passing parameters involved in the forward propagation is obtained to obtain the back propagation
[19-20], and we get Formula (5):
wJ
 y  y V z2
wz 2
wJ
wJ
output1  y  y V z 2 output1
ww2 wz 2
wJ
wJ
 y  y V z2
wb2 wz 2
(5)
All the theories are based on certain sample
data, and the prediction are obtained through deep
learning according to the sample data.
Hydrodynamic basis of pollutant drift. The
diffusion and drift of gaseous pollutants in the atmosphere involves aerodynamics and fluid mechanics. Therefore, its simulation research requires a
deep understanding and mastery of the basic theory
of fluid mechanics.
The mass conservation equation of gaseous
pollutants [17, 21] can be expressed as Formula (6):
wmk
§ K
·
(6)
  ¨  k U gk pk ¸ 0
wt
© P
¹
In Formula (6), mk is the source-sink term of
gas pollutants, including the generation and precipitation of free gas pollutants [22], which can be expressed as Formula (7):
V p
(7)
mk =U gk Ik +U gaIs L k
pk  pL
In Formula (7), ρgk is the gas density under atmospheric conditions, g/cm3; ρga is the gas density
under standard conditions, g/cm3; VL is the Langmuir
volume constant, dimensionless. According to the
ideal gas law, the gas density is defined as [23] Formula (8):

ª¬ D p º¼

T

wF ½  wF ½
¾® ¾
¯ wV ¿ ¯ wV ¿

> De @ ®

T

 wF ½
A ® ¾
¯ wV ¿

> De @

wF
> De @ ® ¾½
¯ wV ¿

(12)

Model verification and analysis. Before using
the mathematical model to simulate the diffusion and
transport behavior of pollutants, it is necessary to test
the applicability and computing ability of the constructed mathematical model. The first is to test and
analyze the accuracy of the simulation of pollutant
transport behavior. In this paper, the suitability test
is carried out in the form of comparing the results of
this study with those of previous studies. Taking the
transport path of a certain pollutant particle as the
object, Figure 2 shows the corresponding comparison results.

Z=0.702e2.5Tr pr2  5.524e2.5Tr pr  0.044Tr2  0.164Tr  1.15
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FIGURE 2
Comparison of actual simulation results and literature survey results.
Notes: (a) Simulation results (b) Literature results [17].

From Figure 2, we can clearly find that the simulation results are slightly smaller than the previous
simulation results at any time. Taking the statistical
results of the location of pollutant particles in the
third minute of the simulation as an example, the Y
coordinate of the pollutant particles in the simulation
results is 11.86m, while the corresponding value in
the previous study is 14.25m. This is mainly due to
the assumption in the study that there is no turbulent
flow in the process of pollutant flow in the simulated

space, resulting in a significantly slower flow. However, in the actual experimental process, there is turbulent flow of pollutants, which leads to the
transport of pollutants significantly faster than the
simulation. Nevertheless, the simulation results are
not much different from those of previous studies,
indicating that the numerical simulation model constructed in this study can be used for subsequent
studies on the transport behavior of gaseous pollutants.

FIGURE 3
Comparison results of operation speed.
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TABLE 1
Basic simulation data under default conditions
Basic parameters
Numerical value
Model length
20
Model width
20
Model thickness
20
The initial temperature
25
Initial oxygen ratio
30

Unit
m
m
M
Celsius
%

FIGURE 4
Concentration evolution contour map of time-space distribution of gaseous pollutants.
Notes: (a) 1min; (b) 2min; (c) 4min; (d) 10min.

In addition, the computational speed of the
mathematical model and algorithm in this study is
compared with the previous study [18], and the results are shown in Figure 3. From Figure 3, we can
find that, compared with previous studies, the mathematical model constructed in this paper and the algorithm used will significantly speed up the calculation progress and optimize the convergence effect.
When using the algorithm and model to analyze the
transport behavior of pollutants, the operation speed
is basically maintained at 150 steps/s, and the entire
simulation task can be completed in 15.3 minutes.
However, using the model and algorithm in the previous study can only maintain the operation speed at
about 100 steps/s, and the simulation task cannot be
completed when the operation reaches 20 min. All
these show that the algorithm and model used in this
paper have great advantages in the calculation speed
and efficiency.

influencing factors of gaseous pollutants can be analyzed. The research is to carry out in-depth discussions on these aspects, and finally give measures to
weaken the transport and diffusion of gaseous pollutants.
Spatial and temporal distribution of gaseous
pollutants. Taking a two-dimensional space of
20m×20m as the research area, the distribution evolution of gaseous pollutants (the main research object is small solid particles with a particle size of less
than 2um, simplified as PM2.0) in the exhaust gas of
automobiles at normal temperature and pressure is
discussed, the results are shown in Figure 4. Among
them, Table 1 is the simulation basic data under the
default research conditions.
From Figure 4, we can clearly find that the diffusion of gaseous pollutants is a gradual process.
When the pollutants start to diffuse in the first minute, the pollutant concentration within 1m of the
circle with the pollution source as the center is
0.15mg/m3. At this time, the range of pollutant concentration of 0.12 mg/m3 is roughly delineated
around 2.5m, and the concentration in other areas is
almost close to 0 (Figure 4a). However, with the continuous diffusion of pollutants, the concentration

RESULTS
After completing the verification of the model
and algorithm, the spatiotemporal distribution and
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boundary, there is a certain difference in the growth
trend in the low concentration range and the high
concentration range. In contrast, it takes much longer
for contaminants to fill the confined space at high
oxygen levels. In the process of increasing the oxygen content from 20% to 40%, the time required for
pollutants to fill the pore space was extended by
0.4min, and the diffusion rate was only 0.02 min/1%.
However, when the oxygen content is increased
above 40%, this rate has increased to 0.17 min/1%.
Similarly, it can be found from Figure 5b that the oxygen content of 40% is the turning point of the
change of pollutant concentration with the oxygen
content. When the oxygen content is below 40%, the
rate at which the pollutant concentration decreases
with the oxygen content is significantly lower than
when the oxygen content is above 40%. These are
due to the fact that as the oxygen content increases,
the fuel burns more fully and faster, resulting in
lower levels of pollutants. However, adequate combustion at high oxygen concentrations allows lower
concentrations of pollutants to rapidly occupy the
entire confined space.

range of pollutants can quickly spread to a range of
several meters around it. When the pollutants began
to diffuse for 4 minutes, the concentration of gaseous
pollutants near the pollution source had risen to 0.18
mg/m3, and the entire confined space had also been
polluted by gaseous pollutants (Figure 4c). When the
gaseous pollutant diffusion simulation continued for
about 10 minutes, the concentration of gaseous pollutants near the pollution source had risen to 0.21
mg/m3, and the concentration of pollutants in the
confined space had decreased compared with that in
4 minutes. The lowest concentration of gaseous pollutants was 0.03 mg/m3 (Figure 4d). This is mainly
due to the reduction of oxygen concentration in the
confined space and the rapid weakening of the combustion reaction.
In addition, through Figure 4, we can further
find that the concentration of gaseous pollutants near
the pollution source gradually increased slightly
within a certain range. In the first 2 minutes of the
pollutant diffusion simulation, the concentration of
gaseous pollutants near the pollution source was
around 0.15 mg/m3. With the development of the
simulation operation, the concentration of gaseous
pollutants around the pollution source has gradually
changed to 0.18mg/m3 and 0.21mg/m3. This can be
explained by the following chemical reaction Formula (13):
C2 H6 +O2  CO+Solid particles
(13)
C5 H12 +O2  C2 H 4 +CO+Solid particles

Influence of confined space temperature. In
addition, the confined space in the study is also an
important factor affecting the diffusion and distribution of pollutants. In the research, the diffusion behavior and spatiotemporal distribution of pollutants
in different confined spaces were discussed, and the
results are shown in Figure 6.
As shown in Figure 6, as the temperature in the
confined space increases, both the time required for
pollutants to fill the confined space and the concentration of pollutants near the pollution source will
gradually decrease. Also, the two tend to be similarly
affected by the confined space temperature. When
the temperature in the confined space is only 25 degrees Celsius, it takes up to 2.65 minutes for the pollutants to fill the entire confined space, and the concentration of pollutants around the pollution source
continues to be as high as 0.19 mg/m3. However,
when the temperature in the confined space rises to
70 degrees Celsius, the time required for the contaminants to fill the entire confined space rapidly drops
to 0.25 min. Moreover, the concentration of pollutants around the pollution source has also dropped to
0.02 mg/m3 at this temperature. As shown in Figure
7, higher temperatures cause the atoms to vibrate
sharply, causing the molecules to move significantly
faster. Macroscopically, the diffusion of molecules
is extremely rapid. On the other hand, extremely
high confined space temperatures will result in more
complete combustion of the fuel, resulting in lower
concentrations of gaseous pollutants near the pollution source.

Since the chemical Formula of fossil fuel combustion are considered in the model, incomplete
combustion of combustibles in confined spaces are
the most direct cause of some extremely small solid
particles. The macroscopic manifestation of solid
particles produced by incomplete combustion is the
gaseous pollutants in the confined space. Although
the complete combustion of fuel cannot reduce carbon dioxide emissions, it is a reliable way to effectively avoid the pollutant emissions.
Influence of oxygen supply. As mentioned
earlier, the oxygen concentration is also an important
factor that affects whether the fuel can be fully
burned. This section studies the prediction of pollutant emissions and diffusion under different oxygen
ratios. In this section, the oxygen content is set to
four levels of 20%, 30%, 40% and 50%, respectively. Based on Table 1 and the four set oxygen content data, the simulation obtains the time required for
the pollutants to fill the entire confined space and the
highest concentration around the pollution source
under different oxygen content conditions as shown
in Figure 5.
From Figure 5a, we can find that the time required for pollutants to fill the confined space will
increase gradually with the increase of oxygen content. However, with 40% oxygen content as the
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FIGURE 5
Influence of different oxygen content conditions.
Notes: (a) The time required for the pollutants to fill the space, (b) the maximum concentration around the pollution source.

FIGURE 6
The effect of temperature on the diffusion behavior of pollutants.
(2) Appropriately increase the temperature in
the confined space. A higher confined space temperature can effectively improve the combustion of fuel
and reduce the amount of pollutants released,
thereby reducing the harm and adverse impact of fuel
combustion on the environment.

CONCLUSIONS
FIGURE 7
Microscopic mechanism of the effect of temperature on the diffusion of pollutants (taking the
pollutant C4H6 as an example).

In this paper, the deep learning theory numerically simulates and analyzes the diffusion behavior
of gaseous pollutants in the process of fuel combustion, in order to reduce the environmental damage of
pollutants.
(1) The mathematical model constructed in this
paper has a fast operation speed and high precision,
and can be used for the simulation analysis of subsequent pollutant emission and diffusion behaviors.
When using the algorithm and model constructed in
this paper to analyze the transport behavior of pollutants, the calculation speed is about 1/3 faster than
that of the previous study, and the calculation time is
saved by 4.7 minutes.

Suggestions. The ultimate purpose of carrying
out the analysis of gaseous pollutant diffusion behavior is to propose relevant engineering measures
to reduce environmental hazards and impacts. Therefore, based on the above analysis results, the following engineering measures are proposed to reduce the
impact of fuel combustion on the environment:
(1) Fill enough oxygen into the combustion
pool to ensure full combustion of the fuel. In this
way, the total amount of pollutants present in the
confined space will be significantly reduced, and the
pollution situation will be significantly improved;
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[6] Gibergans-Baguena, J., Hervada-Sala, C., Jarauta-Bragulat, E. (2020) The quality of urban
air in Barcelona: a new approach applying compositional data analysis methods. Emerg Sci. J.
4(2), 113-121.
[7] Wang, Y., Yao, L., Wang, L., Liu, Z., Ji, D., Tang,
G., Zhang, J., Sun, Y., Hu, B., Xin, J. (2014)
Mechanism for the formation of the January
2013 heavy haze pollution episode over central
and eastern China. Sci.China Earth Sci. 57(1),
14-25.
[8] Chen, Y., Ebenstein, A., Greenstone, M., Li, H.
(2013) Evidence on the impact of sustained exposure to air pollution on life expectancy from
China’s Huai River policy. Proc. Natl. Acad. Sci.
110(32), 12936-12941.
[9] Zhang, R., Jing, J., Tao, J., Hsu, S., Wang, G.,
Cao, J., Lee, C., Zhu, L., Chen, Z., Zhao, Y.,
Shen, Z. (2013) Chemical characterization and
source apportionment of PM2.5 in Beijing: seasonal perspective. Atmos. Chem. Phys. 13(14),
7053-7074.
[10] Zhang, J., Liu, L., Wang, Y., Ren, Y., Wang, X.,
Shi, Z., Zhang, D., Che, H., Zhao, H., Liu, Y.,
Niu, H., Chen, J., Zhang, X., Lingaswamy, A.,
Wang, Z., Li, W. (2017) Chemical composition,
source, and process of urban aerosols during
winter haze formation in Northeast China. Environ Pollut. 231(5), 357-66.
[11] Chin, L. and Thomas, L. (1999) Fully Coupled
Analysis of Improved Oil Recovery by Reservoir Compaction. In: Proceedings of SPE Annual Technical Conference and Exhibition. 3-6
October, Houston, Texas. 24-35.
[12] Li, Q., Wang, Y., Wang, F., Ning, X., Zhang, C.,
Zhang, J., Zhang, C. (2022) Factor analysis and
mechanism disclosure of supercritical CO2 filtration behavior in tight shale reservoirs. Environmental Science and Pollution Research.
29(12), 17682-17694.
[13] Holloway, T., Fiore, A., Hastings, M. (2003) Intercontinental Transport of Air Pollution: Will
Emerging Science Lead to a New Hemispheric
Treaty?. Environmental Science and Technology. 37(20), 4535-4542.
[14] Ma, Y., Liu, Q., Bian, Y., Feng, L., Zhao, D.,
Wang, S., Zhao, H., Gao, K., Xu, Z. (2021)
Analysis of transport path and source distribution of winter air pollution in Shenyang. Open
Geosciences. 13(1), 1105-1117.
[15] Wang, F., Guo, Z., Lin, T., Rose, N. (2016) Seasonal variation of carbonaceous pollutants in
PM2.5 at an urban ‘supersite’ in Shanghai,
China. Chemosphere. 146, 238-244.
[16] Morita, N., Gray, K., Sroujl, F. and Jogi, P. (1992)
Rock-Property Changes During Reservoir Compaction. SPE Formation Evaluation. 7(3), 197205.

(2) The diffusion of gaseous pollutants is a
gradual process. Moreover, as the combustion process continued, the concentration of pollutants near
the pollution source increased slightly. The final
concentration of gaseous pollutants near the pollution source has risen to 0.21 mg/m3, which is lower
than that at 4 minutes.
(3) The oxygen concentration will limit the full
combustion of the fuel, so that the overall concentration of pollutants in the confined space is relatively
reduced under the condition of high oxygen content.
Increasing the oxygen content from 20% to 40% increased the diffusion rate of contaminants filling the
pore space by a factor of 7.5. Therefore, in order to
reduce the environmental pollution of the combustion process, it is extremely important to appropriately increase the oxygen content.
(4) Combustibles are more likely to be fully
burned at high temperatures, resulting in a faster diffusion rate of pollutants and a lower concentration of
pollutants. The time required for pollutants to fill the
entire confined space at a temperature of 70 degrees
Celsius is only about 1/10 of that at 25 degrees Celsius.
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planning and design, how to survey the distribution
of ground objects is a hotspot.
Airborne LiDAR System (ALS) is a device integrating laser scanning ranging system, global positioning system and high-precision inertial navigation
measurement system, which can obtain high-precision and high-density three-dimensional information
on objects. The ALS point cloud classification
served as an essential block for many applications,
which comprise urban management, powerline
surving, topographic mapping, forest monitoring [2],
orthoimage generation [3], building construction [45], Point cloud can carry out on satellites and the use
of point cloud becomes increasingly common.
The point cloud classification is assigned each
point a category, the traditional method always comprises extracting the hand-crafted features from the
local neighbourhood to express the object structure,
then use the classifiers to label the input point cloud
[6-7]. The traditional classification method is always
limited to simple entity targets and requires build priori knowledge on complex ALS targets.
The PointNet network [8] is a pioneering work
which processes unordered point clouds directly using multi-layer perceptron with shared weight and
maximum pool operation to learn point local and
global features. The PointNet has a simple structure
and high processing efficiency, which is widely used
in shape classification and component segmentation.
However, its usage in large-scale airborne point
clouds is not well. The PointNet Network only collected the point local and global features, which limits their representation ability towards depicting
complicated patterns in ALS scenes. The classification for complex and diverse 3D scenes is difficult.
The classification techniques based on deep
learning tend to ignore the inherent properties of Airborne LiDAR System. Inspired by the success of
PointNet, we modified this network according to
ALS point characteristics and added a multi-scale
neighbourhood point information into account in
feature extraction. The GML (B) dataset is used to
test the accuracy and effectiveness of the proposed
method. The urban spatial environment analysing
provides a well reference for city planning and design.

ABSTRACT
The urbanization in each country is developing
rapidly, and the contradiction between urban population growth and construction land is increasingly
prominent. Urban environmental quality has the
characteristics of uneven spatial distribution and dynamic temporal distribution. How to survey the distribution of ground objects is a hotspot. In this paper,
we used Airborne LiDAR System (ALS) to obtain
high-precision and high-density three-dimensional
information on objects, a modified PointNet network
with multi-scale neighbourhood features is proposed
to learn more contextual features. We tested the performance of proposed method on GML(B) dataset
and the effectiveness is also demonstrated. Our proposed method has good performance on airborne LiDAR point classification, which can be widely used
for urban spatial environment analyzing and protecting.

KEYWORDS:
Urban spatial environment, Airborne LiDAR, PointNet
network, multiscale features

INTRODUCTION
Resilient cities incorporate a social, ecological,
and technological systems perspective [1]. The urban layout has a significant impact for urban congestion, land using and building spatial structures. The
street environment should fully reflect the concern
for people and create all kinds of things for people.
The urbanization has brought about the contradiction
between urban population growth and land using.
Urban environmental quality has the characteristics
of uneven spatial distribution and dynamic temporal
distribution. The urban status is an assessment of the
current environmental quality, which always relate
to the spatial distribution of the surface features,
such as road, building, vegetation and water. The
street space layout always lacks unified these years.
The surface feature distribution is the base map of
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PointSift [23] network collect point cloud feature in
various directions according to Sift operator and then
stack direction coding units at various scales. However, the calculation efficiency on PointSift is low.
PointCNN [24] network performs X-conv operation
on the k nearest neighbour of the central point before
applying MLP to reduce the influence on input order.
GeoCNN et al. [25] used the GeoConv operation to
capture the local geometric relationships on each
point by decomposing the edge feature extraction
process into three orthogonal bases. The PointNet++
[26] is a deep hierarchical network which applied a
unit PointNet recursively on each grounded local region. However, the PointNet++ has up and down
sampling operation, which will cause some information loss.
ALS point cloud classification is a challenging
task, and sufficient information should be collected.
Many networks based on PointNet is proposed.
However, it often fails to change the PointNet network according to the characteristics of airborne
point cloud, and the classification accuracy is low. In
this paper, we propose a modified PointNet network
which can process unstructured ALS point cloud and
predict labels in an end-to-end manner.

Point cloud labelling algorithms can generally
be group into two main categories, wherein one is
the traditional method, another is the deep learning
method. In this chapter, we will review the relevant
works on point cloud classification. Traditional point
cloud classification methods always use low-level
features to describe the point cloud relationship. This
method always extracts manual features from the
neighbourhood information on a single point, then
uses the machine learning classifiers such as Random Forest [9], Support Vector Machine [10], Jointboost, and Adaboot [11] to conduct classification
work. Due to the fact that low-level features are intuitive and easy to understand, many scholars have
conducted research on extracting low-level features
effectively within the past ten years. Martin et al.
[12] assigned 3D points with respective semantic labels based on optional neighbourhoods, relevant features and efficient classifiers. Zhang et al. [13] used
the AdaBoost classifier to train multi-scale neighbourhood features on a single point, and classified
the ground objects in the survey area. The support
vector machine is used to expedite the classification
on urban areas [14]. Low level unsupervised classification [15] always calculated the features, such as
normal vector, flatness and elevation in point cloud,
and classified the point cloud by unsupervised methods such as clustering and regional growth.
Hapovalov et al. [16] consolidated the contextual information to optimise the classification results globally and enforce global consistency. However, this
work needs to design handcrafted and the generalisabilities of these methods’ performance is limited
when dealing with complex ALS regions.
Driven by large scale datasets and high-performance computing resources, deep learning has developed unprecedentedly [17-18]. The point cloud is
unordered. The indirect method needs a preconditioning step to transform the input point cloud data
into an image or a volume. the multi-view method is
to project the 3D point cloud into two-dimensional
space. The projection features include intensity,
gray, density, colour or other geometric attribute values (such as elevation value). The MVCNN [19] network was the pioneer in dealing with point cloud
used multi-view method. OctNet et al. [20] uses the
octree structure to reduce computing and memory
consumption. The voxel-based method increases exponentially with the improvement of resolution on
memory occupancy, and cannot extend to dense 3D
data. Self-occlusion is difficult to avoid during the
projection for complicated outdoor scenes, whilst the
limited views remain an intractable problem [21].
The point-based method does not change the
3D-nature of the data. The PointNet network was the
pioneer in processing raw points. There are many
other methods based on PointNet are proposed.
Yousehussien et al. [22] modified PointNet and presented a novel 1D-fully convolutional network.

MATERIALS AND METHODS
The PointNet network does not need to convert
the point cloud into voxels or images before classification, which avoids the information loss and additional calculation. The PointNet network uses multilayer perceptron (MLP) to extract point cloud features and maximum pooling operation to solve the
disorder problems, which is robust to small perturbations or occlusions. The network structure is shown
in Figure 1.
In Figure 1, the blue part represents the classification task, while the added orange part is the segmentation task. The parameter "MLP" in Figure 1
represents multi-layer perceptron, whilst the number
in brackets represents the layer sizes. Firstly, the Tnet spatial network transformation is performed on
the original point cloud to align spatially, then uses
the MLP algorithm to upgrade the point cloud to 64
dimensions. Secondly, using the T-net network to
align the features and MLP algorithm to extract the
features from 64 to 128, 1024 dimensions. Thirdly,
using the maximum pooling method to extract the
global features and reduce the effect on point order.
Lastly, reducing feature dimensions from 1088 to
512, 256 and 128, and output the probability on each
category. In segmentation task, PointNet combines
global features with local features in feature learning
to enrich the object description.
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FIGURE 1
Overview of the PointNet network.

FIGURE 2
The overview of neighborhood feature extraction module.
change features. Changing the spherical radius R
value many times can obtain the multiple scale
neighbourhood features, and combining the neighbourhood features will extract more information.

The overall framework on the PointNet network is projecting the point cloud to high-dimensional space through MLP operation, then use pooling to obtain the global features and reduce the dimension to obtain the prediction probability. However, the PointNet network only learns single point
information and does not have neighbourhood features, which limits the depiction of detailed information and its feature description ability becomes
weak.

The PointNet with multi-scale neighbourhood features. The proposed network adopts multiscale neighbourhood feature extraction and high-dimensional feature learning, which structure is
showed in Figure 3.
Firstly, the neighbourhood features are extended to 64, 128 and 256 dimensions using the feature extraction part, and then connected this vector
to form the multi-scale features. Secondly, the
merged features are expanded to 1024 dimensions to
extract high-dimensional semantic features. The
global features are obtained by the maximum pooling operation. Lastly, the global features and multiscale local features are merged, reducing the layer to
obtain each category probability.
The PointNet network with multi-scale neighborhood Relationship (MSNR-PointNet) adopted
three neighborhood feature extraction modules to extract neighbourhood features. Compared with the
original PointNet network, this modified network
has these advantages: 1) it adds the neighbourhood
feature and uses the neighbourhood feature to establish high-dimensional features. This strategy will enrich information and is better for objects recognition.
2) Multi-scale features are obtained in each neighbourhood feature extraction module. 3) The MSNRPointNet network uses each point feature to classification, which does not cause information loss.

Multi-scale
neighbourhood
feature
extraction. In the PointNet network, local feature
extraction ignores neighbourhood point features and
has weak expression. Not only is the point related to
the point itself, but also to the neighbourhood point.
In this part, we added a neighbourhood point information extraction module to enrich the expression on
objects. The feature extract module is shown in Figure 2.
The original point cloud is ܲሼݔଵ ǡ ݔଶ ǡ ݔଷ ǡ  ڮǡ ݔ ሽ,
and ݔ is the feature on each point, including spatial
coordinates and attribute features. Firstly, ܰ points
are randomly selected as key points and input them
into the model for feature learning. Secondly, setting
this ܰ key point as the centre and ܴ as the radius to
collect  ܯneighbourhood points. Thirdly, subtracting the central point feature from neighbourhoods.
Lastly, maximum pooling operation is applied to the
collected global feature.
The model inputs are the relative features about
neighbourhood points and centre points. The obtained features are invariant to the overall features
changes, but sensitive to the changes between neighbourhood points, which is conducive to obtaining the
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FIGURE 3
Illustration of the PointNet network architecture with Multi-scale
Neighbor Relationship (MSNR-PointNet).

FIGURE 4
The area for training and testing on GML(B) dataset.

FIGURE 5
Percentage of various categories in the GML(B) dataset (in %).
ON, Canada) and each point contains only spatial
features (x, y, z). The GML(B) contains three isolated areas and each point are labelled in four categories: Ground, Building, Low vegetation and Tree.
The data for training and testing is shown in Figure
4.
The proportion in various categories is shown
in Figure 5. From the figure, the proportion about

RESULTS
We conducted experiments on the GML(B)
public dataset [16] to investigate the performance of
the MSNR-PointNetnetwork for ALS point cloud
classification, which belong to GML dataset for the
B part. This dataset is captured by an ALTM 2050
airborne laser scanning system (Optech, Toronto,
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low veg is the lowest and below than 4%, whilst the
ground accounts for 75%, which is imbalanced.
Many methods focus on dominant categories and ignores minority classes in this dataset. Therefore, one
cross entropy with a variable weight is used in this
experiment (Equation (2)).

The whole area has been divided into small
patches due to the limited GPU memory. The segmentation block size is related to the input point
number, the objects size, experimental hardware facilities and accuracy requirements. We divided the
training dataset into regular blocks with a size of
40m×40m in the horizontal direction. Fixed number
points 4096 is sampled from each block. To select a
appropriate block size, the partition blocks are set as
32m×32m, 40m×40m, 48m×48m, 54m×54m and
64m×64m respectively. The ball radius is set to 3-45, 3-5-7 and 3-6-9, respectively, to select the appropriate neighbourhood size. Through precision comparison, the model precision is the highest when partition blocks be 48m×48m with the radius size of 35-7, which is selected in the following experiment.
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Where ݓ refers to the weight of category ܾ,
parameter  ܤis the batch size number, ܻ represents
the prediction probability value of category ܾ and 
denotes the percentage of category ܾ.
The evaluation metric about precision, recall,
F1 score and overall accuracy (OA) is used to evaluate the performance of our proposed method, which
is shown as: (Eq. 3, 4,5,6)
Where the parameter ܶܲ,ܲܨ, ܰܨand ܶܰrepresent true positive, false positive, false negative and
true negative. The average precision (AvgP), average
recall (AvgR) and average F1 score (AvgF1) are also
utilised in the following experiment.

Results. The prediction results and error map
was shown in Figure 6. From the prediction map, our
proposed method can assign most of object correctly,
and the errors main lie in residential areas. The residential area has four categories and the boundary is
inexplicit, which is difficult to do classification
work. Classifying the boundary points is difficult,
which needs more information to assist in making
decisions.
In this paper, we also compared MSNR-PointNet method with the traditional module such as Random Forest (RF), Associative Markov Network
(AMN), Non-Associative Markov Networks
(NAMN), PointNet and PointNet++ Network. The
evaluation method of the F1score and average F1
score is listed in Table 1.

Network parameter setting. This experiment
is conducted at the Supercomputing Centre of Wuhan university with an NVIDIA Tesla V100 GPU.
The pytoch framework is adopted for network training and the network parameters has a great effect on
model accuracy. The MSNR-PointNet network parameters setting refers to original PointNet, the object characteristics and comparative experiment. The
model parameters for batch size, training epoch, optimizer, learning rate, dropout, neighbourhood number, the learner and loss function are set as 4,128,
0.001, 0.5, 30, 10-4, adam and cross entropy.

precision

precision
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TP
FP  TP
TP
FP  TP

(3)

(4)

2 precision recall
precision  recall
TP  TN
OA
FN  FP  TP  TN
F1

(5)
(6)

TABLE 1
Quantitative comparisons between MSNR-PointNet and other models on GML(B) benchmark dataset
Avg
Low
Avg
Avg
Overall
Method
F1
Ground Building
Tree
Veg
precision
recall
Accuracy
score
PointNet
0.934
0.823
0.786 0.163
0.691
0.676
0.676
0.930
RF
0.978
0.816
0.930 0.317
0.769
0.812
0.760
\
AMN
0.979
0.910 0.221
0.739
0.814
0.751
\
0.893
NAMN
0.985
0.843
0.923 0.345
0.785
0.724
0.774
0.958
PointNet++
0.967
0.878
0.707 0.586
0.783
0.935
0.790
0.803
MSNR-PointNet
0.818
0.976
0.993
0.936 0.501
0.834
0.858
0.848
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FIGURE 6
The prediction map and error map of our proposed method on GML(B) dataset.
method, whilst the model adaptability is weak. Traditional classification methods are hard to learn with
the complex structure on airborne point cloud, and
are easily affected by training samples and the classifier. Traditional methods have insufficient feature
description ability and low classification accuracy,
which are still needed to be improved.
The PointNet network is highly robust to small
disturbances and small-scale holes by learning the
characteristics of key points. However, the PointNet
network lacks neighbourhood point information and
does not carry out multi-scale feature learning for
objects. The MSNR-PointNet method learns the
characteristics through the neighbourhood feature
extraction module, whilst the global features contained the neighbourhood features. Compared with
the original PointNet, the average F1 score in
MSNR-PointNet improved by 15%, which means
that collecting neighbourhood information can improve the accuracy of the PointNet network model
greatly, whilst adding multi-scale neighbourhood
features to PointNet is effective and feasible.
The MSNR-PointNet have good performance
on numerous categories. However, the accuracy on
building is lower than that of traditional classification methods. Buildings are artificial features with
regular structures. Traditional methods can conduct
classification work according to the plane characteristics on buildings. However, MSNR-PointNet fails
to capture these characteristics, whilst the extracted
feature is still limited. Therefore, it still needs to enhance the expression ability on MSNR-PointNet to
building.

The classification result on RF, AMN, NAMN
are from reference[16], In this table, the highest average F1 score is ground and the lowest is low vegetable. The ground has low elevation and the training
samples is large. which is easy to be identified. The
low vegetable has the complex structure and the
training samples are insufficient, which is easy confused with other ground objects and difficult to identify.
The PointNet has the lowest avenge F1 score,
which is even smaller than the traditional method,
this result indicates that the neighbour information is
useful for ALS classification. The PointNet Network
does not perform well and this may have attributed
to the small amount of collected information. The
features collected by PointNet Network cannot represent the complex feature well on ALS point cloud.
The F1 score in the PointNet network is the
lowest and the MSNR-PointNet is the highest,
wherein the traditional method RF, AMN and
NAMN have almost the same age F1 score. The Random Forest method can process high-dimensional
point clouds without feature selection, which has a
rapid training speed and simple structure. However,
it is difficult to extract features with stable performance on ALS point cloud with variable size and
density. The Associated Markov network sets a pair
of various labels potential function as a constant and
this constraint is excessively strict, which limits the
interaction among objects and lower the model accuracy.
The Non-Associative Markov network is modified from the Associative Markov network and the
accuracy is improved. However, this method still belongs to the traditional point cloud classification

Urban spatial environment analyzing. The
object category in airborne laser point are identified
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by MSNR-PointNet Network, which is the location
of object in urban area. The urban spatial environment analysing is an important reference for the assessment of future development of the city on the environment. The building category distribution can
reflect the level of urbanization. When the building
is dense, the urbanization is high and the living space
is relatively tight. When the building is sparsely in
suburb area and the ecological environment is well,
which is suitable for living. The LiDAR point classification provide a source information of the tree on
height, location, diameter, which is a reference for
tree reconstruction and ecosystem analysis. Through
the peri-urban forests and linear street trees, which
help promote and understand the concept of ecosystem resilience. The Airborne LiDAR point cloud
classification result can identify urban growth policies needed for the implementation of desired urban
form.
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waste to be treated every year also rises. According
to statistics, China's artificial aquaculture industry
has accounted for about 50% [1] of the world's total
consumption of aquatic products. In the stage of
aquatic product utilization and processing,
20%~40% waste will be produced, which contains
fish bones, fish heads, fish skins and some internal
organs rich in protein, fat and minerals. Aquatic
waste has the characteristics of high water content,
perishable and high organic matter content [2], so biological treatment is the main way to realize its highvalue utilization, but the high fat and high salt content of aquatic waste will inhibit the growth of microorganisms [3]; Its high water content and perishable acidification will make the biological treatment
process difficult to run stably [4]; At the same time,
its high organic matter content, high viscosity and
poor solid-liquid separation performance affect the
biological treatment effect [5]. In recent years, the research on chemical synthesis, coal liquefaction and
waste treatment, taking water as the reaction volume,
has attracted much attention all over the world [6-9].
Hydrothermal treatment technology refers to
that in a sealed pressure vessel, a certain form of reaction substance is usually placed in a high-pressure
reaction kettle in the laboratory, and water is used as
solvent to carry out hydrothermal reaction at a certain temperature (130 ~ 250Ԩ) and pressure. From
the point of view of process type, hydrothermal treatment can save the process of dehydration or drying,
which is suitable for the treatment of biomass with
high water content. From the point of view of resource reuse, it is the key to realize resource recycling to maximize the reuse of recycled products and
reduce the final residue. Compared with extracting a
single product, the hydrothermal products of aquatic
wastes after hydrothermal treatment can be fully
used in agriculture and forestry, which has a better
prospect. Under hydrothermal conditions, the density, ionic product, viscosity and dielectric constant
of water change sharply, which promotes the solubility of organic matter [10], thus improving the
solid-liquid and oil-water separation characteristics
and physicochemical properties of organic solid
waste, and making it an ideal medium for treating
organic solid waste. Therefore, taking aquatic waste

ABSTRACT
Taking aquatic product processing waste as the
main experimental object, the effects of different hydrothermal process parameters such as temperature
and time on the physical and chemical characteristics
of aquatic product waste and the law of liquid substances transformation are investigated. The pH,
SCOD (soluble chemical oxygen demand),
VFA(volatile fatty acid) and the amount of floating
oil in the liquid product during hydrothermal treatment process (HTL) were measured. The experimental results show that under the conditions of
165Ԩ and 80min, the mass concentration of organic
carbon in HTL reaches the highest, with SCOD content of 97.677g/L; the treatment temperature has a
great influence on VFA. In a certain temperature
range, VFA increases with the increase of temperature. Under the working condition of 195Ԩ and
60min, the VFA concentration in HTL reaches the
highest value of 17.48g/L, which is 37.3% higher
than that in the control group. Under certain hydrothermal conditions, it can increase the amount of
floating oil, reaching the highest content of 97.8ml/k
at 180Ԩ for 40min. The control of the treatment time
is more important than the treatment temperature,
and it is better to control it within 60min. The results
of this study further show that hydrothermal process
can improve the efficiency of transferring solid matter to liquid. Macromolecular substances in raw materials are hydrolyzed into small soluble substances
(such as fatty acids, amino acids), which provides
more nutrients with high homogenization degree for
liquid-phase biological treatment, and is more conducive to resource utilization.

KEYWORDS:
Aquatic waste, Hydrothermal process, Liquid substances
transformation

INTRODUCTION
As the consumption of aquatic products increases year by year, the total amount of aquatic
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as the main object, this paper investigates the effects
of different hydrothermal treatment parameters such
as temperature and time on the physical and chemical characteristics of aquatic waste and the law of
liquid substances transformation, in order to provide
theoretical basis for hydrothermal pretreatment of
aquatic waste.

Yingyu Boyan Instrument and Equipment Factory),
and the centrifugal equipment is (TG165, Shanghai
Luxiang Instrument). Freeze-drying (LGJ-18A, Beijing Sihuan Scientific Instrument); Total organic carbon analyzer (TOC-L-CPH, Shimadzu Instrument);
electric-heated thermostatic water bath (hh-s11-1-5,
Shanghai Hengke instrument).

MATERIALS AND METHODS

RESULTS

Material. The raw material of the experiment
is aquatic waste (processing leftover fish head, viscera, skin, algae and expired fish products, etc.).
Rinse the raw materials repeatedly with deionized
water, and after cleaning, put the raw material samples into a cooking machine, smash them, then put
them into a sealed bag for later use, and freeze the
remaining samples (-4Ԩ) for storage. The main components of raw material samples are determined as
shown in Table 1.

Effect of hydrothermal process on pH in
HTL. Figure 1 shows the pH change of HTL under
different hydrothermal conditions. In the process of
hydrothermal reaction, at a certain temperature, the
bonds of macromolecular organic compounds in raw
materials are broken, and some acidic groups such as
carbon group, carboxyl group, aldehyde group and
phenolic hydroxyl group are generated. At the same
time, part of the generated organic acids enter the solution during the reaction. Therefore, at the same
treatment temperature, with the extension of heating
time, the pH values show different changes. Figure 1
shows that the pH value of the product is between
4.5 and 5.8 in the whole hydrothermal reaction process. When the reaction time reaches 20 minutes, the
pH of the solution is already acidic. At 195Ԩ, the
change of pH is low, which indicates that a lot of organic acids are produced by hydrolysis at this temperature. On the whole, however, with the increase
of temperature and time, the pH of the solution decreases in different degrees, which indicates that
with the increase of reaction time, some substances
in the product (such as protein) are dissolved, and at
the same time, hydrolysis reaction takes place to produce peptides, dipeptides and amino acids. In addition, amino acids are further deaminated to produce
NH4+ and other alkaline substances, which increases
the pH of the solution. Therefore, the treatment temperature and treatment time have great influence on
the pH of HTL, and are also the key factors affecting
the recovery of hydrothermal products.

Experimental design of hydrothermal process. Hydrothermal treatment conditions are shown
in Table 2. The treatment conditions were that the
reaction temperature is 165Ԩ, 180Ԩ and 195Ԩ respectively; The treatment time were 20, 40, 60, 80
minutes. There were 12 treatment groups and 1 control group. Three times experiments were repeated in
each group, and the experimental results of each
group were averaged.
100g of raw materials are placed in a hydrothermal reaction kettle, and the treated samples are centrifuged at 15,000 r/min for 15 minutes to obtain a
mixture of solid, liquid and oil. Separate the floating
oil, filter the liquid sample with 0.45μm filter membrane (Millipore,USA), and determine the pH,
SCOD, VFA and floating oil content in the liquid
product (HTL). SCOD is determined by potassium
dichromate method, VFA is determined by colorimetry, and the amount of floating oil is removed by
volumetric method[11],.
The hydrothermal treatment device used in the
experiment is a 1L autoclave (FCF-1, Gongyi City

Item
Average

Moisture content %
80.51

TABLE 1
The characteristics of the Aquatic waste
Organic content %
Floating oil %
COD (mg/L)
85.85
16
1.165

VFA(mg/L)
27.28

Note孽季Three times experiments were repeated in each item

No.
1
2
3
4

Temp. Ԩ
165
165
165
165

TABLE 2
Hydrothermal experiment conditions
Time min
No.
Time min
Temp. Ԩ
20
5
180
20
40
6
180
40
60
7
180
60
80
8
180
80
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No.
9
10
11
12

Temp. Ԩ
195
195
195
195

Time min
20
40
60
80
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FIGURE 1
pH variation under different treatment conditions
Effect of hydrothermal process on VFA in
HTL. VFA(Volatile Fatty Acid) is an important
product of hydrolytic acidification and an important
intermediate product of anaerobic fermentation,
which directly affects the potential of methane production. As can be seen from Figure 3, the VFA in
HTL increases significantly after hydrothermal process. It can be seen that hydration and ionization after hydrothermal reaction is enhanced, which increases the degree of hydrolysis of macromolecular
organic matter, degrades it into micromolecule organic acids, and increases its VFA content. Among
them, the VFA of the experimental group at 195Ԩ is
higher than that of other experimental groups, which
indicates that the hydrothermal process temperature
has a great influence on VFA, and the decomposition
of organic matter is more thorough at high temperature. Under the treatment conditions of 195Ԩ and
60min, the concentration of VFA reaches the highest, and the VFA in HTL is 17.48g/L, which increases by 37.3% compared with the control group.
However, as the reaction time increases to 80min,
VFA in HTL decreases, which may be due to the fact
that some small molecules condenses with aromatic
compounds to form various new substances during
the hydrothermal reaction. According to the research, acidic conditions are beneficial to the formation of VFA [13]. Figure 1 shows that after hydrothermal pretreatment, the pH value of HTL fluctuates between 4.5 and 5.8, all of which are acidic,
which also promotes the formation of VFA. Allen et
al.[14] found that the small molecular organic acids
formed in the hydrothermal system had a certain catalytic effect on the degradation reaction of macromolecular biomass, which is consistent with the inference result in Figure 3.

Effect of hydrothermal process on SCOD in
HTL. As can be seen from Figure 2, the SCOD content in HTL increases obviously after hydrothermal
process. The SCOD measured at 165Ԩ for 20min is
1.997g/L, which is only 1.71 times that of the control
group. Under the conditions of 180Ԩ and 60min, the
organic carbon concentration of HTL reaches the
highest, and the SCOD concentration is 97.677g/L,
which is 83.84 times that of the control group. Therefore, within a certain range, the SCOD concentration
in HTL will increase with the increase of temperature and time. The fundamental reason is that the essential function of hydrothermal treatment is to dissolve some undissolved and insoluble substances
into the liquid, and these macromolecules include
carbohydrates, fats and protein.
When the treatment temperature is 180Ԩ and
195Ԩ, the SCOD content in HTL increases at first
and then decreases. The reason may be that at high
temperature, the sample undergoes humification
while undergoing hydrothermal reaction[12]. Humic
acid and some related salts in humus are generally
insoluble in water, and a relatively stable and insoluble black substance will be formed at high temperature. After the reaction, some organic substances
become precipitates, which are transferred to the
solid phase after centrifugal separation and separated
from the liquid.
The above results further show that hydrothermal process can improve the efficiency of transferring solid matter to liquid. Macromolecular substances in raw materials are hydrolyzed into small
soluble substances (such as fatty acids, amino acids),
which provides more highly homogenized nutrients
for liquid-phase biological treatment, and can be
made into liquid organic fertilizer after concentration, biochemical stabilization and other processes.
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FIGURE 2
The influence of SCOD under different hydrothermal pretreatments

FIGURE 3
The influence of VFA under different hydrothermal pretreatments
40min, followed by 97.1 ml/kg in 60min, 165Ԩ. At
195Ԩ, the amount of floating oil is lower than 165Ԩ
and 180Ԩ. Under the same treatment temperature,
the content of floating oil increases at first and then
decreases. This is because the oil in the solid phase
of raw materials is almost completely leached out,
and too long treatment time may lead to chemical
changes of lipids (such as hydrolysis or synthesis of
new substances). The results show that under certain
hydrothermal conditions, the content of floating oil
can be increased, and the control of treatment time is
more important than that of treatment temperature,
and it is best to control it at about 60min.

Effect of hydrothermal process on floating
oil content in HTL. The grease in fish waste is a
common recyclable material, and the grease in waste
liquid generally consists of floatable oil, dissolved
oil, dispersed oil and some oil in solid form [15]. The
efficiency of oil separation and recovery depends on
a great extent on the floatable oil, that is, the oil that
can quickly float to the surface of the emerging liquid after standing still can be separated and recovered by using its density difference. As shown in Figure 4, the content of oil in HTL of the sample after
hydrothermal process is significantly higher than
that of the control group, which is 3.34-6.16 times
that of the control group. The treatment condition is
180Ԩ, and the highest content reaches 97.8ml/kg in
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FIGURE 4
The influence of Floating oil under different hydrothermal pretreatments
and Business University Scientific Research Foundation [Project No. 670101379 and CQCM-201607].

CONCLUSION
Taking aquatic product processing waste as the
main experimental object, the effects of different hydrothermal process parameters such as temperature
and time on physical and chemical characteristics of
aquatic product waste and law of liquid substances
transformation are investigated. The main conclusions are as follows:
 After hydrothermal pretreatment of aquatic
wastes, SCOD in HTL increases significantly compared with the control group, and in a certain range,
it increases with the increase of treatment time.
When the temperature is 180Ԩ and 60min, SCOD
reaches the maximum value of 97.677 g/L.
(2) The VFA of HTL increases obviously. At
195Ԩ and 60min, it reaches the maximum value is
17.48g/L, which is 37.3% higher than that of the control group. Hydrothermal process temperature has
great influence on the content of VFA in HTL, and
acidic conditions are more conducive to the formation of VFA.
(3) After hydrothermal process, the content of
oil in the liquid also increases, which is 3.34 to 6.14
times than that of the control group. The results show
that under certain hydrothermal conditions, the content of floating oil can be increased, and the control
of treatment time is more important than that of treatment temperature, and it is best to control it at about
60min.
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rity, water and food security, and the continuous deterioration of the environment is also threatening the
sustainable development of the whole society. In
2015, the Paris Agreement, the first legally binding
global carbon emission reduction agreement, was
signed [2], and carbon emission reduction has attracted more and more attention from countries.
At the 2014 APEC summit, General Secretary
Xi Jinping proposed for the first time that my country will reach the peak of carbon emissions by 2030,
and will do everything possible to advance this time.
Since then, General Secretary Xi Jinping once again
emphasized that China's carbon dioxide emissions
will strive to reach a peak before 2030, and strive to
achieve carbon neutrality by 2060 [3]. As a major
energy province in central China, Anhui Province is
rich in coal resources. In 2019, Anhui Province was
included into the "Yangtze River Delta" region [4].
In the process of regional integration and development of Yangtze River Delta, the economy of Anhui
Province has developed rapidly, with its GDP increasing from 1,324.978 billion yuan in 2010 to
37,113.98 yuan in 2019. But at the same time, the
total energy consumption is also increasing, from
97.066 million tons of standard coal in 2010 to
138.6973 million tons of standard coal in 2019. The
rapid economic development has also brought new
environmental pressure. During the “Twelfth FiveYear Plan” and “Thirteenth Five-Year Plan” period,
Anhui Province has also made corresponding efforts
to reduce carbon emissions. Such as the release of
"2014-2015 Energy saving and emission reduction
and low-carbon Development Action Plan", "Anhui
Province in the 13th Five-year Plan to control greenhouse gas emissions" and so on, have played a positive role in the adjustment of industrial structure and
the optimization of energy structure. In addition, Anhui Province is also actively formulating an action
plan for carbon peak before 2030 [5]. During the
14th Five-year Plan period, the state put forward new
requirements for carbon emissions reduction. As a
new part of the Yangtze River Delta, Anhui Province
should strengthen the construction of ecological civilization in the region. Therefore, it is of great theoretical and practical significance to study the influ-

ABSTRACT
The environmental problems with climate
change have become the focus of social attention.
Based on STIRPAT model, ridge regression analysis
is used to analyze the impact of five factors, such as
resident population, per capita GDP, energy intensity, energy structure and urbanization rate, on the
carbon emissions of Anhui Province. Scenario-analysis is used to set up three scenarios to forecast the
carbon emissions of Anhui Province from 2020 to
2035. The results show that when other economic
conditions remain unchanged, the energy structure
has the most significant impact on carbon emissions,
followed by the number of permanent residents. Under the high carbon scenario, there is no peak. Under
the medium carbon scenario, Anhui's carbon emissions will peak in 2027, and under the low carbon
scenario, the peak time will be advanced to 2025. Finally, the policy recommendations are put forward
from the energy structure and urbanization development.

KEYWORDS:
Carbon peak, Influencing factors, STIRPAT model, Scenario analysis, Anhui Province

INTRODUCTION
Extreme weather such as floods and droughts
caused by climate warming is gradually increasing,
and the problem of sea level rise caused by glacier
melting is becoming increasingly serious. Climate
warming caused by the increase of carbon emissions
has become a hot issue of concern to the international
community and a huge challenge to the construction
of social ecological civilization at present. The Intergovernmental Panel on Climate Change (IPCC)
pointed out in the Global Warming Assessment Report released in 2013 that the global warming process is an ongoing process, and the severity of the
problem is more serious than previously thought, of
which more than 95% is caused by human activities
[1]. Global warming is threatening ecological secu-
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industrial level, such as industry, transportation industry, etc., and there is a lack of macro research
from the perspective of the whole province.
Therefore, in order to make up for the above
shortcomings, based on the availability and integrity
of data, this paper takes the whole industry carbon
emissions of Anhui Province as the research object,
selects five influencing factors including resident
population, per capita GDP, energy intensity, energy
structure and urbanization rate, based on STIRPAT
model. Scenario analysis was used to predict the carbon emissions in Anhui Province from 2020 to 2035,
and to determine the best carbon emissions scenario,
providing reference for Anhui Province to formulate
carbon peak path.

encing factors of carbon emissions in Anhui Province and predict the carbon peak scenario in Anhui
Province.
At present, regarding the research on the influencing factors of carbon emissions, scholars at home
and abroad have selected different influencing factors of carbon emissions from different perspectives,
mainly including population size, per capita GDP,
urbanization rate, industrial structure, energy intensity and carbon emissions intensity [6-11] etc. Birdsall N, Knapp T and York R [12-14] all believed that
the continuous growth of population would lead to
the continuous increase of carbon emissions. Chuang
et al. [15] believe that the acceleration of urbanization will lead to the increase of carbon emissions. On
the contrary, Liddle B and Chen H. et al. [16-17] believe that the development of urbanization will lead
to the increase of the utilization rate of human public
infrastructure, which will inhibit the increase of carbon emissions. Song jiekun and Yuan Peng [18-19]
believe that the level of economic development will
have an important impact on carbon emissions. In
the research on Anhui Province, Mu Lan et al. [20]
believe that there is a causal relationship between industrial structure and carbon emissions. Li Tan et al.
[21] believe that the carbon emissions of Anhui
Province can be reduced through the optimization of
economic growth and technological progress.
Research methods for carbon emissions prediction mainly include STIRPAT model, GM (1,1)
model, grey BP neural network, SD model and grey
Riccati (FGRM(1,1)) model [22-24]. Li Li et al. predicted the carbon emissions of energy consumption
in Xinjiang based on STIRPAT model, and the study
showed that only medium-low and low-high development modes could achieve the peak target as
scheduled [25]. Zhang Dan et al. used the GM(1,1)
model to predict the industrial carbon emissions of
Sichuan Province from 2016 to 2020, and the research has shown that the industrial carbon emissions of Sichuan Province are on a downward trend
[26]. Duan Fumei used grey neural network analysis
to predict China's carbon emissions under eight development modes, and the research showed that carbon peak could be achieved in 2030 under five
modes, including energy-saving mode and economic
recession [27]. Gao Mingyun et al., combined with
EKC curve hypothesis, used FGRM (1,1) model to
predict CO2 emissions in China, the United States
and Japan. The research shows that these three countries will gradually reduce carbon emissions [28].
Through combing the literature, domestic and foreign scholars have conducted in-depth research on
the influencing factors and peak forecasts of carbon
emissions, but there are still the following shortcomings, which is mainly reflected in the fact that the research on Anhui Province is mostly focused on the

MATERIALS AND METHODS
STIRPAT model construction. The STIRPAT model is an extension of YORK R et al. [29]
based on the IPAT model proposed by American
ecologists Ehrlich and Comnoner. The standard form
is: (Eq. 1)

I

aPb AcT d e

I

aPb AcT d S eU f g

(1)
In the formula, I is the environmental pressure,
usually expressed in terms of carbon emissions. P is
the population size; A is the degree of affluence; T is
the technical level. a is the model coefficient, b, c, d
are the elastic coefficients, and e is the error value.
In order to effectively analyze the influencing
factors of carbon emissions in Anhui Province and
improve the accuracy of prediction results, combined with the actual situation of Anhui Province,
the STIRPAT model is reasonably expanded, and the
permanent population, per capita GDP, urbanization
rate, energy structure (proportion of coal consumption) and energy intensity are selected. Empirical
analysis of the influencing factors of carbon emissions in Anhui Province with the five indicators, the
expanded model form is as follows: (Eq. 2)
(2)
Where, S is structural factor (proportion of coal
consumption); U is the urbanization level (urbanization rate); b, c, d, e and f are elastic coefficients, representing the change rate of I for each 1% change of
P, A, T, S and U.
Take the logarithms on both sides of the equation of model (2), and get (Eq. 3)
 ܫ݊ܮൌ  ܽ݊ܮ ܾ ܲ݊ܮ ܿ ܣ݊ܮ ݀ ܶ݊ܮ
݁ ܵ݊ܮ ݂ ܷ݊ܮ ݃݊ܮ
(3)
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TABLE 1
Multicollinearity test results
Collinearity statistics
Tolerance
0.010
0.002
0.150
0.118
0.002

Model

LnP
LnA
LnT
LnS
LnU

VIF
103.227
400.897
165.690
8.478
647.494

Note: P is the population size (the number of resident population); A is the degree of wealth (per capita GDP); T is the technological level (energy intensity); S is the structural factor (the proportion of coal consumption); U is the urbanization level
(urbanization rate).

results cannot be obtained. Therefore, in order to effectively analyze the influencing factors of carbon
emissions in Anhui Province, this paper adopts ridge
regression analysis to enhance the stability of the numerical value and improve the accuracy of the calculation results [30].
Call the Ridge regression grammar in SPSS
22.0, select the range of the ridge parameter K value
as (0,1), the step size is 0.01, and perform ridge regression analysis on the model to obtain the coefficients, equations, and ridge trace diagrams corresponding to different K values. And the corresponding R2 value, the smaller the K value, the higher the
accuracy, the regression process is shown in Fig. 1.
It can be seen from the ridge trace diagram that when
K=0.14, the variable coefficient tends to be stable, so
the parameter K=0.14 is used for regression, at this
time R2=0.971, and the regression results are shown
in Table 2.
Ridge regression non-standard coefficient
equation, that is, the linear equation of STIRPAT
model is: (Eq. 4)
 ܫ݊ܮൌ െ͵Ǥ͵ͻͺ  ͲǤʹͳ ܲ݊ܮ ͲǤͳͺͲ ܣ݊ܮെ
ͲǤͳͶʹ ܶ݊ܮ ͲǤͻ ܵ݊ܮ ͲǤͶͺͲ( ܷ݊ܮ4)

Data sources. The data used in this paper are
from The Statistical Yearbook of Anhui Province
and The Statistical Yearbook of China's Energy
(2011-2020). The availability and accuracy of comprehensive data, the per capita GDP is converted at
constant price based on 2010, and the carbon emission is calculated by the measurement method of carbon emissions in the IPCC Guidelines for National
Greenhouse Gas Inventory.

RESULTS
Empirical analysis of influencing factors.
Model estimation. The STIRPAT model was established with LnI as the dependent variable and LnP,
LnA, LnT, LnS and LnU as the dependent variables.
In order to avoid "false regression", multicollinearity
test is performed on the data first, and the test results
are shown in Table 1. It can be seen from the test
results that, except for the variables, the variance expansion coefficient (VIF) of other variables is
greater than 10, indicating that there is multicollinearity between the variables, and accurate regression

TABLE 2
Ridge regression results at K=0.14
Variable

LnP
LnA
LnT
LnS
LnU

Non-standardized
coefficient

Standard error

Standardization coefficient

t test value

P value

0.722

0.253

0.152

2.857

0.046

0.180

0.021

0.379

8.458

0.001

-0.142

0.029

-0.202

-4.962

0.007

0.977
0.480

0.177
0.500

0.449
0.342

5.509
9.681

0.005
0.000

Constant
R2

-3.398
2.401
0.000
-1.415
0.229
0.971
27.023
F
0.003
Sig F
Note: P is the population size (resident population); A is affluence (GDP per capita); T is technology level (energy intensity);
S is structural factor (proportion of coal consumption); U is the urbanization level (urbanization rate); Constant is the Constant
term of the model; R is the correlation coefficient; F is the homogeneity test of variance; Sig F is the significance of homogeneity test of variance.
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emissions increase by 0.721%; for every 1% increase
in the urbanization rate, carbon emissions increase
0.480%; for every 1% increase in per capita GDP,
carbon emissions increase by 0.180%; for every 1%
increase in energy intensity, carbon emissions increase by -0.142%.
In order to verify the effectiveness of the
model, the relevant data of Anhui Province from
2010 to 2019 are substituted into equation (4) for error test, and the fitting results between the predicted
value and the actual value are obtained, as shown in
Fig. 2. After calculation, the annual average error between the predicted value and the simulated value is
1.37%, and the data fitting degree is high. Therefore,
the STIRPAT model can be used to predict the carbon emissions of Anhui Province.

It can be seen from Table 2 that all variables
passed the significance test at the 5% level, among
which the variables LnP, LnA, LnT, Lns and LnU all
pass the significance test at the 1% level, and R2 is
0.971, indicating that the variables selected in this
paper can explain 97.1% of the carbon emissions in
Anhui Province. The F statistic is 27.023, passing the
1% level of significance test, indicating that the
model has a good overall fitting effect. According to
the coefficient analysis, the influence degree of each
variable on carbon emissions in Anhui province
from large to small is energy structure, resident population, urbanization rate, per capita GDP, energy intensity. When other conditions remain unchanged,
carbon emissions will increase by 0.977% for every
1% increase in energy structure; for every 1% increase in the number of resident population, carbon

FIGURE 1
Ridge regression analysis process
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FIGURE 2
Fitting diagram of predicted and actual carbon emissions in Anhui Province
from 2010 to 2019
growth rate shows a downward trend [31]. Calculated according to the comparable prices in 2010, the
average annual growth rate of per capita GDP in Anhui Province from 2010 to 2019 was 8.95%, but the
annual growth rate kept declining, from 15.12% in
2010-2011 to 6.62% in 2018-2019. According to the
target that the per capita GDP of Anhui Province will
reach 90000 yuan in 2025 [32], it can be calculated
that the average growth rate from 2019 to 2025 is
7.22%. Therefore, this paper sets the average annual
growth rate of per capita GDP under the high carbon
scenario of 2020-2025 as 8.95%, 7.22% under the
medium carbon scenario and 5.22% under the lowcarbon scenario.

Peak prediction. Using the scenario analysis
method, the changes in carbon emissions can be obtained by predicting the changing trends of the variable parameters in the STIRPAT model under different scenarios. The predicted value of each parameter
is based on the policies issued by Anhui Province in
recent years, the characteristics of past changes and
the actual development status of Anhui Province to
set a scenario model that meets the actual development situation. Since some of the official statistics of
Anhui Province in 2020 are not available, this paper
uses the data of 2019 as the base period and sets three
scenarios, low-carbon scenario (economy, energy,
and environment with a high degree of harmony),
medium-carbon scenario (economic, energy and environment relative harmony) and high carbon scenario (maintaining existing emission reduction
measures), and the prediction year is 2020-2035.

Energy intensity scenario setting. The energy
conservation and emission reduction target of Anhui
Province during the 13th Five-Year Plan period is to
reduce the energy consumption per 10,000 yuan of
GDP by 16% compared with 2015 by 2020 [33]. After joining the Yangtze River Delta, Anhui Province,
as one of the major energy provinces in central
China, will also increase its energy consumption in
order to integrate into the integrated development of
the Yangtze River Delta. According to the existing
data, the average annual growth rate of energy intensity in Anhui Province from 2010 to 2019 is - 4.99%.
In recent years, due to the upgrading of technical
level and the adjustment of industrial structure, the
growth rate of energy intensity tends to slow down.
Therefore, this paper sets the average annual growth
rate of energy intensity in 2020-2025 under the high
carbon scenario to -4.25%, under the medium carbon
scenario to -5.45%, and under the low carbon scenario to -7.22%.

Scenario setting of resident population. According to the population data in The Statistical
Yearbook of Anhui Province (2011-2020), the resident population of Anhui Province shows a slow
growth trend, increasing from 59.57 million in 2010
to 63.66 million in 2019, with an average annual
growth rate of 7.4‰. According to the 13th FiveYear Plan for Population Development of Anhui
Province, the annual natural growth rate of resident
population during the 13th Five-Year Plan is about
7.8‰. According to the Population and Labor Green
Paper: Report on China's Population and Labor Issues, China’s population will reach a peak around
2026. Therefore, this paper assumes that the population of Anhui Province will reach its peak in 2026,
and the annual natural growth rate of resident population in Anhui Province will be 7.8‰ under the
high-carbon scenario from 2020 to 2025.

Energy structure scenario setting. According
to the energy development goals in the 13th FiveYear Plan of Energy development in Anhui Province, by 2020, the proportion of coal in energy consumption will be reduced to less than 75%, and the
proportion of non-fossil energy consumption will in-

Per capita GDP scenario setting. It can be
seen from China's current and future economic
growth rate that China's economic development has
entered a relatively stable stage, and the economic
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0.67%, and the coal-based energy consumption
structure of Anhui Province will remain at a certain
stable level in a short period of time. Therefore, this
paper sets the average annual growth rate of energy
structure in 2020-2025 as -1% under high carbon
scenario, -2% under medium carbon scenario, and 3% under low carbon scenario.

crease to 5.5%. During the 13th Five-Year Plan period, Anhui Provincial People's Government actively
adopted energy-saving and emission reduction
measures, which also played a positive role in the adjustment of energy structure. According to the relevant data of Anhui Province from 2010 to 2019, the
average annual growth rate of energy structure is -

TABLE 3
Scenario setting of the natural growth rate of the resident population in
Anhui Province from 2020 to 2035 (‰)
Scene mode
2020-2025
Peak in 2026
2027-2035
Low carbon scenario
5.8
66.29 million people
-4.8
Medium carbon scenario
6.8
66.7527 million people
-4
High carbon scenario
7.8
67.2182 million people
-3.2
TABLE 4
Scenario setting of Anhui Province's per capita GDP growth rate from 2020 to 2035 (%)
Scene mode
2020-2025
2026-2030
2030-2035
Low carbon scenario
5.22
2.22
1.22
Medium carbon scenario
7.22
4.22
3.22
High carbon scenario
8.95
5.95
4.95
TABLE 5
Scenario setting of energy intensity growth rate in Anhui Province from 2020 to 2035 (%)
Scene mode
2020-2025
2026-2030
2030-2035
Low carbon scenario
-7.22
-3.52
-2.62
Medium carbon scenario
-5.45
-2.75
-1.85
High carbon scenario
-4.25
-1.55
-0.65
TABLE 6
Scenario setting of energy structure growth rate of Anhui Province in 2020-2035 (%)
Scene mode
2020-2025
2026-2030
2030-2035
Low carbon scenario
-3
-2.6
-2.4
Medium carbon sce-2
-1.6
-1.4
nario
High carbon scenario
-1
-0.6
-0.4

FIGURE 3
The predicted value of carbon emissions in Anhui Province under the three scenarios
from 2020 to 2035
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TABLE 7
Scenarios for the growth rate of urbanization rate in Anhui Province from 2020 to 2035 (%)
Scene mode
2020-2025
2026-2030
2030-2035
Low carbon scenario
1.89
1.39
0.89
Medium carbon scenario
2.89
2.24
1.59
High carbon scenario
3.49
2.99
2.48
of different provinces. Based on STIRPAT model
and using ridge regression analysis method, this paper selects five factors : the number of resident population, per capita GDP, energy intensity, energy
structure and urbanization rate to analyze their impact on the carbon emission of Anhui Province, and
sets up the change rates of different influencing factors under three different scenarios of low carbon,
medium carbon and high carbon to predict the carbon emission of Anhui Province from 2020 to 2035,
by analyzing the peak time of Anhui Province under
different scenarios, the research results can objectively predict the change trend of carbon emissions
in Anhui Province.
According to the analysis results, targeted suggestions are provided for carbon emission reduction
in Anhui Province.
Energy consumption in Anhui Province is
mainly coal. Through data analysis, it is found that
the energy structure has the most significant role in
promoting carbon emissions in Anhui Province.
Therefore, relevant enterprises should implement the
policies and regulations issued by national and local
governments, increase the proportion of non-fossil
energy and develop new energy industries. At the
same time, give play to the leading role of the government, use policies and funds to promote the development and utilization of clean energy, encourage
the use of renewable energy, and accelerate the transformation and application of energy-saving technologies in key areas.
In order to cope with the problem of population
aging, the state has liberalized the "three-child policy"[36], and the population size is difficult to control in a short time. Anhui Province can improve the
level of education, optimize the population structure,
vigorously advocate the concept of green consumption, promote the process of urbanization while protecting the environment, promote economic development to adapt to the ecological carrying capacity,
and live in harmony with nature.

Scenario setting of urbanization rate. According to the Notice of The General Office of the
Anhui Provincial People's Government on Printing
and Distributing the Implementation Plan of Promoting the Settlement of non-registered Population in
Cities, the urbanization rate of resident population in
the province will reach 56% by 2020. According to
the Statistical Yearbook of Anhui Province (2020),
the urbanization rate of resident population in Anhui
Province was 55.81% in 2019, and the average
growth rate from 2010 to 2019 was 2.89%. In recent
years, Anhui Province vigorously develops education, actively practices the policy of "talent settlement", and further broadens the settlement channels.
Therefore, this paper sets the average annual growth
rate of urbanization rate under the high carbon scenario from 2020 to 2025 as 3.49%, the medium carbon scenario as 2.89%, and the low carbon scenario
as 1.89%.
The predicted values of different variables are
substituted into the regression equation (4) to obtain
the predicted values of carbon emissions in Anhui
Province from 2020 to 2035. The predicted results
are shown in Fig. 3. Under the high carbon scenario,
the carbon emissions of Anhui Province show an upward trend without a peak; under the medium carbon
scenario, the carbon emission of Anhui Province will
peak in 2027, with a peak of 141.2532 million tons;
under the low carbon scenario, carbon emissions will
peak in 2025, with a peak of 139.5633 million tons,
a decrease of 1.6899 million tons compared with the
medium carbon scenario. It can be seen from the prediction results that the setting of variable prediction
values under low carbon scenario and medium carbon scenario is more conducive to Anhui Province to
achieve "carbon peak" before 2030.

DISCUSSION
From the above empirical analysis, it can be
seen that the biggest influencing factor of carbon
emissions in Anhui Province is the energy structure,
which is consistent with the conclusion drawn in reference [35]. However, reference [34] only evaluates
the influencing factors of carbon emissions in Anhui
Province, and does not predict the future trend of carbon emissions in Anhui Province. The conclusion
drawn in this paper that Anhui Province can achieve
the carbon peak target by 2030 under the low carbon
and medium carbon scenarios is consistent with the
conclusion of the reference [35], indicating that there
are common problems in the carbon emission peaks

CONCLUSION
With other economic conditions unchanged, for
every 1% increase in the resident population, per
capita GDP, energy intensity, energy structure and
urbanization rate, the carbon emission of Anhui
Province will increase by 0.721%, 0.180%, 0.142%, 0.977% and 0.480%.
From the perspective of variable coefficients,
the energy structure has the most significant impact
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agglomeration. Environmental Engineering.
38(11), 19-24+77. (Accessed date: 2022-04-13)
[8] Pan, D., Li, N., Li, F., Feng, K.S., Peng, L.L.,
Wang, Z. (2021) Mitigation strategy of eastern
China based on energy-source carbon emission
estimation. Acta Scientiae Circumstantiae.
41(03), 1142-1152. (Accessed date: 2022-0413)
[9] Du, J.H., Zhang, K.Y., Zhang, X.J. (2018) Study
on Influence Factors of Carbon Emission and
Prediction of Peak Value in Shanxi Province.
Journal of North University of China (Natural
Science Edition). 39(03), 334-343. (Accessed
date: 2022-04-13)
[10] Sun, Y.H., Yang, G.C. (2020) Factor decomposition and decoupling effect of Chinese tourismderived carbon emissions. China Environmental
Science. 40(12), 5531-5539.
[11] Liu, M.Z., Zhang, X.X., Zhang, M.Y., Feng,
Y.Q., Liu, Y.J., Wen, J.X., Liu, L.Y. (2021) Influencing factors of carbon emissions in transportation industry based on CD function and
LMDI decomposition model: China as an example. Environmental Impact Assessment Review.
90(1), 106623. (Accessed date: 2022-04-13)
[12] Birdsall, N. (1992) Another Look at Population
and Global Warming: Population, Health and
Nutrition Policy Research. Working Paper.
Washington, DC: World Bank. 1020. (Accessed
date: 2022-10-03)
[13] Knapp, T., Mookerjee, R. (1996) Population
growth and global CO2 emissions. Energy Policy. 24(1), 31-37. (Accessed date: 2022-04-13)
[14] York, R. (2007) Demographic trends and energy
consumption in European Union Nations, 1960–
2025. Social Science Research. 36(3), 855-872.
(Accessed date: 2022-04-13)
[15] Chung, U., Choi, J., Yun, J.I. (2004) Urbanization Effect on the Observed Change in Mean
Monthly Temperatures between 1951-1980 and
1971-2000 in Korea. Climate Change. 66 (1-2),
12. 7-136. (Accessed date: 2022-04-13)

on carbon emissions, followed by the resident population.
In the research time range, there is no peak in
the high carbon scenario, while the carbon emissions
of Anhui Province will peak in 2027 under the medium carbon scenario, and the peak time under the
low carbon scenario will be advanced to 2025.
Strengthening emission reduction and practicing low
carbon measures will help Anhui Province achieve
"carbon peak" as soon as possible.
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reservoir characteristics
reservoir classification
reservoir damage
S
salinity
Sandstone formation
Scenario analysis
Sedimentary Characteristics
sedimentology
Semi-arid areas
sequence stratigraphy
settlement stability
Shale gas reservoir
shale oil
Shale reservoir
shear strength
signal attenuation
soil amelioration
soil contamination
soil dispersion
Soil fertility
soil microorganisms
Soil nematode community

10820
10556
10663
10942
11073
10648
10811
10773
10716
11093
11109

10563
10856
11202
10773, 11063
10674
10892
10674
11131
10838
11063
11109
11083
10903
10550
10748
10767
11100
10793
11151
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reservoir pollution
reservoir protection
Residues
Resistance
Resistance peach rootstock
Resource-based cities
respirable particles
Rice weevil
Root-knot nematodes
Rural Lodges

Soil organic carbon
Soil organic carbon stocks
Solenopsis invicta
solid particle
Source analysis
source rock quality
Southeastern Tibet
SSR markers
static analysis
STIRPAT model
Stockpile renewal
stratigraphic division
Subcellular distribution
sugarcane
susceptibility
Sustainability
sustainable urban development
swelling-shrinkage
synergy

11109
10856
11020
10758
10738
10863
10648
10942
10738
10663

10916
10892
10928
11131
10963
11063
11151
10738
10656
11202
10629
10674
10748
10748
10708
10550, 10663
10656, 10921
11083
10863

T
t1/2. HPLC
Tagette
Tetranychidae
Thermal dissipation probe technique
three-dimensional topology model
Tight oil reservoirs
Tight sandstone

11020
10942
10758
10617
10592
10993
10701

toxicity
traffic emission
transcriptome analysis
transmission performance
Transpiration
two-phase flow

10934
10767
10820
10903
10617
10856

U
urban ecological environment
urban landscape
Urban spatial environment

10921
10877
11188

UV disinfection
UV dose

10556
10556

V
Vaseline
Vegetative stage

10928
10892

vibration prediction
vuggy reservoir

10692
10716

W
Water purification
water saturation
water soluble inorganic ions

10636
10993
10575

Weathering bridge steel
Wistar rats
WuHan city

10784
10934
10599

X
XRF spectroscopy

10767

11219
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Y
Yanchang Formation
yield

11029
10952

yield components

11036

Z
Zinc

11048

ZJ area

10982

11220
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FEB – GUIDE FOR AUTHORS
General
FEB accepts original papers, review articles, short
communications, research abstracts from the entire
sphere
of
environmental-chemistry,-biology,microbiology,- technology, -biotechnology andmanagement, furthermore, about residue analysis/
and ecotoxicology of contaminants.
Acceptance or no acceptance of a contribution will
be decided, as in the case of other scientific journals,
by a board of reviewers. Papers are processed with
the understanding that they have not been published
before (except in form of an abstract or as a part of a
published lecture, review or thesis);that they are not
under consideration for publication elsewhere; that
their publication has been approved by all coauthors, if any, as well as- tacitly or explicitly- by the
responsible authorities at the institute where the
work has been carried out and that, if accepted, it will
not be published elsewhere in the same form, in
either the same or another language, without the
consent of the copyright holders.
Language
Papers must be written in English. Spelling may
either follow American (Webster) or British
(Oxford) usage but must be consistent. Authors who
are less familiar with the English language should
seek assistance from proficient colleagues in order to
produce manuscripts that are grammatically and
linguistically correct.
Size of manuscript
Review articles should not exceed 30 typewritten
pages. In addition up to 5 figures may be included.
Original papers must not exceed 14 typewritten
pages. In addition up to 5 figures may be included.
Short-Communications should be limited to 4
typewritten pages plus not more than 1 illustration.
Short descriptions of the authors, presentation of
their groups and their research activities (with photo)
should together not exceed I typewritten page. Short

research abstracts should report in a few brief
sentences (one-fourth to one page) particularly
significant findings. Short articles by relative
newcomers to the chemical innovation arena
highlight the key elements of their Master and PhDworks in about I page.
Book Reviews are normally written in-house, but
suggestions for books to review are welcome.
Preparation of manuscript
Dear authors,
FEB is available both as printed journal and as online
journal on the web. You can now e-mail your
manuscripts with an attached file. Save both time
and money. To avoid any problems handling your
text please follow the instructions given below:
When preparing your manuscripts have the formula
K/SS (Keep It Simple and Stupid) in mind. Most
word processing programs such as MS-Word offer a
lot of features. Some of them can do serious harm to
our layout. So please do not insert hyperlinks and/or
automatic cross-references, tables of contents,
references, footnotes, etc.
1. Please use the standard format features of your
word processor (such as standard.dot for MS Word).
2. Please do not insert automatisms or secret link-ups
between your text and your figures or tables. These
features will drive our graphic department
sometimes mad.
3. Please only use two fonts for text or tables
"Times New Roman" and for graphical presentations
"Arial".
4. Stylesheets, text, tables and graphics in shade of
grey
5. Turn on the automatic language detection in
English (American or British)
6. Please - check your files for viruses before you
send them to us!!
Manuscripts should be uploaded on our website
prt-parlar.de
Thank you very much!
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STRUCTURE OF THE MANUSCRIPT
Title page: The first page of the manuscript should
contain the following items in the sequence given: A
concise title of the paper (no abbreviations). The
names of all authors with at least one first name
spelled out for every author. The names of
Universities with Faculty, City and Country of all
authors.
Abstracts: The second page of the manuscript
should start with an abstract that summarizes briefly
the contents of the paper (except short
communications). Its length should not exceed 150200 words. The abstract should be as informative as
possible. An extended repetition of the paper's title
is not considered to be an abstract.
Keywords: Below the Summary up to 6 key words
have to be provided which will assist indexers in
cross-indexing your article.
Introduction: This should define the problem and,
if possible, the frame of existing knowledge. Please
ensure that people not working in that particular field
will be able to understand the intention. The word
length of the introduction should be 150 to 300
words.
Materials and methods:
Please be as precise as possible to enable other
scientists to repeat the work.
Results: Only material pertinent to the subject must
be included. Data must not be repeated in figures and
tables.
Acknowledgements:
Acknowledgements
of
financial support, advice or other kind of assistance
should be given at the end of the text under the
heading "Acknowledgements". The names of
funding organisations should be written in full.
References: Responsibility for the accuracy of
references rests with the authors. References are to
be limited in number to those absolutely necessary.
References should appear in numerical order in
brackets and in order of their citation in the text.
They should be grouped at the end of the paper in
numerical order of appearance. Abbreviated titles of
periodicals are to be used according to Chemical or
Biological Abstracts, but names of lesser known
journals should be typed in full. References should
be styled and punctuated according to the following
examples:
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ORIGINAL PAPERS:
l. Author, N.N. and Author, N.N. (Year) Full title of
the article. Journal and Volume, first and last page.
BOOK OR PROCEEDING:
2. Surname, N., Surname, N.N., Surname, N.N.,
Surname, N. (Year) Title of the contribution. In:
Title of the book or proceeding. Volume, Publisher,
City, first and last page

DOCTORAL THESIS:
3. Author, N.N. (Year) Title of the thesis, University
and Faculty, City
UNPUBLISHED WORK:
Papers that are unpublished but have been submitted
to a journal may be cited with the journal's name
followed by "in press". However, this practice is
acceptable only if the author has at least received
galley proofs of his paper. In all other cases reference
must be made to “unpublished work" or "personal
communication".
Discussion and Conclusion: This part should
interpret the results in reference to the problem
outlined in the introduction and of related
observations by the author/s or others. Implications
for further studies or application may be discussed.
A conclusion should be added if results and
discussion are combined.
Corresponding author: The name of the
corresponding author with complete postal address

