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MESAEP
Mediterranean Scientific Association of Environmental Protection e.V.

The 15th International Symposium on Environmental Pollution and its Impact on Life in the Mediterranean Region
was organised by MESAEP and other international and national institutions in Bari, Italy from October 7 to 11, 2009.
The objectives of this symposium were to provide a forum for interested scientists of different countries to:
•

exchange recent results related to environmental pollution processes and their effects on natural resources,
public health and economy in the Mediterranean region

•

discuss current scientific, technological and legal issues to avoid or reduce the degradation of the Mediterranean environment

•

provide suggestions and recommendations to regulatory authorities on environmental quality and safety in the
Mediterranean and other neighboring countries.

The General Theme of the Conference was: Environmental Threats in the Mediterranean Region: Problems
and Solutions.
The main results of the 15th symposium papers are included in six successive issues of the international journal
“Fresenius Environmental Bulletin” (FEB):
Issue 1: Agricultural, domestic and industrial wastes - Soil quality, pollution, degradation and desertification
Issue 2 and 3: Water quality and pollution
Issue 4: Outdoor and indoor air quality and pollution - Crops and food quality and pollution - Environment and
human health
Issue 5: Animal health risks - Intercompartmental element fluxes and climate changes and effects on the ecosystem
and human health
Issue 6: Biodiversity and sustainability - Sustainable mobility and renewable energy use to combat pollution Natural and artificial radioactive pollution
The results of this symposium will contribute undoubtedly to the advancement of the environmental scientific
knowledge and hence, to the improvement of the Mediterranean region environment.
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TREATMENT OF AQUEOUS DIMETHYL PHTHALATE BY
THE COMBINED ELECTROCOAGULATION/FENTON PROCESS
Işık Kabdaşlı*, Burçin Coşkun, Tuğba Ölmez-Hancı, Olcay Tünay and Idil Arslan-Alaton
Istanbul Technical University, Civil Engineering Faculty, Environmental Engineering Department, Maslak 34469, İstanbul, Turkey

ABSTRACT
In the present study, the treatment of aqueous dimethyl phthalate (DMP) by the combined electrocoagulation/Fenton (EC/Fenton) process was investigated. Compared with plain electrocoagulation, the combined EC/ Fenton process proved to be a more effective treatment alternative both considering complete DMP degradation and
organic matter removal in terms of mineralization. The
proper electrocoagulation operational conditions for the
present case were established as follows: initial pH 2.0,
applied current density 22 mA/cm2, electrolyte concentration
1500 mg/L NaCl, H2O2 concentration of 40 mM for aqueous
DMP (100 mg/L) solution for the present case.

KEYWORDS:
Aqueous dimethyl phthalate, dimethyl phthalate removal, electrocoagulation, endocrine disrupting compound, stainless steel electrode, the combined electrocoagulation/Fenton process.

INTRODUCTION
Phthalate esters have been mainly used as plasticizers
in polymers or additives in a number of industrial products
[1]. They have a wide variety of uses including in plastics
as plasticizers, building materials, cosmetics, pharmaceuticals, medical devices, toys, food packing materials and insecticides [2]. Their worldwide production has been reported to be 4.3 million tons per year. As these compounds
are non-covalently bound to the polymer matrices, they
may be easily transported into environment during manufacture, disposal and leaching from plastic materials [1, 3].
Some of them, particularly the short-chain phthalates such
as dimethyl phthalate (DMP), are among the most frequently
identified phthalate esters in receiving media, such as marine waters, surface waters, sediments and landfill leachates
[3-6]. DMP, known as an endocrine disrupting compound,
is suspected to be responsible for functional disturbance
in the nervous system and liver of animals [3-5]. Epidemiological diagnoses showed that it has also adverse health
effects on humans, such as disorders in male reproductive
tract, breast and testicular cancers as well as neuro-en-

docrine system disruption [3]. Due to its carcinogenic, endocrine disrupting and toxic effects on biota, DMP has
been listed as a priority pollutant by USEPA [7].
Since DMP has been designated as recalcitrant to biodegradation, treatment studies have focused on chemical
oxidation techniques that yielded very successful results in
the complete degradation of organic compounds. The scientific literature revealed that DMP can be effectively removed by H2O2/UV-C oxidation [8-10], photo-Fenton process [11], TiO2-UV-O2 and TiO2-UV-Fe(VI) heterogeneous
photocatalytic processes [4, 12], as well as ultrasound irradiation [13]. Recently, it has been also demonstrated that
DMP can be effectively treated by electrocoagulation with
stainless steel electrodes [2]. Our previous results showed
that complete DMP degradation to its intermediates can be
achieved within a reasonable operation time (30 min) under
optimized operation conditions (applied current density:
22 mA/cm 2 , pH 0 : 6.0 and electrolyte concentration of
1500 mg NaCl/L) while its mineralization required longer
time periods (180 min). Thus, the process modification is
required to improve the removal performance in terms of
mineralization (TOC abatement). Therefore, the combination of electrocoagulation with Fenton process seems to
be a promising treatment method for the enhancement of
mineralization.
In the combined electrocoagulation/Fenton process,
strong oxidizing hydroxyl radicals ( OH) are generated in
the aqueous solution by the well-known Fenton’s reaction
between H2O2 and electrochemically generated Fe2+ ions
from sacrificial iron anodes at acidic pH values [14]:
•

Fe2+ + H2O2 → Fe3+ + OH- + OH
•

(1)

OH is one of the most reactive free radicals (oxidation potential: + 2.8 eV) and can indiscriminately oxidize
organic and inorganic compounds. In the combined electrocoagulation/Fenton process, the chemical reactions are complex and need to be controlled. Therefore, the determination
of optimum operational conditions has a great importance.
•

Within this context, the target of the present study was
to explore the treatment of aqueous DMP solution by the
combined electrocoagulation/Fenton process using stainless
steel electrodes, and to determine the suitable operation
conditions in order to maximize organic matter removal.
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MATERIALS AND METHOD
Chemical and Reagents

DMP (Sigma-Aldrich Chemicals, USA, 98% purity),
HPLC grade acetonitrile (MERCK, Germany), H2O2 (30%
w/w), and all other chemicals were of analytical grade and
used as received. All aqueous solutions were prepared with
de-ionized (DI) water.
Experimental Set-up and Procedure

A batch polyethylene (PE 1000) reactor was used with
a high precision DC power supplier (Maksimel Professional Systems UPS 023 model; Emax: 20 V; Jc: 2.25–
88.00 mA/cm2) for electrocoagulation and the combined
electrocoagulation/Fenton processes. The reactor equipped
with 6 monopolar, parallel-connected stainless steel (SS
316) electrodes has an operative capacity of 1800 mL
(28.3 cm depth, 34.3 cm length and 12.5 cm width). The
effective surface area of the rod-shaped electrodes is
38.5 cm2 (L: 11.9 cm and d: 1.02 cm) for both anodes and
cathodes. Stainless steel electrodes are placed in a fixed
distance of 3 mm. Aqueous DMP (100 mg/L) solution containing a requisite amount of electrolyte (1500 mg/L NaCl)
was added into the reactor after adjusting pH with HCl.
Each electrocoagulation/ Fenton experiment was run by
adding 0-40 mM H2O2 to the reactor. Only minor dilution
of this concentration occurred from the addition of varying concentrations of H2O2. Electrocoagulation and the
combined electrocoagulation/Fenton experiments were
initiated after voltage and current regulation by the DC
power supply. In order to determine treatment performance
of the processes, samples were taken at regular time intervals and analyzed for COD, TOC, DMP and pH. Vacuum
filtration through Sartorius SM 11106 membrane filters
with a pore size of 0.45 µm was used for the COD, TOC
and DMP measurements. For removal of metal hydroxide
precipitates and impurities from the reactor, cleaning was
carried out twice with the help of 50 % (v/v) nitric acid
solution for 2–5 min in the reactor. Then, the reactor was
several times rinsed with distilled water. The renewal of
electrodes was made by the time of 10 % consumption of
electrode material.

with an auto-sampler. High-performance liquid chromatography (HPLC, Agilent Series, USA) was used for DMP
measurements. HPLC was equipped with a Diode-Array
Detector (DAD) (G1315A, Agilent Series) and an Atlantis
C18 column (3.9×150 mm, 5 µm, Waters). The mobile
phase for HPLC analysis was acetonitrile–water solution
(40:60, v/v) with a flow-rate of 1 mL/min. Quantitative
analysis was monitored at 220 nm. The column temperature was set at 30 °C during the measurements. The limit
of quantification of DMP was 1 µg/mL, using a 20-µl
injection volume. All the other analyses were performed
as defined in Standard Methods [16]. All measurements
were done in duplicate, and arithmetic averages were taken
throughout the data analysis and calculations.
RESULTS AND DISCUSSION
Electrocoagulation Process

The initial pH as well as the solution pH values reached
throughout electrocoagulation combined with Fenton process
is key operation parameters affecting the system performance due to the relatively narrow pH range of Fenton
process [17-20]. Therefore, a series of electrocoagulation
ex-periments was run to determine the most suitable initial
pH at an applied current density of 22 mA/cm2 and an
electrolyte (NaCl) concentration of 1500 mg/L that were
determined as the optimum values in our previous study
[21]. In these experiments, initial pH values were selected
in the acidic pH range (pH 0: 2.0-3.5) reported to be the
proper
80
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For pH measurement, an Orion mark and 720A+ model
pH-meter with a precision of 0.001 was used. COD was
determined by the Closed Reflux Titrimetric Method according to ISO 6060 [15]. Prior to COD analysis, any residual H2O2 was destroyed with enzyme catalase made from
Micrococcus lysodeikticus (100181 AU/mL, Fluka) to prevent positive interferences with COD measurements. For
each experimental run, a control sample containing only the
same amount of catalase added to samples was prepared for
COD measurement in order to make a concentration correction. For that purpose, COD values of catalase control
samples were subtracted from the COD values of the samples. TOC analyses were carried out with a Shimadzu VCPN
model carbon analyzer (combustion method) equipped
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FIGURE 1 - COD (a) and TOC (b) removal efficiencies obtained for
EC process run at different initial pH values (COD0: 176 mg/L;
TOC0: 63 mg/L; DMP0: 100 mg/L).

range for the Fenton’s reagent [17-19]. COD and TOC removal efficiencies obtained as a function of operation
time are displayed in Figs. 1a and 1b, respectively.
The results indicated that COD removal efficiencies
were not very different from each other for all initial pH
values higher than 2.0 at the end of 120 min operation
time. On the other hand, increasing the initial pH values
improved TOC removal efficiencies. Nevertheless, this improvement in TOC removal was observed within the last
30 min of operation time. When system performances were
compared in terms of DMP degradation, it can be concluded
that increasing initial pH accelerated DMP removal. For
instance, complete DMP destruction was obtained within
the first 5 min of operation time with initial pH of 3.5, while
complete removal of DMP took nearly 60 min for an
initial pH of 3.0 (Fig. 2). Therefore, it can be deduced that
the increase in initial pH significantly facilitated DMP
destruction by the electrocoagulation process.

maintained for a reasonable reaction duration only at an
initial pH of 2.0, electrocoagulation combined with
Fenton (EC/Fenton) experiments were commenced at an
initial pH of 2.0. This application also indicates that higher
organic matter removals with respect to plain electrocoagulation are obtainable within shorter time periods of up to 15
min. In the next stage of the present study, our purpose by
the application of EC/Fenton process was to find out
whether the low COD and TOC removals at low pH values
prevailing at the initial stages of electrocoagulation reaction could be en-hanced.
The Combined Electrocoagulation/Fenton Process

As mentioned above, the target of the present study
was to improve organic matter mineralization together with
complete DMP removal by the combined EC/Fenton process. Within this context, all experiments were performed
under the optimized electrocoagulation conditions. In these
experiments, a wide range of H2O2 concentration varying
between 10-40 mM was applied. Figure 3 designates
COD (a) and TOC (b) removal efficiencies obtained under
optimized electrocoagulation conditions in the presence of
externally added H2O2 at different concentrations.
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TABLE 1 - Changes of pH during EC process run at different initial
pH values (COD0: 176 mg/L; TOC0: 63 mg/L; DMP0: 100 mg/L).
pH0
1.92
1.93
2.39
4.72
5.59
7.3
7.75
7.96
7.99
8.24

70

10

FIGURE 2 - DMP removal efficiencies for EC process run at different initial pH values (COD0: 176 mg/L; TOC0: 63 mg/L; DMP0:
100 mg/L).
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As can be seen in Table 1, from the experiments commenced at the higher initial pH values (2.5-3.5) than 2.0,
within the first 15 min, solution pH rose to alkaline values
where Fenton reaction ceases. On the other hand, solution
pH gradually increased and reached 8.0 for the electrocoagulation operation initiated at pH 2.0. Since an appropriate pH range of up to 4.0 for Fenton oxidation could be

FIGURE 3 - COD (a) and TOC (b) removal efficiencies for the combined EC/Fenton process (COD0: 176 mg/L; TOC0: 63 mg/L; DMP0:
100 mg/L; H2O2 addition: ¯ no, Î10 mM, r 20 mM,  30 mM , Û
40 mM).

When beginning with 20 mM H2O2, >80% COD removal could be obtained after a 90-min treatment (Fig- 3a).
85% COD removal was achieved within 40 min in a system with 20 mM H2O2 addition which was a significant ad-
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vantage as compared to 31% COD removal at the 120th min
in the plain EC. On the other hand, the same level of COD
removal was realized within 15 min for a 40 mM H2O2added system. As is evident in Fig. 4, DMP removal was
also highly enhanced by the application of EC/Fenton process. 74% DMP removal that was obtained in plain EC at
the end of 120 min, could be obtained within 20 min with
the addition of 20 mM H2O2. Extended reaction time of 40
min in this application yielded 90% DMP removal. On the
other hand, complete DMP removals were obtained within
15 min representing relatively short operation times for EC
in systems with 30 and 40 mM H2O2 addition.
The ultimate goal of the present study, in addition to
DMP removal, is to maximize the organic matter removal
through mineralization. Against a limited mineralization
of 33% that was realized at the end of 120 min during the
plain EC application, 70% mineralization was reached in
60 min in the 20 mM H2O2 added system (Fig. 3). High
level oxidation approaching 90% mineralization could be
obtained by 30 and 40 mM H2O2 doses within operation
times of 30-40 min. On the other hand, a significant part
of oxidation and mineralization was observed to be realized within the time period for which pH levels were
suitable for the Fenton’s reagent (cf. Fig. 3b and Table 2).
Therefore, the combination of electrocoagulation process
with Fenton’s reagent proved to be quite successful in
both DMP destruction and a high level of mineralization.

better than those with 30 mM H2O2, since 40 mM H2O2
provided about 90% mineralization together with complete DMP removal within 60 min of operation time.
100
DMP Removal (%)
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FIGURE 4 - DMP removals obtained during the combined EC/
Fenton process (COD0: 176 mg/L; TOC0: 63 mg/L; DMP0: 100 mg/L;
pH0:2.0; H2O2 addition: ¯ no, Î10 mM, r 20 mM,  30 mM ,
Û 40 mM).

TABLE 2 - Changes of pH during the plain EC and combined EC/
Fenton processes (COD0: 176 mg/L; TOC0: 63 mg/L; DMP0: 100 mg/L).
Time
(min)

80

EC with
40 mM
H2 O2
2.04
2.55
2.64
2.77
3.63
5.73
6.48
7.25
7.78
9.49

The appropriate dose of H2O2 for the combined EC/
Fenton process can be assessed by comparing the results
with those of the plain electrocoagulation. The addition of
10 mM H2O2 provided only a marginal benefit both in
terms of DMP destruction and organic matter removal. But
a more efficient and full benefit from the combination of
electrocoagulation with Fenton process could be obtained
beginning with 30 mM H2O2 dose. Upon comparison of
experimental results obtained for electrocoagulation in the
presence of 30 and 40 mM H2O2, it is obvious that their
effectiveness in the terms of DMP removal was almost the
same. However, if a high level of organic matter removal as
well as mineralization was targeted at, 30 and 40 mM H2O2
doses resulted in similar treatment performance. Nevertheless, results obtained with 40 mM H2O2 dose were slightly
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CONCLUSIONS
•

The results of the present study clearly indicated
that the combined EC/Fenton process run with
stainless steel electrodes is an effective treatment
application for DMP destruction as well as mineralization.

•

The combined EC/Fenton application provided
better results with respect to plain electrocoagulation. The organic matter mineralization level increased from 30 to 90 % while complete DMP
removal was obtained within a relatively short
operation time.

•

The proper operational conditions for the combined EC/Fenton process were determined as follows: initial pH of 2.0, an applied current density
of 22 mA/cm 2, an electrolyte concentration of
1500 mg/L NaCl, and H2O2 dosage of 40 mM for
the treatment of aqueous DMP (100 mg/L).
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ANAEROBIC CO-DIGESTION OF PIG WASTE WITH OLIVE MILL
WASTEWATER UNDER VARIOUS MIXING CONDITIONS
Panagiotis G. Kougias1*, Thomas A. Kotsopoulos1 and Gerassimos G. Martzopoulos1
1

Aristotle University of Thessaloniki, Faculty of Agriculture, Lab of Alternative Energy Sources in Agriculture, 54124, Thessaloniki, Greece

ABSTRACT
The influence of the waste ratio of olive mill
wastewater (OMW) and pig waste (PW) on the anaerobic
co-digestion, in batch experiments operated at 35°C, was
in-vestigated. The experiments were carried out in duplicate using 900 cm3 working volume batch reactors. Four
PW/ OMW ratios were applied in each experimental run,
namely 100/0 (A), 80/20 (B), 60/40 (C), 30/70 (D) in terms
of volatile solids (VS); each treatment was carried out by
duplicate. The VS content for each digester was 12g/L.
The inoculum used in the experiment was a well digested
mixture of OMW and PW at a ratio of 50% (v/v). The
results obtained from the co-digestion of OMW and PW
under mesophilic temperature showed that methane production as well as the VS removal increased significantly
with the increase of OMW ratio up to 40%. Specifically, in
the mixture C the methane production was 130% and the
VS removal was 139% higher compared to the mixture
A. A further increase of OMW up to 70% in mixture D,
caused instability of the anaerobic process and only some
amounts of methane was detected in the gas mixture.

Anaerobic digestion is a widely applied method for
treating organic wastes because it combines reduction of
the organic load and also provides energy recovery in the
form of methane (CH4) [3]. However, anaerobic digestion
of OMW is characterized to be problematic, as OMW contains polyphenols, lipids and macromolecules fatty acids
[4]. These substances cause instability in organic degradation, inhibit the methanogenesis and therefore affect, also,
the reduction of COD and prolong the overall processing
time. Moreover, the low concentration of nitrogen and the
low alkalinity of OMW have negative impact on methanogenesis. On the other hand, PW contains large amounts of
nitrogen which leads in high concentration of ammonia. It
has been reported that if ammonia concentration is high, as
in pig waste, it can inhibit methanogenesis [5, 6].
To avoid these problems many researchers have studied the application of co-digestion of OMW with PW [2,
7, 8]. With the co-digestion of them, the ratio C/N is improved, while the ammonia concentration in the solution is
reduced. Moreover the high buffer capacity of PW improves
the pH value of the OMW.
The aim of this study was to determine the best ratio of
mesophilic co-digestion of PW with OMW for the methane
production and for the removal of the organic matter.

KEYWORDS:
Anaerobic co-digestion, olive mill wastewater, pig waste

MATERIALS AND METHODS
INTRODUCTION

Waste characteristics and preparation of the feedstock

Olive mills produce enormous quantities of liquid and
solid waste. In Mediterranean countries, the amount of waste
produced by the oil mills is estimated to be 30 million m3
per annum [1] and the COD content is about 100-120 kg/ton
olive, which is equal to 45-55kg BOD /ton olive [2]. Thus,
the disposal of untreated OMW causes adverse environmental impacts. The large amount of olive mill
wastewater and the high organic load require an effective
method of treatment before their disposal to the final
recipient.

Raw pig waste was collected from a pig farm near by
the laboratory (Thermi City, Greece). Pig waste was diluted with distilled water to obtain a waste with the typical composition of greater part of Greek pig farms. The
waste was blended and kept frozen (-18 oC).
Olive mill wastewater was collected from an olive oil
plant in the Municipality of Nea Michaniona. After collection, the waste was diluted with distilled water in order
to have the same concentration of volatile solids as the pig
waste and kept frozen (-18 oC). This has been done because the organic substance (expressed as volatile solids)
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is that which is actively involved in anaerobic degradation. Therefore, when investigating the mixing ratio of
waste, as in the present experiment, the ratio should be
expressed as a ratio of volatile solids.
The characteristics of PW and OMW used in the experiment are shown in Table 1. Pig waste has a relatively
high concentration of total nitrogen, while OMW has low
concentration of total nitrogen. The pH value in PW is in
the neutral zone, while in the OMW the pH is low.
TABLE 1 - Characteristics of pig waste and
olive mill wastewater used in the experiment.
Parameters
pH
Total Solids (TS), g/L
Volatile Solids (VS), g/L
COD, g/L
Total Nitrogen (TKN),
mg/L
Organic Nitrogen, mg/L
Ammonia (ΝΗ3-Ν), mg/L

PW
7.38
16.31
11.97
13
1389

OMW
5.50
12.47
12.10
31
388

782
607

220
168

Inoculum

The inoculum used was well-digested sludge derived
from an anaerobic digester (2000 cm 3 working volume)
operated in the mesophilic zone and fed with OMW and
PW at a ratio of 50% (v/v). The inoculum had a pH of
7.32, VS of 6.6 g/L and VS/TS ratio of 0.46.
Experimental set-up and operation

The experiment was carried out in duplicate in eight
batch reactors plus two control batch reactors. The working volume of each reactor was 900 cm3. Each reactor
was equipped with a magnetic stirring device. The reactors were placed in an oven which was controlled at 35oC
using a thermostat. The number of treatments was four;
each treatment was carried out in duplicate. The PW/OMW
ratios used in the experiment were 100/0, 80/20, 60/40,
30/70 in terms of volatile solids (VS) and each treatment
was designated A, B, C, and D, respectively. The VS content of all digesters was constant at 12 g/L. Controls without addition of waste were included, where waste was replaced with addition of water. The existence of the control
reactors will ensure that the methane was produced from
the mixture and was not derived from a further digestion
of the inoculum. The experimental set-up is shown in
Table 2.
TABLE 2 - Experimental set-up for batch digesters.
Raw materials added (cm3)
PW
OMW
Distilled
Water
A: 100/0
90
810
0
0
B: 80/20
90
648
162
0
C: 60/40
90
486
324
0
D: 30/70
90
243
567
0
Control
90
0
0
810
Physical reactor volume is 1.0 L with 0.1 L head space.
PW/OMW
ratios

Inoculum

Total
Volume
900
900
900
900
900

Analyses

During the experiment the following parameters were
measured in both the influent and effluent of anaerobic
reactors according to the Standard methods for the examination of water and wastewater [9]: total solids (TS), volatile solids (VS) solids, pH, chemical oxygen demand
(COD), total nitrogen (TKN), organic nitrogen and ammonia. Two samples of waste were collected each time for
analysis. Gas production was monitored daily by water displacement using 1.0 L. reservoirs connected to the reactors.
The percentages of methane and CO2 in the gas mixture
were determined, daily, using a gas separator containing
alkaline solution (3% NaOH) [10]. Two samples of biogas
were used each time. Due to the fact that N2 was added to
the batch reactors so as to create anaerobic conditions, its
presence in the final gas mixture is not taken into account.
Data analysis was performed using SPSS version 11.5.
Significant differences (p <0.05) in the previous parameters
among treatments were based on one-way ANOVA (Analysis Of Variance) [11]. Where differences were found, the
Duncan test was used to identify which treatments were
significantly different. Differences in waste ratios characteristics between experiments were evaluated by using a ttest.
RESULTS AND DISCUSSION
The daily as well as the accumulated methane production are illustrated in Figure 1. The production of biogas
started simultaneously in all reactors. The total amount of
methane in each treatment showed statistically significant
differences. The addition of OMW in the mixtures contributed to the increase in the quantity of methane up to a
critical concentration. In treatment A the total methane
production was 2086 cm3 while in treatment B the total
production of methane was 3019 cm3. As can been seen,
the methane production increased significantly with the
increase of OMW proportion up to 40%, in treatment C
the total methane production was 4840 cm3. With a further increase of the OMW proportion, the anaerobic degradation was affected adversely, the methane production
in treatment D, was almost zero (27 cm3). Similar results
have been found by Gelegenis et al., [12] who reported a
dramatic decrease in biogas production when the OMW
fraction in the feed reached 50% v/v. A possible explanation could be that the small proportion of PW in the mixture was not enough to overcome the inhibitory factors
contained in the OMW. The increase of methane production with the increase of OMW proportion up to 40%
could be explained by the fact that the addition of OWM
in the PW improved the ratio C/N [2, 13] and therefore,
the anaerobic degradation is optimized and the methane
production is higher.
Moller et al. [14] reported that the theoretical methane productivity in PW in terms of volatile solids is 516
l kg−1 of VS, while the theoretical methane productivity in
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OMW is 350 l kg−1 of COD or in terms of volatile solids
is 451 l kg−1 of VS [15]. The calculated theoretical methane potential and the achieved methane potential for
each treatment are shown in Table 3.

In the experiment the methane yield in terms of volatile solids was 214.61, 303.22, 479.51 and 2.74 L kg-1 of
volatile solids in treatments A, B, C, and D respectively,

FIGURE 1 - (a) Daily methane production in
A,
B,
C and
D treatment, (b) Volume of methane accumulated in
A,
B,
C and
D treatment. The bars designate the values of the two replicates of each treatment.

TABLE 3 - The theoretical methane potential and the measured methane potential for each treatment.
VS added (g)
Theoretical CH4 potentiala
PW
OMW
Total
(cm3)
(L kg-1 VS)
A: 100/0
9.72
0
9.72
5015
516
B: 80/20
7.96
1.99
9.95
5007
503
C: 60/40
6.05
4.03
10.09
4945
490
D: 30/70
2.89
6.76
9.66
4546
470
a
The theoretical methane potential is calculated according to Moller et al. [14] and Rincon et al. [15]
Treatment

Measured CH4 potential
(cm3)
(L kg-1 VS)
2086
215
3019
303
4840
480
27
3

FIGURE 2 - Profiles of COD, VS and pH in treatments A, B, C, D. Symbol
indicates the
values of the initial mixtures and symbol
indicates the values at the end of the experiment.

or 41.59%, 60.28%, 97.86% and 0.58% of the theoretical
methane yield, respectively. It should be noticed that in
the treatment C the methane production was very close to

the theoretically calculated methane production. This result
indicates that the addition of OMW up to 40% has a positive effect on methane production for both substrates, PW
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and OMW. It has been reported that the co-digestion of
OMW with manure results in increased methane production due to the higher biodegradability of both substrates
[13].
Figure 2 illustrates the chemical oxygen demand (COD),
the volatile solids as well as the pH values at the start and at
the end of the batch processes. The COD values in the
initial mixtures were 13.02, 14.97, 16.50 and 20.87 g/L
for treatments A, B, C, and D respectively, while at the
end of the anaerobic digestion were 8.75, 9.97, 9.65 and
20.67 g/L. The removal efficiency was significantly higher
in treatment C, where COD was reduced by 41.52%. This
result shows that the degradation of the organic matter
reached a greater extent in treatment C. This is also reinforced by the fact that the value of the achieved methane
yield was closer to the theoretical methane value in this
treatment.

• The best environmental results could be obtained by the
addition of olive mill wastewater at a ratio of 40%. This
produces higher COD and volatile solids removal efficiency and the methane production reaches the 97% of
the theoretical methane potential.
.

When examining the removal to the volatile solids
percentage, it can be observed that increasing the OMW
proportion from 0% to 40% the removal of volatile solids
were also increased from 33.59% to 46.83%. A further increase in OMW proportion caused a significant decrease of
volatile solids removal. This could be explained by the instability of the process as the fraction of OMW was above
a critical threshold, as previously mentioned.
The results obtained from this research showed that
the pH values remain in any case within the optimum range
for anaerobic digestion. pH values in the initial mixtures
varied from 6.72 to 7.43. Angelidaki and Ahring [13] reported that the co-digestion of OMW with manure results
in increased resistance to acidification due to the strong
buffering capacity of the manure. Therefore, also in the
present study, the buffer capacity of PW resulted in maintaining the pH of the mixtures in the optimal range so as
methanogenesis to be achieved [16].

CONCLUSIONS
In this study four different ratios of PW/OMW were
examined to evaluate biogas and methane production in
batch reactors under anaerobic mesophillic digestion. The
main outcomes of this study are:
• A significant increase in the quantity of methane was
observed as the proportion of OMW was increased in
the mixture, followed by a sharp drop when the proportion of OMW increased above a critical threshold.
This can be explained by the loss of stability of the
process as the fraction of OMW rises above this critical
threshold.
• Although the pH of OMW was acidic, no correction
using chemicals was required because of the PW buffer
capacity. As a result, the pH value of the different
OMW/PW mixtures was kept in the optimum range in
order methanogenesis to be achieved.
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CHARACTERIZATION OF DIFFERENT AGE TECHNOSOLS
DEVELOPED ON A COPPER MINE TAILING
Verónica Asensio Fandiño, Mª Luisa Andrade Couce, Flora Alonso Vega and Emma Fernández Covelo*
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ABSTRACT
Most of the opencast mines produce large mine tailings which can be considered as a new parent material.
Soils developed on them are classified like Spolic Technosols. Mine tailings normally have characteristics not
suitable for living organisms and they usually contain high
heavy metal levels that can be hazardous for environment
and human beings in several conditions. To avoid this
fact, it is necessary to improve the conditions of these
soils. Mine tailings from a copper mine located in Touro
(Galicia, NW Spain) have been tried to improve with two
kinds of treatments: the addition of amendments made
with sewage sludge and residues of mussels, also with the
re-vegetation of acidity-tolerant species like Eucalyptus
globulus Labill. Three soils from this area were selected
to determine the improvements provided by amendments
and re-vegetation: i) a soil from mine tailing without any
treatment, ii) a soil from mine tailing amended and revegetated in 2005, and iii) a soil from mine tailing amended and
revegetated in 2002. These soils were characterized and
total, DTPA as well as Cl2Ca extractable Cr, Cu, Ni, Pb
and Zn contents were determined. The combined effects
of amendments and vegetation increased pH and contents
of clay, Al and Mn oxides, organic matter (OM) and exchangeable Ca2+. Moreover, salinity did not increase but
Fe oxides and acid proton (H+ and Al3+) levels decreased in
mine tailings where these treatments were applied. Nevertheless, total Pb, Ni and Zn contens and DTPA-extractable
Cu contents increased.

KEYWORDS: Technosol, mine tailing, heavy metals, amendment, mussel shell

advance [1]. One of the most common mine soil characteristics is high heavy metal content but very low pH.
Several kinds of amendments are added to mine tailings
to increase the pH until appropriate levels for living creatures and for reducing polluted elements` mobility.
In the last years, a lot of works were published concerning the effect on soils of amendments like sewage sludge [211], bauxite residues [12], wood pulp residues [13-19], or
marble cutting sludges [20]. Sea creature shell addition is
a kind of amendment that was not deeply studied. Some
authors got favorable results for soil improvement characteristics working with crab shells [21-24] and periwinkle
shells [25]. There is also one work done with mussel residue and shell amendment in Touro’s mine in Galicia (NW
Spain) [26], where soils of this work are from.
Touro’s mine belongs to the most important group of
Galicia’s copper mineralization, and it is associated to the
basic massif from Santiago de Compostela composed almost exclusively of amphibolite. In some places, also granulite and green shale appear. These amphibolites have a high
garnet and other metallic mineral contents, and are a part of
the big shale arch and basic amphibolites that surround
Órdenes village, inside the dominion of magic and related
stones [27]. Mine tailings and amendment soils from Touro’s
mine are classified like Technosols according to FAO [28].
Technosol is a soil, dominated or strongly influenced by
materials with anthropic origin. Amendments with different
kinds of residues have been done in Touro’s mine favoring
a new soil on the mine tailing, also called Technosol because it has anthropic origin.
The aim of this work was to assess the effects of two
of the treatments used in Touro’s mine, through the characterization and determination of heavy metal contents in
two mine tailing soils amended and revegetated in different years by comparing them with soils from a mine tailing without treatment.

INTRODUCTION
Mine soils are soils developed in tailings, and they
may have difficulties or impossibilities to develop a suitable vegetal cover because of their inappropriate physical,
chemical and biological characteristics. To favor the vegetation establishment, it is essential to prepare the soil in

MATERIALS AND METHODS
Three zones were selected in the depleted copper mine
located in Touro (NW Spain) (42º52´34”N, 8º20´40”W),
now used to obtain material for road construction:
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- Spolic Technosol (T7) from a mine tailing of the
copper mine. This soil does not support any vegetation.
- Spolic Technosol (T8) located in the same mine tailing as T7, but amendment in 2005, with residues from a
mussel culture (30%), from food vegetable and canning
industries (10-15%), and with sludge and ashes from a
paper mill factory (50%). It was re-vegetated with Eucalyptus globulus Labill., also in 2005.
- Garbic Technosol (T9), from the same mine tailing
amended in 2002 with mussel shells (50%), as well as
sludge and ashes from a paper mill factory (50%). It was
re-vegetated with E. globulus Labill., also in 2002.
Sampling was carried out from topsoils (0–20 cm).
The samples were collected using an Eijkelkamp sampler.
Five samples of each site were taken and stored in polyethylene bags. The samples were air-dried, passed through
a 2-mm sieve and homogenized in a vibratory homogenizer for solid samples (Fritsch Laborette 27 rotary sampler divider), and 5 sub-samples from the composed sample were taken for the analyses. The samples were analyzed for particle size distribution, pH, total organic matter (OM), total organic carbon (TOC), effective and total
cation exchange capacity, exchangeable cations, as well as
iron, aluminum and manganese oxide contents. A mineralogical analysis of the fraction < 2 µm has also been
performed.
Soil reaction was determined with a pH electrode in
2:1 water to soil extracts [29], and electric conductivity
(EC) according to Porta et al. [30]. The particle size distribution was conducted after the oxidation of OM with hydrogen peroxide, separating the upper fraction to 50 mm
by means of sieves, and the lower fraction using the international procedure [29]. Total OM was calculated according to Davies [31]. TOC was determined with TNM-1,
Shimadzu in a solid sample module (SSM). Al3+, Ca2+, K+,
Mg2+ and Na+ were extracted by a 0.1M BaCl2 solution
[32], and their concentrations were determined by ICP-OES
(Perkin-Elmer Optima 4300 DV). Exchangeable acidity was
determined using a 1 M KCl replacing solution and titration
to a phenolphthalein endpoint [33]. The Mehra and Jackson method [34] was used to determine the oxide contents,
shaking the samples with a solution of sodium hydrogen
carbonate and sodium citrate. Fe, Al and Mn were determined in the extract by ICP-OES. Mineralogical analysis of
the clay fraction was made by X-ray diffraction of crystalline powder in a Siemens D-5000 diffractometer. To measure the samples, q-2q configuration was used (Bragg–
Brentano system) with a Cu anode and 0.05 passes with
a time of 10 s per pass [35].
Total dissolved Cr, Cu, Ni, Pb and Zn were extracted
using acidified calcium chloride solution (0.1 M), according to the method developed by Houba et al. [36]. The
available Cr, Cu, Ni, Pb and Zn contents were extracted
using diethylene triamine pentaacetate (DTPA) [37]. Total
contents were extracted by acid digestion using a mixture
of concentrated nitric and hydrochloric acid (3:9 v/v) in a

microwave oven [38]. The analysis for Cr, Cu, Ni, Pb and
Zn was carried out by ICP-OES.
All the experiments were performed in triplicate. The
data obtained in the analytical determinations were treated
statistically using the program SPSS version 17.0 for Windows. Analysis of variance (ANOVA) and test of least significant difference (LSD) were made. The evaluation of the
influence of the soil characteristics on the heavy metal
content was examined by bivariate correlation analysis,
including parameters like “age of soils” and if they had
been amended.
RESULTS AND DISCUSSION
The tailings are formed fundamentally by oxidized materials, with amphibolites, chalcopyrite, limonite, garnet, and
mainly iron and copper sulfides. Table 1 shows the characteristics of the three different zones used in this work.
Significant differences can be appreciated in most of the
cases. The three soils have the same texture (Table 1), but
they show significant differences in the rate of each fraction (Table 2). The most clayey soil is the one that was
more recently amended (T8), and it is also the one where
more amount of sewage sludge was added. On the other
hand, the soil without treatment is the one that has less
clay percentage (Table 1). The three soils are quite sandy
(Table 1). Minerals present in clay fraction are different between amended soils and T7 (Table 1). T7 (without treatment) has mainly jarosite. T8 and T9 do not have jarosite but
they have calcite and mikasaite. Moreover, a little amount
of quartz is present in T7 and T8. The reason why jarosite
was found in the studied soil is because it is a mineral
created by iron sulfide oxides that were present in residues from Touro’s mine [27]. In T8 and T9, there is another different iron sulfate: mikasaite. T7 pH (soil without
treatment) is extremely acidic and significantly different
with regard to the other two soils, which are basic (Table 1).
Cation exchange capacity (CEC) values (effective and total)
are bigger in T9 (older amended soil) than in the other two
soils, because it contains more quantity of exchangeable
cations (Table 1). T7 shows the lower CEC. It can be observed that in this soil acidic cations predominate (H+ or
Al3+) whereas basic ones do in the amended soils. In fact,
significant amounts of H+ and Al3+ were not found in these
two soils, but elevated contents of Ca2+ (Table 1), probably
coming from added mussel residues. EC was also high in
T7 compared to the other two soils (Table 1 suggesting that
the amendments did not contribute to soil salinity. Fe oxide
contents in T7 are the highest while Al and Mn oxides are
found in T9 (Table 1). OM content shows significant differences between the 3 studied soils (Table 1). T7, the soil
without amendment, has the fewest percentage of OM
(TM 7). Focusing to the amended soils, the older has more
OM content. It has a very high content due to the big quantity of sludge and ashes from vegetal biomass received.
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TABLE 1 - Soil characteristics.
Soil
T7
T8
Sand
%
64.22a
59.64c
Silt
21.28b
16.27c
Clay
14.50c
24.09a
Quartz
1.49b
2.47a
Calcite
0.00c
12.03a
Jarosite
7.24a
0.00b
Mikasaite
0.00c
7.03a
Texture
Fr-Ar
Fr-Ar
pH H2O
2.71b
8.10a
pH KCl
2.53c
8.08a
EC
(ms cm1)
0.56a
0.27b
OM
%
5.57c
13.06b
H+
(cmol kg1)
1.02a
0.00b
Ca2+
0.29c
14.53b
+
Na
0.33c
0.74b
Mg2+
0.63c
1.41b
K+
0.04c
0.26b
3+
Al
5.82a
0.00b
CECe
7.12c
16.94b
CECt
8.14c
16.94b
Al2O3
(mg kg-1)
1595.38b
588.53c
Fe2O3
10865.80a
1643.95c
MnO
106.73c
408.81b
Note. Values of the same parameters followed by a different letter are significantly different (p <0.05).

T9
60.13b
24.40a
15.47b
0.00c
4.84b
0.00b
1.88b
Fr-Ar
8.06a
7.81b
0.22b
22.94a
0.00b
31.30a
1.13a
2.14a
0.97a
0.00b
35.54a
35.54a
4480.94a
7881.64b
3782.37a

TABLE 2 - Pearson correlation analysis.

pH H20
pHKCl
OM
EC
CECe
CECt
Al2O3
Fe2O3
MnO
Sand
Silt
Clay
Technosol age
Revegetation age
Quartz
Calcite
Jarosite
Mikasaite

DTPA-extractable content
Cr Cu
Ni
Pb
.a -0.37
0.43
0.56
.a -0.41
0.39
0.53
.a 0.23
0.87** 0.93**
.a 0.25
-0.54
-0.66
.a 0.32
0.91** 0.96**
a
**
. 0.34
0.92
0.97**
a
*
**
. 0.79
0.98
0.95**
.a 0.89** 0.27
0.13
.a 0.56
0.99** 0.99**
.a 0.46
-0.35
-0.48
.a 0.97** 0.83** 0.74*
a
**
. -0.97
-0.48
-0.35
.a 0.56
-0.23
-0.37
.a 0.07
0.78*
0.86**
.a -0.88** -0.94** -0.88**
.a -0.85** -0.18
-0.04
.a 0.37
-0.44
-0.56
.a -0.92** -0.33
-0.19

Zn
0.75*
0.77*
0.23
-0.64
0.14
0.11
-0.44
-0.99**
-0.14
-0.80**
-0.76*
0.97**
-0.87**
0.39
0.58
0.99**
-0.74*
0.99**

Cl2Ca extractable content
Cr
Cu
Ni
-0.99** -1**
-0.82**
-0.99** -0.99** -0.84**
-0.82** -0.82** -0.35
0.97** 0.98** 0.73*
-0.76* -0.76* -0.25
-0.74* -0.74* -0.23
-0.27
-0.27
0.33
0.75*
0.75*
0.99**
-0.56
-0.56
0.02
0.99** 0.99** 0.87**
0.13
0.13
0.68*
-0.58
-0.58
-0.94**
0.97** 0.98** 0.92**
-0.90** -0.90** -0.49
0.12
0.12
-0.48
-0.80** -0.81** -0.99**
0.99** 1**
0.82**
-0.71* -0.71* -0.98**

Copper

The highest level of total Cu was in the soil without
treatment (T7). It is the only soil with a copper content
that breaks the intervention limit of Dutch Guidelines [39]
and the NGR (Generic Level of Reference from Galicia)
[40]. The soil amended in 2002 (T9) had also high contents
(Fig. 1), with significant differences between both (Table 2).
T8 soil treated more recently showed the lowest total content of this metal, which means that the age of the soil
does not influence the total Cu contents in these soils. T7
and T9 had also the highest DTPA-extractable Cu values
(Fig. 1), without significant differences between both, and
they are not polluted according to Kelly Indices [41]. These
two soils also do not show significant differences among

Pb
.a
.a
.a
.a
.a
.a
.a
.a
.a
.a
.a
.a
.a
.a
.a
.a
.a
.a

Zn
-0.99**
-0.99**
-0.81**
0.97**
-0.75*
-0.73*
-0.25
0.76*
-0.55
0.99**
0.15
-0.59
0.98**
-0.89**
0.10
-0.81**
0.99**
-0.72*

Total content
Cr
Cu
-0.66
-0.94**
-0.69* -0.95**
-0.13
-0.57
0.55
0.87**
-0.03
-0.49
0.00
-0.47
0.54
0.09
0.98** 0.93**
0.24
-0.23
0.73*
0.96**
0.82** 0.47
-0.99** -0.83**
0.81** 0.99**
-0.28
-0.69*
-0.66
-0.24
-0.97** -0.96**
0.66
0.93**
-0.99** -0.91**

Ni
0.55
0.52
0.93**
-0.65
0.96**
0.97**
0.95**
0.13
1**
-0.47
0.75*
-0.36
-0.36
0.86**
-0.89**
-0.05
-0.56
-0.19

Pb
0.47
0.44
0.89**
-0.57
0.93**
0.94**
0.97**
0.23
0.99**
-0.39
0.81**
-0.44
-0.27
0.80**
-0.93**
-0.14
-0.48
-0.29

Zn
0.71*
0.68*
0.97**
-0.78*
0.99**
0.99**
0.86**
-0.07
0.97**
-0.64
0.59
-0.15
-0.54
0.94**
-0.77*
0.16
-0.71*
0.01

their Cl2Ca-extractable values (Table 2). Statistical differences appeared comparing the percentages of DTPAextractable value with respect to the total content. The
obtained ratios for T7, T8, and T9 were 2.3, 5.9 and 6.4%,
respectively. Less than 10% of the total Cu is in DTPAextractable form in the studied soils. DTPA-extractable
Cu is positively correlated with Fe and Al oxide contents,
and it is also correlated but negatively with the clay fraction (Table 2). As DTPA-extractable ions are commonly
defined as bioavailability contents, the previous correlations suggest a special role of these two soil properties in
Cu bioavailability. OM concentration is negatively correlated with contents of this metal in dissolution (Table 2),
indicating the high affinity of OM to immobilize soluble
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FIGURE 1 - Heavy metal contents

Cu. In fact, amended soils, which have more OM amounts,
also have lesser Cl2Ca-extractable Cu than the other soils.
Minerals like calcite and mikasaite are only in the amended
soils and they can influence the lower amount of total,
DTPA and Cl2Ca extractable Cu levels. Nevertheless,
jarosite seems to play the opposite role according to data. It
is only in T7, the soil that has the highest Cu concentrations
(Table 2).
Chromium

T7 and T9 have the highest total Cr contents (Fig. 1),
without significant differences among them (Table 2). These
values break the Generic Level of Reference (NGR), established as 100 mg kg-1 for soils from Galicia [40]. They have

no DTPA-extractable Cr but low quantities of Cr in Cl2Caextractable form (Fig. 1). Correlation analysis (Table 2)
shows that Cl2Ca-extractable chromium content increases
when pH, OM content, CEC, calcite and mikasaite values
are reduced, as well as when Fe oxides, sand and jarosite
contents increased (Table 2). Age of soil is positively correlated with total content of this metal and its Cl2Ca- extractable form, but the effect of re-vegetation decreases its content
in dissolution. Total Cr content increases with the presence
of Fe oxides, silt and sand, but decreases with increase in
clay, calcite and mikasaite contents. These correlations
suggest that Cr in these soils comes from the parent matter.
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Lead

Lead is the least abundant metal in these soils (Fig. 1),
only in T9 being over the NGR for ecosystems in Galician
soils [40]. There are no significant differences among the
total Pb contents of the other soils (Table 2). T9 is also the
soil with the highest DTPA-extractable Pb fraction (Fig. 1)
even though it does not show signs of pollution. The highest Pb content in T9 can be attributed to i) its high oxides
content (There is a positive correlation between Mn and
Al contents as well as total and DTPA-extractable form.),
and ii) its amendments evidencing that materials within
them could contain Pb [39]. The soil amended in 2002 (T8)
shows the highest percentage of DTPA-extractable Pb, with
regard to total Pb content (4%). The one from T9 is 3%.
Soil without treatment (T7) has not this metal in DTPAextractable form. None of the studied soils shows Pb when
it was extracted with Cl2Ca (Fig. 1). Correlation analysis
(Table 2) shows that OM is positively correlated with total
and DTPA-extractable Pb contents. Quartz is the only mineral negatively correlated with Pb contents. Re-vegetation
age positively influences lead content because vegetation
added OM to the soil, which forms stable organic complexes with this metal.
Nickel

Mine tailing treated in 2002 is where the soil with the
highest total Ni content comes from (Fig. 1), being significantly different from those of the other soils and also over
the NGR for Galicia [40]. Soil from mine tailing without
treatment (T7) shows the lowest total Ni content (Fig. 1).
DTPA-extractable percentage of the total content is 5.5%
for T7, 1.8% for T8 and 1.2% forT9, respectively. Cl2Caextractable Ni content is also higher in T7 than in the other
two soils (Fig. 1). An analysis of covariance (ANCOVA)
was made to evaluate the influence of the amendments in
Ni contents. It shows that the effect of amendments decreases the ratio of this metal in DTPA-extractable form
but increases its total content (Table 1). In spite of this,
DTPA-extractable form shows highest values in T9, but
the lowest in T8. The high T9 Ni value could be due to
some kind of pollution during amendment processing [42].
The bivariate correlation analysis (Table 2) shows that higher
amounts of OM, Al and Mn oxides and higher CEC values
imply higher total and DTPA-extractable Ni contents. Ni
contents in the studied soils demonstrated the same trend
as Pb contents. Re-vegetation age correlates positively
with total and DTPA-extractable Ni contents but it does
not with the Cl2Ca-extractable Ni concentration (Table 2).
These correlations can be explained because of the binding sites from OM.

the mine tailing amended in 2005 has a really high ratio
(12.30%). This element could be added to soils with the
residues of mussels. According to the correlation analysis,
pH is negatively correlated with the total and DTPAextractable Zn fractions (Table 2). Taking this into account,
the most acidic soil (T7) should show the highest levels of
this metal, but it does not happen because Zn contents are
also influenced by others factors. In fact, contents of jarosite (most abundant clay mineral in this soil) correlate in
the same way that pH does (negatively). On the other
hand, OM contents correlate positively with total Zn content but negatively with Zn in solution (Table 2). T9, that
is the studied soil with more OM content, is the one with
the highest total Zn level but with the lowest in solution
(Fig. 1). The effects of the amendments and the re-vegetation
increase total and DTPA-extractable Zn, but these treatments
decrease the ones that are in Cl2Ca-extractable form. The
spent times after the amendments had also influences but
in the opposite way. The older the soil, the more Zn is in
soil solution and less in DTPA-extractable form.
CONCLUSION
Mine tailing amended recently is where it comes from
the only unpolluted studied soil (T8). The oldest amended
soil (T9) is polluted because of its Cr, Pb, Ni and Zn contents, and that soil coming from the mine tailing without
treatment (T7) because of its Cr and Cu contents. None of
the three soils shows high levels of these metals in DTPA
or Cl2Ca extractable forms.
The combined effect of amendment and re-vegetation
increases pH, clay, Al and Mn oxides, OM and exchangeable Ca2+ contents. Moreover, Fe oxides and acidic proton
(H+ and Al3+) levels decreased in the soils that are treated,
and also salt levels did not increase.
The applied treatments help to reduce soil acidity, that
is the main limiting factor for recovering mine tailings.
Nevertheless, it is recommended to be careful with amendments that can be used because they increase total Pb and
Ni contents as well as Cu in DTPA-extractable form.
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Zinc

Low quantities of DTPA-extractable Zn were detected
in all the studied soils (Fig. 1). T8 is the highest (Table 2)
but not reaching the value of NGR (200 mg kg-1) [40].
Only total Zn in T9 is higher than this value (Fig. 1).
DTPA-extractable Zn in T9 and T7 is only 2.0 and 1.4%
of their total content. However, the soil that comes from

1691

REFERENCES
[1]

Instituto Geológico y Minero de España (2004) Manual de
restauración de terrenos y evaluación de impactos ambientales en minería. Ministerio de Educación y Ciencia, España.

© by PSP Volume 19 – No 8b. 2010

Fresenius Environmental Bulletin

[2]

Hooda, P.S., Alloway, B.J. (1994) The plant availability and
DTPA extractability of trace metals in sludge-amended soils.
The Science of the Total Environment, 149: 39-51.

[3]

Nyamangara, J. (1998) Use of sequential extraction to evaluate
zinc and copper in a soil amended with sewage sludge and inorganic metal salts. Agriculture, Ecosystems and Environment, 69: 135-141.

[4]

Brown, S.L., Henryl, C.L., Chaney, R., Compton, H., DeVolder, P.S. (2003) Using municipal biosolids in combination
with other residuals to restore metal-contaminated mining areas. Plant and Soil, 249: 203-215.

[5]

[6]

[7]

[8]

[9]

Hettiarachchi, G.M., Ryan, J.M., Chaney, R.L., La Fleur,
C.M. (2003) Sorption and Desorption of Cadmium by Different Fractions of Biosolids-Amended Soils. Journal of Environmental Quality, 32:1684-1693.
Walter, I., Martínez, F., Cala, V. (2006) Heavy metal speciation
and phytotoxic effects of three representative sewage sludges
for agricultural uses. Environmental Pollution, 139: 507-514.
Bertoncini, E.I., D’Orazio, V., Senesi, N., Mattiazo, M.E.
(2008) Effects of sewage sludge amendment on the properties
of two Brazilian oxisols and their humic acids. Bioresource
Technology, 99: 4972-4979.
Singh, R.P., Agrawal, M. (2008) Potential benefits and risks
of land application of sewage sludge. Waste Management,
28: 347-358.
Wang, X., Chen, T., Ge, Y., Jia, Y. (2008) Studies on land
application of sewage sludge and its limiting factors. Journal
of Hazardous Materials, 160: 554-558.

[10] Egiarte, G., Corti, G., Pinto, M., Arostegui, J., Macías, F.,
Ruíz-Romero, E., Arbestain, M.C. (2009) Fractionation of
Cu, Pb, Cr, and Zn in a Soil Column Amended with an Anaerobic Municipal Sewage Sludge. Water Air Soil Pollut,
198:133-148.
[11] Soriano-Disla, J.M., Gomez, I., Guerrero, C., Jordan, M.M.,
Navarro-Pedreno, J. (2008). Soil factors related to heavy metal
bioavailability after sewage sludge application. Fresenius Environmental Bulletin, 17 (11a): 1839-1845.
[12] Lombi, E., Zhao, F., Zhang, G., Sun, B., Fitz, W., Zhang, H.,
McGrath, S.P. (2002) In situ fixation of metals in soils using
bauxite residue: chemical assessment. Environmental Pollution,
118: 435-443.
[13] Fierro, A., Angers, D.A., Beauchmp, C.J. (2000) Decomposition of paper de-inking sludge in a sandpit minesoil during its
revegetation. Soil Biology & Biochemistry, 32: 143-150.
[14] Calace, N., Di Muro, A., Nardi, E., Petronio, B.M., Pietroletti, M. (2002) Adsorption Isotherms for Describing HeavyMetal Retention in Paper Mill Sludges. Industrial & Engineering Chemistry Research, 41: 5491-5497.
[15] Calace, N., Nardi, E., Petronio, B.M., Pietroletti, M., Tosti,
G. (2003) Metal ion removal from water by sorption on paper
mill sludge. Chemosphere, 51: 797-803.
[16] Calace, N., Campisi, T., Iacondini, A., Leoni, M., Petronio,
B.M., Pietroletti, M. (2005) Metal-contaminated soil remediation by means of paper mill sludges addition: chemical and
ecotoxicological evaluation. Environmental Pollution, 136:
485-492.

1692

[17] Battaglia, A., Calace, N., Nardi, E., Petronio, B.M., Pietroletti, M. (2003) Paper mill sludge soil mixture: kinetic and
thermodynamic tests of cadmium and lead sorption capability. Microchemical Journal, 75: 97-102.
[18] Battaglia, A., Calace, N., Nardi, E., Petronio, B.M., Pietroletti, M. (2007) Reduction of Pb and Zn bioavailable forms in
metal polluted soils due to paper mill sludge addition. Effects
on Pb and Zn transferability to barley. Bioresource Technology, 98: 2993-2999.
[19] Tripathy, S., Bhattacharyya, P., Equeenuddin, Sk. Md., Kim,
K., Kulkarni, H.D. (2008) Comparison of microbial indicators
under two water regimes in a soil amended with combined paper mill sludge and decomposed cow manure. Chemosphere,
71: 168–175.
[20] Martínez-Sánchez, M.J., García-Lorenzo, M.L., Pérez-Sirvent,
C., Marimón, J. (2008). Use of marble cutting sludges to inmobilize heavy metals and decrease toxicity of contaminated soils.
Fresenius Environmental Bulletin, 17 (10): 1672-1678.
[21] Kim, K.D., Nemex, S., Musson, G. (1997) Control of Phytophthora root and crown rot of bell pepper with composts
and soil amendments in the greenhouse. Applied Soil Ecology, 5: 169-179.
[22] Zhou, X.G., Everts, K.L. (2004) Suppression of Fusarium
Wilt of Watermelon by Soil Amendment with Hairy Vetch.
Plant Disease, 88: 1357-1365.
[23] Benchimol, R.L., Sutton, J.C., Dias-Filho, M.B. (2006) Potencialidade da Casca de Caranguejo na Redução da Incidência de Fusariose e na Promoção do Crescimento de Mudas de
Pimenteira-do-Reino. Fitopatologia Brasileira, 31: 180-184.
[24] Escuadra, G.M.E., Amemiya, Y. (2008) Suppression of
Fusarium wilt of spinach with compost amendments. Journal
of General Plant Pathology, 74:267-274.
[25] Ijah, U.J.J., NDana, M. (2003) Stimulated Biodegradation of
Crude Oil in Soil Amended with Periwinkle Shells. The Environmentalist, 23: 249-254.
[26] Instituto de Investigaciones Tecnológicas. Laboratorio de
Tecnología Ambiental. Universidad de Santiago de Compostela. 2008. Proyecto Gestinmer. Sistema de gestión integral
de residuos de cultivo de mejillón en batea y en línea. Tarea
5: “Valorización de los residuos generados en el cultivo de
mejillón en bateas”. http://193.144.36.199/lifeportal/
[27] Vega, F.A, Covelo, E.F., Andrade, M.L. (2006) Competitive
adsorption and desorption of heavy metals in minesoils: influence of minesoil characteristics. Journal of Colloid and Interface Science, 298: 582–592.
[28] FAO. (2006) World Reference Base for Soil Resources.
IUSS, ISRIC, FAO, Roma.
[29] Guitián, F., Carballas, T. (1986) Técnicas de análisis de suelos. Editorial Pico Sacro, Santiago de Compostela.
[30] Porta, J. (1986) Técnicas y experimentos en Edafología. Collegi Oficial D`Enginyers Agronoms de Catalunya. Barcelona.
[31] Davies, B. (1974). Loss-on ignition as an estimate of soil organic matter. Soil Science Society of America Proceedings,
38: 150.
[32] Hendershot, W.H., Duquette, M. (1986) A simple barium chloride method for determininig cation exchangeable cations. Soil
Science Society of America Journal, 50: 605-608.

© by PSP Volume 19 – No 8b. 2010

Fresenius Environmental Bulletin

[33] Thomas, G.W. (1982) Exchangeable cations. In: A.L. Page,
R.H. Miller, D.R. Keeney, (Eds.). Methods of Soil Analysis:
Part 2: Chemical and microbiological properties, Agronomy
No 9. 2nd ed. ASA and SSSA, Madison, WI. 159-165.
[34] Mehra, O.P, Jackson, M.L. (1960) Iron oxide removal from
soils and clays by a dithionite-citrate system buffered with
sodium bicarbonate. Clays and Clay Minerals, 7th Conf.:
317-327.
[35] Brown, G., Brindley, G.W. (1980) X-ray diffraction procedures for clay minerals identification. In: G.W. Brindley, G.
Brown (Eds.). Crystal structures of clay minerals and their xray identification. Mineralogical Society, London, 305-359.
[36] Houba, V.J.G., Temminghoff, E. J. M., Gaikhorst, G.A., Van
Vark, W. 2000. Soil analysis procedures using 0,01 M calcium chlorhide as extractation reagent. Communications in
Soil Science and Plant Analysis, 31 (9-10): 1299-1396.
[37] Lindsay, W.L., Norvell, W.A. (1978) Development of a
DTPA soil test for zinc, iron, manganese and copper. Soil
Science Society American. Journal, 42: 421-428.
[38] Marcet, P., Andrade, M.L, Montero, M.J. (1997) Efficacité
d'une methode de digestion par microondes pour la determination de Fe, Mn, Zn, Cu, Pb Cr Al et Cd en sédiments. In:
Prost, R. (Ed.). Contaminated Soils: Third International Conference on the Biogeochemistry of trace-elements.
[39] Dutch Guidelines. 2000. Circular on target values and intervention values for soil remediation. Department of Soil Protection. NMHSPE. Netherlands.
[40] Macías, F., Calvo de Anta, R. (2009) Niveles genéricos de
referencia de metales pesados y otros elementos traza en los
suelos de Galicia. Xunta de Galicia, Consellería de Medio
Ambiente e Desenvolvemento Sostible, España.
[41] Kelly Indices. 1980. Guidelines for Contaminated Soils specifically developed for gasworks sites in London. Society of
the Chemical Industry. London.
[42] Otero, X.L., Torrado, P.V., Calvo de Anta, R.M., Macías, F.
(2005) Trace elements in biodeposits and sediments from
mussel culture in the Ría de Arousa (Galicia, NW Spain).
Environmental Pollution, 136: 119-134.

Received: September 30, 2009
Accepted: January 21, 2010

CORRESPONDING AUTHOR
Emma Fernández Covelo
Departamento de Biología Vegetal y Ciencia
del Suelo
Universidad de Vigo
As Lagoas. Marcosende
36310 Vigo
SPAIN
E-mail: emmaf@uvigo.es.
FEB/ Vol 19/ No 8b/ 2010 – pages 1687 – 1693

1693

© by PSP Volume 19 – No 8b. 2010

Fresenius Environmental Bulletin

DEVELOPMENT OF A SUSTAINABLE PLAN TO COMBAT
EROSION FOR AN ISLAND OF THE MEDITERRANEAN REGION
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ABSTRACT
Soil is a non-renewable resource with vital importance for human life. During the last decade, soil has
been threatened by accelerating erosion, with negative
impacts on human health, natural ecosystems and economy. The development of a sustainable plan to ensure
protection of the soil is essential in order to prevent soil
degradation and preserve soil functions. The implementation of this plan has to be preceded by a spatially distributed erosion risk assessment of the study area. In this
paper, the integration of Geographical Information System (GIS) and the use of the CORINE erosion model
were applied for the determination of the erosion risk on
Samothraki Island (N. Greece). The classification of soil
erosion was used as a basis in order to elaborate a management plan, for the mitigation of the erosion on the island. According to erosion rates and land-use cover, a
proper combination of engineering techniques and landuse practices preventing soil detachment was suggested.
The adoption and the application of the pro-posed conservation plan will contribute decisively to the mitigation of
erosion risk of the study area as well as in other Mediterranean regions.

KEYWORDS: Erosion, CORINE erosion model, erosion mitigation plan, GIS, Samothraki

INTRODUCTION
As soil formation is an extremely slow process, soil
can be considered essentially as a non-renewable resource.
Soil provides us with food, biomass and raw materials. It
serves as a platform for human activities, landscape and as
an archive of heritage, and it plays a central role as a habitat
and gene pool [1, 2]. It stores, filters and transforms many
substances, including water, nutrients and carbon. The need
of its protection is well recognized at both international [3]
and European Union level [1, 2] because it constitutes

essential conditions [4] for the sustainable growth and its
both socio-economic and environmental importance [5].
Soil erosion is a serious geo-environmental issue causing land degradation in sub-humid to arid Mediterranean
countries [6]. The Mediterranean region is particularly
prone to erosion [7], due to non-uniform distribution in
space and in time of rainfalls [8], and the effects of wildland
fires [9]. Soil erosion causes damages to vulnerable agricultural lands having shallow soils with low organic matter content, water pollution by soil particles and chemicals
and mudflows which may affect urban areas [10]. Moreover, in semi-arid environments, land degradation and erosional processes often reach in such a point that soil loses its
fertility, reduces its productivity and threatens the longterm sustainability of the land resource base [11].
The goal of this research is the establishment of a soil
conservation plan which will reduce land degradation and
assure a sustainable management of soil resources with the
purpose of preserving soil functions and combating erosion.
To develop an effective plan, the knowledge of the quantitative and spatial assessment of soil erosion rates is required.
Erosion models can provide a quantitative and consistent
approach to estimate soil erosion [12] and sediment yield
[13] under a wide range of conditions [14]. The application
of such models will lead to the identification of areas where
there is decisive evidence that soil degradation has occurred
[15], or that it is likely to occur in the near future [16], and
will assist us to develop a programme of the appropriate
measures that should implement to redact erosion risk.
In the literature, there are numerous erosion models
which have been extensively reviewed [17-20]. These models differ greatly in terms of their complexity, their inputs
and requirements, the processes they represent, the manner with which these processes are represented, the scale
of their intended use and the types of output information
they provide [18]. Each model depicts certain advantages
and disadvantages while their application always depends
on the availability of datasets. Among those models, the
CORINE erosion model is a standard method that was
used to assess soil erosion risk at regional scale [21]. The
CORINE methodology is based on a simplification of the
universal soil loss equation (USLE) [22], for which there is
a massive database for US conditions, but little systematic
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data for Europe [23]. Originally, it was developed in order
to provide erosion risk maps for the European Mediterranean countries [20] but it has been applied as well in
downscaling level in countries of Eastern Mediterranean
region [24, 25].
The CORINE soil erosion assessment has the great advantage of simplicity, because it provides a clear forecast,
on an objective basis, for the whole area studied [26]. The
fact that this model is very well to adjust to the complex
and diverse Mediterranean environment was the reason why
it was selected among other models to determine the erosion risk in the study area. However, this advantage also
constitutes the main model limitation since the assessment
is restricted to southern Europe conditions [26], and thus
it cannot be applied in other areas of the world as well.
Finally, effective and appropriate decisions can be made,
according to the information on the erosion risk level, to
facilitate the selection and the implementation of erosion
control measures at the most suitable regions.
MATERIALS AND METHODS
Study area and datasets

The research was conducted at the island of Samothraki
which is located in the northern Aegean Sea (Fig. 1). The
island is 19 km long and 13 km wide occupying an area of
178 km2, and has a population of 2,723 habitats. Samothraki
is one of the most rugged Greek islands with generally step
slopes, with an average mean slope of 46% and the elevations ranging from 0 to 1,611 m. Geologically, the island is
composed from a magmatic complex that is comprised from
gabbros, sparse dykes and basalt flows and pillows cut by
late dolerite dykes [27].
Meteorological data covering a period of 56 years were
obtained from the Alexandroupolis meteorological station,
since there are no gauges at the island. The climate is characterized as typical Mediterranean with an annual average
temperature of 15 °C ranging from 13.9 to 16.4 °C, and
average annual total precipitation of 552 mm ranging from
336-984 mm. Vertical frame photographs (orthophotos)
obtained from the Hellenic Mapping and Cadastral Or-

ganization (HEMCO) were used to extract the land-use
map of the study area. Τoposheets of 1:50,000 scale for the
study area were obtained from the Hellenic Military Geographical Service (HMGS) so as to create the digital geodatabase for the drainage network and the contour map (20m interval) in ArcGIS software. The corresponding soil and
geological maps (1:50,000) were obtained from the National Agricultural Research Foundation (NAGREF) and
the Institute of Geology and Mineral Exploration (IGME),
respectively.
Model Description

In the present model, four factors have been used to
assess the potential and actual erosion risk in the Mediterranean area by providing a score for each [20]. The assessment of soil erosion is carried out in two steps. First, potential soil erosion risk is calculated through the multiplication
of the model’s three main rate components of soil erodibility, rainfall erosivity and slope angle. The potential soil
erosion risk indicates the inherent susceptibility of the land
to erosion, irrespective of existing land-use [26]. The second step involves the actual soil erosion risk, which
refers to the estimated present risk calculated by combining the vegetation cover index and the estimated potential
erosion risk. An outline of the CORINE erosion model is
illustrated in Fig. 2 while the model components are analyzed continuously.
Soil erodibility refers to the vulnerability of the soil to
detachment and transport caused by raindrops and runoff
and it is estimated, based on the information of soil texture, soil depth and stoniness. The structural stability of the
soil (and hence its resistance to particle detachment by rain
splash or runoff) and its ability to absorb rainfall (i.e. its
infiltration capacity, permeability and transmission) are the
most basic attributes which determine the soil erodibility
[21]. Stoniness is also significant since the existence of
stones can protect the soil from the rain splash, but once
runoff is initiated, the stones may cause turbulence and,
thereby, encourage riling [21]. Deep soils may prevent overland flow since they have higher water holding capacity
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FIGURE 1 - Location of study area.
FIGURE 2 - An outline of the CORINE soil erosion model.

and greater tolerance to erosion. These three main attributes, from which a quantitative assessment of erodibility is
made, are classified in categories and a numeric score value
is assigned to each class based on CORINE requirements
(Fig. 2). Then, soil erodibility is calculated as the product
of multiplication of these three attributes and is scaled in
categories of erodibility according to its value.

Rainfall erosivity is defined as the potential ability of
rain to cause erosion. It depends primarily on rainfall intensity and amount, and is calculated using the modified
Fournier (MFI) and Bagnouls-Gaussen (BGI) aridity indexes
which are combined to generate the erosivity index. Fournier
index was developed specifically to measure erosivity at a
regional scale [28].
The MFI index is defined as:

Pi 2
(1)
i =1 P
where: Pi, is the precipitation in month i, and P is the
mean annual precipitation.
12

FI = ∑

FI provides a measure of rainfall variability, large values of FI are relating to high rainfall variability while low
values are characterizing sites with an evenly distributed
rainfall. MFI could not consider the moisture stress which
may increase the soil erosion due to reduction of vegetation cover. Thus, the BGI is employed as the second climatic index to consider moisture stress in terms of the
ratio of the temperature and precipitation.
The BGI index is formulated as follows:
12

BGI = ∑ (2ti − Pi )ki

(2)

i =1

where ti: the mean temperature for the month, Pi:
precipitation in month i and ki represents the frequency of
the condition 2ti-Pi > 0 for month i (%).
Fournier Index
1: Very low (< 60)
2: Low (60 – 90)
3: Moderate (90 – 120)
4: High (120 – 160)
5: Very high (> 160)

Soil Texture
0: Bare rock
1: C, SC, SiC
2: SCL, CL, SiCL, LS
3: L, SiL, SL
Soil Depth
1: > 75 cm
2: 25 - 75 cm
3: < 25 cm
Stoniness
1: > 10 %
2: < 10 %

Bagnouls-Gaussen
Aridity Index
1: Humid (0)
2: Moist (0 – 50)
3: Dry (50 – 130)
4: Very Dry > 130

Erosivity
1: low (< 4)
2: Moderate (4 – 8)
3: High (> 8)
Soil Erodibility
1: Low ( < 3)
2: Moderate (3 – 6)
3: High (> 6)
Topography (Slope)
1: Gentle to flat (< 5 %)
2: Gentle (5 - 15 %)
3: Steep (15 - 30 %)
4: Very steep (> 30 %)

ACTUAL SOIL
EROSION RISK
1: Low
2: Moderate
3: High
Land Cover
1: Fully
protected
2: Not Fully
Protected
POTENTIAL SOIL
EROSION RISK
0: None (0)
1: Low (0 – 5)
2: Moderate (5 – 11)
3: High (> 11)

The topographic factor in CORINE erosion model is
defined solely in terms of the average maximum regional
slope angle (%). The slope factor characterizes the effects
of topography and hydrology on soil loss and it provides
one of the most important determinants of soil erosion. Typically, erosion only becomes acute when slope angle exceeds
a critical steepness, but then increases logarithmically thereafter [29]. Moreover, runoff and erosion also tend to increase with increasing slope length. This factor is usually
measured by topographic maps and it is classified in categories based on CORINE prescriptions (Fig. 2).
Concerning the land-cover index, it expresses the protection which provides the vegetation to the soil by intercepting raindrops and dissipating their kinetic energy before impacting on soil surface. It contains a critical factor
for the model since it is the only one that can be altered
while quite minor adjustments in vegetation cover may
significantly affect rates of erosion [21]. In CORINE model,
vegetation cover layer is divided into two classes according
to the type of the protection that land-cover provides to soil
(Fig. 2). The actual soil erosion risk index relates to the
current risk of erosion under present vegetation and landuse conditions. It is derived by modifying the estimated
potential soil erosion risk index according to the vegetation
cover, as follows (Table 1):
TABLE 1 - Actual erosion risk estimation

Vegetation Fully protected
index
Not fully protected

None
0
0

Potential erosion risk
Low Moderate High
1
1
2
1
2
3

Model parameter estimation

The estimation of the soil erodibility index is the most
complicated part since it requires intensive and timeconsuming field measurements. Due to the lack of this information, soil texture and soil depth data were extracted
from the soil map while stoniness was derived from the
corresponding geological map. Those three layers (soil
texture, depth and stoniness) were regrouped in new categories according to the CORINE methodology using ArcGIS.
Finally, by multiplying and reclassifying these layers, a
new map which represents the distribution of erodibility
over the study area was produced (Fig. 3a).
In order to extrapolate the meteorological indexes for
the study area, the distribution of the average monthly
precipitation and temperature over the study area must first
be computed. Twelve surfaces representing the distribution
of the average monthly precipitation data over the study
area were developed based on monthly rainfall laps rate
and precipitation data of Alexandroupolis meteorological
station due to the lack of direct records at the island. At
start, an annual precipitation lapse rate of 35 mm/100 m
[30] was applied for the computation of the annual precipitation distribution over the study area. Monthly precipita-
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tion lapse rates were computed by weighting the annual

lapse rate with the mean monthly precipitation values.

(a)

´

(b)

´
Erosivity

Soil Erodibility
Low (<4)
Moderate (3-6)
High (>6)

Low (< 4)
Medium (4 - 8)
0

1

4

High (>)8

km

´
Slope
Gentle-flat (<5%)
Gentle (5-15%)
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2

0

1

2
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´
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4
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2
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1
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4
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FIGURE 3 - CORINE model factors: (a) soil erodibility, (b) rainfall erosivity, (c) slope factor, (d) land-cover.

Similarly, by repeating the same procedure and applying a
temperature lapse rate of -0.65 0C/100 m [31], twelve
surfaces which represent the distribution of the temperature
over the study area were generated. Then, in order to interpolate the surfaces of modified Fournier and BagnoulsGaussen aridity indexes the equations 1 and 2 were applied
in ArcGIS Spatial Analyst software using the average
monthly precipitation and temperature surfaces which were
extrapolated from the elaboration of monthly and annual
lapse rates. Further-more, by reclassifying and combining
these indexes according to CORINE methodology, an
erosivity surface of the study area was obtained (Fig. 3b).
The slope factor characterizes the effects of topography on the soil, and it contains one of the key factors which
are formulating the soil loss magnitude in an area. The desired digital elevation model (DEM) was generated from
the contour map, and the slope map was prepared using
grid-based analysis. Then, the slope data layer that was derived from the DEM data was classified into four classes
according to the CORINE methodology (Fig. 3c).
Vegetation plays a protective role for the soil by intercepting raindrop impact, reducing the overland flow
velocity, binds the soil together with the routes and improving infiltration [32-33]. The available vertical frame
photograph was used as background in ArcGIS application so as to designate the land-use of the study area. Landuse and land-cover patterns were mapped and six land-use
types were determined. Furthermore, the produced landuse map was validated in the field using a GPS before it
was reclassified into the fully protected (forest, permanent

pasture, and dense scrub) and not fully protected (cultivated, bare land, residential) classes as defined by the
CORINE model (Fig. 3d).
RESULTS AND DISCUSSION
Potential and actual erosion risk estimation

The results obtained from the model parameters estimation indicated that the combination of the high values
of soil erodibility, rainfall erosivity, steep slopes and the
limited land-cover provide favorable conditions for erosion.
The elaboration of the erodibility factor showed that a significant proportion of the study is comprised from high
(42.1%) and moderate (39.5%) erodible soils. The corresponding analysis for the erosivity index demonstrated that
71% of the study area is under the influence of high and
moderate erosivity forces. The research showed that only
33.2% of the study area had slopes very gentle to gentle,
while the steep (38.5%) and the very steep slopes (28.3%)
are dominating. Finally, 53.3% of the study area was classified as not fully protected areas while the remaining one
was classified as fully protected.
Since all factors of the model have a spatial distribution, a GIS-based implementation of the model gives quick
and accurate results. In the GIS-assisted approach, four
digital layers that represent the model parameters are overlaid in order to obtain the potential and actual spatial
distribution of the soil loss in the study area. At start, the
soil erodibility, erosivity and slope layers were overlaid to
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produce the potential soil erosion risk map, which did not

consider vegetation cover or land-uses (Fig. 4a). The derived

FIGURE 4 - Potential soil erosion risk map (a) and actual soil erosion map (b) of the study area.

map of potential erosion risk, when combined with a map
of land-uses, provides the desired spatial distribution of
the erosion risk for our study area (Fig. 4b).
The results that emerged from the elaboration of the
potential soil erosion risk map illustrated that about 42%
of the study area was classified as high potential erosion
risk, while the residual area was under moderate (36%) and
low potential erosion risks (22%). The corresponding
percentages derived from the actual soil erosion risk map
were found to be 20%, 34% and 46%, respectively. After
overlapping the vegetation layer over the potential soil
erosion map, the areas classified as high erosion risk were
reduced by 22% while those of low potential risk were
increased by 24%. These results demonstrated the protective role and the importance of the land-cover by de-

creasing the high and moderate areas at risk but by increasing the low erosion risk areas as well as the dangers
inherent in land-use cover changes. Although, a significant
percent (54%) of the study area is still classified having
high and moderate erosion risk rates according to the actual erosion risk map.
A limited qualitative model validation [34] was performed through in-situ visits to the study area. Field observations on locations demonstrating high amounts of erosion were derived from the actual erosion risk map and conducted in order to determine if erosion had actually occurred within them [35]. This type of evaluation (Fig. 5) has
indicated that the model predictions agree with the observed
erosion status in the field. Therefore, the model results can
be used as basis to elaborate an erosion mitigation plan.

FIGURE 5 - Sites with high erosion rates.

Land-use cover is the most crucial element in erosion
models, since it is the only factor that can readily be altered
in a negative or positive way, and provides effective soil
erosion control [24]. In order to design the appropriate erosion mitigation plan, the knowledge of the actual erosion
rates per land-use type is required. Segregation of the soil

loss rates per land-use type was obtained by overlapping
the actual erosion risk map with the land-use layer (Fig. 6).
Low erosion rates are prevailing on 71% of the forest
land and 55% of the dense shrub-land while the corresponding percentages for the bare land, the cultivated land and the
permanent pasture are about 10%, 29% and 25%, respec-
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tively. Moderate erosion rates are developed on 75% of the
permanent pasture, on 56% of the cultivated land while the

corresponding ratios for the dense shrub, the forest and the
bare land are 45%, 28% and 25%, respectively. Finally,

35

Area (km 2)
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25

Moderate

20

High

15
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0
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Dense shrub

Bare land
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Perm. Pasture

Resindential

Land use types

FIGURE 6 - Erosion rates per land-use type.

high erosion rates are recorded on 64% of the bare land and
15% of the cultivated land while in the remaining landuse types, there is no significant proportion of areas under
high erosion rates.
Erosion mitigation plan

To conserve the existing soil resources and to protect
them from further damage, a sustainable erosion mitigation plan should be elaborated which will determine the
appropriate mitigation measures for minimizing erosion
and enhance soil regeneration. The main principles of the
erosion control plan are to control water generation, minimise the erodible surface and trap mobilised sediments. The
tools that will be used to achieve the above-mentioned aims
are the employment of engineering techniques to arrest the
immediate loss of soil [36] as well as the application of
land-use/conservation practices [37]. However, for the erosion mitigation plan to be successful, it must first be adapted
by the local community [38], and the citizens should be
properly informed, sensitized and trained on it [39].
The erosion categories emerged from the generation
of the actual erosion risk map will be the basis for designation of the appropriate mitigation measures in the direction of the permanent soil protection from erosion as
follows:
Treatments on low erosion risk areas

Low erosion rate areas are observed in the majority
(71%) of the forest land. The main consideration on these
areas is to apply techniques which will contribute to maintain or minimize erosion rates to levels below the soil generation rates [40]. The increasing of trees canopy using
forest management methods will contribute to the further
enhancement of the protective role of vegetation. Moreover the tree removal for timber production should be minimized if we target to a forest management practice that
aims to erosion control.
About half of the dense shrubs (55%) are expanded on
areas with low erosion rates. The management of the shrub

land must incorporate forest management techniques that
will promote the increase of the shrub canopy. Furthermore, the conversion of the dense shrub lands to forest land
can contribute to a more effective control of runoff and
prevention of soil deterioration.
A significant percent (29%) of the cultivated land is
under low erosion rates. However, there are some costless
common practices which could easily be adopted by farmers so as to protect soil. Cultivation on the contour can reduce soil loss from sloping land by up to 50% compared
with cultivation up-and-down the slope [41]. Reduced tillage which includes fewer or even no cultivations with
regard to a conventional system is essential for soil erosion
control, since it increases infiltration of water into the soil
and reduces runoff from the soil surface. Moreover, the
conventional tillage leads to higher clay loss indicating
higher soil fertility damage [42]. Retain of agricultural field
margins (grass, herbs, trees), ditches and the avoidance of
land leveling will increase the resistance of soil to runoff.
Decreased mechanization, using light machinery and fewer
passes, will increase the infiltration rates, resulting in decrease of the surface and rill erosion and improvement of
the quality and productivity of the land [43].
A considerable proportion (25%) of the permanent pastures is under the influence of low erosion rates. The primary objectives in order to improve these areas are to protect
land to be degraded by overgrazing and clearing. Overgrazing on the slopes leads to the compaction of soil and
reduction in infiltration vegetation, which, in turn, encourages heavy runoff leading to gulling [44]. Clearing
refers to the conversion of permanent pasture to arable
land for agricultural production. The improvement of
natural permanent pastures can be achieved by applying
control to grazing and by supervising the farming. Additionally, measures such as declaration of the land off limits so as
the livestock to be moved and closing land off with fences
are often effective methods to protect the soil from erosion [44]. Moreover, the application of contour buffer strips
using natural Mediterranean shrubs that is adapted to the
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local conditions will contribute to best protection against
water erosion reducing sediment production by more than
58% [40], and they also constitute an inexpensive and
effective soil conservation measure under Mediterranean
conditions. The root systems in these buffers hold soil
particles together stabilizing the nearby soil and provide
protection against erosion [40].
Only a small fraction (10%) of the bare land is settled
on areas with low erosion rates. The conversion of these
areas to forest or dense shrub land would be an effective
measure to reduce erosion to soil, even if they have already
lost their A and B horizons [36]. Moreover, planting of contour grass strips is considered to be an effective and a lowcost method in controlling soil erosion by water [46].
Treatments on moderate erosion risk areas

The majority of the natural permanent pastures (75%)
are situated in areas characterized by the actual erosion risk
map as moderate erosion risk ones. In this case, the establishment of contour earth bunds through the slope that will
break up a slope into segments shorter in length than
required to generate overland flow is recommended [47].
By this way, they will intercept runoff and reduce the soil
loss sufficiently [48]. Bunds are 1.5-2 m wide with a 10-20
m interval and made up from earth materials and could
be planted with grasses [49]. On sites where construction of
the contour bunds is not possible, the improvement of the
permanent pasture may be accomplished by reforestation
with the help of forage shrub species, if a partial ban on
grazing can be organized for five years [44].
A large proportion of the cultivated land (56%) is located on moderate erosion risk areas. Application of more
crop patterns that will provide coverage to the soil for more
time periods during the year, in combination with the crop
rotation, will lead to less erosion. Protection against erosion is improved by supplementing contour farming with
strip-cropping. Under strip cropping conditions, alternate
parcels of different crops are grown on the same field. The
soil loss from contour strip-cropped fields is 25-45% of that
from fields managed by up-and-down tillage depending
upon the slope steepness [47].
The 45% of the dense shrub are deployed on areas
where moderate erosion rates are predominating. A proper
soil erosion mitigation strategy must include the conversion
of the dense shrub to forest in order to increase the permanent cover and retain runoff. Additionally, the establishment of contour ditches is an efficient method to control the overland flow [47] before it gathers enough energy
to gully the slope [44]. In the system of ditches on an eroded
slope, the spacing and the capacity of the ditch are very
important in order to trap the sheet runoff

to produce a much denser canopy while the tree removal
for timber production should be prohibited.
The 25% of the bare land is located in areas where
moderate erosion rates are prevailing. The best management practice in this case is the reforestation of the degraded land. However, firstly, it is necessary to construct
Mediterranean type terraces so as to ensure a stable environment for the forest to be developed. These terraces are
built perpendicular to the slope and made of a sub-vertical
riser reinforced with stones, with a slight reverse slope as
well as a possibility of irrigation and drainage down the
slope [44]. The construction of terraces in the Mediterranean islands has been abandoned during the last three decades due to an important migration towards the cities and
the coast [49]. On terraces, the water travels with low velocity rates and the erosion is redacted due to the decreased
flow length.
Treatments on high erosion risk areas

A main part (64%) of the bare land is situated on areas where high erosion rates are recorded. In these areas,
we can apply the same prescription as in the case of bare
land under moderate erosion rates. However, it is much
more difficult to ensure the reforestation success unless
additional measures are taken. Thus, the protection of
the terraces planting is essential and could be achieved
through a light mulching. Mulch acts as a temporary supplement to plant cover, it may be composed of crop residues
or other inputs, and it could be used to create a flexible crust
to protect the soil surface from erosion [40]. Additionally,
the establishments of permeable check dams in the river
channels, that temporarily slow the flow, trap sediments,
enhance infiltration and reduce peak flows [44], can contribute essentially to the erosion control.
A substantial percentage of the agricultural lands (15%)
in the study area are spotted on areas with high erosion risk.
The exploitation of these types of lands is clearly improper
to agricultural activities since they accelerate soil loss and
water pollution [50]. Although, these lands are cultivated
not from the necessity to provide crops but form a wrong
subsidy-culture according to which every farmer receives a
financial support according on the cultivation extent. It
should be mentioned that current EU policies are promoting
agricultural set-aside and land-use intensification while
erosion mitigation has never been an objective of the agricultural subsidies [51]. Change of land-use type from the
cultivated land to reforestation will contribute to the controlling of non-point source pollution, improving soil and
water conservation, and enhancing biodiversity. The means
which will enforce this change must be a new EU policy
which will not allocate subsidies to farmer’s that cultivate
on degraded lands.

A considerable extent (28%) of the forest land is located on areas under moderate erosion rates. The measures
that could be enforced are the same with those under the
case of forest land under low erosion rates. However, the
same tactics should be applied with greater intensity so as
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CONCLUSIONS

Conference of the Hellenic Geographical Society, Mytilene,
Greece, 1-8 Okt.

Soil erosion is considered as one of the major threats to
Europe’s soils [52], and one of the most important land
degradation processes in Mediterranean environments [53].
The identification of areas that are vulnerable to soil erosion can be helpful for developing measures to keep the
problem under control [26]. Our research illustrates a methodology for developing a sustainable plan to combat erosion for the Greek island of Samothraki based on the actual
erosion risk map and the land-cover types. The integration
between the CORINE erosion model and GIS was employed
so as to determine the potential and actual erosion rates on
the island. The model incorporates the great advantage to
be adaptive in the complex and diverse Mediterranean environment.
Finally, a proper combination of engineering techniques and land-use practices which prevent soil detachment were suggested according to erosion rates and landuse cover. The obtained results from this research will be
used to inform the local authorities and land-use planners
about the erosion extent, and to mitigate erosion through
the implementation of the proposed plan. Although, total
prevention of this erosion process is not possible, the reduction of its volume, extent and speed may be practically
possible through the implementation of mitigation plans,
such as the one proposed here.
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ABSTRACT

to the groundwater quality, and solid waste landfills constitute a potential major threat.

In this study, the effects of inorganic permeants on
the permeability of compacted clay soil have been investigated by chemical, physicochemical and sieve analyses
as well as scanning electron microscopy (SEM) of the clay
soil used in the experiments. Standard and modified Proctor compaction tests were applied to the clay soil obtained
from the Şile-Kömürcüoda Landfill Area. The effects of inorganic permeants (ferrous iron and manganese) on the permeability of compacted clay soil samples have been analyzed. Ferrous iron and manganese have been also measured in the influent and effluent in order to determine the
treatment capability of the compacted clay soil. Adsorption of clay soil was studied in both a batch and continuous reactor.
Ferrous iron and manganese have no effects on the
permeability values of soils. In continuous reactor, removal efficiencies of ferrous iron in clay soil were found
to be 80 % for standard compaction and 96 % for modified compaction whereas those of manganese in clay soil
were found to be 79 % for standard compaction and 90 %
for modified compaction. In batch reactor, optimum adsorption time of ferrous iron and manganese was 2 hours.
KEYWORDS: Permeability, leachate, compacted clay soil, removal efficiency.

INTRODUCTION
Many communities rely on groundwater as their primary source of drinking water. There are a variety of threats

Compacted clay soil is widely used to line landfills and
waste impoundments, to cap new waste disposal units, and
to cover old waste disposal sites. Typically, the permeability must be less than or equal to 1x10-7 cm/s for soil liners
and covers used to contain hazardous, industrial and municipal solid wastes.
In a previous study [1], the permeation of compacted
clay soil with diluted, real–world organic waste liquids did
not cause any significant effects on the permeability of
compacted clay soil. The liquids were from chemical waste
landfills and impoundments. Other studies [2-4] have also
indicated that pure, reagent-grade organic chemicals can
cause large increases in permeability of compacted clay
soil. However, concentration limits for chemicals that will
not affect permeability from those that will cause a large
increase have not been identified.
The effect of various leachates on the permeability of
compacted clay soil has been investigated in a recent study
[5]. Soil samples were obtained from the Kemerburgaz
landfill on the European side of Istanbul. The soil samples
had a permeability k = 1x10-8 cm s-1, and a density of
1,950 kg m-3. In the experimental studies, physicochemical characterizations of compacted clay soil samples, the
effects of the leachate on their permeability, and COD
(chemical oxygen demand), SS (suspended solids), VSS
(volaite suspended solids), total P, Cu, Mn and Fe in the
influent and effluent have been analyzed, to determine the
treatment capability of the compacted clay soil. The microstructure (micro-fabric) of the clay soil was studied by
SEM. The permeability was k = 8.62x10-8 cm/sec or k =
6.82x10-8 cm/sec, when water or leachate, respectively,
were used as permeants. The treatment capabilities of the
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compacted clay soil, expressed as average removal percentages, were quite high: 50% for COD, 55% for VSS,
SS and TKN, 70% for total P and Mn, and 100% for Fe,
respectively.
The permeability and the removal rates of some organic and inorganic materials have been investigated utilizing synthetic samples and clay soils obtained from the ŞileKömürcüoda landfill site in Istanbul – Turkey [6]. Glucose
and ammonium chloride had no considerable effect on the
permeability of clay soil during experiments. SEM indicated that structure of clay soil had changed to a crystal-like
structure from hexagonal structure when samples are
contaminated with organic matter. However, the changes
of the clay soil structure did not have a significant effect
on the permeability. The removal rate of clay soils compacted utilizing the Standard and Modified Proctor energies had been obtained as 85-95% for COD and 82-92%
for TKN.
Continuous flow experiments were conducted using
sand-packed columns to investigate the relative significance
of bacterial growth, metal precipitation, and anaerobic gas
formation on biologically induced clogging of soils [7].
Natural leachate from a local municipal landfill, treated
with acetic acid, was fed to two sand-packed columns
operated in up-flow mode. Several physical, geochemical,
and biological interactions were observed during leachate
transport in soils that resulted in a reduction of its permeability. Experimental observations suggest simultaneous
reduction of manganese and iron accompanied by sulphate
degradation and methane production, and that methanogenic processes were primarily responsible for acetic acid
degradation. An increase in the substrate concentration resulted in rapid increase of the pH, inorganic carbon (total
dissolved carbonate), and attached biomass at the column
inlet, leading to enhanced precipitation of Fe(II), Mn(II),
and Ca(II) at the column inlet. These changes decreased
the permeability from an initial value of 8.8x10 -3 to
3.6x10-5 cm/s. At the largest influent acetic acid concentration, the entire column experienced some reduction in
permeability.
A review of recent research by the author and others on
the effect of permeants to permeability can be found elsewhere [8]. A systematic and comprehensive approach to
determine the mass transport parameters of VOCs in liquid
phase through compacted clay liners, geosynthetic clay
liners (GCLs), and geomembranes has enabled to develop
realistic models in predicting mass flux of VOCs through
modern composite liners, and to provide a quantitative basis
in evaluating the transport potential of dissolved VOCs and
the equivalency of different composite liners.
The influence of a mixture of concentrated organic
contaminants on composite liner materials taken from
test cells that had been dismantled after a 12-year permeation test has been researched [9]. The organic hydrocarbons had permeated the HDPE-geomembrane, had then
migrated or been adsorbed within the mineral liners, de-

pending on their properties. The concentration profiles of
the contaminant mixture components indicate that the various mineral layer materials have selective retardation abilities which correspond to the different parameters of the
organic compounds as well as of the mineral layer. Furthermore, the results from a model of the contaminant
transport in tested composite liners were compared with
the measured data. An example (acetone) illustrates the
calculated spatial and temporal contaminant concentration. The composite liners investigated exhibit a very
good sealing capacity against the concentrated organic contaminants used.
The removal of some heavy metals, such as Mn(II),
Co(II), Ni(II), and Cu(II), from aqueous solution is studied using a raw kaolinite [10]. Results indicate that kaolinite shows the following absorption affinity order for
metal ions: Cu(II) > Ni(II) > Co(II) > Mn(II), and sorption
of copper, nickel, cobalt and manganese ions on kaolinite
are conform to the linear Langmuir adsorption equation. As
a result, kaolinite may be used to remove trace amounts of
heavy metals from aqueous solutions.
In the present study, experimental studies have been
carried out in three stages. In the first stage, chemical
analysis, the physicochemical characterization and sieve
analysis of the clay soil used in the experiments have been
investigated, and the leachate has been characterized. In
the second stage, clays obtained from the Şile-Kömürcüoda
Landfill Area were compacted and permeability of synthetic
leachate containing ferrous iron andmanganese was investigated as adsorbed from compacted clay soil. In the third
stage, influent and effluent analyses have been performed
in order to determine the treatment capability of the compacted clay soil. Adsorption of clay soil was studied in batch
and continuous reactors.
MATERIALS AND METHODS
Şile-Kömürcüoda Landfill Site

Şile-Kömürcüoda landfill site, located on the Asian
side of İstanbul, has been in operation since January 1995,
and wastes are safely deposited in cells.
The Kömürcüoda landfill site is situated in partially or
totally abandoned mine quarry areas with damaged native
soil surfaces. The site is in a slightly sloped valley covered
with Neogene-aged layers of clay soil, sand, gravel and coal
lenses.
Clay soil is chemically compatible with the fill area.
Typical clay liners are constructed with natural soils that
have a low permeability, which are with heavy soil compaction equipment or cylinders. The clay liner underlying
domestic solid wastes stored in the Kömürcüoda solid waste
landfill site is 60 cm thick, with a permeability between
1.10-5 – 1.10-7 cm/s [11].
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Preparation of specimens for permeability tests

Compaction is a laboratory or in-situ soil improvement method which rearranges and densifies soil particles
through the application of mechanical energy, thereby increasing its dry density where the air-voids are reduced for
specific purposes, such as increasing bearing capacity,
shear strength, and reducing permeability and settlement.
Standard (ASTM D698/AASHTO T99) and Modified
Proctor (ASTM D1557/AASHTO T180) methods are commonly applied in the laboratory with different water contents in a mould (diameter=0.102 m, height=0.117 m), and
vary only in the amount of applied energy to determine the
maximum dry density – water content relationship. Standard Proctor involves 25 drops of a 24.5 kN hammer from
a height of 0.305 m and three soil layers. The Modified
Proctor uses a 45 kN hammer, a fall of 0.45 m on five
layers of soil, i.e, a higher compactive energy [12].
Permeability tests with reactor

The reactor tests were performed by flowing liquid
downwards through the 100-mm diameter compacted
specimens. The height of the compacted clay soil was
110 mm. The soil was constrained against swelling. Clay
soil was saturated under a 0.3 bar pressure [13, 14] (Fig. 1).
In order to determine the removal capacity of the compacted clay soil, ferrous iron and manganese are measured
both in the influent and effluent of the continuous reactor
[15].

The Fe(II) salt used in this study is an inorganic one
which is very stable, quickly water-soluble, and with
low oxidation properties. Other Mn salts (MnCl2.2H 2O,
MnS04H 2O) could have been selected but Mn(NO3)2 is
also easily water-soluble positively contributing to the
special experiments.
Permeability tests

Constant-head tests have been performed to find the
permeability of the clay soil which is calculated using the
following equation:

k=

QL
where k is the permeability coeffiAt(h 1 − h 2 )

cient (cm/s), A is the surface area of specimen (cm2), L is
the distance between the manometers (cm), (h1-h2) is the
differential head across sample (cm), Q is the total discharge (cm3/s), and t is the elapsed time (s).
Sample preparation for scanning electron microscopy (SEM)

The specimens photographed were formed from the
soil with large clods. The high-magnification photographs
were taken with a scanning electron microscope equipped
with a camera. Specimens were prepared for study with the
scanning electron microscope in the following manner: (1)
A small piece of soil was removed from the large compacted specimen with a sharp knife; (2) the small piece of
soil was dried in an oven at 105 oC; and (3) the oven-dried
soil was plated with gold in a very low-pressure atmosphere of argon gas.
RESULTS AND DISCUSSION
Laboratory experiments for investigating effects of
Fe(II) and Mn(II) on permeability of clay soil have been
performed for 110 days. Compaction tests were performed
to determine maximum dry density and optimum water
content, and average values were obtained from permeability tests. The average permeability has the lowest value
when prepared with the optimum water content both for
Standard and Modified Proctor compaction tests, which
matches well with earlier studies [16, 17].
In order to determine treatment capability of compacted clay soil, Fe(II) and Mn(II) were measured in analytical tests performed on influent and effluent [15].

FIGURE 1 - Experimental setup.

Soil was permeated with Fe(II) and Mn(II). Samples
were characterized synthetically on the basis of the leachate
(Table 1). Taking leachate properties, synthetic samples
were prepared with Fe(II) (26.45 mg/L) using FeSO4(NH4)2
6H2O and Mn(II) (24.35 mg/L) using Mn(NO3)2.

In the first stage of this study, the properties of the
clay soil and leachate are determined. The results of the
chemical analysis of the clay soil and the characterization studies conducted on the leachate from the ŞileKömürcüoda landfill site are presented in Tables 1 and 2.
The results of sieve analyses are given in Fig. 2.
The Şile-Kömürcüoda landfill site soil samples contained kaolinite 68-71%, free quartz 6-9%, illite 15-18%,
others 2-5%. Their color was brownish-gray.
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The kaolinite and illite are considered to be true clay
soil minerals. The soil samples have the permeability k =

1x10-8 cm/s and a discharge loss of 8.5-9%, and water
absorption of 0.2-0.4% [11, 18, 19, this study].

TABLE 1 - Properties of the leachate [5, this study]
COD
BOD
(mg/L)
(mg/L)
Average value (Ozcoban, 2008) 6.5
9500
3500
Average value (this study)
6.8
10000
1010
TABLE 2 - The chemical analysis of the clay soil used in
Kömürcüoda solid waste landfill [11, 18-20 this study.]
Parameter

SiO2
Al2O3
Fe2O3
TiO2
CaO
MgO
Na2O
K3 O
SO3

TKN
(mg/L)
3000
1635

pH

Total P
(mg/L)
5
5

VSS
(mg/L)

Fe(II) (mg/L)
25
24.95

855

Mn(II)
(mg/L)
22.5
26.45

water contents utilizing the Standard and Modified Proctor
energies for each sample. The results are given in Figs. 516.

Chemical Analysis (%)
51-54
27-29
2.5-2.7
1.1-1.2
0.1-0.2
0.7-0.8
0.0-0.1
2.7-2.9
----

The permeability of the current clay liner in the ŞileKömürcüoda landfill site is measured between k	
  =	
  2.35x10-‐
8	
   and	
   6.95x10-‐8	
   cm/s. The permeability is not affected
when clay soil samples are leached with Mn(II) and Fe(II),
which clearly can be seen from Figs. 3-4.
Synthetic samples (initial Fe(II) concentration of 26.45
mg/L), prepared with FeSO4(NH4)2 6H2O, were tested for
removal rates at different optimum water contents. Removal rate efficiencies (80.9, 77.4 and 80.8% for samples
prepared at optimum water contents of 25, 22 and 28%,
respectively) have been obtained on the 45th day for samples compacted at Standard Proctor energy (Figs. 5-7). The
average removal rate of the clay soils compacted using
the standard energy is 74%. The breakthrough time of the
leachate through the clay soil is 45 days. Adsorption continues for 110 days. However, the efficiency of the removal
rate decreases after the 45th day. Change in removal rate
can be explained with the adsorption up to the 45th day and
desorption afterwards. The Fe(II) removal rate efficiency
of the clay soil is significantly high. Based on the literature, the removal of Fe(II) is believed to be accelerated by

Dry unit weight (t/m 3)

1.6
FIGURE 2 - Sieve analysis

In the third stage, influent and effluent analyses have
been performed in order to determine the treatment capability of the compacted clay soil. Adsorption of clay soil
was studied in batch and continuous reactors.

1.5
1.4
1.3
10-7

Permeability (cm/s)

In the second stage, clay soil obtained from Şile Kömürcüoda landfill area was compacted and its permeability of synthetic leachate containing ferrous iron and
manganese was investigated as adsorbed from compacted
clay soil. The outcome of the permeability tests conducted
within 80-day periods in the Geotechnical Engineering
Laboratories of Yildiz Technical University Civil Engineering Department is shown in Figs. 3 and 4. These tests
are conducted at room temperature.

12

16

20

24

28

32

36

Water Content (%)

8.0x10-8
6.0x10

-8

4.0x10

-8

2.0x10

-8

Ferrous Iron

Standard Contaminated
Modified Contaminated
Standard Uncontaminated

Removal Rate of ferrous iron in continuous reactors from soil
compacted using Standard and Modified Proctor energies

For the reactor tests, the clay soil from the Şile
Kömürcüoda landfill site was compacted at three different

Modified Uncontaminated

FIGURE 3 - Results of Standard and Modified Proctor compaction
and permeability tests (Fe(II) permeated sample).
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Dry unit weight (t/m 3)

1.6
1.5
1.4
1.3
10-7
Permeability (cm/s)

FIGURE 4 - Results of Standard and Modified Proctor compaction
and permeability tests (Mn(II) permeated sample).
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FIGURE 5 - Removal rate of ferrous iron (Reactor 1: Standard compaction, water content 25 % (opt.)).

FIGURE 6 - Removal rate of ferrous iron (Reactor 2: Standard compaction, water content 22% (opt-3)).
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FIGURE 7 - Removal rate of ferrous iron (Reactor 3: Standard compaction, water content 28% (opt+3)).

the increased reaction through the autocatalytic effect of
the Fe(OH)3 flocs collected on the clay soil.
The measured Fe(II) concentration of the leachate is
26.45 mg/L, which is permeated through the soil compacted at differing water contents utilizing the Modified
Proctor energy. The breakthrough time of the leachate
through the clay soil is 70 days.
Removal rates of 96.1, 96.0 and 95.9% were obtained
for samples compacted at modified proctor water contents
of 21, 18 and 24%, respectively, on 70th day, but decreased
after 70th day (Figs.8-10). Removal rate behavior can be

explained with adsorption criteria up to the 70th day and
desorption afterwards. Fe(II) removal rate for samples prepared with Modified Proctor compactive energy was found
to be higher than the ones prepared with Standard Proctor
method.
Removal rate of manganese in continuous reactors from soil
compacted using Standard and Modified Proctor energies

Synthetic samples (initial Mn(II), 24,95 mg/L), prepared with Mn(NO3)2were tested for removal rate efficiency at different optimum water contents. Removal rate
efficiencies (78.4, 78 and 79.5% for samples prepared at

FIGURE 8 - Removal rate of ferrous iron (Reactor 4: Modified compaction, water content 21% (opt.)).
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FIGURE 9 - Removal rate of ferrous iron (Reactor 5: Modified compaction, water content 18% (opt-3)).

FIGURE 10 - Removal rate of ferrous iron (Reactor 6: Modified compaction, water content 24% (opt+3)).

optimum water contents of 25, 22 and 28%, respectively),
have been obtained on 45th day for samples prepared with
Standard Proctor compaction effort (Figs. 11-13). Adsorption continues up to 110th day. However, in general, the
efficiency of the removal rate decreases after the 45th day.
Removal rate behavior can be explained with adsorption
criteria up to the 45th day and desorption afterwards. The
Mn(II) removal rate efficiency of the clay soil is significantly high. Based on the literature, the removal of Mn(II)

is believed to be accelerated by the increased reaction
through the catalytic effect of the MnO2 pellets collected
on the clay soil.
The measured Mn(II) input value of the leachate is
24.95 mg/L which is permeated through the soil compacted at differing water contents utilizing the Modified Proctor energy. The breakthrough time of the leachate through
the clay soil is 70 days.

FIGURE 11 - Removal rate of manganese (Reactor 1: Standard compaction, water content 25% (optimum).
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FIGURE 12 - Removal rate of manganese (Reactor 2: Standard compaction, water content 22% (optimum – 3%).

FIGURE 13 - Removal rate of manganese (Reactor 3: Standard compaction, water content 28% (optimum + 3%).

FIGURE 14 - Removal rate of manganese (Reactor 1: Modified compaction, water content 21% (optimum).
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FIGURE 15 - Removal rate of manganese (Reactor 2: Modified compaction, water content 18 % (optimum – 3%).

FIGURE 16 - Removal rate of manganese (Reactor 3: Modified compaction, water content 24% (optimum + 3%).

Removal rates of 89.7, 89.4 and 91.54% were obtained
for samples compacted with the Modified Proctor effort
and water contents of 21, 18, and 24%, respectively, on the
70th day, which decreased after the 70th day to approximately 84% on the 110th day (Figs.14-16). Removal rate behavior can be explained with adsorption criteria up to the 70th
day and desorption afterwards. Mn(II) removal rates for
samples prepared with the Modified Proctor compaction
method were higher than those prepared with Standard
Proctor method.
Relationship of water content and removal rate are
given in Fig. 17. Water content signifies the amount of water
within the void spaces of the soil particles. Therefore, as
more water fills the voids directly in relation with the water
content, the water particles also become in contact with
each other enabling the flow of water. It may be expected
that adsorbed Fe(OH)3 and MnO2 on clay soil particles,
thus, can easier be removed, increasing the removal rate
as water content also increases. However, the results point
towards differing results for Fe(OH)3 versus MnO2. The
removal rate approximately remains constant, even decreases slightly for Fe(OH)3 with increasing water content

whereas it increases for MnO2. It is significant, because the
removal rate at any water content and compactive effort is
higher for Fe(OH)3 than for MnO2 which points towards
weaker adsorption of Fe(OH)3 on the clay soil particles.
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FIGURE 18 - Scanning Electron Microscopy (SEM) of ŞileKömürcüoda clay soil (magnification 5000).
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FIGURE 17 - Relationship of water content and removal rate.

The SEM results at a magnification of 5000 are shown
in Fig. 18 for Şile-Kömürcüoda clay soil. It can be seen that
the structure of clay soil particles used in this study is amorphous, and that they are closer to each other in clods.
SEM results (magnification of 5000) for soils prepared with Standard Proctor compaction at water contents
of 25% are shown in Fig. 19. The clay soil particles of the
samples pictured after the Standard compactive effort have a
more scattered structure than the particles taken after the
application of the Modified Proctor energy.
The samples with large clods compacted with Modified Proctor effort had low permeability, even at a molding
water content of 21%. Photographs of specimens compacted at water contents of 21% with Modified Proctor effort
are shown in Fig. 20. The structure of these clays is a denser and more even one. Compaction of soil, with the different compaction methods but with Modified Proctor
effort, resulted in greater deformation of clods, reduction
of large voids, and lower permeability. The energy imparted
by the Modified Proctor effort was sufficient to press the
dry, hard clods together. Clearly, the fate of clods and interclod pores during the compaction process controls the permeability of the compacted specimens. These results can be
seen from Figs. 18-20.

FIGURE 19 - SEM of soil compacted with Standard Proctor methods at water content of 25% (magnification 5000).

FIGURE 20 - SEM of soil compacted with Modified Proctor methods at water content of 21% (magnification 5000).

The SEM pictures of the clay soil samples compacted
with Standard and Modified Proctor methods and contaminated with Fe(OH)3 and MnO2 are presented in Figs. 21-24.
After permeating the clay soil with Fe(II) and Mn(II),
the particles of the clay soil have changed to a needle-like
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crystal structure caused by the adsorbed permeant on the
particles.
The structure and distribution of the leached soil varies based on the properties of the pollutant. The arrangement of the samples permeated with Fe(II) and compacted
with the Standard Proctor energy is disturbed because of
the penetration of the contaminants into the void spaces.
Furthermore, the permeant within the clay soil particles
binds to the particles and changes the bond structure leading to a pin-shaped structure. Fe(II) clusters are encountered within the clods (Fig. 21).
It can be seen that the clay soil particle distribution is
not affected, and that the clods are encompassed without
their structures being disturbed when samples of clay soil
were contaminated with Fe(II), compacted with the Modified Proctor hammer and analyzed (Fig. 22). Fe(II) clusters are also formed within the clods.

FIGURE 21 - SEM of the clay soil contaminated with Fe(II) (soil
compacted with Standard Proctor methods at water content of 25%
(magnification 5000).

FIGURE 23 - SEM of the clay soil contaminated with Mn(II) (soil
compacted with Standard Proctor methods at water content of 25%
(magnification 5000).

FIGURE 24 - SEM of the clay soil contaminated with Mn(II) (soil
compacted with Modified Proctor methods at water content of 21%
(magnification 5000).

The clods spread and combine with other clods in the
clay soil sample permeated with Mn(II) and compacted
with the Standard Proctor energy (Fig. 23). The clods of
the polluted clay soil sample obtained through Modified
Proctor effort have wider dispersion encompassing the
clay soil particles.
Adsorption isotherm and adsorption capacities of Mn(II) and
Fe(II)

FIGURE 22 - SEM of the clay soil contaminated with Fe(II) (soil
compacted with Modified Proctor methods at water content of 21%
(magnification 5000).

The adsorption capacities of the Şile-Kömürcüoda
clay soil were determined for both metal ions by the batch
technique. During the period of study, the pH level of the
leachate from the sanitary landfill was approximately 6.5
(between 6-7). Langmuir isotherm model was applied to
establish the relationship between the amount of Fe(II)
and Mn(II) adsorbed to clay soil. To determine the adsorption isotherm, initial Fe(II) and Mn(II) ion concentrations were varied between 1-25 mg/L. Afterwards, 50 ml
of synthetic metal solution Mn(II)) and 0.5 g adsorbent
were placed in a flask. The pH of the solution was adjusted to 6.5 and the flask was shaken with a thermostated
shaker for different contact times. Optimal working con-
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tact time was 2 h based on experimental conditions. The
same procedure was applied to the Fe(II) solution. The
effect of contact time on the adsorption of the Mn(II) and
Fe(II) ions were performed at room temperature (25±1 °C).
The analysis of the isotherm data is important in order to develop an equation that accurately represents the
results. A linearized Langmuir equation conforming to the
results of the adsorption isotherm is presented:

Ce
C
1
=
+ e
q e q m .K q m
where Ce is the concentration of Mn(II) and Fe(II) in
the solution at equilibrium (mg/L); QE the amount of sorbed
manganese per g clay soil adsorbent equilibrium (mg/g); K
the Langmuir constant (L/mg); and Qm is the capacity parameter (mg/g). Based on the linear form of the adsorption isotherm derived from plots of CE /QE versus CE,
values were calculated from the slope of the graph. Therefore, batch adsorption studies carried out at the optimal
pH of 6.5 for 2 h showed with the aid of a Langmuir isotherm that the batch capacity of Şile-Kömürcüoda clay
soil for Fe(II) is about 1.3359, and that for Mn(II) is about
0.9033 (Figs. 25 and 26).
Figs. 25 and 26 show the linearized Langmuir- type
adsorption isotherm of Şile clay soil sorbent for Fe(II) and
Mn(II) (pH: 6.5, 50 ml solution contacted with 0.5 g
sorbent for 2 h).

26. However, based on the R2 values, the model fits the
experimental data from Mn(II) better than those from Fe(II).
CONCLUSIONS
The permeability values of clay soil during experiments were not significantly affected by the presence of
Fe(II) and Mn(II), and any change of the clay soil structure
did not cause any significant change in permeability coefficient. In the continuous reactor, the removal rates of clay
soils compacted at Standard and Modified Proctor energies
are 80 and 96% for Fe(II), and 79 and 90% for Mn(II),
respectively. Fe–Mn removal efficiency increases with time.
Fe(OH)3 and MnO2 precipitations on the clay soil particles
increase oxidation rate because of autocatalytic effects, leading to higher Fe-Mn removal efficiency of clay soil [5, 10].
The structure of clay soil particles used in this study
is amorphous. After permeating the clay soil with Fe(II)
and Mn(II), the particles of the clay soil have changed to a
needle-like crystal structure caused by the adsorbed permeant on the particles.
In batch reactor adsorption studies, maximum adsorption time for both ferrous iron and manganese was found
to be 2 h. For longer shaking processes, the efficiency of
adsorption decreases, since not only desorption but also
adsorption occurs. It can be stated that this decrease can be
caused by releasing the adsorbed ferrous iron and manganese ions to the media. Therefore, the optimum adsorption
time of ferrous iron and manganese is 2 h. The Langmuir
isotherm model is utilized to establish the relationship between the amounts of Fe(II) and Mn(II) adsorbed to clay
soil. Adsorption capacities (Qm,values) are 1.3359 mg/g and
0.9033 mg/g for Fe(II) and Mn(II), respectively. The R2
values indicated that Mn(II) ions fit the experimental data
better than that of Fe(II).
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ROLE OF SOME AGRONOMY PRACTICES
FOR THE NUTRITION REGIME OF HAPLIC
CHERNOZEMS AFTER SPRING CROPS
Margarita Nankova*, Peter Yankov, Dragni Georgiev and Necho Nankov
Dobrudzha Agricultural Institute – General Toshevo, Bulgaria

ABSTRACT

The structural units <0.25 mm were richer in available phosphorus in comparison to the larger soil units.

The investigation was carried out at Dobrudzha Agricultural Institute during 2003-2008. The effect of traditional
systems of soil tillage and sowing machines and the type of
previous crop post-harvest residue treatment (wheat) on the
physical and agro-chemical characteristics of the Haplic
chernozems was investigated in six-field crop rotations.
The post-harvest residues (PHR) were utilized in three
different ways (removed from the field; chopped and subsequently incorporated into the soil, and burned).
Soil samples were taken at the end of spring crop vegetation (beans, sunflower and maize) from the following
layers: 0-10, 10-20 and 20-30 cm. Soil structure was determined through dry screening to establish the percent
ratio of the soil structure units of different size (>10 mm;
10-0.25 mm and >0.25 mm).
In the 0-30 cm surface layer the available forms of the
main macro elements were redistributed according to the
type of crop, the way of post harvest residue treatment, the
depth of the investigated soil layer and the size of the structural soil units.
The type of crop and the size of the structural units
had the highest effect on the mineral nitrogen content in
the upper part of the root-deep horizon. Higher mineral
nitrogen amounts were determined after maize in the structural soil units <0.25 mm mainly at the expense of the
ammonium form of nitrogen. This form was prevalent in
the 0-10 cm layer, also after burning of post harvest residue
in comparison to post harvest residue ploughing or removal
from field.

Highest differentiation in the values of exchangeable
potassium was caused by the depth of the soil layer and
by the size of the structural soil units.

KEY WORDS: Ways of utilization of post harvest residue, soil
size units, spring crops, available forms of NPK in soil

INTRODUCTION
Modern agricultural production and the increasingly
greater requirements to it determine the increasingly central role of the soil tillage systems which contribute to
sustainable results, to the preservation of soil fertility and
to environmental protection. Soil tillage affects both directly
and indirectly the physical, agro-chemical, biochemical,
micro-biological, etc., processes which occur in soil. This
makes its role decisive for overcoming moisture deficiency,
for reduction of the greenhouse gas emissions, for sustainable retention of organic carbon in soil, for regulation of
the nutrition regime, maintenance of soil structure, decreasing of the erosion processes, which ultimately guarantees
sustainable satisfactory productivity [1-5].

The NO3-N form was in higher amounts after bean
and sunflower and after incorporation of PHR. They were
concentrated mainly in the agronomically valuable soil
structural units (10-0.25 mm).

Some authors state that soil tillage does not significantly affect the nutrition regime of soil and especially
mineral nitrogen [6-9]. As a result from long-term use of
soil tillage systems in the trial fields of Dobrudzha Agricultural Institute it has been found out that the amount of
nitrate nitrogen decreases with the systems of reduced number and depth of tillage [10, 11]. These authors have established that in traditional ploughing, the nitrogen layer
differentiation was less expressed in comparison to minimal tillage and direct sowing.

Down the depth profile, the differentiation in the values of the available phosphorus was less expressed. The
surface 0-10 cm layer was richer in phosphorus in comparison to the lower horizons. This tendency was more
clearly expressed after bean than after maize and sunflower.

The changes in the nutrition regime of soil as a result
from the use of different tillage systems have been and will
be subjected to numerous investigations due to the exceptional role of this agronomy practice for the ecological
aspects of agricultural production [12, 13].
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The aim of this investigation was to follow the effect
of the long-term use of some agronomy practices on the
nutrition regime of slightly leached chernozem soil in the
region of Dobrudzha.
MATERIALS AND METHODS
Dobrudzha Agricultural Institute is situated at 43o 40`
northern latitude and 28o 10` eastern longitude (Figure 1).
The mean annual precipitation sum in the region is 520 mm,
and the mean annual air temperature is 10.5 oC. January is
the coldest month (–1.0 oC), and July is the hottest (21.0 oC).
The maximum of rainfalls is in May-June, and the minimum – in August-September.

duced prior to main soil tillage, and the remaining amount
– prior to beginning of permanent spring vegetation.
The post-harvest residues (PHR) from the pervious
crop (Triticum aestivum L. variety Enola) were utilized in
three different ways: they were removed from the field (1);
they were chopped and subsequently incorporated into
soil (2); or they were burned (3).
Soil samples were taken at the end of spring crop vegetation from the following layers: 0-10 cm; 10-20 cm; 2030 cm. Soil structure was determined through dry screening
to establish the percent ratio of the soil structure units of
different size (>10 mm; 10-0.25 mm and >0.25 mm).
The agro-chemical characterization of the soil fractions
thus obtained involved identifying of the mineral nitrogen
forms in 1 % K2SO4, phosphorus and the exchangeable potassium by the modification of AL-method [14]. Phosphorus
was determined colorimetrically by yellow molybdenumvanadium reaction, and potassium – by flame-photometer.
The mathematical analysis of the results was performed using software SPSS 13.0.
RESULTS
The investigated factors affected differently the dynamics of nitrogen, phosphorus and potassium concentration (Table 1). The independent effect of the factors crop
(C), way of post harvest residue treatment (WPHR) and
size of soil units (SSU) on the investigated agro-chemical
indices was significant.

FIGURE 1 - Location of Dobrudzha Agricultural Institute (DAI).

The investigation was carried out at Dobrudzha Agricultural Institute during 2003-2008. The effect of the traditional systems of soil tillage, sowing machines and the type
of the previous crop post-harvest residue treatment on the
physical and agro-chemical characteristics of the Haplic
chernozems [22] was investigated in six-field crop rotation. The following scheme of crop rotation was applied:
grain maize – wheat – sunflower – wheat – bean – wheat.
Soil preparation and sowing of the spring crops (sunflower, maize and bean) was done according to the traditional system (TS). This system included ploughing at 2628 cm after harvesting of the previous crop (wheat). Presowing tillage for spring crops involved double cultivation and sowing.
The trial was performed on 30 ha area in 4 replicates.
The mineral fertilization of the spring crops in the crop
rotation was applied as follows: bean – N60P100K0; sunflower – N60P100K0; and maize – N120P100K0.
Mineral fertilization of wheat was in accordance with
the type of the previous crop and its fertilization. Main fertilization of wheat was also done with 100 P2O5 kg/ha.
Fertilization following previous crop bean was with 90 kg
N/ha, and following the other predecessors – with 120 kg
N/ha. A part of the nitrogen norm (30 kg N/ha) was intro-

The content of the NH4 nitrogen form and the sum of
the mineral nitrogen forms were not significantly affected
by the depth of the investigated soil layers.
This factor, however, significantly affected the amount
of available phosphorus and exchangeable potassium.
The interaction of the factors in pairs affected the content of NH4-N and the sum of mineral nitrogen forms with
a maximum degree of significance. The combined effect of
the factors C x WUPHR treatment and WUPHR treatment
x Soil depth on the content of NO3-N was significant, while
the effect of all other pairs of combinations between the
factors was not significant.
The content of plant available phosphorus was significantly affected by the combination of the factor size of soil
units with the factors WUPHR treatment and Soil depth.
The other pairs of combinations between the factors had a
significant effect on the phosphate regime of soil.
The content of exchangeable potassium was significantly affected by most of the pair interactions of the factors. An exception was the combination WUPHR treatment
x Size of soil units.
The strong interaction between the factors (triple combinations) had a significant effect on the ammonium nitro-
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TABLE 1 - Analysis of the variances of the investigated indices (values of parameter p)

Source
Corrected Model
Intercept
Crop (C)
Way of utilization of Post harvest residue (WUPHR)
Soil depth (SD)
Size of soil units (SSU)
C * WUPHR
C * SD
WUPHR * S
C * SSU
WUPHR * SSU
SD * SSU
C * WUPHR *SD
C * WUPHR * SSU
C * SD * SSU
WUPHR * SD * SSU
C * WUPHR * SD * SSU
ns – variations and effects not significant

NH4-N

NO3-N

.000
.000
.000
.000
.156 ns
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.001
.000

.000
.000
.000
.000
.001
.006
.000
.018 ns
.002
.015 ns
.362 ns
.119 ns
.000
.000
.063 ns
.000
.005

Sum
Sig.
.000
.000
.000
.000
.070 ns
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

P2 O5

K2 O

.000
.000
.000
.000
.000
.000
.000
.002
.000
.001
.093 ns
.396 ns
.000
.002
.099 ns
.026 ns
.458 ns

.000
.000
.001
.000
.000
.000
.000
.000
.000
.002
.044 ns
.000
.000
.001
.001
.001
.038 ns

TABLE 2 - Effect of some agronomy factors on the available forms of nitrogen, phosphorus and potassium in soil
Agronomy factors
Beans
Sunflower
Maize
Chopped
rated
Removal
Burning

and

incorpo-

NH4-N

NO3-N
Sum
mg/1000 g soil
Crop
10.64 a
1.81 b
12.44 a
15.66 b
1.78 b
17.45 b
17.28 c
1.47 a
18.74 c
Way of utilization of post harvest residue

P2 O5

K2 O
mg/100 g soil

10.26 c
8.53 b
7.95 a

21.34 a
21.35 a
22.02 b

13.14 a

1.98 b

15.13 a

10.04 c

21.02 a

13.66 a
16.78 b

1.56 a
1.52 a
Soil Depth
1.84 b
1.64 a
1.58 a
Soil size units
1.59 a
1.81 b
1.66 a

15.21 a
18.30 b

8.16 a
8.56 b

20.75 a
22.93 b

16.85 b
16.34 ab
15.44 a

9.47 b
8.70 a
8.58 a

22.34 c
21.38 b
20.98 a

17.33 b
12.89 a
18.42 c

8.83 a
8.53 a
9.39 b

20.75 a
21.15 b
22.80 c

0-10 cm
10-20 cm
20-30cm

15.01 a
14.71 a
13.86 a

>10 mm
10-0.25 mm
<0.25 mm

15.74 b
11.08 a
16.76 b

gen content, the sum of mineral nitrogen forms and the
amount of exchangeable potassium in soil. The amount of
NO3-N content was not significantly affected by the interaction Crop x Soil depth x Size of soil units. This combination and the interaction WUPHR treatment x Soil depth
x Size of soil units affected insignificantly the amount of
available phosphorus.
The complete interaction between the four factors affected significantly the mineral nitrogen forms and their
sum. Their combined interaction on the changes in the
available phosphorus and exchangeable potassium was
insignificant.

on the sum of the mineral nitrogen forms and on the
amount of phosphorus available to plants.
It was found out as a result from this investigation that
the different ways of wheat WUPHR treatment caused the
clearest differentiation in the amounts of the plant available phosphorus forms.
The dynamics in the content of available forms of the
three macro elements in the three investigated depths
specified above was very well expressed in the measured
amounts of exchangeable potassium. Similar tendency was
found also for the effect of the structural unit size on the
content of this macro element in soil.

The Waller-Duncan test allowed following the effect
of the separate levels of each investigated factor on the
agro-chemical parameters (Table 2).
A clear effect was found of the type of spring crop on
the content of the nitrogen ammonium form and hence –

DISCUSSION
The different soil tillage types in crop rotation affect
the seasonal dynamics of mineral nitrogen in soil [15]. At
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the assimilation of the first crop rotation in our investigation, the role of the type of root crop on the content of
nutrients available to plants was well expressed. Averaged
for the 0-30 cm layer, there was more mineral nitrogen
after maize in comparison to bean and sunflower, mainly at
the expense of the greater NH4-N amounts identified after
this crop. This effect was most probably caused by the conditions more unfavourable for its oxidation due to which it
remained absorbed or adsorbed on the soil particles. After
bean and sunflower, soil contained more NO3-N in comparison to maize. The rate of NO3-N accumulation in these
crops was higher and reflected the rate of soil nitrogen
mineralization [16].
The effect of the type of spring crop on the content of
available phosphorus was very clearly expressed. The results obtained could be divided into three distinct groups.
The highest phosphorus amounts were determined after
bean, the lowest – after maize.
A lower effect of the crop was found when analyzing
the exchangeable potassium content. Its values were divided into 2 groups. Differences in the available potassium
content after bean and sunflower were not found. Significantly higher amounts of exchangeable potassium were
established after harvesting of maize.
The way of PHR treatment was the factor with most
clearly expressed effect on the content of available phosphorus. Ploughing of PHR enriches soil, especially its surface layer. The amount of available phosphorus significantly
decreased after removal of PHR. The values obtained in the
variants with PHR burning were intermediate and were also
divided into a separate group.
During the period of investigation the amount of NH4N in the variants with PHR removal and ploughing was
almost equal. Significantly higher amounts of NH4-N were
determined after PHR burning.
Ploughing of PHR logically increased NO3-N amount
in soil. The variants with PHR removal and burning showed
lower content of nitrates averaged for the 0-30 cm layer.
They did not differ considerably by the values of this index and therefore they were grouped together.
The sums of the mineral nitrogen forms were higher
after burning of PHR due to the increased content of NH4N. The amounts of nitrogen mineral forms were significantly lower in the variants with removal and ploughing of
PHR. These belonged to the same group and did not differ
between themselves.
A similar tendency was observed for the content of
exchangeable potassium. Here the results were also divided
into two groups. The variants with burning of PHR had
significantly higher content of potassium in comparison to
PHR removal or ploughing. The increased amounts of
NH4+ and K+ cations in the variants with PHR burning were
due to the capacity of montmorillonite (a main clay mineral

in this soil type) to fix cations in dry condition while loosing this ability when wet. Both cations had similar behaviour because they had almost equal sizes [17].
Down the depth profile of the root-deep layers the differentiation of exchangeable potassium content was most
clearly expressed. The 0-10 cm layer had higher content in
comparison to the layers below it, this content gradually
decreasing. The content of available phosphorus in the surface layer (0-10 cm) was also significantly higher than in
the layers below it. In these layers redistribution of phosphorus according to depth was not found. The less expressed
differentiation of available phosphorus was definitely due
to the used soil tillage system (ploughing) which contributed
for the mixing of fertilization to a higher depth in contrast to
shallow tillage and direct sowing [11, 18-20].
Interesting tendencies were observed when analyzing
the mineral nitrogen forms. Regardless of the variation in
the NH4-N values in the respective soil layers, the WallerDuncan test did not reveal significant variations of this
index down the depth profile. The surface layer had higher
NO3-N content in comparison to the lower layers. In these
layers, similar to the situation with available phosphorus,
no differentiation was established down the soil profile.
The sum of mineral nitrogen forms gradually decreased
in the lower layers. It was definitely higher in the surface
layer and lower in the 20-30 cm layer. The 10-20 cm layer
showed characteristics of both the upper and the lower
layers.
The role of the soil unit size for the distribution of
available nutrients in soil was most clearly expressed in
the sum of mineral nitrogen forms and the content of exchangeable potassium. The larger amounts of the nitrogen
ammonium forms were concentrated in the soil units with
the largest and the smallest size, and the larger amounts of
nitrate nitrogen found in the agronomically valuable soil
units were at the basis of the clearly expressed layer differentiation of mineral nitrogen at depth up to 30 cm. Although
this trial was not treated with potassium fertilizers, the differentiation observed in the content of this element was
due to the complex interaction of the tested factors.
The differentiation in the values of available phosphorus was lower. Higher phosphorus amounts were concentrated in the <0.25 mm soil units. These results were confirmed by earlier investigations in long-term trials with different soil tillage systems carried out on the same soil type
[19, 21].
Among the independent action of the factors, the highest
effect on the values of mineral nitrogen and its ammonium
form was that of the factor “crop type” – 11.9 and 11.3 %,
respectively (Figure 2). It was followed by the effect of
the factor “size of soil units” – 9.1 and 8.7 %, respectively.
Among the combined interaction between the factors,
“crop x PHR x depth” had the highest effect (15.5 and
15.2 %, respectively), as well as the full combined interaction of the 4 factors. Their effect amounted to 13.2 and
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FIGURE 2 - Effect of factors on the content of mineral N forms (%)
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FIGURE 3 - Effect of the factors on the content of available phosphorus and potassium forms (%).

13.7 %, respectively. A differentiation was also established in the percent of the factors on the values of nitrate
nitrogen.
Considering the independent effect of the factors, the
effect of PHR was highest (12.6 %), and “crop x PHR x

depth” had the highest combined effect (18.4 %). The effect of the full interaction between the tested factors on the
sum of the mineral nitrogen forms was well expressed
(13.7 %). This effect was much stronger on the ammonium form of nitrogen (13.2 %), and weaker on the nitrate
form (8.8 %).
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The percent distribution of the independent and combined effects of the factors on the values of the phosphorus and potassium forms available in soil was clearly expressed but not unidirectional for both elements (Figure 3).
The values of the available phosphorus and potassium were
most affected by the independent action of the factors
“crop type” (25.4 %) and “PHR” (17.3 %). The combination between these two factors and their interaction with
the factor “depth” strongly affected the soil phosphate regime. Their effect was estimated to 15.3 and 12.3 %, respectively.
In contrast to phosphorus, the independent effect of the
factors “PHR” and “structure” on the amount of exchangeable potassium was well expressed – 15.0 and 12.5 %, respectively. The combination “crop type x PHR” had the
highest effect on the potassium regime – 19.5 %, followed
by the combination “crop type x depth” – 13.4 %.
CONCLUSIONS
In the spring crops grown with the traditional system
for soil preparation and sowing, in a 6-field crop rotation,
in the 0-30 cm surface layer redistribution of the available
forms of the main macro elements occurred according to
the type of crop, the way of post harvest residue treatment,
the depth of the investigated soil layer and the size of the
structural soil units.
The nitrate nitrogen form was in higher amounts after
bean and sunflower and after incorporating of PHR. The
nitrates were concentrated mainly in the agronomically
valuable soil structural units (10-0.25 mm).
Down the depth profile the differentiation in the values of the available phosphorus was less expressed. The
surface 0-10 cm layer was richer in phosphorus in comparison to the lower horizons. This tendency was more clearly
expressed after bean than after maize and sunflower. The
structural units <0.25 mm were richer in available phosphorus in comparison to the soil units with greater size.
The highest differentiation in the values of exchangeable potassium was caused by the depth of the soil layer
and by the size of the structural soil units. The factors
“PHR treatment”, “size of soil units” and the interactions
“crop type x post harvest residue treatment” and “crop type
x soil depth” had a strong effect on potassium content.
The interaction between the factors “crop type x post
harvest residue treatment x soil depth” had the highest
effect on the content of mineral nitrogen and its forms, and
on the content of plant available phosphorus in comparison
to all combinations of the tested factors.
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IMPACT OF TILLAGE AND SOWING SYSTEMS ON THE PHYSICAL
PROPERTIES OF A COMPACTED SOIL FROM CENTRAL SPAIN
Cristina Lopez-Fando* and María Teresa Pardo
Instituto de Recursos Naturales, CSIC Serrano 115 B, 28006 Madrid, Spain

ABSTRACT
A two-years field experiment was carried out to determine the extent and duration of the combined effect of
four tillage systems: no tillage (NT), minimum tillage with
chisel plow (MT), conventional tillage with mouldboard
plow (CT), and zone-tillage subsoiling with a paraplow (ZT)
and two types of direct drill furrow openers: hoe-type and
disc-type, on the physical properties of a semi-arid soil
(Calcic Haploxeralf) from Central Spain. In the first year,
the four tillage treatments were applied. In the second
year, the ZT plots were returned to NT to follow the residual effects of ZT. The crop rotation was grey pea
(Pisum sativum L.) – barley (Hordeum vulgare L.). In the
two years of study, no significant differences between
sowing methods in any of the physical parameters studied
were observed. When comparing NT and ZT, the immediate effects of sub-soiling on soil physical properties were
significant. Zone tillage reduced bulk density compared with
NT at the 0-200 mm depth. No tillage and ZT improved soil
aggregation and increased soil moisture over MT and CT. In
the second year, when the paraplow was not applied, the
positive effects on bulk density and moisture content dissipated significantly. On the contrary, the beneficial effect of
NT and ZT on soil aggregation clearly remained in the
year following sub-soiling.

KEYWORDS:
Conservation tillage, furrow opener, paraplow, soil bulk density,
soil compaction, soil water content, water-stable aggregates.

INTRODUCTION
No-tillage has often shown higher efficiency than conventional tillage in improving soil physical and chemical
properties and crop yields [1, 2]. These positive effects, however, are environmentally dependent, and different results
have been reported under different types of soil and climate
[3, 4]. In arid and semi-arid regions, soil densification is
an undesirable effect of the long-term application of NT.
Soil compaction can be a severe limiting factor in these

areas altering water and chemical movement, and resulting in environmental problems [5, 6]. The compaction of
soil also alters its structure, increases its bulk density and
decreases its porosity. These adverse effects reduce fertilizer efficiency and crop yield, and increase water logging, runoff and soil erosion.
Periodic changes in tillage methods (tillage rotation
with a paraplow) have been considered as a solution to
potential densification induced by the use of NT over an
extended period. Several authors [7, 8] have reported benefits associated with the use of paraplow in soil physical
properties, including increased infiltration rates, reduced
soil strength and increased water availability to plants.
Nevertheless, very little research has been done on the effect
of the use of the paraplow on soil characteristics under
Mediterranean semi-arid conditions. The present study was
aimed to determine the combined effect of four tillage systems and two types of direct drill furrow openers on the
physical properties of a semi-arid soil from Central Spain.
MATERIALS AND METHODS
This research was part of a larger long-term experiment initiated in 1992, and was carried out from October
2006 to June 2008. The site was located 80 km south of
Madrid, and is characterised by a semi-arid continental climate. The soil was a Calcic Haploxeralf [9], with the main
properties of the soil profile shown in Table 1. In 2006 and
2007, two types of direct drill furrow openers, hoe-type and
disc-type, were used. With regard to tillage treatments, in
2006, four tillage systems were applied: no tillage (NT),
minimum tillage with chisel plow (MT), conventional tillage with mouldboard plow (CT), and zone-tillage subsoiling with a paraplow (ZT). The ZT sub-soiler was set to
operate at a depth of 30 cm with little disturbance of the
soil surface. In the second year, paraplow was not used in
order to establish its residual effect on soil properties. All
tillage was performed in autumn, and followed by seeding
a few days after. The plots (9 m x 40 m) were arranged in
a randomised complete block design with three replications. The crop sequence was grey pea (Pisum sativum L.
cv Gracia) / barley (Hordeum vulgare L. cv Volley). A
total of 4 randomly selected sites of each plot were sam-
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pled each year for soil analysis (cone index, soil moisture
content, bulk density and aggregate stability).
TABLE 1 - Some properties of the soil profile.

Sand (g 100 g–1)
Silt (g 100 g–1)
Clay (g 100 g–1)
Field capacity -33 kPa (g 100 g–1)
Wilting point -1500 kPa (g 100 g–1)
Particle density (Mg m–3)
Bulk density (Mg m–3)
pH (1:2.5 soil:water)
Organic matter (g kg–1)
CEC (cmolc kg–1)
Total N (mg kg–1)
Ap = horizon; Bt = horizon

0–200 mm
Ap
55.1
19.1
25.8
22.1
10.2
2.64
1.56
5.8
12.0
17.4
690

200–400 mm
Bt
56.7
10.3
33.0
24.3
13.3
2.61
1.37
6.0
10.4
26.3
370

Soil physical analyses

To characterize the degree of soil loosening among the
four tillage systems, soil resistance to penetration (cone
index) was measured down the soil profile to 450 mm, at
intervals of 15 mm, using a RIMIK CP-10a cone penetrometer (cone basal area = 1.2 cm2, cone angle = 300, 0–
450 mm depth range). Six to nine penetrations per plot were
made at each measurement time. Gravimetric soil water
content was measured by mixing two different samples
(250 mm diameter) collected from each plot, and taken at
0–50, 50–100, 100–200 and 200–300 mm intervals. Soil
moisture was determined by drying the soil at 105 oC to
constant weight, and measuring the soil sample mass after
and before drying.
Soil bulk density of the 0–300 mm surface layer was
progressively determined using the core method [10]. Intact

soil cores (length 54 mm, diameter 50 mm = 106 cm3) were
collected from four depths: 0–50, 50–100, 150–200 and
250–300 mm. Two sub-samples were collected from each
plot. In the laboratory, samples were carefully trimmed,
weighed and dried at 105 ºC to a constant weight and reweighed. Water-stability of aggregates (1–2 mm) was measured (after capillary rewetting) with a wet-sieving method
[11]. Percentage of water stable aggregates (1–2 mm) was
calculated using the mass of aggregated soil remaining
after wet sieving and the total mass of aggregates at the
beginning.
For each measurement date, soil properties at selected
depths, were statistically analysed using a completely randomised block design. Treatment effects on measured variables were tested by analysis of variance (ANOVA), and
comparisons among treatment means were made using the
least significant difference (LSD) multiple range test calculated at P<0.05. All statistical analyses were performed using
STATISTICA software [12].
RESULTS AND DISCUSSION
In the two years, the effects of the different tillage
systems and sowing methods on soil physical characteristics were determined as mean values of three different
measurements: (i) after tillage, (ii) one month after seeding,
and (iii) at the end of spring. When comparing both sowing
methods applied, no significant differences were observed
in any of the different soil physical parameters studied
(Tables 2 and 3, Figs. 1 and 2).
Zone tillage reduced bulk density compared with NT
at the 0–50, 50–100 and 100–200 mm depths (Table 2). In

TABLE 2 - Soil bulk density, soil moisture and percent water-stable aggregates in the first year.
Soil depth
(mm)

Tillage
treatment

0–50

NTa
ZT
MT
CT

Bulk density
(Mg m-3)
Hoe-type
Disc-type
1.73 ab Ac
1.78 a A
1.62 b A
1.66 b A
1.61 b A
1.60 b A
1.60 b A
1.51 c A

Soil moisture
(g 100 g-1)
Hoe-type
Disc-type
11.25 b A
10.93 a A
11.77 b A
10.96 a A
13.40 a A
10.09 a B
11.83 b A
10.42 a A

Percent aggregates
(1– 2 mm)
Hoe-type
Disc-type
79.26 a A
88.14 a A
75.27 a B
88.27 a A
58.44 b A
62.45 b A
57.22 b B
68.47 b A

50–100

NT
ZT
MT
CT

1.70 a
1.63 b
1.64 b
1.66 b

A
A
A
A

1.68 a
1.60 b
1.60 b
1.62 b

A
A
A
A

11.71 c
13.59 b
15.65 a
13.00 b

A
A
A
A

11.79 b
13.63 a
13.93 a
13.27 a

A
A
B
A

77.28 a
76.14 a
56.23 b
54.85 b

A
A
A
A

79.88 a
82.14 a
61.20 b
59.24 b

A
A
A
A

100-200

NT
ZT
MT
CT

1.63 a
1.49 b
1.68 a
1.65 a

A
B
A
A

1.60 a
1.59 b
1.68 a
1.68 a

A
A
A
A

17.38 a
16.85 a
12.33 b
14.46 b

A
A
A
A

15.63 a A
15.07 a A
13.20 b A
14.51ab A

73.24 a
71.55 a
59.62 b
54.58 b

A
A
A
A

74.59 a
78.42 a
62.45 b
54.86 b

A
A
A
A

200-300

NT
1.58 a A
1.62 a A
18.85 a A
16.48 a A
71.45 a A
70.47 a A
ZT
1.56 a A
1.63 a A
17.84 a A
17.38 a A
69.11 ab A
69.26 a A
MT
1.61 a A
1.66 a A
14.17 b A
14.78 b A
62.23 c A
58.35 b A
CT
1.57 a A
1.63 a A
13.28 b A
13.99 b A
66.87 b A
64.59 ab A
a
NT: no-tillage; ZT: no-tillage with paraplow; MT: minimum tillage, and CT: conventional tillage.
b
Values in each column followed by the same lower case letter are not significantly different between tillage treatments at the same depth (P<0.05).
c
Values in each file followed by the same upper case letter are not significantly different between sowing types at the same tillage treatment and
depth. (P<0.05).
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FIGURE 1 - Effect of tillage on cone index in the first year. (A) hoe-type. (B) disc-type. NT: no-tillage; ZT: no-tillage with paraplow; MT:
minimum tillage and CT: conventional tillage. Error bars are LSD among treatments within a soil depth (P<0.05).

TABLE 3 - Soil bulk density, soil moisture and percent water-stable aggregates in the second year.
Soil
(mm)

depth Tillage
ment

treat-

0–50

NTa
ZT
MT
CT

Bulk density
(Mg m-3)
Hoe-type
1.63 a A
1.60 a
1.62 a A
1.58 a
1.61 a A
1.60 a
1.60 a A
1.62 a

Soil moisture
(g 100 g-1)
Disc-type
Hoe-type
A
11.8 a A
10.9 a
A
11.3 a A
11.0 a
A
13.4 a A
10.1 a
A
11.8 a A
10.4 a

Percent aggregates
(1– 2 mm)
Disc-type
Hoe-type
Disc-type
A
92.1 a A
73.2 ab B
A
78.9 b A
75.3 a A
A
64.0 c A
56.4 c A
A
61.7 c A
64.0 bc A

50–100

NT
ZT
MT
CT

1.70 a A
1.49 b A
1.64 a A
1.66 a A

1.72 a A
1.60 ab A
1.59 b A
1.63 ab A

11.7 a A
13.6 a A
13.7 a A
13.0 a A

11.8 a
13.6 a
13.9 a
13.3 a

A
A
A
A

77.42 a A
73.25 a A
61.20 b A
61.51 b A

79.72 a A
74.23 a A
55.23 b A
60.35 b A

100-200

NT
ZT
MT
CT

1.63 a A
1.63 a A
1.68 a A
1.65 a A

1.66 a
1.64 a
1.68 a
1.66 a

A
A
A
A

11.4 bc B
13.9 ab A
17.3 a A
14.5 ab A

13.3 ab A
13.1 ab A
15.5 a B
15.5 a A

78.65 a A
82.54 a A
65.87 b A
62.35 b A

78.64 a A
75.52 a A
62.51 b A
63.25 b A

200-300

NT
ZT
MT
CT

1.58 a A
1.51 a A
1.61 a A
1.57 a A

1.51 a
1.62 a
1.68 a
1.73 a

A
A
A
A

13.9 a A
17.8 a A
16.2 a A
15.3 a A

14.5 a
17.4 a
14.8 a
16.0 a

84.7 a A
85.8 a A
63.8 c A
71.8 b A

84.7 a A
72.1 bc A
66.7 c A
70.7 bc A

A
A
B
A

a

NT: no-tillage; ZT: no-tillage with paraplow; MT: minimum tillage and CT: conventional tillage.
Values in each column followed by the same lower case letter are not significantly different between tillage treatments at the same depth (P<0.05).
c
Values in each file followed by the same upper case letter are not significantly different between sowing types at the same tillage treatment and
depth. (P<0.05).
b

the 200–300 mm interval, on the contrary, no differences
between tillage treatments were found. No tillage and ZT
increased soil moisture over MT and CT in the deeper
layers (100–200 and 200–300 mm) but no clear effect was
found at the 0–50 and 50–100 mm depths. The percentage
of aggregates (1–2 mm) was similar under NT and ZT, but
significantly higher than under MT and CT.
In the first year, values of soil strength in the NT plots
reached a cone index value close to 1.8 MPa at a soil depth
of 150 mm (Figs. 1 A and B). When the total soil profile
was considered, minimum values of cone index corresponded to CT. Zone tillage and MT had both a remarka-

ble effect on soil strength, and cone index was significantly reduced by ZT and MT compared with NT at the 0–200
mm depth.
In the second year, when paraplow was not applied,
the values of soil bulk density and moisture content (Table 3) indicated that the effects of ZT on these properties
dissipated significantly, and no differences were found
between ZT and the other tillage treatments. On the contrary, the positive effect of NT and ZT on soil aggregation
observed in the first year, clearly remained in the year
following sub-soiling, being the percent of water stable
aggregates (1–2 mm) significantly higher under NT and ZT
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FIGURE 2 - Effect of tillage on cone index in the second year. (A) hoe-type. (B) disc-type. NT: no-tillage; ZT: no-tillage with paraplow; MT:
minimum tillage and CT: conventional tillage. Error bars are LSD among treatments within a soil depth (P<0.05).

than under MT and CT. Similar studies carried out in
different types of soils, have also observed an improvement
in soil aggregation in NT compared with tillage treatments
[13–15].
With regard to the values obtained in the first year,
soil strength in the loosened zone clearly increased for all
treatments (Figs. 2 A and B,) and at a soil depth of 150 mm,
cone index under NT reached a value close to 2.7 MPa. In
all treatments, values of cone index at depths higher than
300 mm exceeded the detection limits of the penetrometer
used (4 MPa).
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Although in the 0–200 mm interval, MT and CT were
the most efficient treatments in decreasing soil strength,
ZT showed an important residual effect being the cone
index values under ZT significantly lower than under NT.
Other authors [7], on the contrary, have reported no significant differences between NT and ZT in the year following sub-soiling.
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ABSTRACT

INTRODUCTION

The risk related to the presence of hydrophobic contaminants in soil is mainly due to their availability, influenced by aging processes and the amount and quality of
organic matter. An improper estimation of the risk of a
pollutant in soil, could affect whatever remediation action.
Therefore, integrated approaches are needed for a realistic
evaluation of the contaminant availability. This work aims
to correlate chemical extraction methods and bioassays to
assess the bioaccessibility, bioavailability and toxicity of
phenanthrene (PHE).

Polycyclic aromatic hydrocarbons (PAHs) result from
incomplete combustion, coke production, petroleum refining and other high-temperature industrial processes [1].
Great concern is associated with their presence in the environment owing to their high affinity towards lipophilic
tissues and their accumulation in living organisms in which
they can promote mutagenic and carcinogenic processes
[1-4]. The environmental risk of contaminants, such as
PAHs, is linked to their bioaccessible and bioavailable
portion.

Bioaccessibility and bioavailability of PHE in an agricultural soil polluted with 15 and 150 mg kg-1 of PHE
have been studied in relation to aging effects (up to 240
days) and compost amendments (10 and 30 t ha-1).

The bioaccessible fraction represents the amount of
contaminant potentially able to cross a biological membrane
of a receptor in absence of any environmental restriction,
whereas the bioavailable fraction consists of the amount of
xenobiotic which is really able to cross a biological membrane from the medium the organism inhabits [5-7].

The bioaccessibility, evaluated by means of the PHE
amount desorbed by Tenax TA resin, evidenced a decrease
in PHE amount extracted at 240 days, with respect to that
extracted at 20 days (aging effect) in the presence of 15 mg
kg-1 PHE, and at 10 t ha-1 of compost addition. The addition of higher doses of compost (30 t ha-1) evidenced a
reduction of the bioaccessible PHE fraction after only
20 days of aging. No differences were observed in samples contaminated with 150 mg kg-1 of PHE.
The bioavailability was assessed by PHE uptake in Eisenia andrei (Annelida, Lumbricidae) exposed for 14 days
to soil samples. This parameter showed a marked reduction with aging and compost amendment both at 15 and
150 mg kg-1 of PHE concentration. A reduction of the acute
toxicity (mortality of individual earthworms) and of morphological alterations in immune system cells were observed after 240 days of aging in all samples.
Results evidenced that the toxicity of PHE was well
correlated with the bioavailability. However, the relationships between the bioaccessibility and the two abovementioned parameters were less clear.
KEYWORDS: Phenanthrene, bioaccessibility, Tenax TA, bioavailability, earthworms, immune system cells

The prediction of the environmental availability of
the pollutant [8] can be provided by means of mild extraction techniques using butanol, methanol, hydrophobic resins or cyclodextrins [9-11]. In particular, the first rapid desorption phase, using hydrophobic resins, can estimate the
bioaccessible fraction of the pollutant, also named environmental bioavailability [5, 8].
The bioaccessible and the environmental-available fractions could overestimate the real risk for the fauna, especially at the highest contaminant concentrations [12]. Consequently, it should be recommended to relate those data to
the bioavailable fraction using biological receptors [8],
such as earthworms [13, 14]. During soil explorations,
earthworms can accumulate contaminants in their body
tissues. This amount can provide indications of the actual
biological availability of xenobiotics in soil, and it can be
useful for the risk assessment before and after a possible
remediation action. A more complete evaluation of the
environmental risk should require also the assessment of the
pollutant toxicity. Many approaches can be followed in
this sense, such as the relief of the survival rate of earthworms after 14-d exposure to xenobiotics [15], the evaluation of morphological alterations in the immune cells of
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the worms, and others [16]. Few studies have been carried
out to relate together the bioaccessibility, the bioavailability and the toxicity. These comparisons have been restricted
to the effects of heavy metals and organic compounds from
military training-range soils [17], or to the effects of Persistent Organic Pollutants (POPs), such as pentachlorophenol [7]. Other studies on PAHs, instead, pointed out a
relation between bioaccessibility and bioavailability [18],
or between bioavailability and toxicity [16].
In addition, compost amendments can affect the bioaccessibility, bioavailability and toxicity of a contaminant.
The compost could both promote the immobilization of
xenobiotics [3], or increase the mobility by releasing dissolved organic matter (DOM). On the other hand, the
amendment with compost could also stimulate the feeding of
earthworms and indirectly increase the bioavailability. Furthermore, it has been extensively reported that aging can
decrease the bioavailability of pollutants in soil [12].
Phenanthrene (PHE), a tricyclic aromatic hydrocarbon,
was chosen in this study as model compound to investigate
the environmental toxic properties of the PAH pool [3].
Therefore, the present research is aimed to assess correlations among the bioaccessibility, bioavailability and
toxicity of PHE by means of a biological model (earthworm), and to evaluate the influence of the aging and compost amendments on these parameters. A solid phase extraction technique was used to measure the bioaccessibility and the environmental availability of PHE in contaminated soils aged up to 240 days and amended with two
compost doses. These results were related to the bioavailability measured as accumulation of the pollutant in the
body of the earthworms and to the response of their immune system.
MATERIALS AND METHODS
Experimental design

Soil samples were collected in Turi (Bari, Italy) and
sieved at 2 mm (Table 1). They were amended with a compost (Table 2) at two concentrations (10 and 30 t ha-1, calculated assuming field application to a depth of 20 cm).
Unamended soil samples (NC) and soil samples
amended with the two doses of compost (10 t ha-1: C1
and 30 t ha-1: C2) were spiked with 15 and 150 mg kg-1 of
PHE directly in each microcosm following Northcott and
Jones [19]. Control and spiked soils (100 g) were placed
in 0.3-L glass jars, and demineralized water was added up
to 80% of field capacity. Samples were sterilized using γ–
irradiation from 60Co source (5 Mrads) and aged up to 240
days at room temperature, darkness and under sterile
conditions, checked at each aging period.
Each treatment was in duplicate, with a total of 72 microcosms, corresponding to two different compost additions (C1, C2) plus NC, two pollutant concentrations (15,

150 mg kg-1 PHE) plus untreated, and four aging periods
(20, 60, 120 and 240 days).
TABLE 1 - Soil physico-chemical and mineralogical parameters.
pH (H2O)
pH (KCl)
Organic Carbon (%)
Large sand (%)
Fine sand (%)
Silt (%)
Clay (%)
Cationic Exchange Capacity
(meq100g-1)

7.94
6.88
2.36
2
44
25
29
21.1

Illite and Smectite (wt %)
Kaolinite (wt %)
Illite (wt %)
Calcite (wt %)
Plagioclase (wt %)
Quartz (wt %)
Total nitrogen (‰)
Electrical Conductivity
(dS m-1)

19
21
53
2
1
3
2.35
0.174

TABLE 2 - Compost physico-chemical parameters.
pH (H2O)
Water content (%)
Volatile compounds (% d.w.)
Ash (% d.w.)
EC (dS m-1)
Total Nitrogen (% d.w.)

9.0
33.7
67.7
32.3
3.2
2.8

T.O.C. (% d.w.)
C/N
Cu (mg kg-1)
Pb (mg kg-1)
Ni (mg kg-1)
Cr (mg kg-1)

31.6
11.4
146.8
110.7
46.3
36.1

Samples at each aging period were subjected to
Soxhlet exhaustive extraction using a 1:1 acetone:hexane
mixture for 16 h. After purification and replacement of the
solvent with acetonitrile, the extracts were analyzed by high
performance liquid chromatography with fluorimetric detection (HPLC-FL).
Desorption kinetics of PHE by Tenax TA resins

The desorption of PHE was evaluated through a solidphase extraction by the resin Tenax TA (60-80 mesh - 250177 µm - Supelco) as adsorbent. Before use, the resin was
rinsed three times with hexane (10 ml g-1 resin), acetone
(10 ml g-1 resin) and, finally, with demineralized water
(10 ml g-1 of resin). After filtration on a nylon filter (20 µm
pore size), the resin was dried at 75 °C for 24 h.
At the end of each aging period (20, 60, 120 and
240 days), 0.5 g of soil from all microcosms treated with
PHE were suspended in a solution of 8 ml 0.005 M CaCl2
and 1 ml of NaN3 (18 mg/ml) in screw-capped centrifuge
tubes; sodium azide was used as bacterial inhibitor. The
resin (100 µg) was added to the soil suspension and each
tube was incubated in an end-over-end shaker up to 7 days.
The resin was collected from the suspensions after 1, 3, 24,
72 and 168 h (by centrifugation at 720 g and recovering
using a steel spatula) and replaced with fresh resin each
time. The collected resin was then resuspended in 10 ml
of acetonitrile and, after 24-h shaking, the extract was analyzed by HPLC-FL. The first 24-h cumulative desorption
amount was taken as a measure of the bioaccessible fraction of PHE [8].
Bioavailability assessment

The earthworms were obtained by Compagnoni farm
(Lecco, Italy), acclimated in the laboratory at room temperature and reared on a standard diet for at least 1 month
before the experiments (individual fresh weight was 0.58
± 0.13 g). After each aging period, 20 mature earthworms
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of Eisenia andrei Bouché were exposed for 14 days in each
microcosm at 24 ± 1 °C in the dark, as recommended by
OECD protocol [15]. Surviving earthworms were counted,
collected, rinsed with tap water, placed in a Petri dish for
24 h to reject the content of their gut and, finally, subjected to the coelomocyte viability assessment. The same
specimens were then frozen at -80 °C, freeze-dried, and
the PHE was extracted in acetonitrile for 24 h. The extracts were analyzed by HPLC-FL.

Statistical analysis

Data were evaluated using analysis of variance
(ANOVA) and Tukey’s test (P<0.05) for comparison of
means. All statistical analyses were performed with
STATISTICA software.
Percentage data were arcsine-transformed prior to
ANOVA analysis.
RESULTS AND DISCUSSION

Extraction and HPLC-FL analyses

Preliminary experiments were carried out to validate
the extraction method of PHE from earthworms and resins. Soxhlet extraction for 16 h in acetone:hexane provided
results comparable with those obtained after 24-h extraction on an end-over-end shaker with acetonitrile. Therefore, the latter extraction procedure was applied thereafter. The extracts were then filtered at 0.2 µm and analyzed
by HPLC-FL. Pyrene was added to the samples before the
extraction as surrogate to take into account the extraction
yields. Recoveries for pyrene were larger than 94.1%
(RSD < 3.5%).

The bioaccessible fraction (first 24-h cumulative desorption of PHE by resin) of soil samples spiked at the
lowest dose of PHE displayed a certain variability in relation to the aging. In particular, samples amended with 10 t
ha-1 (C1) evidenced a reduction of the PHE desorbed by
resins over time (about 64 and 33% after 20 and 240 days
of aging, respectively). This phenomenon was not observed
in unamended soils (NC) (Fig. 1a). This trend confirmed a
possible influence of the organic substance on the pollutant

Earthworms exposed to untreated soils (blanks) were
subjected to the same extraction procedure. Since no interferences were observed at the retention time of PHE during
the HPLC-FL analysis, no further clean-up procedures
were needed.
All the extracted samples from soil and earthworms
were analyzed by HPLC (Waters 616) using a Supelcosil
LC-PAH column (10 cm x 4.6 mm).
The separation was performed at a constant flow of 1 ml
min-1, using an isocratic elution with 20% water and 80%
acetonitrile. The HPLC was equipped with a fluorometric detector (Perkin Elmer Series 200): excitation and emission wavelengths were set at 280 nm and 350 nm, respectively.
Toxicity evaluation

At the end of each exposure period, the earthworms
were treated to reject the content of their gut as described
above, rinsed with 2 ml of NaCl 0.85%, and placed on a
paper towel. Each specimen was placed in a Petri plate
containing 3 ml of cold buffer Ca-LBSS [20], and stimulated to extrude the coelomocytes (cells of the immune
system) by a direct galvanic current (5 V for 30 s). The
coelomocytes were recovered by centrifugation for 10 min
at 150 g and 4 °C.
The viability of the coelomocytes was evaluated by
means of Trypan blue dye exclusion (0.4%). In addition,
morphological alterations of the coelomocytes were checked
using a May-Grünwald Giemsa staining, by means of a
light microscope Olympus BX50 (40X).
Finally, as reported by McCarty et al. [21], the critical body residue (CBR) was determined to assess the
toxicity.

FIGURE 1 - Bioaccessibility of PHE in samples spiked with 15 mg
kg-1 (a) or 150 mg kg-1 (b), and aged for 20, 60, 120 and 240 days.
NC: unamended soil; C1: soil amended with 10 t ha-1; C2: soil
amended with 30 t ha-1. Means ± SD are reported.
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sequestration in the soil when amendment is practiced at
certain doses [22].
The behaviour observed in soil samples amended with
30 t ha-1 (C2) was dissimilar. The bioaccessible fraction in
samples C2 after 20 days of aging was lower than that
detected in NC and C1 samples. However, contrarily to
C1 samples, the bioaccessibility in C2 varied slightly with
the aging increasing from 41.4 ± 2.0% at 20 days to 44.3

± 2.5% at 240 days (Fig. 1a). Considering that compost
commonly releases not negligible amounts of dissolved
organic matter (DOM), the very high concentration of compost added in sample C2 might have produced a prompt
reduction of PHE bioaccessibility, and a “rebound effect”
actually due to the release of DOM that could enhance PHE
desorption with time [23].

FIGURE 2 - Phenanthrene desorption from soil spiked with 15 mg and 150 mg PHE kg-1 soil, and aged from 20 to 240 days by means
of Tenax TA resin. NC: unamended soil; C1: soil amended with 10 t ha-1; C2: soil amended with 30 t ha-1. Means ± SD are reported.
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No aging or compost effects were observed in soil
samples spiked with 150 mg kg-1 PHE (Fig. 1b). The high
concentration of PHE could have masked the sequestration of the pollutant with time. The absence of any aging
effect may be also due to the relative short aging (240 days)
applied in the current experiment. Another explanation
could be the use of sterile soil which can prevent the degradation of PHE [24], and keep most of the PHE present in
soil, in an available form. In fact, Soxhlet extraction of
PHE from samples aged for 240 days was about 100% of
the initial concentration (data not shown).
The desorption kinetics are able to provide detailed information on the sequestration of the molecule in the soil
matrix, and to measure the “environmental availability”,
previously indicated also as “potential bioavailable fraction” [8]. Tenax was able to desorb not negligible amounts
of PHE from all samples, even after 24 h of desorption
(Fig. 2). These data supported an aging effect only for
sample C1 polluted with 15 mg kg-1 of PHE (C1 15), where
the amount of pollutant extracted at 168 h was higher at
20 days of aging (84.0 ± 3.0%) than at 240 days (46.8 ±
3.6%). No aging effect was observed in all the other treatments. However, the amount of PHE desorbed from samples polluted with the lowest dose of xenobiotic (C2 15)
was lower than that desorbed from C1 and NC since the
beginning of the experiment, and it remained almost constant over time (from 55.1 ± 2.2% to 59.3 ± 3.7% after 20
and 240 days of aging, respectively).

pyrene bioavailability in E. fetida was inversely related to
organic matter content but directly related to the aging (up
to 120 days) [18]. It should be underlined that in the previous studies very small microcosms (5 earthworms in 10 g
of soil) were set up, not taking into account the epigeic
ecological behaviour of the earthworm species.
However, the aging effect is not obvious and other
xenobiotics such as dichlorodiphenyldichloroethylene
(DDE) did not show any time-dependent influence [12].
As regard to PHE applied at the lowest dose, the amount
of the contaminant accumulated in worms ranged from
47.3 (at 20 days of aging) to 11.2 (at 240 days of aging),
from 70.5 to 7.5 and from 55.7 to 7.1 µg g-1 in earthworms
exposed to NC, C1, and C2 soils, respectively (Fig. 3a).
At 150 mg kg-1 of the pollutant, the bioavailability decreased in all samples. Particularly, the amount of PHE
accumulated in worms decreased from 2232.5 to 85.2 µg
g-1 when they were exposed in C1 soils (Fig. 3b).

At 150 mg kg-1, the environmental availability evidenced the same trend observed for the bioaccessibility
(Fig. 2).

The survival of earthworms in untreated and in polluted soils with 15 mg kg-1 of PHE ranged from 45 to
100% within all aging periods (Table 3). A highest toxicity was observed in soils spiked with 150 mg kg-1 of PHE
for which survival ranged from 0 to 35%, up to 120 days
of aging, while it increased to 95-100% after 240 days
(Table 3), reaching values close to the control. Previous
studies on E. fetida, reared up to 70 days in a sandy loam
soil amended with vermicompost, sterilized and polluted
with 100 mg kg-1 of PHE, did not detect any effect on
survival and growth of the earthworms [16].

The bioavailability, measured by PHE accumulated in
earthworm tissues, decreased with aging (Fig. 3), confirming results previously obtained on Eisenia fetida in a
silt loam soil contaminated with 1 µg g-1 of PHE and after
8-days exposure [12, 25]. It has been also reported that

For a pollutant with narcotic mode of action and with a
log Kow greater than 1.5, the critical body residues (CBR)
can be estimated to be 4.4 (range of 2.2-8.3) µmol g-1 in
aquatic organisms [21]. This value is in accordance with the
CBR found in the surviving earthworms, exposed to PHE in

FIGURE 3 - Bioavailability of PHE accumulated in earthworms exposed for 14 days to soils spiked with 15 mg kg-1 (a) or 150 mg kg-1 (b),
and aged for 20, 60, 120 and 240 days. NC: unamended soil; C1: soil amended with 10 t ha-1; C2: soil amended with 30 t ha-1. Means ± SD are
reported. * Indicates a lack of data owing to the death of all earthworms exposed to treated soils.
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TABLE 3 - Rate of earthworm survival (%) after 14 days of exposure to the treatments.
PHE
15 mg kg -1
15 mg kg-1
15 mg kg-1
150 mg kg-1
150 mg kg-1
150 mg kg-1
(a)

compost
10 t ha-1
30 t ha-1
10 t ha-1
30 t ha-1
10 t ha-1
30 t ha-1

NC-0
C1-0
C2-0
NC-15
C1-15
C2-15
NC-150
C1-150
C2-150

20 days (a)
100
50
100
100
70
100
20
30
0

60 days
75
50
45
75
85
80
5
25
35

120 days
90
90
85
100
75
65
0
5
0

240 days
100
100
100
100
100
100
95
100
95

Aging periods.

TABLE 4 - Cell viability (%) from earthworms exposed to treatments.
PHE

20 days (a)

compost

120 days

240 days

15 mg kg -1
150 mg kg -1

-

NC-0
NC-15
NC-150

70 ± 14 (b) α
77 ± 17 α
15 ± 9 α *

67 ± 9 α
64 ± 16 αβ
-(c)

60 days

64 ± 15 α
40 ± 32 β
-

70 ± 8 α
74 ± 13 α
77 ± 24 β

15 mg kg -1
150 mg kg -1

10 t ha-1
10 t ha-1
10 t ha-1

C1-0
C1-15
C1-150

81 ±16 α
76 ± 34 α
19 ± 4 αβ *

63 ± 14 α
75 ± 11 α
40 ± 37 αγ

60 ± 17 α
55 ± 19 α
50 ± 2 β *

61 ± 14 α
70 ± 7 α
73± 17 γ

30 t ha-1
C2-0
59 ± 23 α
64 ± 23 α
65 ± 24 α
57 ± 13 α
-1
15 mg kg
30 t ha-1
C2-15
73 ± 13 α
77 ± 15 α
47 ± 30 β
70 ± 12 αβ
150 mg kg -1
30 t ha-1
C2-150
65 ± 27 α
78 ± 35 α
(a)
Aging periods.
(b)
Percentages of cell viability were reported as means ± SD. Differences among aging periods: values in each row followed by the same Greek
lowercase letters were not significantly different (P <0.05). Differences among PHE concentration: * indicates a significant difference within the
same amended treatment (P <0.05). Differences among amendment doses were not observed.
(c)
Lack of data owing to the death of all earthworms or to the few cells extruded.

the current experiments (2.5 µmol g-1). This value, also in
agreement with data reported by McCarty et al. [21], confirms that the narcotic toxicity results from a near-constant
body residue [26], and is class independent.
A strict relationship between the bioaccessibility and
the bioavailability was not always detected. At 15 mg kg-1
of PHE, a similar trend was observed but the bioaccessibility range was less pronounced than that of bioavailability in all aging periods. At 150 mg kg-1 of PHE, on the
basis of the obtained data, the difference between the
bioaccessibility and bioavailability results was substantial.
Despite the bioaccessibility did not change up to 240 days,
the bioavailability decreased notably (Fig. 3). This trend
could be explained by the fact that earthworms cannot
reach the xenobiotic molecule trapped in the micropores
of the soil matrix as effect of aging. Contrarily, by acting
as infinite sink, resin is able to desorb PHE also from sites
of interaction which are very deep inside the soil particle
(they keep a very high concentration gradient of PHE
between the aqueous phase and the soil surface).
No significant difference among coelomocyte viability was detected in relation to the compost addition,
whereas a significant difference was often appreciated in
respect to the aging (Table 4). In particular, at 150 mg kg-1

PHE, the coelomocyte viability increased significantly
from 20 to 240 days of aging in NC and C1. Relatively to
the applied doses of contaminant, a significant difference
was detected at 20 days just for NC and C1 soils, and at
120 days for C1 soils. At 240 days of aging, no significant
differences were observed with respect to the PHE concentration.
The toxicity of PHE showed a good correlation with
the bioavailability. On the contrary, a strict relationship
between toxicity and bioaccessibility was not always observed. In particular, although at 150 mg kg -1 the bioaccessibility did not change up to 240 days of aging, the
survival rate of earthworms and their cell viability was
improved, in accordance with the decrease of bioavailability.
The morphological analysis of cells extracted after
20 days from earthworms exposed to 150 mg kg-1 of PHE,
showed strong cell modifications with vacuolization, pseudopodia, cluster and lysis (Figs. 4 d, e) with respect to
coelomocytes extruded from earthworms reared on untreated NC soils (Fig. 4 a). The extruded cells of earthworm exposed at 15 mg kg-1 showed a slight vacuolization
(Figs. 4 b, c). The quality of coelomocytes appeared to be
not affected by the compost addition. After 240 days, the
cell modifications were largely reduced (data not shown).
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FIGURE 4 - Coelomocyte modifications after earthworm exposure to PHE in 20-days aged soils (400X). Coelomocyte extruded from earthworm exposed to a) untreated NC soil; b) C1 soil spiked with 15 mg kg-1 of PHE; c) C2 soil spiked with 15 mg kg-1 of PHE; d) C1 soil spiked
with 150 mg kg-1 of PHE; e) C2 soil spiked with 150 mg kg-1 of PHE.

CONCLUSION
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This work pointed out the abiotic interactions of PHE
in a sterilized soil, without the presence of microorganisms
able to degrade it. The toxicity of PHE was well correlated
with the bioavailability in earthworms. However, the relationships between the bioaccessibility and the two abovementioned parameters were less clear.
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The aging and the compost addition to polluted soil
were the main parameters investigated in this research. In
particular, the lowest dose of compost (10 t ha-1) seemed
to influence the bioaccessibility, the bioavailability and
the viability, and thus to reduce the toxicity on coelomocytes. Moreover, the aging was also substantial in reducing the bioavailability and toxicity of PHE for earthworms.
In fact, the viability analyses of coelomocytes showed improved conditions after 240 days, with regard to previous aging periods.
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ABSTRACT
The effects on soil inorganic and organic pollution,
due to long-term compost applications in Mediterranean
agricultural soils, were investigated. Total and available
metal (Cd, Fe, Mn, Ni, Pb, Zn) and polycyclic aromatic
hydrocarbon (17 PAHs) concentrations were evaluated for
three years, in two agricultural fields of CRA (Consiglio per
la Ricerca e la Sperimentazione in Agricoltura) of Campania
Region (Southern Italy), one in open-field and one in greenhouse. At each field, compost was annually incorporated
into the soil to a depth of 20-25 cm, at the doses of 15, 30
and 45 t/ha (on dry weight basis). Three plots were amended
with each dose and three plots not amended were used as
controls. The soils of the two fields showed different metal
baseline concentrations and comparable PAH values. Along
the time, the differences in metal and PAH concentrations
between sites and among samplings were wider than the
differences attributable to the treatments. However, after
three consecutive compost applications, treatments increased
available metal concentrations rather than total concentrations, and the effects were more evident in soil under
greenhouse, where higher available concentrations of Cd,
Fe, Mn, Pb and Zn were found in the amended plots. At the
open-field, after the last compost application, only available Zn increased. Compost amendment did not show longterm effects on soil total PAH concentrations at the investigated fields.

KEYWORDS: Agricultural soil; bioavailability; compost; polycyclic
aromatic hydrocarbons (PAHs); toxic equivalent factor (TEF);
trace elements.

INTRODUCTION
Compost amendment is an important strategy to recover agricultural soil fertility in Mediterranean area [1],
where the climatic conditions enhance soil degradation and
impoverishment [2]. Compost application replenishes soil
organic matter, supplies nutrients and improves soil structure, but poses a potential threat to the environment be-

cause of the presence of inorganic and organic pollutants in
this amendant. The pollutants in compost may derive both
from composting materials and composting technique. There
is an increasing concern about the use of compost as
amendant: in fact, the pollutants present in the compost
can accumulate in the soil, be taken up by plants and reenter in the agricultural food chain or pollute groundwater, thus constituting a long-term environmental hazard
[3].
This study aimed to evaluate the effects of long-term
compost treatments on trace element and PAH concentrations in soils of two typical agricultural fields in Campania
(Southern Italy), characterised by Mediterranean climate.
For this purpose, the concentrations of Cd, Fe, Mn, Ni, Pb
and Zn, as total and available fractions, and the concentrations of 17 PAHs were annually measured in soils amended
with different compost doses, and compared with those
measured in not amended soils.
MATERIAL AND METHODS
Experimental design

In Sele plane, Campania Region, Southern Italy, two
agricultural fields of the CRA (Consiglio per la Ricerca
e la Sperimentazione in Agricoltura), one in greenhouse
(40°38’N, 14°53’W) and one in open-field (40°34’N,
14°58’W), were selected to carry out long-term (20022005) experimentation. The greenhouse field was characterized by Sandy Loam Calcaric Cambisol [4] and the
open-field by Clay Gleyc Luvisol [4]. These kinds of soil
are widely represented in the Sele plane. The chemical and
physical properties of the soils from the two fields before
compost application [5] are reported in Table 1.
Each agricultural field was divided in 12 plots: 3 plots
not amended, used as control (CNT), and 9 plots amended
with 3 different compost doses on dry weight basis (C15=
15 t/ha, C30= 30 t/ha, C45= 45 t/ha), with 3 plots for each
dose. Plots were distributed according to a complete randomized block design. The single plots measured 24 and
70 m2 in greenhouse and open-field, respectively. All plots,
both controls and amended, were cultivated with crop se-
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quences, as reported in Pagano et al. [5]. In particular,

at greenhouse field the annual crop sequence was tomato-

TABLE 1 - Chemical and physical properties of soils at the greenhouse
and open- agricultural fields before compost amendments (from Pagano et al. [5]).
Greenhouse
traces
43.0
39.0
18.0
7.9
4.4
59.1
0.22
22.7
2.25

coarse fragments (> 2 mm) (g kg-1 d.w.)
sand (0.02-2 mm) (%)
silt (0.002-0.02 mm) (%)
clay (<0.002 mm) (%)
pH H2O (1:2.5)
organic matter (% d.w.)
total carbonates (%)
electrical conductivity (dS m-1)
cation exchange capacity (cmol(+) kg-1)
total nitrogen (g kg-1 d.w.)

snapbean-lettuce; at the open-field, tomato or eggplant in
spring and endive or broccoli sprout in winter were annually cultivated. The compost, obtained from the organic share
of municipal solid waste and the urban yard trimmings
(1:1 = w:w), was annually incorporated into the soil to a
depth of 20-25 cm. Compost quality accorded to the Italian
limits for agricultural use (L.D. 217/2006) [6].
Sampling and analyses

Annually, eight months after the amendments, at each
plot 6-8 soil sub-samples were collected at depth 0-20 cm,
and mixed in order to obtain a homogeneous sample. After
sieving (2 mm), soil samples were oven-dried at 75 °C, for
trace element analyses, and air-dried, for PAH analyses.
In order to evaluate the total concentration of Cd, Fe,
Mn, Ni, Pb and Zn, the oven-dried soil samples, were
ground into a fine powder in an agate mortar (Retsch,
Eatchs) and digested with HF (50%) and HNO3 (65%) at
ratio of 1:2 (v:v) in a micro-wave oven (Milestone, Ethos).
To obtain the trace element available (DTPA-extractable)
fractions from the oven-dried soil samples, the Lindsay and
Norvell method [7] (DTPA, CaCl2 and TEA at pH 7.3) was
used. The total and available concentrations of each element were measured by atomic absorption spectrometry
(PerkinElmer, AAnalyst 100) via graphite furnace (Cd, Ni
and Pb) or via flame (Fe, Mn and Zn). Standard reference
material (calcareous loam soil BCR CRM 141R [8]) was
also analyzed and the trace element recoveries ranged from
80% for Pb to 103% for Cd.
Air-dried soil samples (about 30 g), after adding of sodium sulphate anhydrous (about 30 g), were extracted in
300 ml of a mixture dichloromethane:acetone (1:1 = v:v)
by 3 consecutive sonications (Misonix, XL2020). The final
extracts were reduced to 5 ml by rotavapor, filtered (0.2 µm),
dried under a gentle nitrogen stream and, subsequently,
diluted with 4 ml of cyclohexane. The analyses were performed by GC-MS (HP 5890 GC with on-column manual
injection, coupled to a HP 5971 mass-selective detector,
and equipped with a HP-5MS capillary column 30 m ×
0.25 mm i.d. with a 0.25 µm film thickness and a phase
ratio of 250. Initial oven temperature 70 °C, ramp rate 20 °C
min-1 to 280 °C, held for 24 min; injector temperature was
3 °C higher than the oven temperature at all times). The

Open-field
16.0
31.0
29.2
39.8
7.6
1.3
traces
0.12
16.7
0.80

carrier gas was helium at constant flow rate of 1.11 ml min-1.
The SIM (selected ion monitoring) modality of acquisition
was used. A calibration curve was performed for each of
17 investigated PAHs (naphthalene, acenaphthylene,
acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benzo[a]anthracene, chrysene, benzo[b+k]fluoran-thene, benzo[e]pyrene, benzo[a]pyrene,
perylene, indeno-[1,2,3-c,d]pyrene, dibenzo[a,h]anthracene,
benzo[g,h,i]pery-lene). PAH concentrations were calculated
considering the recovery of deuterated PAHs (naphthalene
D8, acenaphthene D10, phenanthrene D10, chrysene D10
and perylene D12), added before extraction. The recovery
ranged from 40% to 80%, with the highest losses for
naphthalene and acenaphthene. The analytical detection
limit was 2 pg µl-1, for each analysed PAH. The total
PAHs reported in this work represent the sum of the 17
PAHs. The carcinogenic potency associated with the exposure of carcinogenic PAHs [9] was estimated by calculating
the total B[a]P equivalent concentration (B[a]Peq), i.e. the
sum of each B[a]Peq, by means of toxic equivalent factor
(TEF) from Tsai et al. [10] of each carcinogenic PAH.
Statistical analyses

The data were processed by statistical tests using the
Stata/MP 10.1 software package. At each field, the significance of differences of soil pollutant concentrations among
the treatments, during the overall experimentation, was performed by One-Way ANOVA on ranks (Kruskal-Wallis
test). In addition, in order to evaluate in each field the significance of differences of soil pollutant concentrations
among the treatments after the last compost amendment,
the One-Way ANOVA (Fisher test), followed by the posthoc test of Tukey HSD (α = 0.05), was performed according to the normal distribution of the data. The correlations
between investigated pollutants and soil organic matter (unpublished data), considering all data for each plot jointly
for both agricultural fields during all the three years of experimentation, were evaluated by Spearman’s test because
of the non-normal distribution of the data set.

1737

© by PSP Volume 19 – No 8b. 2010

Fresenius Environmental Bulletin

RESULTS AND DISCUSSION
The soils from the two agricultural fields, characterised by different chemical and physical properties (Table 1)
also showed different metal baseline concentrations, as

highlighted in control soils (Tables 2 and 3). In particular,
the open-field soil was characterised by higher total metal
concentrations respect to the greenhouse soil. Higher available Fe, Mn and Pb concentrations were measured at openfield, whereas available Zn concentration was higher at

TABLE 2 – Mean total and available trace metal concentrations and total PAH concentrations in the soils of greenhouse agricultural field
collected after one (I), two (II) and three (III) annual compost amendments. In parenthesis, standard deviations are reported.
I
Total Cd
(µg/g d.w.)
Total Fe
(mg/g d.w.)
Total Mn
(mg/g d.w.)
Total Ni
(µg/g d.w.)
Total Pb
(µg/g d.w.)
Total Zn
(µg/g d.w.)
Available Cd
(µg/g d.w.)
Available Fe
(µg/g d.w.)
Available Mn
(µg/g d.w.)
Available Ni
(µg/g d.w.)
Available Pb
(µg/g d.w.)
Available Zn
(µg/g d.w.)
Total PAHs
(ng/g d.w.)

CNT
0.38
(0.04)
9.53
(0.12)
0.26
(0.03)
36.25
(3.07)
7.19
(0.27)
62.67
(18.48)
0.07
(0.02)
29.13
(0.64)
3.60
(1.23)
0.32
(0.01)
0.61
(0.19)
6.89
(0.90)
89.82
(17.00)

C15
0.46
(0.03)
9.93
(0.83)
0.28
(0.02)
34.04
(2.62)
9.23
(1.69)
67.33
(7.02)
0.08
(0.02)
31.80
(1.93.)
3.65
(0.49)
0.34
(0.01)
0.60
(0.05)
8.23
(1.33)
106.96
(16.47)

II
C30
0.41
(0.03)
9.73
(0.70)
0.29
(0.01)
36.65
(1.76)
6.44
(0.66)
58.67
(2.31)
0.09
(0.01)
31.67
(1.53)
3.87
(0.21)
0.43
(0.27)
0.57
(0.05)
8.16
(0.53)
125.27
(42.45)

C45
0.39
(0.01)
10.07
(1.33)
0.28
(0.02)
35.52
(2.31)
8.42
(1.33)
86.00
(33.65)
0.09
(0.02)
37.47
(4.14)
4.85
(1.01)
0.40
(0.03)
0.88
(0.07)
10.83
(1.01)
129.60
(48.08)

CNT
0.10
(0.01)
8.33
(0.20)
0.32
(0.01)
6.48
(0.46)
5.80
(0.16)
64.45
(2.44)
0.10
(0.01)
53.89
(4.87)
5.77
(1.17)
0.31
(0.02)
0.32
(0.02)
26.02
(1.48)
40.24
(9.21)

C15
0.16
(0.02)
7.40
(0.64)
0.32
(0.01)
6.68
(0.69)
4.64
(1.89)
69.53
(1.00)
0.12
(0.02)
70.94
(10.91)
7.37
(0.18)
0.71
(0.14)
0.48
(0.14)
29.62
(2.76)
37.60
(12.92)

III
C30
0.13
(0.03)
9.11
(1.38)
0.31
(0.02)
6.94
(0.39)
6.18
(0.65)
67.17
(3.13)
0.14
(0.01)
74.33
(2.43)
7.69
(0.42)
0.38
(0.08)
0.71
(0.17)
27.84
(5.22)
90.83
(36.60)

C45
0.14
(0.02)
8.61
(0.77)
0.29
(0.05)
6.85
(0.18)
7.69
(0.87)
79.83
(6.01)
0.16
(0.02)
95.90
(9.99)
8.77
(1.19)
0.34
(0.01)
1.33
(0.26)
26.92
(2.46)
46.03
(4.63)

CNT
0.26
(0.04)
9.45
(0.53)
0.40
(0.07)
17.66
(0.28)
9.29
(1.32)
48.35
(9.94)
0.11
(0.01)
45.97
(2.45)
4.72
(0.79)
0.45
(0.05)
1.34
(0.40)
8.22
(0.49)
39.89
(14.83)

C15
0.29
(0.01)
9.91
(2.51)
0.47
(0.02)
17.73
(0.14)
11.75
(1.01)
65.15
(6.15)
0.12
(0.01)
51.52
(2.41)
5.42
(0.54)
0.41
(0.03)
3.79
(0.55)
10.38
(0.99)
38.86
(3.54)

C30
0.41
(0.03)
9.69
(1.04)
0.40
(0.02)
16.95
(0.15)
10.63
(0.65)
61.05
(2.65)
0.13
(0.01)
55.71
(2.66)
5.89
(0.67)
0.48
(0.04)
4.39
(1.05)
11.77
(1.27)
43.02
(9.36)

C45
0.44
(0.03)
10.50
(1.91)
0.40
(0.02)
18.82
(1.09)
10.23
(1.04)
69.25
(5.68)
0.12
(0.01)
66.67
(1.77)
8.14
(1.21)
0.52
(0.07)
5.49
(1.67)
13.68
(0.63)
53.39
(13.89)

TABLE 3 – Mean total and available trace metal concentrations and total PAH concentrations in the soils of the agricultural open-field
collected after one (I), two (II) and three (III) annual compost amendments. In parenthesis, standard deviations are reported.
I
Total Cd
(µg/g d.w.)
Total Fe
(mg/g d.w.)
Total Mn
(mg/g d.w.)
Total Ni
(µg/g d.w.)
Total Pb
(µg/g d.w.)
Total Zn
(µg/g d.w.)
Available Cd
(µg/g d.w.)
Available Fe
(µg/g d.w.)
Available Mn
(µg/g d.w.)
Available Ni
(µg/g d.w.)
Available Pb
(µg/g d.w.)
Available Zn

CNT
0.66
(0.02)
39.65
(0.83)
1.37
(0.04)
61.05
(3.70)
67.65
(3.06)
96.00
(5.29)
0.05
(0.01)
24.27
(2.72)
16.95
(3.69)
0.18
(0.04)
1.01
(0.05)
2.19

C15
0.59
(0.01)
40.11
(1.10)
1.31
(0.03)
60.46
(5.35)
69.08
(2.57)
92.67
(4.16)
0.08
(0.01)
28.93
(4.84)
15.51
(1.68)
0.20
(0.01)
0.92
(0.18)
2.99

II
C30
0.52
(0.05)
29.47
(2.53)
1.34
(0.08)
63.05
(0.68)
64.00
(3.24)
70.67
(26.63)
0.09
(0.01)
27.20
(1.06)
15.98
(2.96)
0.22
(0.03)
0.98
(0.19)
3.23

C45
0.47
(0.01)
28.60
(0.53)
1.30
(0.04)
60.62
(1.39)
63.00
(1.15)
94.67
(7.02)
0.09
(0.01)
29.00
(1.11)
18.25
(2.72)
0.20
(0.05)
1.03
(0.25)
3.83

CNT
0.15
(0.06)
36.64
(1.12)
1.45
(0.13)
9.46
(0.24)
44.74
(1.58)
91.63
(2.58)
0.12
(0.01)
76.91
(15.59)
44.61
(7.38)
0.08
(0.01)
2.49
(0.36)
6.02

C15
0.17
(0.01)
37.15
(0.62)
1.46
(0.07)
9.66
(0.30)
40.98
(1.20)
94.10
(1.13)
0.14
(0.01)
118.83
(2.84)
36.98
(2.32)
0.17
(0.02)
1.70
(0.27)
6.89
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III
C30
0.16
(0.01)
37.70
(0.54)
1.20
(0.06)
9.93
(0.36)
51.26
(1.15)
96.52
(3.06)
0.14
(0.01)
99.16
(36.55)
45.86
(8.94)
0.19
(0.04)
1.88
(0.52)
6.76

C45
0.18
(0.03)
36.55
(1.69)
1.25
(0.12)
9.38
(0.57)
51.80
(5.01)
96.61
(5.72)
0.16
(0.02)
97.53
(7.65)
46.89
(16.99)
0.24
(0.03)
1.88
(0.56)
8.94

CNT
0.56
(0.04)
55.17
(1.59)
1.92
(0.04)
32.55
(2.99)
67.05
(0.18)
81.54
(2.84)
0.11
(0.01)
33.01
(0.28)
38.77
(5.52)
0.15
(0.01)
2.97
(0.54)
2.32

C15
0.57
(0.03)
55.28
(2.81)
1.81
(0.05)
32.60
(1.69)
75.28
(14.66)
93.42
(2.46)
0.11
(0.01)
37.11
(1.54)
36.30
(1.83)
0.14
(0.01)
2.29
(0.43)
3.47

C30
0.49
(0.06)
50.07
(9.91)
1.70
(0.15)
35.49
(1.39)
69.05
(9.97)
91.37
(10.31)
0.11
(0.01)
36.08
(3.70)
28.73
(3.28)
0.14
(0.01)
2.48
(0.06)
4.52

C45
0.53
(0.03)
50.31
(4.51)
1.75
(0.09)
34.71
(1.61)
67.80
(6.82)
93.01
(14.77)
0.11
(0.01)
39.58
(6.34)
33.07
(5.36)
0.15
(0.01)
2.92
(0.21)
5.08
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Total PAHs
(ng/g d.w.)

(0.21)
56.66
(34.71)

(0.31)
73.93
(15.10)
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(0.24)
75.38
(19.35)

(0.35)
101.72
(54.75)

(1.23)
16.54
(0.26)

(2.68)
29.75
(9.39)

greenhouse; available Cd concentrations were comparable
in the two fields. The soils of the two fields showed comparable PAH baseline concentrations (Tables 2 and 3).

(1.85)
35.14
(16.19)

(1.44)
26.64
(10.85)

(0.52)
47.20
(29.57)

(0.66)
61.30
(31.79)

(0.95)
37.32
(2.11)

greenhouse soils, the percentages of Fe available fractions
increased of 15, 18 and 32%, in C15, C30 and C45, respectively, in comparison to CNT plots. The percentages
of Pb available fractions showed values 2, 3 and 4-fold
higher in amended than in CNT plots, in relation to the
composting regime. In open-field soils, at the end of the
third compost amendment, the percentages of Zn available
fractions increased following compost rates, reaching
values 2-fold higher in C45 than CNT.

Wide differences in metal and PAH concentrations between sites and among samplings were observed; these
differences were wider than those attributable to compost
amendment (Tables 2 and 3). During the overall experimentation, compost amendment did not determine significant
differences (for α = 0.05) in soil metal (total and available)
and PAH concentrations.

The addition of compost to the soil not only may affect
total metal contents, but also modify the exchange complexes which results in different metal availabilities. So,
the final effect depends on the contribution of each metal
and is influenced by soil properties, such as texture, organic matter and cation exchange capacity [11]. The importance of soil properties on the availability of metals
in amended soils has widely been reported [12].

However, three consecutive compost applications affected soil available metal concentrations and the effects
were more evident on soil under greenhouse (Tables 2 and
3; Fig. 1). In particular, after the last compost amendment,
under greenhouse, C30 and/or C45 amended soils showed
significantly higher available Cd, Fe, Mn, Pb and Zn concentrations than control soils; at the open-field C30 and
C45 soils showed significantly higher available concentrations only for Zn (Fig. 1). For total metal concentrations
only Cd and Zn resulted significantly higher in amended
than control soils in greenhouse field after three compost
applications (Fig. 1). Percentages of metal available fractions, measured against total concentrations, varied during
the study period. After the last compost amendment, in

Long-term compost applications did not affect soil
PAH concentrations at the investigated fields (Tables 2
and 3) and, also after the last compost amendment, treated
soils showed concentrations comparable with those measured in control soils (for α = 0.05). The PAH soil concentrations measured in this study (Tables 2 and 3) are lower
than those measured in forest and natural soils, meanly

Available Mn

Available Pb

(0.52)
31.89
(6.65)

CNT
6,0

CNT
9,0

4,0

6,0

2,0

3,0

Available Fe
CNT
80,00
60,00
40,00

C45

0,0

C15

C45

20,00

0,0

C15

C45

Total Cd

CNT
80,0

0,4

*

C30

C30

*

60,0

0,3

40,0

0,2
0,1
C45

20,0

0,0

C15

C45

*

0,0

*

Available Cd

C15

Available Zn

Available Zn
C30

*

CNT
0,16

C30

CNT
15,0

0,12

CNT
6,0
4,0

10,0

0,08

2,0

5,0

0,04
C45

0,00

C15

C45

0,0

C15

*

C30

*

C15

Total Zn

CNT
0,5
C30

0,00

*

*

*

C30

*
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C45

*

0,0

C15

C30

*
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FIGURE 1 – Radar plots showing mean values (µg/g d.w.) of total and available trace metal concentrations measured after three compost amendments resulting significantly higher (*) in amended than in control soils at greenhouse (solid lines) and open- (dashed lines) agricultural fields.

equal to 280 ng/g d.w. [13, 14]. We suppose that the low
PAH content in agricultural soils can be attributable to
losses due to the management and to an enhanced thermoand photo-degradation, as also stated by MaliszewskaKordybach et al. [15].
Among the investigated metals, total Cd (r = -0.344,
P<0.01), Fe (r = -0.760, P<0.001), Mn (r = -0.810, P<0.001),
Pb (r = -0.754, P<0.001) and Zn (r = -0.572, P<0.001)
were negatively correlated with the organic matter content,
excluding accumulation of these metals in soil organic molecules. Available Mn (r = -0.750, P<0.001) was negatively
correlated with the organic matter content, whereas available Ni (r = 0.837, P<0.001) and Zn (r = 0.754, P<0.001)
were positively correlated. Metals can show different behaviours respect to soil organic matter. A low affinity of
Mn for organic compounds has previously been reported
[11]. Metal bioavailability is affected not only by soil
characteristics but also by organic matter quantity and quality [16]. The composted amendants with a high fraction of
humified organic matter can also decrease the mobility
of some heavy metals, forming stable chelates [17, 18].
The exchange complexes at the two stations are probably
governed differently, because of the higher total metal
concentrations occurring simultaneously with the lower
available fractions at the open- as compared to greenhouse field. Open-field soil, with its higher clay content
and lower organic matter, showed a lower cation exchange capacity respect to greenhouse soil (Table 1), suggesting that the higher cation exchange capacity of this last
may be associated with the organic matter fraction.
Total PAHs (r = 0.351, P<0.01) were positively correlated with the soil organic matter content. A significant
correlation between soil PAHs and total organic carbon has
already been reported [19, 20]. The organic matter plays an
important role in PAH bioavailability: various studies [21]
confirm PAH sorption to soil organic matter and, consequently, a reduction of soil PAH release. Highly condensed
organic matter, such as humin, has been highlighted to
affect PAH sorption [22]. The soil PAH concentrations
are not only related to PAH input to soil, but also to soil
chemical and physical properties: organic matter and clay
minerals mostly contribute to sorption of PAHs in soil.
However, the nature and quality of organic matter is also
important: dissolved organic matter, considered as PAHscarrier, can improve their mobility [23]. Moreover, high
soil lipid content can compete with hydrophobic sorption
sites of soil organic matter [24]. It is known that the organic
matter introduced with compost, because of a high fraction
of dissolved organic matter, differs from the organic matter naturally present in soil [21]. However, in the experimental fields the compost was thoroughly incorporated
into the soil, contributing to the total organic matter content
of the agricultural soils and affecting behaviour and fate of
PAHs.

Agricultural soil contamination with both inorganic
and organic compounds, determining a possible accumulation in crops and along food chain, represents a serious risk
for human health. The carcinogenic potency of carcinogenic PAHs [9], estimated by the total B[a]Peq concentrations, resulted different in the two soils. Greenhouse soils
showed, meanly, higher values of total B[a]Peq concentrations than open-field soils (Table 4). The highest values
were measured in the amended C30 and C45 plots. Nonetheless, these values were at least 2-fold lower than the
values reported for agricultural soils of India [19].
TABLE 4 - Minimum-maximum range and median values of total
B[a]Peq (ng/g d.w.), over the long-term experimentation, in amended and control soils at greenhouse and open- agricultural fields.

CNT
C15
C30
C45

Greenhouse
Min-Max (Median)
3.1-16.8 (6.0)
3.5-14.1 (5.4)
4.4-22.6 (11.8)
4.8-23.8 (6.2)

Open-field
Min-Max (Median)
1.5-14.0 (3.0)
2.0-10.2 (6.6)
1.5-11.1 (4.6)
1.9-13.7 (4.0)

Although compost amendment in the investigated agricultural soil did not affect the concentrations of PAHs,
further studies are required to understand the behaviour and
the fate of these pollutants in relation to compost amendment. In fact, improving the soil environment for indigenous microbial communities [25], compost application can
enhance their PAH degradative activity [26].
CONCLUSIONS
Different laws in developed countries regulate compost application in agricultural soils considering limit values for total metal concentrations in compost and in receiving soils, and considering maximum annual metal contents
added. Organic pollutants are not always regulated. The increase of soil metal bioavailability in plots treated with the
highest compost doses, mainly for soil under greenhouse,
highlights that not only compost quality must be controlled,
but also the compost application rates must be defined considering the properties of receiving soil. Moreover, great
attention may be focused on heavy metal bioavailabilities.
In fact, pollutant biological effects, for example on human beings, are really linked to bioavailable fractions rather
than to total concentrations of both inorganic and organic
pollutants. For this reason, it is important to introduce the
concept of pollutant “bioavailability” into legislations in
order to define threshold pollutant values and compost doses
to apply to different agricultural soils. The lack of studies
and uniform interpretation of data make this difficult.
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ABSTRACT
Erosion and loss of organic matter of soils are two of the
threats leading to soil degradation identified by the European
Communication "Thematic Strategy for Soil Protection"
(COM 2006/231). Information comparability on soils is
difficult to achieve due to differences in data collection and
measurement methods and since data is often referred to a
long time span.
The European Commission proposal for a Soil Protection Framework Directive (COM/2006/232) includes the
definition of areas at erosion and organic matter decline
risk, taking into account some basic soil information (Soil
Typological Unit, texture, bulk density, hydraulic properties, land-use, etc.).
SIAS (Development of Soil Environmental Indicators)
is a pilot project, set up in order to develop a national database through the exploitation of soil data and expertise
available at local level.
SIAS project concerns the assessment of soil environmental indicators (erosion and organic carbon content)
based on harmonisation of regional data, according to the
directive proposal for establishing an infrastructure for
spatial information in Europe (INSPIRE Directive).
In order to set up a common infrastructure for data
sharing, output data is assessed by a reference grid (1km x
1km) with a common coordinate reference system (ETRS89
Lambert Azimuthal Equal Area); data and metadata information is stored in an exchange format, set up jointly by
the working group.
Organic carbon indicator was assessed on quantitative
basis (t/ha) throughout certain depths (0-30 cm and 0-100 cm
layers), using soil organic carbon concentration and bulk
density.
First mapping of the indicator showed quite good relationships between levels stated by bordering regions in
plain areas while some differences have been pointed out
between bordering mountain areas, mainly due to organic
carbon content transformation from percentage to t/ha,

involving parameters usually assessed, such as bulk density and rock fragment presence. Soil loss indicator is also
expressed in t/ha and differences among regions are mainly
due to parameters involved in erosion assessment (rainfall
erosivity, landform, land cover) rather than to soil erodibility itself.
Great effort has been set in the definition of data quality
indicators (quantitative indexes and confidence levels)
which help harmonization among regions within the project.
First results are available for 10 regions out of total
20, for both soil loss indicator (potential and actual soil loss)
and organic carbon indicator (holorganic layer, 0-30 cm and
0-100 cm).

KEYWORDS:
soil organic carbon, soil loss, soil indicator.

INTRODUCTION
Soil is a vital and largely non-renewable resource which
is increasingly under pressure. Many EU policies (for
instance on water, waste, chemicals, industrial pollution
prevention, nature protection, pesticides, agriculture) are
contributing to soil protection. But as these policies have
other aims, they are not sufficient to ensure an adequate
level of protection for soil in Europe. For this reason, the
Commission adopted a Soil Thematic Strategy (COM
(2006), 231 [1]) and a proposal for a Soil Framework Directive (COM (2006), 232 [2]) with the objective to protect soils across the EU.
To achieve a sustainable use of soil, high quality information, together with harmonized assessment tools, is
needed. The major bottleneck for soil condition assessment, based on already existing data, is the lack of comparable methodologies for soil survey, mapping, monitoring and risk assessment. The Thematic Strategy for Soil
Protection itself envisages a more harmonised monitoring
approach and methodology.

1743

© by PSP Volume 19 – No 8b. 2010

Fresenius Environmental Bulletin

SIAS (that states for Development of Soil Environmental Indicators) is an Italian pilot project, involving the
Italian Institute for Environmental Protection and Research, as project coordinator and financing body, the Regional Agency for Environmental Prevention and Protection in Veneto, as technical coordinator, the Regional Soil
Survey Services, as contributors to methodology definition
and responsible for data processing within their own region, and the European Soil Data Center (ESDAC, at the
EC DG JRC, Ispra), as technical support and methodology implementation for data upscaling at European level.
It applies a new approach that exploits soil data and
expertise available at local level: it is the first experiment
at National level aiming at the development of the MultiScale European Soil Information System (MEUSIS). All
Italian regions are involved in the project and they are
required to assess two soil status indicators, soil organic
carbon content and soil loss (the most significant indicators on soil identified at international level [3]), in order
to build up a technical tool to provide information about
two of the main threats for European soils (soil loss and
organic matter decline [1]).
The project structure requires that the most accurate
and up-to-date soil data are used and worked out directly
by institutions and experts involved in soil survey at local
level. This information will then build a coherent picture,
useful at national level since it is harmonized according to
a common infrastructure for data sharing.

MATERIALS AND METHODS
The exchange infrastructure provides a geographical
structure for georeferring data, a database for data storing
and an explanation guide with harmonized codes, suggested methodologies and examples.
Geographical structure

From a geographical point of view, output data are
represented by means of a reference grid which is built
following the recommendations of the 1st Workshop on
European Reference Grids in the context of the INSPIRE
Directive [4]. This directive promotes the availability of
harmonized geographic information and provides European standard reference grids and projection systems, with
different cell resolution, depending on the requirements
and the extension of the area.
For SIAS project, the national grid is made of 1 kmsize pixels, which seemed to be the best compromise between information quality, operability and goals of the
project. The grid covering the whole Italian country was
provided by ESDAC in ETRS89 Lambert Azimuthal Equal
Area projection [4] and it was divided into regional grid
sections, avoiding any overlapping between bordering regions by assigning pixels to the region to which the major
surface of the pixel belongs.
Database Structure

Besides the geographical structure, an exchange format for storing data and metadata information has been
set up jointly by the working group (Fig. 1).

FIGURE 1 - Exchange format structure for storing data and metadata (database)

1744

© by PSP Volume 19 – No 8b. 2010

Fresenius Environmental Bulletin

The main table of the database (PX-TABLE) stores
information for each pixel concerning the two indicators
(soil organic carbon stock and soil loss), pixel coverage
and information quality. The section called pixel coverage
describes for each pixel how much surface is covered by
soil, by no-soil and by the sea, how much is out of region
and/or out of country borders. This information is useful
to work out the final value of the indicator in the pixel as
weighted average of soil and no-soil pixel sections.
Great effort has been set in the definition of shared
data quality indicators, both as quantitative indexes of data
availability in the pixel (number of available observations,
number of analyzed observations, scale of available soil
maps, etc.) and specific confidence levels for each indicator in each pixel.
Special emphasis of the project lays on exploitation
of local expert judgement (“bottom-up” approach): local
experts can follow the most adequate assessment procedures
up to their judgement (to cope, for instance, with different
levels of data availability and/or reliability) and all procedure paths are required to be recorded into three metadata
tables (Fig. 1). These tables are the project value-added information and any kind of input data or assessment procedure is here recorded, through codified items or through
descriptions.
Soil organic carbon indicator

Organic carbon stock is calculated for three different
layers, 0-30 cm, 0-100 cm and holorganic layers (i.e. mainly
formed by organic material consisting of undecomposed
or partially decomposed litter, that has accumulated on the
surface and is not saturated with water for prolonged periods), in t/ha, following the international recommendations
[5]. The main steps followed are:
• standardization of organic carbon analytical data, converting local methods into ISO method results, according to specific regression functions;
• evaluation of carbon stock (t/ha) for each soil profile
or Soil Typological Unit (STU):
n

O.C. = ∑ o.c. * b.d . * depth *
1

(100 − sk )
100

where:
O.C.= profile/STU organic carbon content (t/ha);
o.c.= horizon organic carbon content (%);
b.d.= fine earth bulk density (g/cm3);
depth = horizon depth (cm) within the given section;
sk = horizon rock fragment content (%);
n = number of horizons within the given section.
• evaluation of soil profile or STU organic carbon for
the three required layers (holorganic layer, 0-30 cm, 0100 cm);
• generalization of profile/STU organic carbon content in
the pixel: this step can be approached in different ways
(weighted average of STUs in the SMU, by means of

single profiles in the SMU or in the pixel, geostatistical analysis, etc.) according to each regional situation.
Soil Loss Indicator

Concerning soil loss, each region was required to
choose its own method to provide both potential and actual
soil loss assessment (t/ha) for each pixel as final output.
Most regions applied USLE/RUSLE model [6-8], since it
is the most common and experienced model [9-11]. It is
based on the following equation:
A=R·K·L·S·C
where:
A: soil loss by water erosion (t·ha-1·year-1);
R: rainfall erosivity (MJ·mm·h-1·ha-1·year-1);
K: soil erodibility, that means soil loss per R unit
(t·h·MJ-1·mm-1);
L: slope length (adimensional);
S: slope angle (adimensional);
C: land cover factor (adimensional).
Some regions applied qualitative models, as CORINE
erosion [12], due to lack of input information and experimental data to calibrate more sophisticated models.
The chosen model and all input variable layers (land
cover, climate, morphology, soil characteristics, etc.) are
described in the metadata section of the exchange format.
RESULTS AND DISCUSSION
The outcomes of the project can be divided into different categories, corresponding to the different stages of
the project itself.
The first stage was characterized by meetings and virtual information exchanges among partners in order to set
up a common infrastructure, dealing with different regional
requirements and soil data availability. During this first
stage the exchange format changed a lot, developing from
a first simplified version to a much more sophisticated
and shared one, as partners contributed with suggestions.
Furthermore, the European Reference Grid for the Italian
territory was divided into regional sections. The main results of this stage were a shared infrastructure tested by
most regions in their own environment and a cartographic
grid section to be filled in for each partner of the project.
The second stage concerned the actual assessment of
the two soil indicators, through the filling in of regional
databases, following the guidelines of the exchange format.
In this phase each region could choose the most adequate
methods and models, showing different approaches for
different local situations and recording all steps of their
process in the metadata section of the exchange format.
The main regional output was anyway expressed as indicator values for 1 km pixels.
A third stage, which is currently developing, concerns
correlation and harmonization issues among regions, on
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the basis of the first results and first cartographic merging.
This stage should lead to a national, shared and harmonized tool.
Organic carbon stock results

The approach to organic carbon stock evaluation can
be different for each region or even for different areas of
the same region, depending on data availability and observation density. Where at least a soil map at scale 1:250.000
is available, carbon stock can be calculated by means of
weighted average of STUs in the SMU (i.e. Veneto region
mountain area) or as average value of observations within
the SMU (i.e. Tuscany and Piemonte region). The procedure requires the overlaying of three layers projected in
the same coordinate system (Fig. 2).
1. the shape file of the European Reference Grid concerning the region.
2. a soil map with OC data;
3. a simplified land use map, such as reclassified Corine
Land Cover [13] (or any other available regional land use
map) as a “soil/no-soil” layer (according to the rules shared
by the working group and codified in the exchange format),
defining also the territory inside and outside the region, the
latter specified as “extra-region”, “extra-country” or “sea”.
Where more detailed maps were available and observation density was higher (Veneto and Emilia Romagna
alluvial plain) geostatistical analysis [14-17] could be applied for data spatialization (kriging with varying local
means calibrated on functional groups of STUs), requiring
data such as single observation organic carbon percentages,

measured bulk density (where available) or estimated bulk
density calculated by means of pedo-transfer rules. STUs
and their observations were grouped into so called “organic
carbon functional groups”, according to some characteristics influencing organic carbon dynamics in soils (i.e. rock
fragment content, surface texture, drainage, mollic/organic
horizon presence) and their significance was tested using
statistical analysis. Through the geostatistical approach, organic carbon values of functional groups are spatialized
according to statistical rules which take into account the
spatial structure of the variable and mean organic carbon
contents of the geographic contest to which the variables
belong (SMU), as reference thresholds [18].
The final result was the average organic carbon stock
for 1 km pixels for each layer (holorganic, 0-30 cm and 0100 cm layer, Fig. 2).
Figure 3 shows the mean regional carbon stocks, total
and for mountain and plain areas.
According to the first results (10 regions out of 20),
average organic carbon content in plain areas ranged from
34 to 60 t/ha in the 0-30 cm section, with the lowest values in southern Italy (34 t/ha) and the highest (51-60 t/ha)
in the north (Po plain). Average OC stock in the 0-100 cm
section ranged from 78 to 154 t/ha in the plain, with the
same geographical trend. In the Alps the content was
quite variable, ranging from 59 to 103 t/ha, on average,
for the 0-30 cm section and from 87 to 160 t/ha for the 0100 cm. Central and southern mountain areas (Appennini)
had average contents of 50-58 t/ha within 30 cm and 95114 t/ha within 100 cm.

FIGURE 2 - Organic carbon indicator first results for the Italian territory (0-30 cm and 0-100 cm).
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FIGURE 3 - Mean organic carbon values for 10 Italian regions (0-30 cm and 0-100 cm)

Soil Loss results

In most regions soil loss was assessed by means of
USLE model. Differences in soil loss assessment among
regions have been highlighted and are to be faced in the
present harmonization stage. The two factors that seemed
to produce the main differences are rainfall erosivity (R)
and land cover (C). R factor calculation according to
Wischmeier and Smith complete formula is very complicated and requires very detailed rainfall data [6, 7]. That
is why in literature simplified formulas [19, 20] are often
been chosen by regions that do not own detailed climatic
data. But it has been seen that this can often lead to very
different results. C factor values are linked to different

land uses and conversion values can be found in literature
or validated in regional specific situations [21]. Large
differences in C factor are mainly due to lack of harmonization and validation on site.
First results (Fig. 4) highlighted that only mountain
areas are interested by actual soil loss. Alpine areas, which
are mostly covered by forests and pastures have no, or very
low, erosion, while areas with cultivated slopes in lower
mountains and hilly landscapes have relevant soil loss,
especially in central Italy (Appennini). Concerning actual
soil loss, according to the first results, average values
ranged from 2 to 5 t/ha in the Alps, and from 6 to 23 t/ha
in central Italy (Appennini) [22].
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FIGURE 4 - Potential and actual soil loss indicator first results, for 10 Italian regions
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FIGURE 5 - Mean actual soil loss value indicator for 10 Italian regions

Figure 5 shows regional mean soil loss values for the
total area and for mountain and plain areas.

formation in the pixel, that give important information on
the reliability of the results. Figure 6 shows two examples
of such indicators.

A further important result of the project concerns the
development of soil quality and soil confidence level in-
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FIGURE 6 - Data quality information examples

CONCLUSIONS
So far the SIAS Project has collected indicator results
of 10 out of 20 Italian regions, most of them located in
northern Italy and a minor part in central Italy, while most of
the southern regions have only recently joined the project.
The different stages of the project have been characterized by different kinds of problems.
At the beginning main difficulties to deal with had to
do with efforts in active involvement and participation
among partners, since the starting point of the regions (i.e.
soil data availability, regional soil knowledge, data processing experience, etc.) were in some case far apart from
each other. It has not been easy to define a shared infrastructure to assess two soil indicators, representing a first
meeting point among different regional situations and
requirements.
Once the common infrastructure has been shared and
accepted, all regions had to face technical problems using
it in each specific context. Technical experience seemed to
vary a lot among regions so that a main group of more
expert regions found themselves to be a technical guide that
first reached a practical result and could then help other
regions to deal with specific situations. Some main technical difficulties occurred for most partners and concerned
bordering areas (sea, out of region, out of country), choice
of input data format (vector vs raster formats), information
layers with no overlapping borders (Corine Land Cover,
regional soil maps), projection system conversions, choice
of best erosion models.

The current final stage of the project concerns harmonization among regions to gain a better comparability
of results and smoothen differences due to diverse methodologies of assessment. The technical and scientific coordination group is dealing with collecting, merging and harmonizing first regional results obtaining a national pattern
of the two indicators, in order to provide an effective and
validated national tool. Up to local experts, 1 km pixels
seem to represent well regional situations and indicator
trends.
SIAS Project is the first attempt made in Italy to provide consistent information about soil. It also provides a
harmonized assessment tool for exploitation of local expertise, that is dealing with soil knowledge and soil management at the most suitable level.
Besides the great practical importance of producing a
first set of national indicators which can be used to support technical decisions at national and European level,
the strength of this project lies in the exploitation of local
expertise: this can guarantee the use of the most up to date
information and the more reliable assessment, obtaining a
national harmonized and shared result, according to the
bottom-up approach. Furthermore the partner cooperation
net that has been created for the project, can be the ground
for other initiatives that will be certainly facilitated by the
already experienced working group.
Finally, due to the exploitation of European standard
reference grids and projection systems, SIAS project results
can be used at European scale as the Italian soil erosion and
organic carbon content database, to be part of a European
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database, managed by the European Soil Data Center
(JRC) through EIONET.

[16] Deutsch, C.V. and Journel, A.G. (1998) - GSLIB - Geostatistical Software Library and Users Guide. Oxford University
Press, New York, second edition, 369 pp.
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ABSTRACT

INTRODUCTION

Soils represent the final destination of pollutants
coming from both air and water inputs. Heavy metals are
of primary concern as they persist in the environment,
move up the food chain and could cause several disorders.
The aim of this study was to compare the metal contamination and ecotoxicity of two soils at different use: the
former placed in an urban transport zone and the latter in
an agricultural area.
The concentration of some trace metals (Cd, Cr, Cu,
Fe, Mn, Ni, Pb and Zn) and of their available fractions
were measured in both the soils. A battery of ecotoxicological tests was performed on whole soil and on soil
aqueous extract. Organisms belonging to different trophic
levels were used: bacteria (Vibrio fischeri), algae (Selenastrum capricornutum), plants (Sorghum saccharatum,
Lepidium sativum, Sinapis alba) and crustaceans (Daphnia magna, Heterocypris incongruens). Moreover, the
genotoxic effects were assessed by Vicia faba micronucleus assay.
The urban soil, characterized by high Pb concentration, exerted a moderate toxicity upon V. fischeri and a
clear biostimulation upon S. alba, instead of soil aqueous
extract produced only algae growth biostimulation. The
observed genotoxic effects could be attributable to soil Pb
concentration as total and available.
The agricultural soil, mainly characterized by high Cu
concentration, led to bacteria bioluminescence inhibition,
while soil aqueous extract revealed high toxicity on S.
capricornutum growth. Genotoxic effects were not highlighted.
The integration of toxicity data in the ecotoxicological risk index showed the highest risk value for the agricultural soil.
KEYWORDS:
Toxicity test battery; metals; ecotoxicological risk; soil.

Soils are increasingly becoming of great ecological
concern because of they represent the final destination of
pollutants coming from both air and water inputs [1].
Among numerous soil pollutants, heavy metals are potentially dangerous due to their toxicity and persistence in
the environment and public health concern [2-4].
Urban soils are an important indicator of human exposure to heavy metals in the urban terrestrial environments [5-9]. These soils are highly susceptible to physical
disturbance and chemical contamination due to their proximity to densely populated areas and characterized by
high traffic load.
Heavy metal concentrations in arable soils depend
mainly on the geological parent material composition
[10, 11]. In addition to this natural origin, some metals
may be supplied to soils by human activity. Agricultural
activity is one of the most important human inputs of
potentially hazardous metals in arable soils [12]. These
activities also directly affect the soil physico–chemical
properties through the long–term application of either
liquid and solid manure, chemical fertilizers and pesticides [13].
Chemical analysis alone could not be sufficient to assess the ecological risk posed by metal contamination,
since they do not allow an evaluation of combined effects
of pollutants. Ecotoxicological bioassays, which can mitigate these constraints are, therefore, recommended for the
assessment of ecological risk in soils [14,15].
The aim of this study was to compare the metal contamination and ecotoxicity of two soils at different use:
urban and agricultural. At this aim, the investigated soils
were characterized for physico–chemical properties, for
total and available concentrations of some trace metals
(Cd, Cr, Cu, Fe, Mn, Ni, Pb and Zn) and for ecotoxicity
by performing a toxicity test battery.
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Whole soil tests

MATERIALS AND METHODS
Soil sampling and characterization

Soils were collected near to a well–travelled urban
road and in an agricultural area at Naples (Campania Region, Italy). At each site, after litter removing, 10–20 soil
sub–samples (0–10 cm) were collected in a 10x10 m area
and then mixed in order to obtain an homogeneous sample. In laboratory, each soil sample was sieved (2 mm)
and stored at 4 °C until analysis. Three replicates of each
sample were characterized for pH, water holding capacity,
organic matter content and texture. pH was measured in a
soil:distilled water suspension (1:2.5=v:v) by electrometric method, soil water holding capacity was estimated as
the soil water content after leaching of gravitational water, and organic matter content was evaluated by loss after
ignition at 550 °C for 2 hours. Soil textural analysis were
performed by both wet sieving (particles > 50 µm) and
X–ray sedigraphy (particles < 50 µm) using a sedigraph
(Micromeritics SediGraph II 5100).
Trace metal analysis

Total metal concentrations in the soils were evaluated
in samples grounded into a fine powder by an agate mortar and pestle (Fritsch Analysette Spartan 3 Pulverisette 0)
and, successively, digested by HF (50%) and HNO3 (65%)
at a ratio of 1:2 (v:v) in a micro–wave oven (Milestone–
Digestion/Drying Module mls 1200).
The exchangeable fractions were extracted from the
samples by the Lindsay and Norwell [16] method for the
soil with pH≥6.5 (diethylenetriamine pentacetic acid
[DTPA], CaCl2 and triethanolamine [TEA] at pH 7.3), and
by the Lakanen and Erviö [17] method for the soil with
pH<6.5 (ethylendiaminetetracetic acid [EDTA] and ammonium acetate at pH 4.7).
Total and available metal concentrations were measured by atomic absorption spectrometry (Spectr AA 220
FS–Varian). The sample atomisation was carried out via
graphite furnace for Cd, Cr, Cu, Ni and Pb, and via flame
for Fe, Mn and Zn. Accuracy was checked by concurrent
analysis of standard reference soil material from the Community Bureau of Reference of the Commission of the
European Communities (BCR No. 142R): recovery ranged
from 86 to 98%.

A battery of three ecotoxicological bioassays was applied on whole soil: V. fischeri luminescence test; H. incongruens mortality and body growth test; seed germination and root elongation test on three different plant species
(S. saccharatum, L. sativum and S. alba). The OECD artificial soil [18], composed by sphagnum peat (10%), kaolin
clay (20%) and quartz sand (70%), was used as control soil.
All tests were conducted at least in triplicate.
V. fischeri test

According to the manufacturer (Microbics Corporation), an amount of fresh soil equivalent to 7 g of oven–
dried soil was suspended in 35 ml of Microtox® SPT diluent and stirred for 10 min. Luminescent bacteria V. fischeri
were exposed to serial dilutions (1:2) of the suspension and
to a control. After 15 min of incubation at 15 °C bioluminescence was measured using the Microbics Model 500
Toxicity Analyzer.
The results were expressed as luminescence inhibition
percentage with respect to the control.
H. incongruens test

According to Chial and Persoone [19,20] ten freshly
hatched ostracods (H. incongruens) were exposed to 1 g
of soil sample and control soil (OECD) previously added
with 4 ml of standard solution. One ml of algal suspension
(S. capricornutum 107 cells ml–1) was added to each well as
food supply. After incubation in darkness (25±2 °C, 6 d)
the survival and the organism lengths were measured.
The results were expressed as survival and growth inhibition percentage with respect to the control.
Plant test

According to EPA procedure [21] ten seeds of each
plant species (S. saccharatum, L. sativum and S. alba)
were placed in Petri dishes containing an amount of fresh
soil equivalent to 10 g of oven–dried soil and control soil
(OECD) saturated with deionised water. After incubation
in darkness (25±2 °C, 72 h) the number of germinated seeds
and the root lengths were measured. Mean seed germination was multiplied by mean root length (germination
index) and then expressed as inhibition with respect to the
germination index of the control.
Soil aqueous extract tests

The reported element concentrations are mean values
of three replicates.
Ecotoxicological analysis

Toxicity tests were carried out both on whole soil and
on its aqueous extract by a battery of ecotoxicological test
with organisms belonging to different trophic levels. We
selected bacteria, algae, plants and crustaceans. Moreover,
the genotoxic effects were assessed by V. faba micronucleus assay.

A battery of three ecotoxicological tests was applied on
soil aqueous extracts: V. fischeri luminescence test, S. capricornutum algal growth inhibition test and D. magna immobilization test. Soil aqueous extracts were obtained by
stirring (30 min) and settling down at 4 °C for 24 h a suspension of sieved soil and deionised water (1:4 = v:v) [22].
V. fischeri test

According to ISO protocol [23] reconstituted bioluminescent bacteria V. fischeri were exposed to serial dilu-
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tions (1:2) of soil extracts and control solution (2%
NaCl). After 15 min exposition bioluminescence inhibition was measured.
The results were expressed as luminescence inhibition
percentage with respect to the control.

whole soils and soil aqueous extracts.. The ecotoxicological risk indices can be included in different levels depending on the TBI as follow: not significant (R ≤ 5%); low
(5% < R ≤ 10%); medium (10% < R ≤ 20%); high (20% <
R ≤ 50%); very high (R > 50%).
Statistical analysis

S. capricornutum test

According to EPA protocol [24] unicellular green alga
S. capricornutum population was exposed to soil extract
serial dilutions (1:2) and to a control medium. After incubation in light:dark cycle (16:8 h) at 24±2 °C for 96 h the
algal density was measured using a light microscope.
The results were expressed as growth inhibition percentage with respect to the control.
D. magna test

According to OECD procedure [25] five daphnids (<
24 h) were exposed to soil extract serial dilutions (1:2) and
to a control medium in triplicate. After incubation in darkness (20±2 °C, 48 h) the inhibition of the motility was
measured.
The results were expressed as percentage of immobilized organisms with respect to the control.
V. faba micronuclei test

According to Kanaya et al. [26], five V. faba seeds
were exposed to 20 g of soil saturated with deionised water.
OECD soil was used as negative control while positive
control was prepared saturating OECD soil with a 10 mg l–1
K2Cr2O7 solution. After incubation in darkness (20±1 °C, 96
h), the primary roots were cut, fixed and stained by the
Feulgen technique. Squash preparation was produced in
45% acetic acid and the slides made permanent in Histovitrex (Carlo Erba, Milan, Italy). Two hundred cells per tip
were scored in order to evaluate micronuclei frequency.
The results were expressed as mean number of micronucleated cells each thousand cells analysed.
Ecotoxicological risk

According to Manzo et al. [27], ecotoxicological risk
was evaluated integrating the data coming from toxicity
tests in a Toxicity test Battery integrated Index (TBI).
Three ecotoxicological risk indices were calculated: RS
obtained from the toxicity test battery applied on the whole
soils, RAE obtained from the toxicity test battery applied
on the soil aqueous extracts, and RS+AE obtained from the
integration of all the toxicity test battery applied both on

Statistical analysis were performed by t–test (α=0.05)
with Bonferroni adjustment to highlight the significance
of differences among genotoxicity test results.
RESULTS AND DISCUSSION
Soil characteristics

The investigated soils differed for water holding capacity, organic matter content and textural fractions, whereas
pH values were sub–acid for both the soils (Table 1). The
higher organic matter content in the urban than in the
agricultural soil could be due to the scarce litter accumulation on the agricultural soil surface caused by crop removal. The organic matter content measured in the urban
soil is similar to those reported by other authors for the
same typology of soil [28, 29]. Although both soils, based
on USDA classification method, were sandy–loam, the
urban soil was characterized by higher silt plus clay content than the agricultural one. The higher water holding
capacity for the urban soil was in agreement with the
higher content of organic matter and smaller particles. It is
well known that these soil components have a good capability to retain water [30].
Trace metals

The urban and agricultural soils mainly differ for Cr,
Cu, Ni and Pb total concentrations (Table 2). In particular,
Cr, Cu and Ni concentrations were about 2–times higher
in the agricultural soil than in the urban one, whereas Pb
was about 2–times higher in the urban soil. The high concentration of Cu in the agricultural soil could be due to the
continuous use of fungicides based on copper oxide [31],
and the high Pb concentration in the urban soil to the
deposition of vehicular traffic exhausts [32]. The differences of Cr and Ni concentrations measured in the investigated soils, could be linked to the different anthropogenic or lithogenic origin of such metals [33].
The comparison between the concentrations of the
metals measured in the urban soil and those reported in
literature for the same soil typology [34,35] highlighted

TABLE 1 – Mean values ± s.d. (in brackets) of pH, water holding
capacity (WHC), organic matter content (OM) and textural classes in the investigated soils.
pH
Urban soil
Agricultural soil

6.5 (0.2)
6.2 (0.1)

WHC
(% d.w.)
65.3 (4.6)
44.7 (0.6)

OM
(% d.w.)
8.5 (1.3)
4.0 (0.8)
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Sand
(% d.w.)
60
73

Silt
(% d.w.)
36
26

Clay
(% d.w.)
4
1
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TABLE 2 – Mean values ±s.d. (in brackets) of total and available metal concentrations (µg g–1 d.w.) in the investigated soils.
Metal
Cd
Cr
Cu
Fe
Mn
Ni
Pb
Zn

Urban soil
0.09 (0.02 10–1)
41.23 (1.90)
57.70 (4.08)
22562.00 (61.00)
922.00 (43.00)
27.41 (0.36)
195.30 (4.00)
870.00 (224.00)

Total
Agricultural soil
0.07 (0.03 10–1)
77.60 (4.70)
126.52 (8.25)
24362.00 (82.00)
913.00 (27.00)
68.25 (3.11)
89.13 (5.56)
864.00 (79.00)

Available
Agricultural soil
0.03 (0.02 10–1)
0.02 10–1 (0.02 10–2)
34.08 (3.75)
37.00 (5.00)
6.00 (3.00)
0.03 (0.03 10–1)
6.95 (1.30)
76.00 (22.00)

Urban soil
0.03 (0.01 10–1)
0.04 10–1 (0.03 10–2)
22.27 (0.52)
33.00 (11.00)
36.00 (2.00)
0.06 (0.02 10–1)
28.45 (0.83)
79.00 (4.00)

that Mn, Ni, Pb and Zn were higher in the investigated
soil. In particular, Pb, Mn and Zn concentrations in the
urban soil was about four and fivetimes higher than those
reported by Plyaskina and Ladonin [35] for urban soils.
Similarly, the comparison between the total metal concentrations in the agricultural soil and those reported in literature for the same soil typology highlighted that Cu and Zn
were higher in the investigated soil [36,37]. In particular, Cu
concentration in the agricultural soil was 2.5 to 12times
higher than the mean values observed by Li et al. [37] for
soils with different farming management. In addition, Pb
concentration in the agricultural soil was higher than the
mean concentration, found by Banat et al. [36] in different agricultural soils.
Although the ∑ metal total concentration (26500.57 µg
g-1 d.w.) was higher in the agricultural soil than in the urban
one (24675.73 µg g-1 d.w.), the ∑ metal available concentration in this latter soil was 1.2–times higher than in the
former one (Table 2). In particular, available Pb and Mn
concentrations in the urban soil were, respectively, 4 and
6times greater than in the agricultural one. These concentrations were comparable to the available metal concentrations found by Madrid et al. [38] for urban soils.

Ecotoxicology

Toxicity test results performed both on the urban and
agricultural soils are reported in Fig. 1. The bioluminescence inhibition test with V. fischeri showed a moderate–
high toxicity for both the soils, probably linked to the total
metal concentration as observed by Leitgib et al. [39].
Among the tested plants, S. saccharatum showed opposite effects after exposition to the urban and agricultural
soils: inhibition and biostimulation of the germination index, respectively. L. sativum showed no effects for both the
soils, while S. alba was highly biostimulated only when
exposed to the urban soil (Fig. 1–a). Although urban soil
showed high concentration of Pb (195.3 µg g–1 d.w.),
toxic to plants [40], did not strongly affect plant development probably because of the presence of Pb chelating
chemical groups. The biostimulation observed in our test
could be due to other detected compounds and to their
availability. It is well known that heavy elements (e.g.,
Pb, Cr, Cd, etc.) may cause a stimulation of plant growth
also at very low concentrations [41-43].
Ostracod test showed scarce effects only for the agricultural soil (Fig. 1–b). The inhibition of survival and stimulation of growth observed did not match with the metal

V. fischeri
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S. alba

-160
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FIGURE 1 – Mean values (±s.d.) of percent effects of urban (a) and agricultural (b) soils upon
tested organisms. For H. incongruens two endpoints (M – mortality; BG – body growth) were considered.
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concentrations; probably these effects could be explained
by the interaction among contaminants, soil matrix and test
organisms [44]. In fact, the soil is a complex matrix and the
ecotoxicological effects are rarely due to few investigated
pollutants; in particular, for the studied soils heavy metal
effects on tested organisms could be due to the presence
of other chemicals and interactions among all pollutants
as well as soil physico–chemical properties [45].
Toxicity tests performed on aqueous extracts of both
the investigated soils showed significant effects upon
green alga S. capricornutum.
Urban soil aqueous extract exerted a high biostimulation (–153%) for S. capricornutum population growth,
while the agricultural one caused a growth inhibition of
about 80% with respect to the control medium. The difference in the effects could be explained by the difference
in Cu concentrations of the investigated soils. In fact Cu,
that is phytotoxic toward a number of plants and algae
[46,47], was present in the agricultural soil at a concentration 2.2–times higher than in the urban one. Moreover, Cu
present in agricultural soil could be responsible of ROS
formation that could have enhanced the toxicity exerted
by aqueous extract upon the tested alga [47]. Aruoja et al.
[48] investigated the toxicity of heavy metals Cd, Pb and
Zn in contaminated soil suspensions and extracts to S.
capricornutum and observed that the toxic effects often
correspond to soil metal concentrations.
V. fischeri was slightly inhibited in accordance to the
data reported by Manzo et al. [43] that obtained comparable results with soils contaminated by heavy metals and
organic compounds.
D. magna survival was not affected by the aqueous
extracts from both the soils. As reported in literature, D.
magna seems not to be enough sensitive in identifying
heavy metal contamination in soil leachates [49].
The genotoxicity test results carried out on V. faba for
urban and agricultural soils are reported in Fig. 2. The
differences between the number of cells with micronuclei
in control soils and both the urban and agricultural soils
were significant (t–test, α=0.05). The number of cells with
micronuclei counted for the urban soil was 4.1–times
higher than that measured for the agricultural one. The
micronuclei frequency for the urban soil was 1.6–times
higher than that observed for the negative control, while
for the agricultural one was about 0.4–times with respect
to the negative control. For urban and agricultural soils,
micronuclei frequencies were statistically lower, respec-

tively, of a factor 1.6 and 6.5, than that measured for the
positive control (K2Cr2O7). Micronuclei frequency obtained in this study for urban soil was higher than that
reported in literature for soils contaminated by metals at
concentrations comparable to or lower than those measured for the investigated soils [50]. Similarly, the comparison of the genotoxicity data observed for agricultural soil
with that reported by White et al. [50] for soils with lower
metal concentrations, evidenced a higher frequency of
micronuclei.
12

10

Micronuclei frequency (‰)
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2

0

Negative control
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Urban soil

FIGURE 2 – Mean values (±s.d.) of V. faba micronucleated cells
each thousand cells analysed for control treatments (OECD soil and
10 mg l–1 K2Cr2O7 saturated OECD soil) and investigated soils.
Ecotoxicological risk assessment

Ecotoxicological risk index was calculated by using
soil and aqueous extract toxicity results both for the urban
and agricultural soils. The values obtained using single
matrix toxicity data (RS and RAE) and using all data together (RS+AE) are reported in Table 3. The values obtained for the urban soil were always lower than those
calculated for the agricultural one.
For the urban soil the RAE was zero because of the
high standard deviation among replicates of algal test,
although an elevated mean biostimulation in population
growth was observed. For the same reason, the RS+AE was
lower than RS.
For the agricultural soil, the RAE was higher than RS
and R S+AE. This result may be justified by the high S.
capricornutum growth inhibition exerted by the aqueous
extract.

TABLE 3 – Ecotoxicological risk index based on soil and aqueous extract toxicity data individually (RS, RAE)
and in combination (RS+AE) for the investigated soils. The ecotoxicological risk levels are also reported.
Sample
Urban soil
Agricultural soil

RS
6.9 – Low
10.4 – Medium

Agricultural soil

RAE
0 – Not significant
27.9 – High
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RS+AE
2.4 – Not significant
13.1 – Medium
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The ecotoxicological risk would seem to relate mainly
to the whole soil for the urban soil, and to the soil aqueous
extract for the agricultural one.

[11] Rodriguez, J.A., Nanos, N., Grau, J.M., Gil, L. and Lopez–Arias,
M. (2008) Multiscale analysis of heavy metal contents in Spanish
agricultural topsoils. Chemosphere 70, 1085–1096.

CONCLUSIONS
Both the soils showed high concentrations of some
heavy metals, in particular Pb in the urban soil and Cu in
the agricultural one.
The studied soils exerted contrasting effects towards
the tested organisms; probably, the toxicity observed was
not due to the sole investigated contamination. The genotoxic effects observed only for urban soil could be linked to
the higher lead content and available fraction for this soil.
The integration of toxicity data in the ecotoxicological risk index showed a clear difference between investigated soils, with the highest risk values for agricultural
one.
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ECOTOXICOLOGICAL EVALUATION OF
A DIESEL–CONTAMINATED SOIL DURING
A MICRO–SCALE BIOREMEDIATION PROCESS
Sonia Manzo*, Rita Carotenuto, Fabiano De Luca Picione and Annamaria Rocco
ENEA – Italian National Agency for new Technologies, Energy and Environment,
Department of Environment, Global Change and Sustainable Development, CR–Portici, P.le E. Fermi, 80055 Portici, Naples, Italy

ABSTRACT
Soil chemical analysis are not sufficient to assess environmental risk posed by contaminated soils and to verify the efficiency of clean up techniques. Ecotoxicological
approach can help to overcome this problem.
In this study the surface layer (30 cm) of a soil characterized by heavy metal and hydrocarbon contamination
was collected in a disused industrial area near Naples
(Italy). The soil sample was added with diesel oil and used
for a micro–scale bioremediation experiment. Toxicity
temporal modifications of the soil slurry, that is contaminated soil plus a mineral medium, were monitored.
Toxicity test batteries based on organisms belonging to
different trophic levels were performed to assess the effects
due to total and soluble/insoluble soil pollutants. Toxicity
tests with luminescent bacterium Vibrio fischeri and ostracod Heterocypris incongruens were carried on slurry solid
phase. V. fischeri, green alga Selenastrum capricornutum
and cladoceran Daphnia magna tests were carried on slurry
liquid phase and organic extract. Test batteries were applied at zero, 14 and 42 days of the bioremediation process.

The bioremediation process is usually monitored by
observing the concentration of the targeted contaminants
[2]. Nevertheless, their reduction does not necessarily indicate a decrease of the soil toxicity. Incomplete degradation and formation of toxic intermediary metabolites may
result in increased soil toxicity during bioremediation [3].
Because of the complexity of bioremediation, chemical
analysis cannot provide a reliable evaluation of the efficiency of biodegradation [4]. For proper assessment of
polluted soils and monitoring of cleanup processes, toxicity data, chemical analysis, and ecological information should be combined [5, 6]. Moreover, background
toxicity prior to soil bioremediation and after treatment
could be measured by using appropriate toxicity tests [7].
Ecotoxicological evaluation by a battery of bioassays,
involving various organisms, can integrate the potentially
harmful effects of all pollutants present in the sample, not
only the target compounds usually followed by chemical
methods [8].

The toxicity of slurry solid phase and organic extract
decreased at the end of the experiment only for V. fischeri
test, while for liquid phase a toxicity reduction was observed for all used organisms.

In this study the surface layer (30 cm) of a soil characterized by heavy metal and hydrocarbon contamination
was collected in a disused industrial area near Naples. The
soil sample, after an ecotoxicological characterization, was
added with diesel oil and a bacterial consortium tailored
with selected native strains [9] and used for a micro–scale
(biometer flasks) bioremediation experiment.

The toxicity decrease of contaminated soil well matched
with the bioremediation process operated by the selected
bacterial consortium.

The aim of this work was to monitor toxicity temporal evolution in a diesel oil contaminated soil during a
micro–scale bioremediation system.
MATERIALS AND METHODS

KEYWORDS: bioremediation; toxicity tests; hydrocarbon contamination; diesel oil.

Soil sampling

INTRODUCTION
Bioremediation is a technique that offers the possibility
to reduce toxic pollutants using natural biological activity [1].

Soil surface layer (30 cm) was collected from a disused
industrial area near Naples (Italy). The soil was previously
[10] characterized for its heavy metals content (Mn 1044
mg kg–1, Zn 115 mg kg–1, Cr 12 mg kg–1, As 20 mg kg–1,
Pb 48 mg kg–1, Cd 0.12 mg kg–1, Cu 13.90 mg kg–1) and
organic pollutants (total PAHs 0.18 mg kg–1, paraffins
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C19–C33 2.55 mg kg–1); ecotoxicological analysis was
also carried on whole soil and its extracts (aqueous and
organic).

(sample concentration as g l–1 d.w., causing 50% bioluminescence inhibition with respect to the control).

Micro–scale bioremediation experiment

According to Chial and Persoone [13, 14] ten freshly
hatched ostracods (H. incongruens) were exposed to 1 g
of soil sample and 4 ml of standard solution [15]. One ml
of algal suspension (S. capricornutum 107 cells ml–1) was
added to each well as food supply. The OECD artificial
soil [16], composed by 10% sphagnum peat, 20% kaolin
clay, 70% quartz sand, was used as control soil. After
incubation in darkness (25±2 °C, 6 d) the number of surviving organisms were counted and the body lengths were
measured. The results were expressed as mortality and
growth inhibition percentage with respect to the control.

The experiment was well described in Alisi et al. [9].
Briefly 10 g of sieved soil (2 mm) were added to 40 ml of
mineral medium (pH 7) in a 250 ml biometer flask [7, 11].
The slurries obtained were then treated in three different
ways named polluted, unpolluted and poisoned, each in six
replicates.
In polluted and poisoned treatments 0.5 g of diesel oil
(containing 0.3 g of phenantrene) at a concentration of
5·104 mg Kg–1 of soil and 10–ethoxylated nonylphenol
(Sigma–Aldrich, St. Louis, MO, USA) at a final concentration of 2 g l–1 to emulsify the oil in the aqueous phase,
were added to slurry. A bacterial pool, isolated from a
previous sampling and selected for multiple resistance to
heavy metals [9], was inoculated at a final concentration
of 5×107 CFU ml–1. In poisoned treatment, slurry was also
spiked with 50 mg l–1 of mercuric chloride (Sigma–Aldrich,
St. Louis, MO, USA), in order to inhibit the activity of
indigenous soil microorganisms and evaluate the abiotic
CO2 production [12].
In unpolluted treatment, slurry was added only with
the bacterial pool in order to monitor the basal capacity of
the soil to sustain the bacterial growth.
Biometer flasks were incubated in a rotating shaker at
150 rpm and 28 °C, in the dark. During the experiment
CO2 evolution and diesel oil degradation were measured
periodically [9].
Ecotoxicological analyses were performed using solid
and aqueous phases and organic extract of slurry for each
experimental condition after 0, 14 and 42 days of incubation.
Ecotoxicological analysis
Whole soil tests

Two ecotoxicological bioassays was applied on whole
soil: V. fischeri luminescence test and H. incongruens body
growth test. These bioassays were performed on slurry
solid phase (separated from liquid phase by centrifugation)
at 0, 14 and 42 days from the beginning of the micro–
scale experiment.
V. fischeri test

According to the manufacturer (Microbics Corporation), an amount of fresh soil equivalent to 7 g of oven–
dried soil was suspended in 35 ml of Microtox® SPT diluent and stirred for 10 min. The suspension was serially
diluted (1:2), and the luminescent bacteria V. fischeri were
exposed to each dilution and to a control (NaCl 3.5%).
After 15 min of incubation at 15 °C bioluminescence was
measured using the Microbics Model 500 Toxicity Analyzer. The results were expressed as luminescence inhibition percentage with respect to the control and as EC50 value

H. incongruens test

Liquid phase and organic extract tests

A battery of three ecotoxicological tests was applied on
liquid phase and organic extract of the slurry: V. fischeri
luminescence test, S. capricornutum algal growth inhibition
test and D. magna mortality test. Liquid phase was obtained by centrifugation (800 rpm, 5 min) of slurry.
Slurry organic extract was obtained (utilizing both liquid and solid phase of the slurry) by a 8 h Soxhlet extraction with hexane:acetone (1:1 = v:v). The extract was resuspended in 1–5 ml of dimethylsulfoxide (DMSO). The
highest DMSO concentration used in bioassays was 1%
(v:v).
V. fischeri test

According to ISO [17] reconstituted bioluminescent
bacteria V. fischeri were exposed to serial dilutions (1:2)
of sample and to a control (NaCl 2%). The natural bioluminescence reduction was measured after 5, 15 and 30 min
of exposition at 15 °C and expressed as effect percentage
with respect to the control and as EC50 (sample concentration as g l–1 d.w., causing 50% bioluminescence inhibition
with respect to the control).
S. capricornutum test

According to EPA [15], unicellular green alga S. capricornutum population was exposed to sample serial dilutions (1:2) and to a control. After incubation in light:dark
cycle (16:8 h) at 24±2 °C for 96 h. The algal density was
measured using a light microscope and the growth inhibition was expressed as effect percentage with respect to the
control and as EC50 (sample concentration as g l–1 d.w.,
causing 50% growth inhibition with respect to the control).
D. magna test

According to OECD procedure [18] five daphnids (<
24 h) were added to sample serial dilutions (1:2) and to a
control. After incubation in darkness at (20±2 °C, 48 h)
the mortality was measured and expressed as effect percentage with respect to the control and as EC50 value (soil
concentration as g l–1 d.w., causing 50% organisms mortality with respect to the control).
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Comparison among toxicity of solid, liquid and slurry phase

Ecotoxicological evolution during bioremediation experiment

V. fischeri was the only organism utilized on both solid
and liquid phase of the slurry. In order to obtain slurry
phase (liquid and solid) toxicity, we assigned two different
weight (reflecting ratio liquid/solid in slurry preparation) to
toxic unit of liquid (80%) and solid phase (20%) and then
we summed these values.

During bioremediation experiment slurry solid and
liquid phases and slurry organic extract were analysed by
ecotoxicity test battery for each experimental condition
(polluted, unpolluted and poisoned) after 0, 14 and 42 days
of incubation.

Toxicity results expression

Solid phase of the slurry poisoned with 50 mg l–1
HgCl2 (positive control) exerted high toxic effects on V.
fischeri (32 TUs) with an EC50 of 3.1 g l–1 tested solution,
while 100% mortality of H. incongruens individuals exposed was obtained.
Liquid phase of the slurry poisoned with 50 mg l–1
HgCl2 showed very high toxic effects upon aquatic organisms V. fischeri, S. capricornutum and D. magna, with mean
values of 844, 1111 and 2000 TUs respectively.

The measured toxicity of the performed toxicity tests
was expressed, when possible, in Toxic Unit (TU):
TU = (1/EC50)·100
RESULTS AND DISCUSSION
During bioremediation experiment CO2 evolution and
diesel oil degradation were measured periodically and results were published in a previous article by Alisi et al. [9].
Briefly, in polluted flasks CO2 production increased
gradually (with maximum values at 8 and 16 days) and
started to decrease after 28 days. The unpolluted treatment showed a very low respiration rate in comparison to
diesel oil polluted soil. Moreover, the overall reduction of
diesel oil was about 75% of the total hydrocarbons after
42 days.
Soil sample, before bioremediation experiment, was
characterized in a previous work by Manzo et al. [19]
using a test battery composed by organisms belonging to
different trophic levels both on whole soil an its extracts
(aqueous and organic). Main results were summarized in
Fig. 1.
100

V. fischeri
H. incongruens (BG)
H. incongruens (M)
S. capricornutum
D. magna

Solid phase

The results of the toxicity tests performed upon slurry
solid phase are showed in Figs. 2 and 3. The mean toxic
effects, expressed as toxic units, measured for bacterium
V. fischeri evidenced differences between polluted and unpolluted treatments (Fig. 2). Unpolluted slurry solid phase
revealed low toxic (< 2 TUs) at each time of the incubation period, while the polluted treatment showed a toxicity reduction with time. At the start of the experiment and
after 14 days the toxicity was about 20 TUs, while at the
end of the observation time (42 d) a toxicity reduction
with a factor greater than 6 (2.5 TUs) was observed. It is
interesting to evidence the increased toxicity for V. fischeri
after 14 days, both for polluted and unpolluted treatments.
This phenomenon could be due to the modification of the
chemical form of the current pollutants and/or to the appearance of metabolites more toxic. In the first period of a
bioremediation process, in fact, the formation of toxic
intermediates could occur [20].
30

60

25

40

Toxicity (TUs)

Effect (%)

80

Poisoned treatment

20

*

0

Whole soil

Aqueous extract

Organic extract

20
15
10
5

FIGURE 1 – Mean values (±s.d.) of percent effects of soil sample,
before bioremediation experiment, on tested organisms. For H.
incongruens two endpoints (M – mortality; BG – body growth) were
considered. * No toxic effects observed.

V. fischeri and H. incongruens showed toxic effects
with whole soil but the first was the most sensitive one.
Instead the green alga showed the maximum effect (100%)
with soil aqueous extract. Soil organic extract was slightly
toxic only toward the bacteria.

*

0
0

14

42

Time (days)
FIGURE 2 – Mean toxicity (±s.d.) of the slurry solid phase on V.
fischeri in polluted (textured bars) and unpolluted (white bars)
treatments. * No toxic effects observed.

Toxicity tests with H. incongruens (Fig. 3) showed no
variation in the toxicity mean values for both polluted and
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unpolluted treatments. The slurry solid phase of polluted
treatment caused the 100% mortality of exposed individuals also after the bioremediation process. In a study on the
bioremediation of a petroleum hydrocarbon contaminated
soil Hubálek and co–workers [8] observed a high mortality of the same organism during the whole process of bioremediation, although the concentrations of contaminants
decreased with time. Other researchers used H. incongruens mortality and growth inhibition as endpoints to monitor
the toxicity of hydrocarbon contaminated soil [21]. They
found this organism very sensitive to organic contaminants such as PAHs in soil, and measured mortality values exceeding 50% also 12 weeks after the soil bioremediation process was started. Toxicity mean values measured for unpolluted treatment were comparable at the start
and the end of the bioremediation, with not significant
mortality (< 10%) and growth inhibition (< 27%). In
another study relative to the effect of bioaugmentation
and biostimulation in the long–term degradation of PAHs
in soil, Hamdi et al. [22] measured a toxicity upon ostracods similar to those observed in this study.
Body growth
Mortality

100

with an EC50 lower than 0.1%, followed by bacterium and
green alga with EC50 values lower than 0.2% and 0.4%
respectively. The toxicity upon D. magna strongly decreased
of a factor 13 after 14 days and then did not varied until the
end of bioremediation process. In a study of the PAH fate
in soil during bioremediation, Hamdi et al. [21] observed
high toxicity of the contaminated soil extract to D. magna,
that decreased during the degradation process. The authors
imputed the effects to water–dissolved metals and other
compounds. Also Molina–Barahona et al. [4] found D.
magna an adequate organism in monitoring the bioremediation of a diesel–contaminated soil. For all tests performed
with polluted slurry liquid phase, however, a consistent
reduction of toxicity was measured at the end of bioremediation.
1200

V. fischeri
S. capricornutum
D. magna

1000

Toxicity (TUs)
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FIGURE 4 – Mean toxicity (±s.d.) of the slurry liquid phase on
tested organisms in polluted (textured bars) and unpolluted (filled
bars) treatments. * Toxic effects lower than 50% respect to the
control.

20

0

*
14

42

Slurry organic extract

Time (days)
FIGURE 3 – Mean toxicity (±s.d.) of the slurry solid phase on H.
incongruens in polluted (textured bars) and unpolluted (filled bars)
treatments. Two different endpoints (M – mortality; BG – body
growth) were considered. * Toxicity not measured.

Slurry liquid phase

The toxic effects of slurry liquid phase for both polluted and unpolluted treatments at different time of the
bioremediation process are reported in Fig. 4. For unpolluted treatment EC50 was not calculated because effect
percentage was less than 50% for all toxicity tests. In
particular V. fischeri bioluminescence was slightly stimulated (effect = –20%) only at time zero, the maximum effect
on algal growth (37%) was measured after 14 days and
daphnid survival was always of 100%. For polluted
treatment V. fischeri and D. magna tests showed a toxicity
decrease during whole bioremediation process. S. capricornutum test showed a 70% increasing of inhibition after
14 days, probably due to higher sensitivity to intermediate
compounds produced during the degradation of the diesel
oil added [9]. At the start of the bioremediation process
the cladoceran revealed as the most sensitive organism

Among test organisms used to monitor the toxicity of
slurry organic extract S. capricornutum was the most
sensitive (Fig. 5). The green alga showed high toxicity
(> 800 TUs) for both polluted and unpolluted treatments
at each time, with highest effects corresponding to unpolluted treatment. Only at the end of the experiment a slight
reduction of toxicity for both treatments was observed. V.
fischeri test showed toxic effects only for polluted slurry,
and a slight decreasing in toxicity was measured after
42 days. D. magna mortality test, instead, showed a similar toxicity in the polluted and unpolluted treatments at
time zero and 42 days, while 100% survival was obtained
after 14 days. The higher sensitivity observed for algal
test is in agreement with Bispo et al. [23] which underline
the sensitivity of chronic endpoints compared to acute
ones. Also Eom et al. [24] indicated S. capricornutum as
the most sensitive organism and V. fischeri and D. magna
as the less sensitive ones of a battery performed to evaluate the ecotoxicity of a PAH contaminated soil. They attributed the toxic effect upon algal cell division to the more
soluble PAHs, (2– and 3–ring PAHs), measured in the
water extracts of soil.
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formation during the degradation of the diesel oil. The
green alga was the most sensitive organism also with slurry
organic extract. In particular algal growth was highly inhibited for whole bioremediation period.

1200
V. fischeri
S. capricornutum
D. magna

Toxicity (TUs)

1000

Toxicity of slurry, obtained by combining V. fischeri
toxicity of solid and liquid phases, well represented the
overall toxicity decrement at the end of the micro–scale
experiment.
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CONCLUSIONS
Polluted soil toxicity decreased for most organisms at
the end of bioremediation process; this result well matched
with diesel oil degradation operated by microbial consortium added. H. incongruens test did not show toxicity
reduction in accordance with its high sensitivity to soil
hydrocarbon contamination. Slurry liquid phase exerted a
consistent toxicity increase upon S. capricornutum test
after 14 days, probably due to intermediate compound
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ABSTRACT
Metals constitute a risk to human and environmental
health. Metals in urban soils derive from natural and anthropogenic sources, and their concentrations may differ
over time depending on quantity and quality of emission
sources. The aim of the work was to evaluate, over a period
of 15 years from 1993 to 2008, differences in metal (Cr,
Cu, Fe, Mn, Ni, Pb and Zn) concentrations in soils collected at the urban area of Naples (Southern Italy). Another
goal was to individuate the origin (natural and anthropogenic) of the detected metals in the soils, and for this aim,
three indices were calculated: contamination factor, ecological risk factor, and geo-accumulation index. The results
highlighted an overall decrease of metal concentrations
from the beginning to the end of the study period, even if
Pb concentrations in 2008 were still 2-fold higher than the
threshold value fixed by the Italian law. Cr, Cu, Pb and Zn
in the soils mainly derive from anthropogenic activity, as
highlighted by the comparison with the baseline values. The
indices suggest a moderate contamination degree but a low
potential ecological risk of the investigated soils.
KEYWORDS: Urban soils, contamination factor, ecological risk
factor, geo-accumulation index, trace metals

INTRODUCTION
In recent years, because of the threat posed by heavy
metals to environment and human health, many studies have
focused on metal pollution in urban areas [1]. Heavy metals
are mainly emitted into the atmosphere by anthropogenic
activities [2], and, with a minor extent, also by natural
sources [3]. The dispersion of airborne metals is affected
by meteorological conditions (wind and rainfall) as well
as by the kind of the source (mobile or stationary).
Surface soil is the last sink for pollutants discharged into the environment [4]. The accumulation degree of each
metal in the soil depends on the amount and quality of deposit, on soil chemical-physical parameters and on the exposure time to air deposition. Because soil is continuously

exposed to air deposition and metals reaching the surface
soil tend to accumulate [5], monitoring of soil metal content can provide information about long-term contamination [6].
Urban soils are less investigated than agricultural and
forest soils. In order to set limit values of metal concentrations, to evaluate the suitability of a particular land-use and
to assess the long-term ecological effects and potential risk to
humans, a better knowledge about urban soil is needed [7-9].
The aim of this work was to highlight trends of metal
concentrations (Cr, Cu, Fe, Mn, Ni, Pb and Zn) in some
surface soils of the urban area of Naples (Southern Italy)
over a period of 15 years from 1993 to 2008. Moreover, in
order to assess the soil quality, contamination factor, ecological risk factor, and geo-accumulation index were calculated.
MATERIAL AND METHODS
Study area

The city of Naples is situated (40° 51’ N, 14° 17’ E)
along the north-eastern coast of the Bay of Naples in the
Campania Region (Southern Italy). It covers an area of
117.27 Km2 with a density of c. 7700 inhabitants per km2.
The climate is typically Mediterranean with an average
annual temperature of 15.4 °C and an average rainfall of
1026 mm/year [10]. From October to February, the wind
direction is North-East and the wind speed is about 15 km
h-1, whereas from March to September, the wind direction
is South and its speed is about 13 km h-1 [11]. The soils
which cover the greater part of the Neapolitan urban area
developed on reworked and intercalated pyroclastic deposits of different origins and ages, and are characterized
by andic properties [12].
Samplings and analyses

Soil samplings were carried out at 4 urban parks and
10 gardens along roadsides in downtown of Naples during
different campaigns performed in 1993, 1994, 1998, 2001,
2002, 2005 and 2008. The investigated urban soils were not
renewed or altered over the study period.
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Soil samples were collected at the base of the same
plant species (Quercus ilex L.) in order to exclude the effect
of vegetation upon soil characteristics. Soils were sampled
at the stem flow micro-sites to enhance the effect of air depositions, and at least 8 trees were selected in order to have a
representative soil sample. After litter removing, surface
soils (0-10 cm) were collected through a PVC cylinder and
a plexiglas trowel, and stored in polythene bags in order to
avoid metal contamination.
In the laboratory, the collected soils were sieved (2 mm).
The soil samples were oven-dried (75 °C) and ground into a
fine powder by an agate pocket pulverisette (Fritsch).
An aliquot of 250 mg of each sample was mineralized with
the addition of 2 ml of HF (50%) and 4 ml of HNO3 (65%)
in a micro-wave oven (Milestone). Total concentrations of
the metals were measured by atomic absorption spectrometry (Varian) via graphite furnace (Cr, Cu, Ni and Pb) or via
flame (Fe, Mn and Zn). The analyses were carried out in
triplicates.
Accuracy of the trace metal measurements was checked
by concurrent analysis of certified reference materials from
the Community Bureau of Reference from the Commission
of the European Communities (light sandy soil CRM N°
142R): recovery rates ranged from 86 to 98%. The coefficient of variation was lower than 2%, suggesting a high
precision of the analyses.
Indices

Soil metal concentrations were used to calculate three
indices in order to evaluate the contamination degree and
the ecological risk of the sites, and the main origin (natural or anthropogenic) of the metals.
The equations used to calculate the indices are reported below:
Contamination factor: Cif = Cis / CiR
where Cis = metal concentration in the soil sample;
C R = metal concentration reported as limit value by the
Italian law (D.Lgs. 152/2006) for Cr, Cu, Ni, Pb and Zn;
because the Italian law does not report limit values for Fe
and Mn, the maximum concentrations reported by Markert [13] for soils were considered as CiR for these metals
(Table 1).
i

Ecological risk factor: Eif = Cif / Tif
where Cif is the contamination factor of a single metal
(Cr, Cu, Pb and Zn), and Tif is the toxicity factor of the
metal as reported by Håkanson [14].

Geo-accumulation index: Igeo = log2[Cis/1.5 x CiR]
Statistical analyses

The unpaired t-test was performed (Sigma-Stat 3.0,
Jandel Scientific, USA) to assess the significance of differences of the metal concentrations measured at the beginning and the end of the study period.

RESULTS AND DISCUSSION
Over the investigated period, the trend of soil metal
concentrations (Table 2) highlighted a decrease of Cu, Ni,
Pb and Zn content, by contrast, an increase of Mn. Cr did
not show differences, whereas Fe increased until 2001, and
then decreased reaching in 2008 the same value detected in
1993.
During winter time, industrial activities, vehicular traffic and heating plants emit huge amounts of pollutants in
the air, when in the study area the direction of the mean
winds is from South-West to North-East. Being at downwind, the investigated soils in the North-Eastern zone of
Naples receive high amounts of pollutants by air depositions.
The overall decreasing of soil metal concentrations over the
investigated period could be caused by the decreasing metal
emissions of industrial activities, due to the shutting down,
from 1994 to 2001, of the industrial area of Bagnoli, located in the west zone of Naples urban area. In particular, the
soil concentrations of Zn, Cu, Pb and Ni in 2008 were 62,
58, 56 and 30% of the respective concentrations measured
in 1993. Ni concentrations measured in 2008 were statistically (P<0.01) lower than those measured in 1993. The
temporal trend of Fe soil concentrations reflects the trend
of metal emissions from the industrial activities of
Bagnoli area, where a steel-mill industry represented the
main pollutant source.
The improving of the quality of the vehicular exhausts, due
to the use from the nineties of unleaded fuels that became
obligatory from 2002 in Italy, determined the decrease of Pb
soil concentrations. A strong decrease of Pb concentrations
in 1996 compared to 1989 was also observed in Q. ilex
leaves in a biomonitoring study [15]. On the other hand, it
is well-known that in the last decades, the use of Mn is
increasing: in fact, Mn is widely used in batteries, in production alloys with iron, silicon and copper, in production of
steel instead of nickel, and as additive in unleaded gasoline
[16]. Mn concentrations measured in 2008 were statistically
(P<0.001) higher than those measured in 1993.

TABLE 1 - Maximum concentrations fixed by the Italian law (D.Lgs. 152/2006) for the investigated metals.

D.Lgs. 152

Cr
(µg g-1 d.w.)

Cu
(µg g-1 d.w.)

Fe
(µg g-1 d.w.)

Mn
(µg g-1 d.w.)

Ni
(µg g-1 d.w.)

Pb
(µg g-1 d.w.)

Zn
(µg g-1 d.w.)

150

120

5000*

3000*

120

100

150

*Maximum values reported for soils by Markert [13].
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TABLE 2 - Ranges, minimum - maximum (median) of the detected metal concentrations in the soils at each monitoring campaign and over
the studied period. Ranges, minimum - maximum (median) of metal concentrations for urban soils of the Mediterranean basin and north
Europe [17] are also reported.

1993
1994
1998
2001
2002
2005
2008
1993-2008
Med. Basin

Cr
(µg g-1 d.w.)
16-42
(29)
24-78
(40)
21-26
(23)
15-41
(24)
17-50
(30)
16-37
(35)
19-41
(35)
23-46
(30)
11-95
(35)

Cu
(µg g-1 d.w.)
60-250
(130)
60-190
(100)
49-66
(57)
37-160
(102)
49-197
(100)
32-148
(41)
17-149
(58)
57-128
(91)
9-74
(57)

Fe
(mg g-1 d.w.)
15-25
(20)
12-25
(20)
28-33
(30)
30-40
(37)
27-39
(32)
22-29
(24)
22-23
(22)
20-36
(25)
n.a.

Mn
(mg g-1 d.w.)
0.36-0.72
(0.47)
0.44-0.77
(0.62)
0.45-0.53
(0.50)
0.90-1.10
(1.00)
0.90-1.00
(0.98)
0.64-0.85
(0.79)
0.81-0.92
(0.91)
0.50-1.00
(0.76)
0.21-0.75
(0.40)

Ni
(µg g-1 d.w.)
30-80
(45)
18-58
(36)
34-35
(35)
24-38
(32)
37-71
(44)
16-33
(22)
7-27
(10)
15-49
(34)
11-63
(19)

Pb
(µg g-1 d.w.)
180-1100
(230)
200-780
(270)
196-386
(290)
88-226
(170)
70-222
(142)
107-250
(181)
142-239
(195)
145-351
(192)
19-309
(148)

Zn
(µg g-1 d.w.)
90-390
(170)
80-370
(190)
88-170
(129)
122-248
(190)
108-194
(171)
142-193
(189)
87-176
(97)
120-194
(175)
27-516
(148)
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98

94

08
20

20

20

20

19

19

19

93
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20
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20

20
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20
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19

19

93
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FIGURE 1 - Mean values (± s.e.) of the contamination factors of the detected metals in the soils at each monitoring campaign.
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Notwithstanding the observed metal decrease, Cu, Ni
and Pb soil concentrations in the investigated area at the
end of the study period (2008) are higher than the values
reported for the urban soils (Table 2) of the Mediterranean basin and north Europe [17]. On the other hand, in
roadside soils of a Turkish town, soil Cu and Pb concentrations were comparable to those measured in soils of
Naples urban area [18], whereas soil Ni concentrations were
lower. The comparison between median values of metal concentrations measured at the end of the study period to
those fixed by the Italian law (D.Lgs. 152/2006) showed
that Pb concentrations at the sites are still 2-fold higher
(Tables 1, 2), whereas the other metal concentrations are
lower than the threshold values.

considered to be low, whereas for soils with Cd ranging
from m to 2m, the contamination degree can be defined as
moderate [21].

Over the study period, the mean contamination factors, Cif, (Fig. 1) were lower than 1 for Cr, Cu, Mn and Ni
(0.21, 0.77, 0.25, 0.28, respectively), about 1 for Zn (1.11),
and higher than 1 for Pb and Fe (2.39 and 5.33, respectively). Therefore, the contamination of the investigated soils
could be mainly attributed to Pb and Fe. According to
various authors [14, 19], Cr, Cu, Mn and Ni showed a low
contamination factor, Zn and Pb a moderate one, whereas
Fe a considerable contamination factor. Wang and co- workers [20] report that contamination factors higher than 2 indicate in urban soils metal depositions induced by human
activities, therefore, Fe and Pb can be considered deriving
from anthropogenic activities.

Over the study period, the mean ecological risk factor,
Eif, is 0.41, 3.84, 11.97 and 1.11 for Cr, Cu, Pb and Zn,
respectively (Fig. 2). According to Qingjie et al. [22], the
investigated soils show a low potential ecological risk (values lower than 40).
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On the other hand, Cicchella et al. [10] reported baseline geochemical levels for soils of the metropolitan and
provincial area of Naples ranging between 5-15, 20-80,
40-801, 50-120 µg g-1, respectively, for Cr, Cu, Pb and Zn.
The ratios between the measured soil metal concentrations

19
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Degree of contamination
moderate
moderate
moderate
moderate
moderate
moderate
moderate

In order to investigate the main derivation of the metals
in the soils, the geo-accumulation index was calculated
(Fig. 3). According to Buccolieri et al. [23] for positive
values of this index, more classes of pollution degree were
defined. The geo-accumulation indices show a geochemical
derivation for Cr, Cu, Ni and Zn in the study area. On the
other hand, Pb mainly derives from anthropogenic sources,
defining a moderate pollution degree, geo-accumulation indexes ranging between 0 and 2.

Ecological risk factor

Cr

Cd
10.64
10.53
10.91
11.67
10.90
9.30
8.39

1993
1994
1998
2001
2002
2005
2008

Ecological risk factor

5

19

Ecological risk factor

The sum of the Cif of all the investigated metals (Cd)
for each year (Table 3) shows a decrease of the contamination degree over the investigated period, even if the soils
are always affected by a moderate contamination degree
[21]. In fact, for soils with Cd lower than the number of the
considered metals (m), the contamination degree can be

TABLE 3 - Cd values and degree of contamination as reported by
Caeiro et al. [21] of the soils at each monitoring campaign.

FIGURE 2 - Mean values (± s.e.) of the ecological risk factors of Cr, Cu, Pb and Zn in the soils at each monitoring campaign.
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FIGURE 3 - Mean values (± s.e.) of the geo-accumulation indexes of Cr, Cu, Ni, Pb and Zn in the soils at each monitoring campaign.

TABLE 4 - Ratios between mean metal concentrations in the soils and mean values reported as baseline geochemical level for soils of Naples
[10] at each monitoring campaign. Mean ratios over the studied period are also reported.
1993
1994
1998
2001
2002
2005
2008
Mean

Cr
2.86
4.59
2.34
2.59
3.05
2.96
3.18
3.08

Cu
2.56
2.33
1.15
1.81
2.06
1.48
1.49
1.84

and the baselines reported by these authors (Table 4) suggest a high derivation of accumulated metals from anthropogenic activity. In particular, among the considered metals, Cr and Pb, more than Cu and Zn, seem to derive
mostly from air deposition. In the urban area of Naples
and in the surroundings, it has already been shown that
heavy metal composition of soils is affected both by volcanic lithology and anthropogenic activity [10, 24].

Pb
5.75
5.85
4.84
2.86
2.42
2.99
3.20
3.99

Zn
2.28
2.21
1.52
2.29
1.97
2.05
1.41
1.96

CONCLUSIONS
Although the wide differences in concentrations of
each investigated metal in the soils, a decrease of Cu, Ni,
Pb and Zn levels can be observed from 1993 to 2008 in
the soils of downtown Naples. However, on average, the
soil metal concentrations are among the higher as compared to those measured in various zones of the Mediter-
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ranean Basin. In addition, the soils showed a moderate
degree of contamination, if referred to the threshold values fixed by the Italian law for public areas inside a town.
Cr, Cu, Pb and Zn soil concentrations higher than the
baseline geochemical levels for soils of metropolitan and
provincial area of Naples suggest an anthropogenic derivation of these metals. However, the sites, at any time,
showed a low potential ecological risk.
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ABSTRACT

INTRODUCTION

The aim of this study was to evaluate the effects of organic amendment on the evolution of soil organic matter
content and humification rates, under fodder crops land
utilization system. To accomplish this objective a research
(autumn 2004 to summer 2007) was carried out at Foggia
(Southern Italy) applying one agro-industrial anaerobic digestate and a on-farming compost on these three fodder
crops (Italian clover, proteic pea and Italian ryegrass). In
a split-plot experimental design with three replications the
following fertilizing treatments were compared: i) mineral
fertilization with chemical fertilizers (Min); ii) organic fertilization, with stabilized anaerobic digestate coming from
wine distillery (Org-B); iii) organic fertilization, with olivepomace compost (Org-C); iv) organic-mineral fertilization
(Mix), with a commercial product. These treatments were
compared with an unfertilized control (F0).
After three years of organic amendments application
(2004-2007), the Org-C treatment reached the highest content of soil total organic matter and it also increased total
extract carbon by 11% compared to with the Min one. Furthermore, on the Org-B treatment the stabilised organic
matter (fulvic and humic acids) increased by 3.3% versus
the F0 treatment. The on-farming compost applications
enhanced the total N and available P by 18.8% and 51.4%
compared to unfertilized control.
These results suggest that organic amendments in the
agro-ecosystems of Southern Italy could support soil fertility, with the possibility to reduce the risks of soil degradation and desertification.

KEYWORDS: soil fertility; organic amendments; soil organic
matter content; fodder crops, desertification.

Environmental, social and economical reasons have
pointed out that in agriculture it is still not possible to pursue a continuous increase of profits by applying conventional agronomical practices. In fact, indiscriminate utilization of mineral fertilizers, intensive cropping systems
and deep tillage have contributed to the progressive worsening of environmental conditions. Thus, it is necessary to
preserve the primary resources, as soil and water, whose
availabilities are indispensable both for present and future
agricultural activities. This is particularly important in
Mediterranean area which is characterised by high temperatures in the summer and consequently soil water deficit that
reduces the transport of nutrients from the soil to the plants.
In this environment the amendment functions of a fertiliser
could be more important than the presence of nutrients,
due to high mineralisation rate and the consequent depletion of organic matter in the soil [1].
Long-term experiments suggest that soil organic carbon losses can be reversed with soil management practices
that minimise soil disturbance and minimise plant yield
losses through fertilization [1-5]. Particularly, in semi-arid
condition soils are more susceptible to soil fertility depletion. For this reason conservative agro-techniques, as application of organic biomasses, crop rotation with leguminous
species and decrease of tillage intensity, could reduce the
problems due to the conventional practices [3].
Referring to mineral fertilization, in particular to nitrogen (N), its excessive and/or incorrect application could
result, under Mediterranean conditions, in possible phenomena of fertility deterioration. Conversely, organic amendments could increase soil fertility and play an important
role in sustainable agricultural production. In fact, the soil
application of compost offers many benefits, by sustaining soil fertility [6], improving soil chemical, physical,
hydrological and biological characteristics [7] and reducing ecological risks resulting from nitrate losses and water
contamination [8].
Several experiments have been conducted on the application of organic amendments on different crops [9-11],
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but there is still a lack of information on the environmental impact and the agronomic value of these organic materials on both conservation of soil fertility and yield of
fodder crops grown in Mediterranean conditions.
Therefore, the objective of this field experiment was to
evaluate the potential of organic amendments compared to
mineral fertilizer on chemical soil fertility. The productive
responses of three fodder crops were also investigated.
MATERIALS AND METHODS
The research, was conducted between 2004 and 2007
at Foggia (Southern Italy, 41° 27’ lat. N, 3° 04’ long. E,
90 m above sea level) on a cereal-livestock farm, typical
of the trial area. The soil of the experimental field is a siltyclay Vertisol of alluvial origin, classified as Typic Chromoxerert, Fine, Mesic by Taxonomy USDA.
The climate is “accentuated thermomediterranean”, as
classified by UNESCO-FAO [12], with winter temperatures
which can fall below 0 °C, summer temperatures which can
rise above 40 °C and rainfall unevenly distributed during
the year, being concentrated mainly in the winter months.
On crops of subterranean clover (Trifolium subterraneum L., cv. Antas), proteic pea (Pisum arvense L., cv.
Eiffel) and Italian ryegrass (Lolium multiflorum Lam., cv.
Elunaria), the following fertilizing treatments were studied:
i) mineral fertilization (Min), with 100 and 80 kg P2O5 ha-1
(as superphosphate) for subterranean clover and proteic
pea, respectively, and with 100 kg N ha-1 (as ammonium
sulphate) for Italian ryegrass; ii) organic fertilization (OrgB), with stabilized anaerobic digestate coming from wine
distillery; iii) organic fertilization (Org-C) with olive- pomace compost; iv) organic-mineral fertilization (Mix), with a
commercial product. The rates of P2O5 and N distributed
in Min for the fodder crops are the normal mineral fertilizers used by farmers in the experimental area. Based on
the chemical compositions of the organic amendments we
applied on the treatments Org-B, Org-C and Mix the amount
of materials in such quantity to supply as organic 100 and
80 kg P2O5 ha-1 for subterranean clover and proteic pea
and 100 kg N ha-1 for Italian ryegrass. These treatments
were compared with an unfertilized control (F0).
The main chemical properties of the organic fertilizers
are given in Table 1.
The experimental design was a split-plot, assigning
the level of split to each fodder crop, with three replications. Each elementary plot consist of 270 m2.
Four soil samplings were carried out, at 0-40 cm of
depth before the application of the fertilizers and at the
end of each cropping cycle; from October 2004 (start time
t0) to October 2007 (end time tf). On the soil samples were
determined the content of: total organic carbon (TOC) according to the method of Springer and Klee [13], total
extraction carbon (TEC) and humic and fulvic acids (U+F)

according to method of Stevenson [14], degree of humification (DH) [15], humification rate (HR) [15], total nitrogen (N Tot) according to the method of Kjeldahl [16],
available phosphorus (P) according to the method of Olsen [17] and exchangeable potassium (K) [18]. At harvesting, on a 60 m2 testing area, fresh weight, dry weight
and plant height of subterranean clover and Italian
ryegrass were determined. The grain yield of proteic pea
and the protein contents of the three crops were also measured. The determinations were effected according to the
official protocols of soil chemical analysis, vegetables and
fertilizers, by the Office of the Agricultural and Forest
Politics.
TABLE 1 - The main chemical properties of the organic fertilizers
(dry matter).
Chemical properties
Total organic carbon (g kg-1)
Total extraction carbon (g kg-1)
Humic carbon (g kg-1)
Total nitrogen (g kg-1)
Degree of humification (DH)
Humification rates (HR)
C/N
Phosphorus (P2O5 g kg-1)
pH
Electrical conductivity (mS cm-1)

Org-B
292.5
151.8
102.3
46.6
0.67
0.35
6.3
34.2
8.5
1.6

Mix
190
40
4.75
80
6.5
-

Org-C
172.30
53.8
50.07
10.50
0.93
0.29
16.41
22.58
8.05
0.519

Statistical analysis of variance was made by SAS procedures [19]. Differences among the means were analyzed
at the P≤0.05 probability level, using the Duncan Multiple
Range Test (DMRT).
RESULTS AND DISCUSSION
During the experimental period, the climate was characterized by great variability. In the inter-period "September-August”, the total rainfall was 484, 599, 520 and
553 mm for 2004/05, 2005/06, 2006/07 and long-term
(1952-2004) period respectively. The average annual temperature was 16 °C during 2004/05, 16.5 °C in 2005/06,
and 16.2 °C in 2006/07, consistently higher than 15.5 °C of
the period 1952-2004.
With reference to the effects of land use change, from
pasture to cultivated soil, on average we have measured a
reduction in the value of TOC and an increase in the value
of TEC and U+F, compared the research period from t0 to
tf (Table 2). Particularly, it was observed a reduction as
TOC of 29% between t0 and F0 tf. This high reduction
was probably due to the initial cultivation of a soil after a
large number of pasture years, as occurred in our research.
These results were in accordance to other researches, which
indicate that changes in soil and vegetation management
can have a strong impact on the rates of carbon accumulated in soil that can be loss, even over short periods of
time [3-5]. Removing the well established pastures, char-
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acterised of a high biomass, by deep tillage can also increase erosion carbon loss, especially in hill land, as the
case of our experimental field. The soil carbon losses of
10 to 30 t of carbon per hectare (t C ha-1) in the 0-30 cm
depth were also reported in another research [20].

2007. Particularly the organic amendments (Org-B, Org-C
and Mix) showed the highest levels at the end of the experimental trial, probably due to the repeated organic
amendment applications [21]. These results confirm that
humification process progressively transformed the organic matrix into humic substances so that, the organic matter
applied to the soil behaved like the native soil organic matter
[22].

Among the treatments no significant differences in
TOC values were observed in the years 2005 and 2006,
while a significant variation has been found at the end of
experiment (2007). At the tf time all treatments were different from the unfertilized control (F0), particularly the
Org-C treatment reached the highest value (20.80 g kg-1).
These results confirm the capability of the soil to increase
carbon stocks when manured with organic material, as
found by Montemurro et al. [21]. However, the enhancement of the organic carbon fractions in organic treatments
compared to F0 found in our research at the end of experiment depended on the different roots organic contribution. In addition, a share of plant biomass remain on the
soil at the end of cropping cycles and this is particular
important in protein pea where all plant residues were
plowing in, because the yield consisted of grain production. The unfertilized control showed always the lowest
productive yields (Table 3) and therefore its contribution
on organic matter soil content was lower.

The values of U+F did not show significant differences
during the trial period. At tf time the unfertilized (F0) and
the mineral fertilization (Min) treatments showed a value of
8.43 g kg-1 lower than 3.1 and 6.7% compared to Org-B
and Org-C, respectively. This result showed that in cultivated soils, mineral fertilization as well as unfertilized
treatments caused a high release of soluble carbon from the
intensive mineralization of native soil organic matter [23].
In the year 2005, the DH and HR values for the organic treatments (Org-B, Org-C and Mix) were on average
lower than unfertilized and mineral treatment, while at end
trial period no substantial differences were found between
the treatments. These results confirmed that the application of organic material is able to stimulate soil microbial
activity [7] in a short period. On the other hand, at the end
of the experiment soil amended with organic treatments
had the highest humic acid content (U+F). This finding
was due to the stability of organic substances amended to
the soil as shown by the C/N ratio (Table 1), confirming
the results of Passcual et al. [24, 25] who found an inverse
relationship between the stability of organic matter applied in soil and the mineralization rate.

The values of TEC and U+F increased at the end of
experiment. In particular, F0 at tf showed an increase on
average of 23% and 9% for TEC and U+F, respectively
(Table 2), probably as a consequence of soil cultivation after
a long period of pasture [5]. The values of TEC showed a
significant difference among the treatments in 2006 and

TABLE 2 - Effect of years and fertilizing treatments on the parameters of organic matter.

t0

2004

TOC
(g kg-1)
25.21

TEC
(g kg-1)
9.55

t1 2005

Min
Org-B
Org-C
Mix
F0

17.37
17.24
17.63
16.59
16.32

11.69
11.90
12.07
12.13
11.58

t2 2006

Min
Org-B
Org-C
Mix
F0

18.51
19.07
20.47
19.98
18.72

11.45
12.03
12.11
11.92
11.73

Min
Org-B
Org-C
Mix
F0

19.08 ab
18.91 b
20.80 a
18.73 b
17.84 c

b
ab
a
ab
ab

Parameters
U+F
(g kg-1)
7.72

DH
(%)
0.83

9.56
8.70
8.98
9.36
9.41

0.81
0.75
0.74
0.77
0.82

8.06
8.24
8.26
8.25
8.03

0.70
0.69
0.68
0.69
0.68

HR
(%)
0.31
a
b
b
ab
a

0.55
0.52
0.51
0.57
0.58
0.44
0.44
0.41
0.41
0.43

11.60 b
8.43
0.73
0.45
11.94 ab
8.70
0.73
0.46
12.94 a
9.04
0.70
0.43
tf 2007
12.06 ab
8.85
0.73
0.47
11.78 ab
8.43
0.72
0.47
Within each year, the values of each column with different letters are significantly different at DMRT at the P≤0.05 probability level.
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At the tf time, the content of total nitrogen and available phosphorus (Figures 1 and 2) in the soil were on average higher than those presented at the start of the experiment, 12.3% and 30.2% respectively, for all treatments. In
particular, the Org-C treatment reached total N and available P values higher than the other treatments. The total N
showed an increase of +6.7% and +11.2% respectively
versus Min and F0 as well as an increase of the available
P of +8.8% and +34.7% respectively versus Min and F0.
The enhancement of the F0 was the lowest in both N and
P. This behavior was probably due not only to the organic

materials distribution [26], but also to the N fixation capability of leguminous plants, which usually increases after
each additional year of cropping [27]. Furthermore, Sikora
and Enkiri [28] found that P uptake of grassland depended
on the P amount supplied to the plants, but both these important plant parameters were not influenced by the source
of P, indicating that compost application could be considered equal to mineral P fertilizer. The findings of this research confirmed the possibility of using organic waste
compost as fertilizers [29,30].

P content in the soil at t0 and at tf time
divided by fertilizing treatments

N Tot content in the soil at t0 and at tf
time divided by fertilizing treatments
20

N Tot at t0

2,5

18
16

P mg kg-1

N Tot g kg-1

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

14
12
10
8
6
4
2

0,0
Min

Org-B

Org-C

Mix

0

F0

Min

Treatments

Org-B

Org-C

Mix

F0

Treatments

FIGURE 1 – N content in the soil at t0 and
at tf time divided by fertilizing treatment.

FIGURE 2 – P content in the soil at t0 and
at tf time divided by fertilizing treatment.

TABLE 3 - Effect of fertilizing treatments on the quanti-quality parameters of fodder crops (mean of the three-year experiment).
Subterranean clover

Italian ryegrass

Proteic pea

Treatments

Dry matter
Protein content
Dry matter
Protein content
Grain yield
Protein content
t ha-1
%
t ha-1
%
t ha-1
%
Min
1.73a
10.79
3.16b
9.19b
2.24a
25.15
Org-B
1.90a
10.24
2.86b
8.87b
2.47a
27.66
Org-C
1.85a
10.15
2.81b
8.52b
2.41a
27.51
Mix
1.37b
10.56
4.02a
10.22a
2.10ab
27.17
F0
1.27b
9.50
2.80b
8.50b
1.85b
24.53
Within each fodder crop, the values of each column with different letters are significantly different at DMRT at the P≤0.05 probability level.

The effectiveness of the organic fertilizers (Org-B and
Org-C) was also confirmed by the highest production of
dry matter in subterranean clover and grain yield in proteic pea (Table 3). On the whole, these findings pointed out
that the organic materials can be considered a good P fertilizer source for these fodder crops production, in accordance with other researches [9, 31, 32]. The on-farm
compost, applied on the fodder crops one month before
sowing, did not also damage the early vigour, coverage
degree and growth of plants, confirming the results
found by Murillo et al. [33].
In particular, as mean of the three-year field experiment, the highest dry matter (1.90 t ha-1) and grain yield

(2.47 t ha-1) productions were obtained with the Org-B
treatment in subterranean clover and proteic pea, respectively. In these crops, because of N fixation, no significant
difference was found in the proteic content, even if the F0
treatment showed the lowest values (9.5 and 24.53%, for
subterranean clover and proteic pea, respectively).
The main effects of fertilizing treatments on the most
important parameters of Italian ryegrass (Table 3) showed
that, the Mix fertilizer was able to reach the significantly
highest dry matter yield (4.02 t ha-1) and protein content
(10.22%). This result could be depended on the capability
of Mix treatment to release the N during the entire cropping cycles of Italian ryegrass. No significant difference
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was found between fertilizer treatments in both dry matter
and protein content. Their values were also not higher compared to the unfertilized control. However, even if the F0
treatment reached a good yield and quality Italian ryegrass
levels, the unfertilized control is not in line with normal
agriculture practices, due to higher levels soil impoverishment (Table 2).
On the whole, the findings of this research indicate the
effectiveness of organic fertilizer. This fertilizing strategy
is particularly useful in Mediterranean environments, in
which the amendment functions of a fertilizer could be more
important than its mineral N content, because of the high
N mineralization rate and, consequently, the reduction of
organic matter.
CONCLUSIONS
Composts by olive pomace or wine distillery sludge
are potentially valuable soil amendment agents and source
of organic matter, nitrogen and phosphorus. They have increased the main parameters of soil chemical fertility and
can be used to sustain yields on Mediterranean agricultural soils. At the end of experiment, the compost treatment
increased the total organic carbon of the 9.0 and 16.6%
compared to mineral fertilizer and control, respectively. It
also enhanced total extract carbon by 11% compared to
the mineral fertilizer. The anaerobic digestate treatment
increased fulvic and humic acids by 3.3% than unfertilized control.
The findings of this research pointed out that in dry
environments characterized by semiarid conditions, both
the application of organic amendments and fodder crop
rotation, improve the amount of stable soil organic matter
content. Therefore, it seems to be a useful agricultural
practice for controlling soil carbon losses and desertification in cultivated land.
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ABSTRACT

INTRODUCTION

Mine spoil contaminated fulvisol (clayey loam, pHH2O
7.3; As-118, Ba-336, Cd-8.74, Cu-165, Pb-445, Zn-1587 mg
kg-1 in aqua regia extract) from Gyöngyösoroszi (Hungary)
was stabilized with water treatment sludges (WTS), rich in
Fe and Mn. It was supposed that Fe and Mn oxyhydroxides
present in WTS can effectively reduce the mobility of
toxic elements in various soil fractions, and can inhibit the
toxic element accumulation in sunflower. In a soil incubation model experiment, samples of WTS from BudapestRáckeve (8% Mn, 7% Fe) and Budapest-Csepel (22% Mn,
16% Fe) water treatment plants were mixed to the contaminated fulvisol in 2% or 5% (m m-1), and the stabilized
soil was incubated in pots for 25 months. WTS application significantly reduced the concentrations of Cd (by
19-46%), Cu (by 41-61%), Pb (by 23-90%), and Zn (1951%) in “mobile” (acetate buffer extracted) fraction of the
contaminated soil. Growth chamber pot experiment with
sunflower (Helianthus annuus L., cv. Neoma) confirmed
this phenomenon. Plants were grown for 9 weeks in contaminated fulvisol treated with 5% WTS from Nyírtelek
water treatment plant (1.8% Mn, 27% Fe). Cd, Cu, Pb and
Zn concentrations were significantly reduced in “plant available”, “mobile” and “water soluble” soil fractions. Uptake
of these elements was significantly reduced also in sunflower roots and shoots. This affected beneficially the
growth of sunflower; dry matter accumulation of roots and
shoots was doubled. Considerable amounts of As and Ba
were present in WTS samples. In spite of their occurrence
in mobile soil fractions, their accumulation in sunflower
shoots was negligible.

KEYWORDS: stabilization, toxic elements, soil contamination,
water treatment sludge, sunflower

North from the village Gyöngyösoroszi (located in
Hungary), in the neighbourhood of a former sphalerite and
galenite mine, Cd, Cu, Pb and Zn-containing flotation mud
was generated in large quantities. Careless handling of
this mine spoil caused serious metal pollution of the local
environment, including arable soils [1-4].
High concentrations of toxic elements in these soils can
pose a risk for human health. The physico-chemical stabilization reduces the mobility and environmental risk of toxic
elements in soils [5-8]. During in situ stabilization, various
amendments and additives, e.g. liming agents [3, 4, 9], organic materials [3-4], lignite [10], aluminosilicates, zeolites,
fly-ash [9, 11-13], apatite [14], red mud [15], phosphates
[3], iron and manganese oxides [5-8] are mixed to contaminated soils to reduce the bioavailability of toxic elements.
Iron and manganese oxides belong to the most promising metal immobilizing soil amendments. The hydroxyl
groups of the hydrous oxides form an ideal template for
bridging trace elements. Materials containing hydrous Fe
oxides have a great capacity to absorb toxic elements, such
as As, Cd, Pb, Ni and Zn, and reduce their availability or
mobility in soils. Hydrous Mn oxides can bind metals, such
as Pb or Cd, even in acidic conditions [5-8].
To get drinking water, usually, the first step is the removal of iron and manganese from the raw water. Iron or
manganese compounds in water can be oxidised to Fe or
Mn oxyhydroxides with compressed air introduction. The
formed iron and manganese oxyhydroxide flocks are removed from the water by filtration. Only few papers dealt
formerly with plant nutrition impact [16, 17] or metal immobilizing effects [13, 18, 19] of similar water treatment
sludges.
The objective of this study was to investigate the efficiency of 3 water treatment sludges in immobilization of
toxic elements in a mine spoil contaminated soil. It was
supposed that Fe and Mn oxyhydroxides present in water
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treatment sludge can effectively reduce the mobility of
toxic elements in various soil fractions, and this affects
beneficially the growth of sunflower test plant.

Cd, Cu, Pb, and Zn concentrations in aqua regia extract
(Table 2) exceeded the “B” regulatory limits (As-15, Ba250, Cd-1, Cu-75, Pb-100, Zn-200 mg·kg-1) for protection
of groundwater and geological medium, according to the
Hungarian 6/2009 (IV.14.) KvVM-EüM-FVM decree.

MATERIALS AND METHODS
Experiment 1: A soil incubation model experiment
has been installed between February 2006 - May 2008, in
the Research Institute for Soil Science and Agricultural
Chemistry of the Hungarian Academy of Sciences (Budapest, Hungary) to study the suitability of 2 water treatment
sludges for toxic element stabilization in contaminated soil.
Contaminated soil samples were collected from the
floodplain of Toka-creek, next to the abandoned nonferrous ore mine in Gyöngyösoroszi, Hungary. The examined model-soil is a fulvisol. Several basic characteristics of
this test soil are presented in Table 1. Soil testing was done
according to relevant Hungarian standards.
TABLE 1 – Basic characteristics of contaminated fulvisol from
Gyöngyösoroszi, Hungary.
pHH2O
7.3
pHKCl
6.4
Texture
Clayey loam
Water soluble salt (%, m m-1)
0.14
Humus (%, m m-1)
3.16
CaCO3 (%, m m-1)
1.27
0.163
Total N (%, m m-1)
1.65
NH4-N (mg kg-1)
13.8
NO3-N (mg kg-1)
AL-P2O5 (mg kg-1)*
246
AL-K2O (mg kg-1)*
394
*ammonium lactate (AL) soluble concentrations extracted according to
Hungarian standard MSZ 20135. Data are means of 3 replications.

The fulvisol was contaminated with various toxic elements including arsenic, barium, cadmium, copper, lead,
and zinc (Table 2). Contaminants originated from mine
spoil and mine spoil leachate which sedimented in consequence of floods, at the floodplain of Toka creek. As, Ba,

TABLE 2 – Toxic element concentrations in various extracts of
contaminated fulvisol from Gyöngyösoroszi, Hungary.
Cd
Cu
mg·kg-1
Aqua regia
118
336 8.74 165
Lakanen-Erviö buffer 2.20 11.8 4.97 65.8
µg·l-1
Acetate buffer
20.2
448
134
118
Distilled water
n.d.
54.4 1.55 52.3
n.d. = not detected. Data are means of 3 replications.
Extractant

As

Ba

Pb

Zn

445
202

1587
633

99.6
6.03

20732
184

Water treatment sludges (WTS) used in Experiment 1
originated from Budapest-Ráckeve (B-R) and BudapestCsepel (B-C) water treatment plants. WTS B-R contained
8 % (m m-1) of Mn and 7% of Fe, while in WTS B-C 22%
Mn and 16% of Fe were measured [13]. In Experiment 2,
we have examined the stabilization effects of WTS from
Nyírtelek (N) water treatment plant with 1.8% Mn and
27% Fe. Table 3 indicates the toxic element concentrations
in various extracts of WTS samples, and all of them contained considerable amounts of As and Ba.
In Experiment 1, the air-dried, ground and sieved
(<2 mm) WTS B-R or WTS B-C samples were applied in
2 and 5% (m·m -1 ) portions to the contaminated soil in
3 replications. Controls remained untreated. The soil field
capacity moisture content (22%) was held at 60%. Soils
were thoroughly mixed every 2 months, and the moisture
content of soil was adjusted to a constant value. Experimental pots (microcosmoses) with 1500 g of total weight
were incubated at 25 °C in special thermostats. At the 1st,
3rd, 12th and 25th month of incubation, in average, 15 g
soil samples were taken from each experimental pots. All
soil samples were combined from 10 subsamples.

TABLE 3 – Toxic element concentrations in various extracts of water
treatment sludges from Budapest-Ráckeve, Budapest-Csepel and Nyírtelek.
Extractant
As
Ba
Cd
Cu
Pb
Zn
Aqua regia
436
3856
1.21
115
14.6
51.4
-1
mg·kg
Lakanen-Erviö buffer
0.14
206
0.41
39.6
0.42
13.7
Water treatment sludge
from Budapest-Ráckeve
Acetate buffer
n.d.
0.57
n.d.
n.d.
n.d.
n.d.
-1
µg·l
Distilled water
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
Aqua regia
296
2045
2.19
371
7.82
142
-1
mg·kg
Lakanen-Erviö buffer
0.41
78.0
1.03
121
0.56
41.2
Water treatment sludge
from Budapest-Csepel
Acetate buffer
n.d.
0.37
n.d.
n.d.
n.d.
n.d.
µg·l-1
Distilled water
0.02
n.d.
n.d.
0.007
n.d.
n.d.
Aqua regia
600
5110
0.105
28.6
15.2
256
-1
mg·kg
Lakanen-Erviö buffer
Water treatment sludge
0.71
288
n.d.
4.48
0.78
136
from Nyírtelek
Acetate buffer
88
23947
n.d.
555
n.d.
n.d.
µg·l-1
Distilled water
126
543
n.d.
1089
n.d.
n.d.
Data are means of 3 replications. n.d. = not detected. Detection limits of ICP-OES in Lakanen-Erviö buffer: Cd 0.004 (mg kg1
); in acetate buffer and in distilled water: As 8; Ba 5; Cd 0.4; Cu 5; Pb 6; Zn 6 (µg·l-1).
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Experiment 2: Pot experiment was set up with sunflower (Helianthus annuus L., cv. NK Neoma) between
April-June 2009 in the growth chamber of the College of
Nyíregyháza to study the toxic element stabilization effects
of WTS N. The contaminated fulvisol originated from the
experimental plots (with EOV coordinates X: 275.330; Y:
713.980) of the Research Institute for Soil Science and Agricultural Chemistry of the Hungarian Academy of Sciences
located in the floodplain of the Toka creek near
Gyöngyösoroszi. Air-dried contaminated soil was thoroughly mixed with 5% (m·m-1) air-dried WTS N, and moisturized with distilled water to reach 20 % (m·m-1) field
water holding capacity. Controls remained untreated. After
3 weeks of soil incubation at room temperature, 6 sunflower plants were seeded to each plastic pot with 1.5 kg of
soil. A randomized experimental design with 4 replicates
was used. The plants were watered every 3-4 days with
distilled water to reach constant weight (field water holding
capacity) of the soil. At the 4th week of plant growth, the soil
of each pot was fertilized with 40 mg kg-1 nitrogen
(NH4NO3) in the irrigation water. Light (350 µmol m-2 s-1
for 12 hours daily), temperature (21±3 °C), and humidity
(40~50 %) were controlled.
Nine weeks after planting, the roots and shoots of sunflowers were harvested, washed, dried and ground before
element analysis, as described by Simon [3]. Fresh and dry
weights (drying at 70 °C for 12 h) of plants’ roots and
shoots were determined at the end of pot experiment. Soil
samples (approximately 30 g) were taken from each pot
combining 10 subsamples. The soil samples were air-dried
and sieved (<0.5 mm) to remove root debris prior to extractions.
Soil contamination can be characterized on the basis of
solubility of toxic elements; therefore, we applied 4 extraction methods for the soil samples from Experiment 1 and
Experiment 2. The various extractants have modelled
“pseudo-total”, “plant-available”, “mobile” and “watersoluble” metal fractions in soil.
With the aqua regia extraction, we have determined
the „pseudo-total” toxic element concentrations in soil.
According to Hungarian standard MSZ 21470-50:2006,
3 ml 37% HCl and 1 ml 65% HNO3 was added to 1.0 g of
air-dry soil (<2 mm) samples. After 2 hours of standing, the
soil samples were digested in a microwawe oven (Milestone
MLS-1200 MEGA). The digest was diluted to 50 ml by
distilled water, and filtrated on Macherey-Nagel 640d filter
paper.
From the Lakanen-Erviö buffered extract [20], we have
determined the “plant-available” toxic element concentrations in soil. According to Hungarian standard MSZ
20135:1999, 50 ml of extractant (0.5 mol L-1 acetic acid,
0.5 mol L-1 ammonium acetate, 0.02 mol L-1 EDTA, pH
4.65) was added to 5 g of air-dry soil (<2 mm), and after
1 hour of shaking (rotating shaker, 50 rpm), the solution
was filtrated on Macherey-Nagel 619 G ¼ filter paper.

From the acetate buffered extract, we have determined
the “mobile” toxic element concentrations in soil. According to Hungarian standard MSZ 21420-31:2006, 1 L of
extractant (ammonium acetate buffered with 0.68% salt
content, pH 4.5) was added to 100 g of air-dry soil (<2 mm).
After 4-h shaking (see above) and 20 min of settling, the
solution was filtrated on Macherey-Nagel 619 G ¼ filter
paper.
From the distilled water extract, we have determined
the “water-soluble” toxic element concentrations in soil.
According to Hungarian standard MSZ 21470-50:2006,
50 ml of distilled water was added to 5 g of air-dry soil
(<2 mm), and after 1 min of vigorous shaking, the solution
was maintained at room temperature for 24 h. After 2 hours
of shaking (by rotating shaker, 50 rpm), the solution was
filtrated on Macherey-Nagel 619 G ¼ filter paper.
All extractions were repeated 3 times. The pH of the
solutions was determined with a Jenway 3310 pH-meter.
Element composition of soil and plant samples was
determined in triplicate by ICP-OES technique (Ultima 2,
Horiba Jobin-Yvon) in the Research Institute for Soil Science and Agricultural Chemistry of the Hungarian Academy of Sciences (Budapest, Hungary).
Statistical analysis of the experimental data was made
with SPSS 14.0 software, using analysis of variance with
Tukey’s b-test, or applying Student’s t-test. The statistical
significance was defined at P<0.05.
RESULTS AND DISCUSSION
The „pseudo-total” toxic element concentrations in soil
have been determined from aqua regia extract whereas
Lakanen-Erviö buffer extract characterized the metal fraction, which can be released in a medium period of time,
and is available for plants. This extraction is the most suitable to assess the risk caused by soil contamination. Toxic
elements which are released in medium period of time are
potentially dangerous for the groundwater, since they are
strongly bound to soil particles and only slowly released
by organic acids, extracted by plant roots [21]. Acetate
buffer-extracted toxic elements are available for plants directly, while the distilled water extraction characterizes the
most mobile (leachable) fraction of toxic elements in soil.
Tables 4-6 present the changes in concentrations of individual toxic elements in various extracts during 25 months
of soil stabilization with WTS (Experiment 1). At the 1st,
3rd, 12th and 25th month of incubation, the measured concentrations of As, Ba, Cd, Cu, Pb and Zn were averaged.
Data in Tables 4-6 are means of 4 sampling times.
The statistical analysis of Lakanen-Erviö buffer extract
proved that the application of 2 or 5% WTS B-R or WTS
B-C equally enhanced the As and Ba concentrations, as
compared to control (Table 4). No significant changes were
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observed in Cd or Zn concentrations while Pb concentrations were significantly decreased by both WTS at 5%. In
case of WTS B-C application, a significant increase of Cu
concentration was observed in Lakanen-Erviö extract.
TABLE 4 – Changes of metal concentrations in Lakanen-Erviö
extracts during the incubation of contaminated soil with water
treatment sludges (WTS).
Cd
Cu
Pb
Zn
mg·kg-1
Control
2.19 a 11.8 a 4.97 a 65.8 a
202 a 632 a
2% WTS B-R
2.57 b 27.0 b 4.90 a 65.2 a 192 ab 632 a
5% WTS B-R
2.63 b 44.9 c 4.93 a 67.2 a
185 b 625 a
-1
mg·kg
Control
2.19 a 11.8 a 4.97 a 65.8 a 202 a 632 a
2% WTS B-C
3.06 b 27.1 b 4.96 a 68.4 b 193 ab 621 a
5% WTS B-C
3.66 c 46.9 c 4.97 a 75.3 c
185 b 619 a
WTS B-R = water treatment sludge from Budapest-Ráckeve; WTS B-C
= water treatment sludge from Budapest-Csepel. Data are means of 4
replications in time. Statistical analysis was done by ANOVA with
Tukey’s b-test. Means within the columns (grouped by solid lines),
followed by the same letter, are not statistically significant at P<0.05.
Treatments

As

Ba

Statistical analysis confirmed that the application of
WTS have reduced significantly the Cd, Pb and Zn concentrations in acetate buffer extract during the time of incubation (Table 5). In case of Cu, this reduction was statistically confirmed only at WTS B-C application to the
contaminated soil. Cd, Cu, Pb and Zn concentrations were
reduced by 19-46%, 41-61% (in case of WTS B-C application), 23-90%, and 19-51%, respectively. There were

significant differences between 2 or 5% doses of WTS
types. Statistical analysis proved that the application of 2 or
5% WTS significantly increased Ba concentration in “mobile” (acetate buffer extracted) soil fraction. In case of As, a
decreasing trend was observable, however, this was not
statistically significant (Table 5).
In distilled water extract, both WTS applications reduced the Cd, Cu and Zn concentrations by 32-68%, 9-61%,
and 28-61%, respectively (Table 6). These trends were, however, not statistically proven because of the high standard
deviations of the data. It is advantageous that As was not
detectable in this most mobile (leachable) fraction, and a
slight increase in Ba concentrations was not statistically
significant (Table 6).
The changes (relative %) of Cd concentrations determined in Lakanen-Erviö or acetate extracts during the sampling times of incubation of the contaminated soil with WTS
(Experiment 1) are shown in Fig. 1. After 1 month of incubation, a drop in Cd levels was observable in LakanenErviö extracts of WTS-treated contaminated soil. This
trend later turned and, finally, at the 25th month of incubation, slightly more Cd was detected in Lakanen-Erviö extracts of WTS-treated contaminated soils than in untreated
control.
As compared to control, Cd concentrations in acetate
extract continuously decreased during 25 months of incubation (Fig. 1). This was observable for both WTS and at

TABLE 5 – Changes of metal concentrations in acetate buffer extracts
during the incubation of contaminated soil with water treatment sludges (WTS).
Treatments
Control
2% WTS B-R
5% WTS B-R

As

Ba

Cd

Cu

Pb

Zn

118 a
111 a
94.1 a

99.6 a
77.9 a
76.5 b

20732 a
19050 a
16262 b

µg·l-1
20.2 a
14.7 a
n.d.

448 a
739 ab
872 b

134 a
108 b
79.7 c

a

a

a

µg·l-1
Control
20.2
448
134
118 a
99.6 a
20732 a
2% WTS B-C
18.7 a
923 b
108 b
69.5 b
26.8 b
16789 b
5% WTS B-C
16.1 a
1168 b
71.8 c
45.1 b
9.50 c
10132 c
WTS B-R = water treatment sludge from Budapest-Ráckeve; WTS B-C = water treatment sludge from Budapest-Csepel. n.d. = not detected. (see
detection limits in Table 3). Data are means of 4 replications in time. Statistical analysis was done by ANOVA with Tukey’s b-test. Means within
the columns (grouped by solid lines), followed by the same letter, are not statistically significant at P<0.05.
TABLE 6 – Changes of metal concentrations in distilled water extracts
during the incubation of contaminated soil with water treatment sludges (WTS).
Treatments

As

Ba

Cd

Cu

Pb

Zn

52.3 a
25.2 a
20.4 a

6.03
n.d.
n.d.

184 a
121 a
90.8 a

52.3 a
47.8 a
21.8 a

6.03
11.1
6.90

184 a
133 a
72.1 a

µg·l-1

Control
2% WTS B-R
5% WTS B-R

n.d.
n.d.
n.d.

54.4 a
56.9 a
57.2 a

1.55 a
1.05 a
0.50 a

Control
2% WTS B-C
5% WTS B-C

n.d.
n.d.
n.d

54.4 a
61.5 a
61.0 a

1.55 a
0.92 a
0.68 a

µg·l-1

WTS B-R = water treatment sludge from Budapest-Ráckeve; WTS B-C = water treatment sludge from Budapest-Csepel. n.d. = not detected (see
detection limits in Table 3). Data are means of 4 replications in time. Statistical analysis was done by ANOVA with Tukey’s b-test. Means within
the columns (grouped by solid lines), followed by the same letter, are not statistically significant at P<0.05.
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Changes of cadmium concentrations in Lakanen-Erviö extract
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FIGURE 1 – Changes of cadmium concentrations in Lakanen-Erviö or acetate extracts during the sampling times of incubation of
the contaminated soil with water treatment sludges (WTS B-R = water treatment sludge from Budapest-Ráckeve; WTS B-C = water
treatment sludge from Budapest-Csepel; data are means of 3 replications).

Changes of copper concentrations in Lakanen-Erviö extract
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FIGURE 2 – Changes of copper concentrations in Lakanen-Erviö or acetate extracts during the sampling times of incubation of the
contaminated soil with water treatment sludges (WTS B-R = water treatment sludge from Budapest-Ráckeve; WTS B-C = water treatment sludge from Budapest-Csepel; data are means of 3 replications).
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both 2 or 5% amounts of WTS. WTS from BudapestRáckeve was less effective in Cd immobilization than that
from Budapest-Csepel water-treatment plant. Our results
confirm those of Feigl et al. [19]. Higher 5% amounts of
WTS were more effective in Cd immobilization than lower
2% doses (Fig. 1). This phenomenon was also observable
for Cu, Pb ad Zn concentrations in acetate buffer (Figs. 2-4).
Figure 2 presents the changes of copper concentrations in Lakanen-Erviö or acetate extracts during the incubation of the contaminated soil with WTS. In almost all
cases, in Lakanen-Erviö extracts of WTS-treated soil, higher
Cu concentrations were measured than in untreated control. This was especially true for WTS from B-C. In the
acetate extract, however, an opposite phenomenon was observable; the most efficient treatment was the 5% WTS BC in Cu immobilization. Only 25-30% of Cu was extractable in this case during the whole incubation period,
as compared to control (Fig. 2).
Figure 3 shows the changes in Pb concentrations. From
the data, it is obvious that the applied WTS samples most
efficiently immobilized Pb among the heavy metals present in contaminated soil. In contrast to Cd, Cu or Zn
(Figs. 1, 2 and 4), Pb concentrations decreased not only in
acetate but also in Lakanen-Erviö extracts. Application of
5% WTS from B-C was the most effective in Pb immobi-

lization, since in acetate extract only 7-14% of Pb was detected, as compared to untreated control soil.
Figure 4 demonstrates the changes in zinc concentrations during the incubation of contaminated soil with both
WTS. Changes in Zn concentrations are very similar in
their trend to Cd (Fig. 1). After 1 month of incubation, a
slight decrease, but later a continuous increase was observable in Zn concentrations present in Lakanen-Erviö
extracts. In acetate extracts, an unambiguous Zn immobilization was observable. Similarly to other metals, again
the application of 5% WTS from B-C immobilized Zn to
a highest 45-59% extent (Fig. 4). Our results are in
agreement with Feigl et al. [19].
In order to verify the stabilizing effects of WTS in soilplant system, a pot experiment was set up with sunflower
(Experiment 2).
Table 7 presents the concentrations of toxic elements
in various extracts of contaminated soil at the end of the pot
experiment. Application of WTS-N significantly enhanced
the “pseudo-total” arsenic and barium concentrations in
treated soil. This can be explained by high As and Ba concentrations present in WTS-N (Table 3). In case of Ba,
higher levels were measured in “plant-available”, “mobile”
and “water-soluble” fractions of treated soil than in untreated control. Statistically significant reduction rates in
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FIGURE 3 – Changes of lead concentrations in Lakanen-Erviö or acetate extracts during the sampling times of incubation of the contaminated soil with water treatment sludges (WTS B-R = water treatment sludge from Budapest-Ráckeve; WTS B-C = water treatment sludge from
Budapest-Csepel; data are means of 3 replications).
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Changes of zinc concentrations in Lakanen-Erviö extract
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FIGURE 4 – Changes of zinc concentrations in Lakanen-Erviö or acetate extracts during the sampling times of incubation of the
contaminated soil with water treatment sludges (WTS B-R = water treatment sludge from Budapest-Ráckeve; WTS B-C = water treatment sludge from Budapest-Csepel; data are means of 3 replications).

TABLE 7 – Concentrations of toxic elements in various extracts of contaminated soil from Gyöngyösoroszi at the end of the pot experiment
(Nyíregyháza, Hungary).
Treatments

Extractant
As
Ba
Cd
Cu
Pb
Zn
Aqua regia
169
298
11.8
365
721
2066
-1
mg·kg
Lakanen-Erviö buffer
2.73
7.53
7.32
171
335
853
Untreated contaminated soil
from Gyöngyösoroszi (1)
Acetate buffer
25.3
280
196
466
192
32532
µg·l-1
Distilled water
n.d.
67.2
11.7
115
6.7
1247
Aqua regia
201*
310ns
11.2ns
317*
660*
1860*
-1
mg·kg
Lakanen-Erviö buffer
6.61*
26.9*
7.35ns
141*
295*
844ns
1+5% water treatment sludge
ns
from Nyírtelek
Acetate buffer
20.7
487*
102*
232*
55*
22380*
µg·l-1
Distilled water
n.d.
89.2*
4.5*
103ns
n.d.
642*
n.d. = not detected (see the detection limits in Table 3). Data are means of 4 replications; Student's t-test. *: statistically significant at P<0.05, as
compared to untreated contaminated soil; ns: not significant.

Cu, Pb and Zn concentrations were observed in most of the
extracts of the treated soil. Cd concentrations were reduced
in “mobile” and “water-soluble” fractions of the treated soil.
These results predict enhanced As and Ba but reduced Cd,
Cu, Pb and Zn accumulation in sunflowers, grown in WTSN treated soil.
Table 8 presents the effects of WTS-N on the element
composition of sunflower plant organs at the end of the pot
experiment. In agreement with the WTS-N enhancement of
Ba concentrations in most mobile soil fractions (Table 7),
statistically higher Ba concentrations were measured in
sunflower roots and shoots. In case of arsenic, this en-

hancement was true only for roots. It is very advantageous
that WTS application significantly reduced the accumulation of toxic Cd and Pb in sunflower roots or shoots, and
inhibited excess uptake of Cu and Zn in plants (Table 8).
The fresh weights and dry matter yields of sunflower
roots and shoots at the end of the pot experiment are listed
in Table 9. WTS acted beneficially on sunflower growth,
and fresh weights of roots as well as shoots were enhanced
significantly by 97% and 61%, respectively. Similarly,
statistically significant stimulation was observed in case
of dry matter accumulation, which was 210% more in
roots and 220% more in shoots.
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TABLE 8 – Element composition of sunflower roots and shoots at the end of the pot experiment (Nyíregyháza, Hungary).
As

Treatments

Ba

Cd

Cu

Pb

Zn

161
94.2*

55.9
30.4*

1514
1026*

mg/kg
Roots

Untreated contaminated soil from Gyöngyösoroszi (1)
1+5% water treatment sludge from Nyírtelek

1.14
4.17*

20.1
32.6*

51.2
18.5*

Shoots
Untreated contaminated soil from Gyöngyösoroszi (1)
n.d.
3.88
10.3
25.5
1.74
1126
1+5% water treatment sludge from Nyírtelek
n.d.
5.64*
3.76*
21.5*
0.84*
451*
n.d. = not detected (detection limit of ICP-OES for As: 0.4 mg kg-1). Data are means of 4 replications; Student's t-test. *: statistically significant at P<
0.05, as compared to untreated contaminated soil.
TABLE 9 – Fresh weight and dry matter yield of sunflower roots and shoots at the end of the pot experiment (Nyíregyháza, Hungary).
Fresh weight (g/plant)
Dry matter (g/plant)
Roots
Shoots
Roots
Shoots
Untreated contaminated soil from Gyöngyösoroszi (1)
1.50 (0.48)
6.72 (1.65)
0.10 (0.03)
0.55 (0.13)
1+5% water treatment sludge from Nyírtelek
2.96* (0.45)
10.8* (0.6)
0.21* (0.02)
1.21* (0.11)
Data are means of 4 replications, standard deviations are in parentheses; Student's t-test. *: statistically significant at P<0.05, as compared to untreated
contaminated soil.
Treatments

Better growth of plants in WTS-treated soil can be directly
explained by reduced uptake of most of the toxic elements
from contaminated soil.
Summarizing our results, WTS have reduced the “mobile” (acetate buffer-extractable) metal fractions in the contaminated soil during 25 months of incubation. It can be
supposed, that Cd, Cu, Pb or Zn were bound to hydrous
iron and hydrous manganese oxides present in WTS samples [5-8, 13, 19]. Metal-immobilizing effect was persistent in time, since Cd, Cu, Pb or Zn concentrations in
acetate extract of treated soil have not incremented during
25 months of incubation. Metal-immobilizing effect of
the WTS from Budapest-Csepel was better than that from
Budapest-Ráckeve water treatment plant. This can be explained by almost two times more manganese or iron present in WTS from Budapest-Csepel (see above), which presumably provided more binding places for metals in the
contaminated soil. Generally, 5% of WTS was more effective in metal immobilizing than 2%. This could be also related to more binding places for metals. Our results confirm
observations of Uzinger et al. [13] as well as Feigl et al. [19].
Chen et al. [22] have investigated the chemical stabilization of clayey (pHKCl 4.3-4.5) and sandy (pHKCl 4.74.8) rural soils in Taiwan, contaminated with cadmium
and lead. Soils were irrigated with discharged water from
chemical plants. The “total” (aqua regia-extracted) Cd or
Pb concentrations reached 5.47 or 39.2 mg kg-1 in clayey
soil, while in sandy soil, these values were 18.6 or 611 mg
kg-1, respectively. The soils were chemically stabilized with
various amendments including 1% of iron oxide or 1% of
manganese oxide. The effects of different chemical treatments on changes in extractability of Cd and Pb, and in
phytoavailability to wheat, were evaluated in pot experiments. Results indicated that application of manganese
oxide significantly reduced the extractability of Cd or Pb
in both soils, and significantly reduced the uptake of Cd

and Pb by wheat shoots. This is supported by reduced Cd
and Pb accumulation of sunflower shoots in our experiment
(Table 8). Our results (Table 5) support those of Chen et al.
[22], who found that application of manganese oxide (in
several cases iron oxide) can significantly reduce the concentrations of Cd and Pb in most mobile and bioavailable
soil fractions extracted by single application of Ca(NO3)2,
EDTA, or acetic acid.
Müller and Pluquet [18] carried out pot and field trials with Cd (4.2 to 7.1 mg kg-1) and Zn (453 to 790 mg
kg-1) contaminated sediment dredged from the port of Bremen (Germany). Five iron-bearing materials (including a
sludge from drinking-water treatment) were added to the
soil (1% pure Fe in soil dry matter) to immobilize heavy
metals. The pH and cation exchange capacity (CEC) were
weakly influenced by any of the amendments. Our results
confirm that the application of WTS has not influenced
the pH of the treated soil. In our experiment, at the beginning of incubation, the pHH2O was 7.53, 7.53, 7.61 and
7.71 for soils treated with 2% or 5% WTS from B-R, and
with 2 or 5% WTS from B-C, respectively. This is slightly
higher than the original 7.30 pHH2O value (Table 1) of the
untreated contaminated soil. There was not any significant
shift in pH during 25 months of soil incubation in our
experiment.
It was demonstrated by Müller and Pluquet [18] that
red mud and sludge from drinking-water treatment were
the most effective metal-stabilizing agents. They caused
an increase in the adsorption capacity of the dredged sediment with respect to Cd of about 50%. In the pot trials,
NH4NO3 soluble amounts of Cd and Zn in samples of soil
treated with these materials were reduced by 50% (in DTPA
extract by 20%). Our experiment (Tables 5 and 6) confirms that the application of Fe- and Mn-rich WTS can
effectively reduce Cd and Zn concentrations in the most
mobile soil fractions. Cd and Zn accumulation of test plants
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(wheat, spinach, rye grass) was reduced by 20-50% [18].
This is in agreement with our results with sunflower plants
(Table 8). According to Müller and Pluquet [18], since red
mud can be unsuitable as it contains large amounts of Cr
and Al3+ ions, only sludge from drinking-water treatment
remains as a useful material for immobilizing heavy metals in Cd and Zn-contaminated sediment dredged from a
seaport.
Utilization of WTS for toxic element immobilization
in contaminated soils, beside metal immobilization, suppose low bio- and phytoavailability of As and Ba present
in this material. According to the results of our pot experiment, it is promising that only negligible amounts of As
and Ba from WTS were accumulated in sunflower shoots.
Open-field experiments are suggested to study this phenomenon.
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