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ESTIMATION OF THE CARBON TO
NITROGEN (C:N) RATIO IN COMPOSTABLE SOLID
WASTE USING ARTIFICIAL NEURAL NETWORKS
Adem Bayram1,*, Murat Kankal1, Talat Sukru Ozsahin1 and Fatih Saka2
1

Karadeniz Technical University, Faculty of Engineering, Department of Civil Engineering, 61080 Trabzon, Turkey
2
Gümüşhane University, Faculty of Engineering, Department of Civil Engineering, 29000 Gümüşhane, Turkey

ABSTRACT
Organic waste constitutes a majority of all municipal
solid waste (MSW), a fact which yields some unfavorable
results at open dumps, sanitary landfills, and incineration
plants. As part of an integrated solid waste management
strategy, composting could be applied to mixed collected
MSWs or separately collected leaves, food, and yard wastes.
The factor most crucial to successful composting is the
carbon to nitrogen (C:N) ratio of the waste. This study
employs two predictive models to estimate the C:N ratio
of compostable MSW, an artificial neural network (ANN)
and multiple linear regression (MLR). These models are
based on 52 solid waste samples taken from the MSW
open dumping area in Gümüşhane Province, Turkey. To
estimate the C:N ratio, seven predictive variables were
adopted. The proportions of food and yard (F&Y), and ash
and scoria (A&S) waste; the moisture content (MC), the
fixed carbon (FC) content, the total amount of organic
matter (TOM), high calorific value (HCV), and pH. Fortytwo of the samples were used for training, and the remaining ten were used to test the models. The average relative
error attained by the best ANN was 6.376 %, while that
attained by the MLR model was 11.002 %. The effects of
TOM content, F&Y percentage, and A&S percentage on
the C:N ratio were investigated by running the ANN model
for a range of input variables.

KEYWORDS: Artificial neural network, C:N ratio, Composting,
Municipal solid waste

1. INTRODUCTION
Municipal solid waste (MSW) is generated and accumulated as the result of human activities. The waste poses
grave environmental pollution unless a proper solid waste
management system is adopted. One of the most wide* Corresponding author

spread disposal methods for MSW is landfilling, particularly in developing countries. However, this type of technology ought to be upgraded or substituted by other processes due to the limited land area and some environmental problems associated with the landfilling process such
as gas emissions and leachate production [1].
Organic wastes spelling some unwanted problems at
open dumps, sanitary landfills and incineration plants constitute a major part of MSW. Some of the onsite problems are leachate with polluting potential for groundwater and superficial water sources, generated as a result of
degradation and decomposition of organic materials, uncontrolled release of landfill gases, which may cause serious health problems when inhaled, such as hydrogen sulfur
(H2S), carbon dioxide (CO2) and methane (CH4). Some of
the problems in incineration are additional fuel because
of the organic materials’ high moisture content and low
calorific value and air pollution, the unfavorable result of
the activity. In order to produce economical and environment-friendly answers for these problems some studies
were commenced. And at the end of these studies, the conclusion of utilizing organic waste as a soil conditioner or
fertilizer by composting has been reached. Composting
method has been adopted and implemented as a solid waste
disposal alternative to open dumping or sanitary landfilling
[2].
Composting is one element of an integrated solid waste
management strategy that can be applied to mixed MSW
or to separately collected leaves, food and yard wastes
[3]. It is the biological decomposition of the biodegradable organic fraction of MSW under controlled conditions
that provides sufficiently stability for trouble-free storage
and handling and safe use in land applications [4, 5].
When composting, C:N ratio is the most critical environmental factor. By and large, an initial C:N ratio of 30:1
is considered ideal. When the C:N ratio is greater than 35:1,
the composting process slows down. When the ratio is less
than 25:1, there can be odor problems owing to anaerobic
conditions, release of ammonia and accelerated decomposition. As the composting process proceeds and carbon is
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lost to the atmosphere, this ratio narrows. Finished compost should have a C:N ratio of 15:1 to 20:1 [6].
Carbon is oxidized to produce energy and metabolized
to synthesize cellular constituents. Nitrogen is an important
constituent of protoplasm, proteins, and amino acids. An
organism can neither grow nor multiply in the absence of
nitrogen in a form that is accessible to it. Although microbes
continue to be active without having a nitrogen source,
the activity rapidly dwindles as cells age and die [3].
Artificial neural networks (ANNs) are able to detect
relationships in multi-dimensional data and organize this
dispersed information into a nonlinear classification model
[7, 8]. Thus, they provide an ideal means to estimate the
C:N ratio of MSW.
In fact, ANNs have already been applied in many research papers related to MSW. Dong et al. [1] used a
feed-forward neural network to predict the heating values
of MSWs. Shu et al. [9] used multilayer perceptron neural
networks to predict the energy content of Taiwan MSW.
Jalili and Noori [10] predicted the weight of waste generation in Mashhad, and Xiao et al. [11] predicted the
gasification characteristics of MSW. Noori et al. [12] compared the ability of neural networks and principal component analysis to predict solid waste generation in Tehran.
Jahandideh et al. [13] applied ANNs and multiple linear
regression (MLR) to predict the rate of medical waste
generation. Akkaya and Demir [14] developed an ANN
model based on the Levenberg-Marquardt back-propagation
algorithm to predict the heating value of MSW, taking as
inputs the proportions of water, carbon, hydrogen, nitrogen,
oxygen, sulfur, and ash.
ANNs have also been used successfully in the field of
water quality prediction and forecasting. Sengorur et al. [15]
examined the potential of ANN in estimating the dissolved
oxygen (DO) from nitrite nitrogen, nitrate nitrogen, biochemical oxygen demand, water discharge and temperature employing feed forward type ANN for computing
monthly values of DO in the Melen River, Turkey. Li et
al. [16] applied neural networks to model the relationship
between water quality parameters and the biomass of four
dominant genera (Microcystic spp., Anabaena sp.,
Quadricauda (Turp.) Breb, Pediastrum Mey) in the Lake
Dian-

chi, China. He et al. [17] used an ANN to investigate the
relationships between land use, fertilizer, and hydrometeorological conditions in 59 river basins of Japan, and
then estimated the monthly total nitrogen concentration of
the rivers.
This study applies the ANNs technique to estimate
C:N ratios in compostable MSW generated by the city of
Gümüşhane, Turkey. The seven predictor variables are food
and yard (F&Y) percentage, ash and scoria (A&S) percentage, moisture content (MC), fixed carbon (FC) content, the total proportion of organic matter (TOM), high
calorific value (HCV), and pH. The data were obtained
every week from March 2004 to February 2005, for a data
set of 52 weeks [18-22].
2. ARTIFICIAL NEURAL
NETWORK APPROACH
ANNs are human attempts to simulate and understand
what goes on in nervous system, with the hope of capturing some of the power of these biological systems. ANNs
are inspired by biological systems with large number of
neurons which collectively perform tasks that even the
largest computers have not been able to match.
The function of artificial neurons is similar to that of
real neurons; they are able to communicate by sending
signals to each other over a large number of biased or
weighted connections. Each of these neurons has an associated transfer function which describes how the weighted
sum of its input is converted to an output (Fig. 1).
Different types of ANNs have evolved based on the
neuron arrangement, their connections and training paradigm used. Among the various type of ANNs, the multilayer perceptron (MLP) trained with back propagation
algorithm has been proved to be most useful in engineering applications. Back propagation is a systematic method
for training MLP.
The MLP network comprises an input layer, an output
layer and a number of hidden layers (Fig. 2). The presence
of hidden layers allows the network to present and com-
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FIGURE 1 - Artificial neuron

FIGURE 2 - The architecture of back propagation network model

pute more complicated associations between patterns.
Basic methodology of ANNs consists of two processes;
network training and testing.
The connection weights of the ANN are adjusted
through the training process, while training effect is referred to as supervised learning. The training of ANNs
usually involves modifying connection weights by means
of learning rule. The learning process is done by giving
weights and biases computed from a set training data or
by adjusting weights according to a certain condition. Then,
other testing data are used to check the generalization. The
purpose of the bias input of a back propagation network is
to stabilize the origin of activation function for providing
better learning [23]. The initial weights and biases are commonly assigned randomly. As input data are passed through
hidden layers, sigmoidal activation function is by and large
used. The data are uniformly selected during the training
process. A specific pass is completed when all data sets
have been processed. Generally, several passes are required
to attain a desired level of estimation accuracy. Training
actually means for each input pattern and then compares it
with the correct output. The total error based on the squared
difference between predicted and actual output is computed
for the whole training set. The adjustment of the corrections weights has been carried out using the standard error
back propagation algorithm, which minimizes the total
error (E) with the gradient decent method [24, 25].
Weight update formula in the back-propagation algorithm is given as follows:
wj(L-1) hL (t+1)=wj(L-1) hL (t)+αδkhL xkj(L-1) +η[wj(L-1) hL (t)-wj(L-1) hL (t-1)]

The total sum squared error (TSSE) is calculated as
follows:
M

1
〈Ek 〉= # $ (yki - xki0 )2 &
0
2
i0 =1

where y is a desired output vector [26].
The foregoing algorithm used in this study updates the
weights after an epoch is presented. Epoch is one cycle
through the entire set of training patterns [27].
3. DESCRIPTION OF THE STUDY AREA
Gümüşhane, located in the Eastern Black Sea Region
of Turkey, lies between longitudes 38°45' and 40°12', and
latitudes 39°45' and 40°50'. The region has a surface area
of 6,437 km2, and is characterized by rugged topography.
The average elevation is 1,210 m, and the lowest and highest elevations are 1,105 m and 1,455 m. The temperature
and other climatic conditions vary drastically over the course
of the year [28, 29]. According to temperature and rainfall
data records between 1975 and 2010, the minimum daily
temperature varies from -25.7 °C in February to 4.9 °C in
August, while the maximum daily temperature varies from
12.4 °C in January to 41.0 °C in July. Gümüşhane receives
an average monthly rainfall of 38.6 kg/m2 [30].
4. MATERIALS AND METHODS

(1)

where α, η, L and xk are learning rate, momentum parameter, layer number, and output vector, respectively.

(2)

k

4.1. Sampling and sorting process

The waste samples were taken from a MSW open
dumping area in Kurudere valley, on the southwest side of
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Parmaklik Hill (1,633 m), once a week from March 2004
to February 2005. Four samples were taken simultaneously in every week, for a total of 208 samples over the year.
Each sample container used in the process had a capacity
of 0.072 m3. In order to obtain a representative sample,
0.288 m3 of the MSW was collected. After the MSW was
disposed of, the solid waste samples were taken promptly.
However, some large volume items such as car tires, and
old house belongings were excluded from the samples, as
was all medical waste.
The samples were transported to an indoor area, the
solid waste laboratory. Here they were spread out on a
plastic sheet and manually sorted by a team of two people
who received previous instruction. The waste was divided
into nine categories: F&Y, P&C, metals, glass, plastics,
textiles, A&S, diapers and other. Each component was
weighed separately and compared with the total [28].
4.2. Sample processing (drying and grinding)

The compostable waste was manually reduced in size
and homogenized as follows. First, a 4-5 kg sample of
waste was roughly ground. Then four samples of ground
waste, each weighing 125 g, were placed in a drying oven
for 24-48 hours at 75 °C. Each sample was dried until its
weight stabilized [31]. The resulting dry matter (DM) samples were then placed in desiccators for cooling, ground
again to obtain an average particle size less than 0.2 mm,
and stored in desiccators until needed.
4.3. Analysis

The MC of a sample was determined from its decrease in weight during drying. The TOM content of the
dry matter was determined by igniting it in a furnace at
550 °C [32]. The HCV of the dry matter was determined
using an AC-350 calorimeter. The pH of the samples was
determined using a mobile pH meter (pH 330i), according
to EPA Method 9045D [33]. The total Organic Carbon
(TOC) and Total Nitrogen (TN) contents were determined
using a UV-VIS spectrophotometer (Dr. Lange Cadas 200)
and cuvette tests (TOC cuvette test measuring range 2-65
mg/L TOC and LATON TN cuvette test measuring range
20-100 mg/L TN). The ground samples were extracted
according to EPA Method 1310B [34] before the determining TOC and TN. Determination principle of TOC:
Total carbon (TC) and total inorganic carbon (TIC) are
converted to the CO2 by, respectively, oxidation and
acidification. The CO2 passes from the digestion cuvette
through a membrane and into the indicator cuvette. The
change of colour of the indicator is photometrically evaluated. TOC is determined as the difference between the
TC and TIC values. Determination principle of TN: Inorganically and organically bonded nitrogen is oxidized to
nitrate by digestion with peroxodisulphate. The nitrate ions

react with 2.6-dimethylphenol in a solution of sulphuric
and phosphoric acid to form a nitrophenol.
5. ANALYSIS OF THE
SAMPLE CHARACTERISTICS
5.1. Multiple linear regression

The MLR model for the estimation of C:N (y) is,
7

y= ! ai xi +c
(3)
where a1-a7 and c are the regression coefficients. The
independent variables are F&Y percentage (x1), A&S percentage (x2), MC (x3), FC (x4), TOM (x5), HCV (x6), and
pH (x7). The regression coefficient (R2) for the model was
0.490 (Table 1).
i=1

5.2. Artificial neural networks

The main objective of this section is to develop an
ANN model that predicts the C:N ratio given F&Y percentage, A&S percentage, MC, FC, TOM, HCV and pH.
When designing an ANN it is important to choose the
proper network size. If the network is too small, it may
not have enough free parameters to represent the data
adequately. If the network is too big, it can either failing
to classify the data into meaningful categories or reject
new patterns as too dissimilar from the training set. In
general, finding a suitable network structure is a matter of
trial and error, although an educated guess can be made
by comparing the size of the training dataset to the number of free parameters in the network. As shown in Fig. 2,
a three-layer, and feed-forward network is selected for
this study. Each layer is fully connected to the next, but
no connections exist between neurons in the same layer.
The first and third layers contain the input and output data
respectively. The single output node is interpreted as the
C:N ratio (y). The order of variables in the input layer is
F&Y, A&S, MC, FC, TOM, HCV, and pH.
The 52 weekly data are divided into 42 training and
10 testing patterns. Input values for some of the testing
data and all of the training data are listed in Table 2.
Before they can be used to train the network, the input
data need to be normalized to a suitable range. A hyperbolic tangent sigmoid as the first transfer function (input
layer → hidden layer) and a logistic sigmoid as the second transfer function (hidden layer → output layer) are
used within the network. Both transfer functions are designed to present most of their variation over the range [0,
1]. Therefore, input data is normalized to the range [0.1,
0.9] as follows:
Raw value-Minimum value
# ×(0.9-0.1)+0.1
Normalized value  = "
Maximum value-Minimum value

TABLE 1 - Regression coefficients and R2 value for the MLR
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a1

a2

a3

0.0628

0.1626

-0.0796

a4

a5

a6

a7

c

R2

0.3526

0.6617

-0.0008

2.5726

-53.6996

0.490

TABLE 2 - Weekly data used in the ANNs model
1
▲
27
x
x
▲

2
3
4
x
x
x
28 29 30
▲
x
x
: training set
: testing set

5
▲
31
x

6
x
32
▲

7
x
33
x

8
x
34
x

The 52 weekly data: March 2004 - February 2005
9
10 11 12 13 14 15 16 17 18
x
x
x
▲
x
▲
x
x
x
x
35 36 37 38 39 40 41 42 43 44
x
x
x
x
x
x
x
▲
x
x

The selected network size represents a compromise
between generalization and convergence. Convergence is
the capacity of the network to learn the patterns in the
training set, and generalization is its capacity to respond
correctly to new patterns. The idea is to implement the
smallest possible network that is able to learn all patterns
in the data while retaining the ability to generalize its
rules to new patterns. One hidden layer is sufficient for
most applications. As determining the number of nodes in
the hidden layer is not an exact science, several networks
with different numbers of hidden nodes are tested. The
parameters of the optimum ANN structures are given in
Table 3.
TABLE 3 - Parameters used for different ANNs structures.
Number of hidden layer unit
5
10
15
20
25
30
35
40

Learning rate (α)

Momentum (η)

0.10
0.25
0.50
0.75
1.00

0.10
0.25
0.50
0.75
1.00

To begin the training process, all of the training patterns are introduced to a network initialized with random
weights and the corresponding outputs are recorded. Then
the network error (E) is computed according to Eq. (2),
and increments to the generalized weights are computed
by Eq. (1). The weights are updated, and the training set is
presented to the network again to compute a new set of
errors E. The process continues until the network error
converges or drops below a specified tolerance.
The increment used to update a given weight depends
on two derivatives: that of the upper node’s transfer function and that of the lower node’s transfer function. For
this reason, it is important to avoid initial weights that
would make derivative close to zero. In this study, the
weights are initialized to random values between –0.5 and
+0.5, according to commonly accepted procedure. The

19
x
45
x

20
▲
46
▲

21
x
47
x

22
x
48
x

23
x
49
x

24
x
50
x

25
x
51
x

26
▲
52
x

factors α and η in Eq. (1) also influence the convergence.
The learning rate (α) is the constant of proportionality for
the generalized back-propagation rule. The larger its value,
the greater the changes in the weights at each iteration. The
momentum term (η) is used to prevent the network from
oscillating around a local minimum in the parameter
space. Several combinations of α and η are tested in order
to find a neural network with good convergence (Table 3).
Memorization is a fundamental problem encountered
in training of artificial neural network. To prevent this,
the training is cut when the network begins to memorize.
In this situation, training set error continues to decrease,
although testing set error does not change. Because training of the network is cut before memorizing, error values
of the training set may be greater than the testing set in
models [27, 35].
The rate of convergence during training is monitored
as follows. In a single iteration or ‘epoch’, each training
pattern is introduced to the ANN five times, as shown in
the 4th column (Cycle) of Table 4. The patterns are presented in the same order each time. The learning process
was stopped after 100,000 epochs, and which epoch number resulted in the minimum TSSE of the testing set was
determined. Table 4 shows the structures of the ANNs
giving the best results.
6. RESULTS AND DISCUSSION
The performance of a network may be enhanced by
increasing the number of training samples, the length of
training (number of epochs), or the number of hidden layer
nodes. Choosing different values for the learning rate (α)
and momentum (η) may also change the performance of a
network. However, all of these methods increase the computation time required to train the network. It is very important to strike a balance between performance and training time.

TABLE 4 - Characteristics of the ANNs giving the best results
Number of hidden
layer unit

α

η

Cycle

Epoch

Training
error1
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Testing
error1

Maximum relative
error in testing set (%)

Average relative error
of testing set (%)
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20

0.1

0.75

5

6251

1.071

0.0206

9.528

6.376

: The error values were calculated from Eq. 2

Finally, the effects of changing the F&Y percentages
were investigated. This scenario was tested only between
the 14th and 33rd weeks, when the A&S component was
0 %. Forty percentage points, corresponding to the coefficient of variation of the F&Y component, was added to or
subtracted from the actual values of F&Y during this period. The results of the ANN are given in Fig. 7. The C:N
ratio increases along with the F&Y component, except in
a small number of cases.
30

ANN result
MLR result
26

The computed results

In this research, the smallest average relative error
(ARE) over the testing set (6.376 %) was obtained from
the network with α = 0.1 and η = 0.75 (Table 4). The maximum relative error (MRE) in the testing set was 9.528
%. There are several possible ways of reducing the
MRE, which is of interest in practical applications. One
way is to simply increase the number of training iterations,
or to look for versions of the network during training that
minimize the MRE while requiring the ARE to remain in
an acceptable range. Another option is to use the conjugate gradient or scaled conjugate gradient learning methods, instead of generalized delta rule.
Relative error is calculated as
|OANN - Oreal |
erel = !
# *100
Oreal
(5)
where OANN and Oreal are the computed and real C:N
ratios, respectively. The ten testing data sets are used to
evaluate relative error and the performance of the trained
network. Fig. 3 displays the learning results (OANN vs.
Oreal) of the network; each lozenge stands for one of the
testing vectors. The results obtained from MLR are plotted with triangles in the same figure. The closer the points
are to the diagonal, the better the learning result. The
maximum relative errors computed for the ANN and
MLR methods are 9.528 % and 31.294 %, respectively.
Their average relative errors are 6.376 % and 11.002 %,
respectively. Thus, the ANN method gives significantly
better results, and does better at controlling the maximum
error involved in interpreting new patterns.
A completed network can be fed a series of artificial
inputs in order to reveal aspects of the nonlinear model.
To complete the present study, the effect of TOM on the
C:N ratio is simulated using the trained ANN model. The
effect of varying TOM values while holding all other
inputs constant is shown in Fig. 4. The TOM values in a
set of 13 samples are all incremented or decremented by 4
percentage points, which is the coefficient of variation for
this variable. The 13 samples start with the 3rd sample of
the full dataset, and are then selected at four-week intervals. As the Fig. 4 shows, the C:N ratio increases and
decreases with the TOM value.
The effects of changing the A&S percentages on the
C:N ratio was also investigated. This input variable was
0 % between the 14th and 33rd weeks of the study. The
ANN model was used to simulate a scenario where the
A&S component remained at 0 % in all weeks after the
33rd, and the resulting variation in the C:N ratio is shown
in Fig. 5. The C:N ratio decreases with the A&S percentage. Then, a scenario in which the A&S percentage was
41.5 % (the average of all non-zero weeks in the study)
between the 14th and 33rd weeks was tested. The results
are given in Fig. 6, and clearly show that the C:N ratio
increases along with the A&S percentage.

22

18

average erel of testing set of ANN= 6.376%
maximum erel of testing set of ANN= 9.528%
14

14

18

22

26

30

The experimental results

FIGURE 3 - Comparison of the computed results with the experimental results for the C:N ratio
40
35
30
25

C:N ratio

1

Fresenius Environmental Bulletin

20
15
10
ANN results for +4% TOM value
ANN results for -4% TOM value

5

experimental results
0
2

7

12

17

22

27

32

37

42

47

52

Sample no

FIGURE 4 - Effects of the variation in TOM content data on the
C:N ratio
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same training data. This application of neural networks to
environmental data has great potential in future research
on the estimation of C:N ratios, and provides a useful tool
for environment managers.

40
35
30

C:N ratio

25

20

REFERENCES

15
10

ANN results for 0% A & S

[1]

Dong, C.Q., Jin, B.S. and Li, D.J. (2003) Predicting the heating value of MSW with a feed forward neural network.
Waste Management 23, 103-106.

[2]

Nas, S.S., Bayram. A., Bulut, V.N. and Gundogdu, A. (2007)
Heavy metals in compostable wastes: A case study in
Gümüşhane, Turkey. Fresenius Environmental Bulletin 16,
1069-1075.

[3]

Tchobanoglous, G. and Kreith, F. (2002) Handbook of Solid
Waste Management, Second Edition, McGraw-Hill, 12.6 pp.

[4]

Golueke, C.G. and Mc Gauhey, P.H. (1955) Reclamation of
Municipal Refuse by Composting. Technical Bulletin 9,
Sanitary Engineering Research Laboratory, University of
California, Berkeley.

[5]

Diaz, L.F., Savage, G.M. and Eggerth, L.L. (1993) Composting and Recycling Municipal Solid Waste. Lewis Publishers,
Inc., Ann Arbor, MI.

[6]

US EPA, (1995) Decision-Maker’s Guide to Solid Waste
Management, Second Edition, 7-12, 7-13, Washington, DC.

[7]

Hecht, N.R. (1989) In: Proceedings of the International Joint
Conference on Neural Networks. IEEE Press, Washington
DC, USA, pp. 593-605.

[8]

Swingler K. (1996) Applying Neural Networks: A Practical
Guide. Academic Press, London, UK, pp. 21-39.

[9]

Shu, H.Y., Lu, H.C., Fan, H.J., Chang, M.C. and Chen, J.C.
(2006) Prediction for energy contents of Taiwan municipal
solid waste using multilayer perceptron neural networks.
Journal of the Air & Waste Management Association 56,
852-858.

experimental results

5
0
34

36

38

40

42

44

46

48

50

52

Sample no

FIGURE 5 - Effects of the variation in the A&S percentages (34th52th samples) on the C:N ratio
40
35

30
C:N ratio

25
20

15
10

ANN results for 41.5% A & S

5

experimental results

0
14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33
Sample no
th

FIGURE 6 - Effects of the variation in the A&S percentages (14 33th samples) on the C:N ratio

35

30

C:N ratio

25

20
15
10

ANN results for +40 % F & Y value
ANN results for -40 % F & Y value

5

experimental results
0

14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33
Sample no

FIGURE 7 - Effects of the variation in the F&Y percentages (14th33th samples) on the C:N ratio

7. CONCLUSION
This study investigated the ability of an ANN to estimate the C:N ratio of compostable MSW based on seven
input variables representing the environment and composition of the waste. A weekly series of 52 waste samples
from a MSW collection site, Gümüşhane Province, Turkey, was collected and analyzed to provide accurate training data for the ANN model. The ANN model produced
satisfactory estimates of the C:N ratio, and therefore appears to be a useful forecasting tool for the solid waste
composting process. The ANN model also performs significantly better than a MLR model derived from the
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ABSTRACT

1. INTRODUCTION

This study investigates land use/cover changes and
urban expansion in Erzurum, the largest city in the eastern
part of Turkey, between 1987 and 2007 using satellite
images. Spatial and temporal dynamics of land use/cover
changes were quantified using two Landsat images with a
supervised classification algorithm, spatial metrics and
the post-classification change detection technique in GIS.
We also simulated the future land use/land cover changes
up to 2027 using Cellular Automata (CA)-Markov model
based on the assumption that current trends would continue in the future. The accuracy assessment results of the
land use/cover maps, derived from Landsat images, ranged
from 88 to 91%. Specific set of landscape structure metrics were computed and analyzed using the public domain
software FRAGSTATS version 3.3 for the two satellitederived land use/cover maps to investigate the landscape
dynamics. The results revealed that the study area witnessed an increase in cultivated land and woodland areas
along with built-up areas from 1987 to 2007.

KEYWORDS: Landscape dynamics, land use/land cover change,
change detection, pattern metrics.

Population growth is usually a driving factor for urbanization which is one of the most extensive anthropogenic causes of the loss of cultivated land [1], habitat destruction [2], and the decline in national vegetation cover
[3]. The urban growth causes the change in land use/land
cover (LULC) pattern. LULC changes may have negative
effects on area’s ecology. Urbanization may also have adverse effects on nature such as delivering pollutants to
rivers, causing runoff and erosion [4, 5].
* Corresponding author

The conversion of rural areas into urban areas is currently occurring at an unprecedented rate and is having an
impact on the natural functioning of ecosystems [6]. Despite the fact that urban areas currently cover only 3% of
the earth’s land surface, they have impacts on environmental
conditions at local and global scales [7, 8]. Urban ecosystems are highly influenced by anthropogenic activities,
and so considerable attention is currently been directed
towards monitoring urban land use/cover change [9].
These studies are particularly important since the spatial characteristics of LULC are helpful to understand the
diverse impacts of human activity on the overall ecological condition of the urban environment [10]. LULC change
due to human activities is currently occurring more quickly
in developing countries than in the developed ones. Most
of the world’s mega cities will be located in developing
countries by the year 2020. Growing population in developing cities has caused rapid land use/cover changes and
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accelerated environmental degradation [11]. Global urban
population is projected to double by 2050 [12]. Spatial
and temporal land use/cover patterns and the factors affecting these [13] are important in preparing environmental,
social and economic policies [14] in order to mitigate the
adverse effects associated with urban growth on the environment and to maintain optimal ecosystem functioning
[15, 16].
The world’s urban population increased by 2.1 billion
from 1950 to 2000 and is expected to increase by 3.5 billion
between 2000 and 2050 (Fig. 1). On the other hand, the
world’s rural population increased about 1.47 billion during

the first 50-year period and is expected to decrease by
0.61 million on the second 50-year period and consequently
by the year 2050, 60% of the world’s population will be
living in urban areas [17]. The world’s annual urban population growth rate (0.31) between 1950 and 2010 more than
doubled the annual rural population growth rate (0.12) for
the same period.
Turkey has experienced a rapid urban growth in recent
decades. For instance, the rural landscape has changed significantly with more land being devoted to urban and industrial uses and so more people have moved to larger

FIGURE 1 - Urban and rural population growth of the world from 1950 to 2050 [17]

cities due to the encouragement of urbanization by decision makers to support economic development. The rural
landscape is very important for human being and other
living organisms by possessing ecological, economical and
cultural values [18]. Therefore conversion of land into nonrural uses in these areas has created a critical problem in
many developing countries, including Turkey [19]. During the period 1991-2001, approximately 131,382 ha prime
land was converted into urban and tourism areas [20]. In
this respect, several studies have been conducted on the
effects of urbanization in different regions of Turkey [19,
21-27].
Turkey has experienced a significant increase in urban population mainly due to the industrial developments
and immigration in recent decades. Due to the unplanned
and excessive growth, the cities expanded towards the urban fringe areas and as a result of that new settlement
areas emerged. Because of this outward expansion, pressure over rural areas close to cities and surrounding natural
areas arose. Therefore, the new settlement areas surrounding cities have merged with them due to the changes occurred in their functionality [28]. Accordingly, this trans-

formation caused rural areas to integrate with large cities,
and village like settlements to be converted to districts or
sometimes even into municipalities of the metropolitan
areas [29].
In Turkey, the urban population increased from 6 million to 54 million between 1950 and 2010, and it is projected to reach 83 million by 2050 (Fig. 2). On the contrary, rural population of Turkey grew from 16 million in
1950 to 23.5 million in 2010. It is estimated that rural
population will decrease to 15.8 million until 2050. Urban
population in Turkey is growing at a much faster rate than
world’s urban population. The urban population growth of
Turkey reached the rural population growth in 1984 however the world’s urban population growth caught the rural
population growth in 2009. Due to the increase in urban
population and decrease in rural population, 84% of the
population will be living in cities in Turkey by 2050 [17].
The urban expansion of Erzurum was not high during
the period 1950-1990. The rapid urban expansion was
actually occurred after 1990 in response to large-scale
rural-urban migration [30]. Nowadays sustainable growth
of Erzurum, which is essential for development planning,
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has received relatively little attention. As a result, widespread environmental problems across the city have been
emerged due to unplanned urbanization, exploitation of
resources, and mismanagement of limited land resources.
Remote sensing (RS) and Geographical Information
Systems (GIS) are powerful and cost-effective tools for
assessing the spatial and temporal dynamics of LULC [5,
13, 16]. The conventional surveying and mapping techniques are expensive and time consuming for assessing
LULC change and such information is not readily available for most of the cities, especially in developing countries. Therefore, increased research interest is being directed to the mapping and monitoring of LULC change

studies using RS and GIS techniques [5]. In the past three
decades, extensive research efforts have been made for
LULC change detection using satellite images [5, 31].
There are several methods developed for change detection to assess variations in LULC using remotely sensed
data. Among them, pre- and post-classification comparisons are the most extensively used techniques [32-34]. The
band ratioing, image differencing, change vector analysis,
direct multi-date classification, vegetation index differencing
and principle component analysis (PCA) are well-known
techniques of pre-classification comparison approach [35,

FIGURE 2 - Urban and rural population growth of Turkey from 1950 to 2050 [17].

36]. The pre-classification approach relies on differences
in the pixel reflectance values between the dates of interest. These techniques are suitable for locating the change
but they cannot identify the nature of change [37]. On the
other hand, post-classification comparison approach examines changes on the basis of independent LULC classifications. Despite the difficulties associated with postclassification approach [38], post-classification comparison is the most popular and widely used approach for
LULC change analysis [35, 36]. One of the disadvantages
of this approach, however, is that the accuracy of the
change detection highly depends on the accuracy of individual classifications [39]. Despite its disadvantages postclassification comparison approach is quite useful for deriving “from-to” maps, which can then be used to identify
the magnitude, location, and nature of the changes. It also
allows to use imagery from different sensors with different spatial, temporal and spectral resolutions [16, 40].
Remotely-sensed multi-temporal land use change data
can be very helpful for assessing the spatial and temporal
dynamics of LULC [41, 42]. Therefore, it is quite im-

portant to determine the pattern, rate and type of LULC
change in order to forecast the future changes in urban area.
The objectives of this study were to explore the LULC
changes between 1987 and 2007, to evaluate the spatial and
temporal characteristics of urban expansion in this period,
and to analyze the driving forces of land use change and
urban expansion in the city of Erzurum.
2. DATA AND METHODOLOGY
2.1. Study area

The city of Erzurum is the largest city in the eastern
part of Turkey, and the fourth largest in Turkey, with an
area of 2,506,600 ha. [43]. The study area, as shown in
Fig. 3, is located in the Eastern Anatolian Region of Turkey between 40◦05’N, 41◦5’E and 39◦50’N, 41◦25’E, at an
elevation of 1859 m.
According to the 2009 census, population of the central county is 491,000 [30]. The population increased
gradually between 1950 and 1985, but experienced a rapid
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growth starting from 1990 (Fig. 4). Topographically, the
area is situated mainly on Erzurum plateau, located at the
starting point of Coruh, Firat and Aras basins, and based
at the intersection of Caspian Sea, Black Sea and Firat
basins.
The city has a terrestrial climate, in which winters are
long and harsh and summers are short and hot, and receives approximately 453 mm of rainfall annually. The
northern part of the city with an elevation ranging from
1000 to 1500 m has a warmer climate. The highest recorded temperature was 35.6 ◦C (31 July, 2000), and the
lowest recorded temperature was -37 °C (06 February,
1991) according to monthly averages between 1975 and
2007. In Erzurum, according to monthly averages of 19752006, August was the hottest month with an average tem-

perature of 27.6 °C, and January was the coldest month
with an average temperature -15.0 °C [44].
2.2. Data acquisition and pre-processing

Landsat Thematic Mapper and Enhanced Thematic
Mapper Plus (TM and ETM+) data dated August 16, 1987
and June 28, 2007 respectively were acquired and used to
evaluate LULC changes and urban expansion in Erzurum.
The images were geometrically corrected and geocoded to
the Universal Transverse Mercator (UTM) coordinate system by using a reference image. At least 23 ground control points (GCPs) were used to register the images. All
GCPs were distributed throughout the scene with a root

FIGURE 3 - Location of the study area.
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FIGURE 4 - Population growth of Erzurum from 1950 to 2009.

mean square (RMS) error of less than 0.5 pixels. A first
order polynomial fit was used and images were resampled
to 30 m using nearest neighbor method. During the image
classification, all reflective bands were used and thermal
band was excluded.
Reference data, which varied due to the nature of the
study (Table 1), used for both selecting the training area
and for evaluating map accuracy. High resolution imagery
was used to collect ground truth information for the analysis of 2007 image. 300 reference data points were collected
using the Quickbird image, and then these data points
were used for assessing the accuracy of the classification.
TABLE 1 - Different data types used in the study
Data Type
Landsat TM image
Landsat ETM+
image
Quickbird Image
Aerial photo
Topographic maps

Scale/Resolution
30 m
30 m

Date
August 16, 1987

1m
1:5,000
1:25,000

January 8, 2007
September, 1987
1985

June 28, 2007

Urban surface is heterogeneous and composed of different features such as buildings, roads, grass, trees, soil,
and water [35]; thus these mixed pixels are a common
problem when working with medium-spatial resolution data
such as Landsat [47]. To overcome this, thematic information (e.g. vegetation, bare soil, water) was first extracted
from the Landsat data using V-S-W index [48]. Then, a
rule-based technique using thematic information and GIS
data (e.g. DEM, water bodies, etc.) was used with ERDAS
spatial modeler to correct previously misclassified LULC
categories. Even though this rule-based technique greatly
improved the classification, some misclassification between
meadow and wetland was still observed. GIS tools such as
area of interest (AOI) were then applied to the images
using visual analysis, reference data, and local knowledge
to split and recode these categories so that they more
closely reflected their true classes. With these techniques,
the result obtained using supervised algorithm was considerably improved. In order to reduce the salt-and-pepper
effect, a 3x3 majority filter was used [49].
2.4. Accuracy assessment

2.3. Image classification

In this study, a modification of the Anderson Level I
classification system was used to evaluate LULC changes
[45]. Six separate LULC types were identified: 1- built-up
land, 2- meadow, 3- cultivated land, 4- woodland, 5- wetland, and 6- others (Table 2). Spectral and spatial profiles
were used to select training pixels for different LULC
categories before classifying images. Reference data and
ancillary information (Table 1) were used to create training dataset. A supervised maximum likelihood classification (MLC) algorithm was applied to each satellite image.
At first attempt, several classes were incorrectly classified in the supervised classification with some built-up
areas being misclassified as bare land because of similar
spectral characteristics. Similarly there were confusion
between cultivated land, meadows and wetland. Therefore, post-classification refinement, which is a simple and
effective method, was employed to improve the classification accuracy [16, 46].

According to Congalton [50], classification accuracy
refers to the extent of correspondence between remotely
sensed data and reference data. A total of 300 random
points were generated for the 1987 and 2007 land cover
maps to assess the LULC accuracy. The accuracy assessment of LULC maps was performed with field data, high
resolution images, topographic maps, and the results were
shown in confusion matrix. Kappa test was also used to
measure classification accuracy. The total accuracy of the
Landsat-derived LULC data was 90.67 and 87.67% with
corresponding Kappa statistics of 0.83 and 0.79% for TM
and ETM+ respectively (Table 3), which would be in the
standard accuracy of 85-90% for LULC mapping studies
as recommended by Anderson et al. [45].
2.5. Change detection

The post-classification change detection technique,
which detects the nature, rate, and location of changes was
used in this study [16, 36]. Using an overlay procedure in
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GIS, spatial changes in LULC between 1987 and 2007 were
obtained. This technique resulted in a cross tabulation matrix describing main types of change in the study area. The
cross tabulation obtained was analyzed on a pixel-by-pixel
basis and this procedure consequently facilitated the de-

termination of the amount of conversions from a particular
class to other land use classes and their corresponding area.
As a result, a new thematic map stating different combinations of “from to” change classes was produced.

TABLE 2 - LULC classification scheme.
LULC Types

Description

Built-up
Meadow
Cultivated land
Woodland
Wetland
Others

Residential, commercial and services, industrial, transportation, roads, mixed urban and other urban
Meadow, grassland, pasture
Agricultural area, crop fields, fallow lands, vegetable lands
Land covered with trees, deciduous forest, mixed forest land, conifer
Permanent and seasonal wetlands, low lying areas, marshy land, swamps
Exposed soils, landfill sites, bare ground etc
TABLE 3 - Overall accuracy of the image classification

Urban
Meadow
Urban
4
1
Meadow
0
143
Agri
0
6
Forest
0
0
Wetland
0
0
Other
0
1
Total
4
151
Overall Classification Accuracy = 90.67%
Overall Kappa Statistics = 0.8391
Urban
Meadow
Urban
10
1
Meadow
0
113
Agri
0
14
Forest
0
1
Wetland
0
0
Other
0
0
Total
10
129
Overall Classification Accuracy = 90.67%
Overall Kappa Statistics = 0.8391

1987 LANDSAT 5 TM CONFUSION MATRIX
Agri
Forest
Wetland
Other
0
0
0
0
16
0
0
1
103
0
1
1
0
1
0
0
1
0
9
0
0
0
0
12
120
1
10
14

Total
5
160
111
1
10
13
300

Omission
100.00%
94.70%
85.83%
100.00%
90.00%
85.71%
--

Commission
80.00%
89.38%
92.79%
100.00%
90.00%
92.31%
--

2007 LANDSAT 7 ETM CONFUSION MATRIX
Agri
Forest
Wetland
Other
0
0
0
0
18
0
0
1
121
0
2
0
0
2
0
0
0
0
13
0
0
0
0
4
139
2
15
5

Total
11
132
137
3
13
4
300

Omission
100.00%
87.60%
87.05%
100.00%
86.67%
80.00%
--

Commission
90.91%
85.61%
88.32%
66.67%
100.00%
100.00%
--

2.6. Derivation of spatial pattern metrics

After LULC data (Figs. 5 and 6) had been converted
to Arc Grid, the software package, FRAGSTATS 3.3
(McGarigal et al. [51]) was used to compute the selected
metrics. This study focused on four class level metrics: percentage of landscape (PLAND), number of patches (NP),
mean patch size (MPS), and mean shape index (MSI). The
connotation and expressions of these metrics were explained
in detail in the related studies [51-53].
2.7. Simulation of future LULC changes

Spatially explicit LULC models are indispensable for
sustainable land use planning, particularly in cities that
are experiencing rapid LULC changes [52]. Future LULC
changes can be modeled in the landscape on the basis of
preceding state using observed transition probabilities
between states [54]. Miller and Faranklin [55] states that

spatially proximate objects are often more likely to exhibit similar attributes, therefore, combination of cellular
automaton and Markov Chain models is used to describe
complex natural patterns [56, 57]. Transition matrices,
that are probability of change between individual LULC
types, were calculated for the period 1987-2007.
In this study, future LULC types were predicted using
a CA-Markov model based on the 1987 and 2007 LULC
classifications, plus the transition matrices, probability
maps, and contiguity. As transition rates were calculated
for change occurring over a period of 20 years, predictions were made using a 20 year time period. Idrisi Taiga
software [58].was employed to predict the future changes
assuming that current LULC trends would continue in the
study area.
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3. RESULTS AND DISCUSSION

Turkey, such as Aydin, the rate of the urban expansion in
Aydin was 12 ha yr-1 over the period 1986-2002 [19].

Figs. 5 and 6 show the spatial patterns of LULC types
in the Erzurum area for 1987 and 2007 respectively, while
Fig. 7 depicts the predicted LULC map for the year 2027.
In 1987, meadow and cultivated land were the dominant
land use types, and the directions of urban expansion were
northeast (Industrial area), west (Dadaskent residential
area), and south-southwest (Yenisehir, Yildizkent, Kavakyolu, Yunus Emre residential areas). In 2007, the
built-up land consumed most of the cultivated land and
meadow along the peripheral.
Analysis of LULC changes in Erzurum over time revealed a considerable increase in the built-up areas over
the study period; built-up areas increased by 3,090 ha
between 1987 and 2007, which is an average of more than
153 ha yr-1 (Table 4). When compared to other cities in

Urbanization is usually related to population and economic change but still the nature of urban expansion in
the study area may be associated with other factors such
as land use, topography, and transportation. Careful examination of the change detection statistics revealed that
approximately 3,247 ha of the built-up area in Erzurum
were previously cultivated land or meadow between 1987
and 2007. The GIS analysis also revealed that meadow
decreased by 8.13% between 1987 and 2007. On the other
hand, wetland increased by 0.72%, woodland by 1.10%,
cultivated land by 4.90%, and built-up areas by 4.27% in
the same period.
The close analysis of LULC change transition matrix
revealed that meadow were the primary land area con-

FIGURE 5 - Classified land use/land cover map of Erzurum for the year 1987
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FIGURE 6 - Classified land use/land cover map of Erzurum for the year 2007

FIGURE 7 - Projected land use/land cover map of Erzurum for the year 2027
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verted to cultivated land with approximately 5,203 ha
(Table 5). Two factors were observed to have promoted
cultivated land expansion mostly from meadow: (1) increased economic activity associated with the establishment
of irrigation canals by general directorate of state hydraulic works in Erzurum, and (2) livestock production in Erzurum relies upon meadows. Decreasing meadow puts pressure on farmers. Therefore, some local farmers quit cattle
breeding and began to practice organic farming instead.
The post-classification comparison of change detection was performed with GIS, producing change maps to
understand the spatial pattern of change between 1987
and 2007 (Fig. 8, Table 5). As indicated, the majority of
built-up land was acquired by converting areas that were
previously cultivated land or meadow, suggesting the existence of increased pressure on natural resources in Erzurum
to meet the increased demand for built-up land. This study
revealed that the urban expansion in Erzurum has been relatively rapid and has resulted in widespread environmental
degradation.
It was also observed from the analysis of satellite images that urban expansion did not occur evenly in all directions; that is, new developments were observed along the
west, northeast, and southwest. The rapid pace of urbanization in Erzurum means that it has not been possible for
the municipal government to provide basic urban amenities to the public, which has led to a wide range of envi-

ronmental problems. In addition, the accelerating growth
of squatter settlements affects the city’s physical and human environment [16]. The environment of these informal
settlements is extremely unhygienic as they are usually in
close proximity to solid waste dumps, open drains and
sewers [59].
Class-level metrics indicated that the LULC changes
in the study area had resulted in fundamental change in
landscape pattern (Table 6). The meadow-land-use dominant landscape was gradually converted into urban and
agricultural-land-use dominant landscapes. It can be seen
from Table 6 that in 1987 and 2007 the landscape was
dominated by meadow covering 51.73% and 43.60% of the
study area respectively. In 2027, however, cultivated land
is predicted to be the major LULC type constituting about
48.14% of the landscape. In the study area, the total number of land use types remained constant but their respective proportion and spatial composition were changed
throughout the study periods. Along with rapid urbanization, the predominant meadow landscape was progressively
substituted by urban and agricultural landscapes. The significant decreases in NP, increase in MPS and MSI in
built-up land exhibited compact sprawl and “dense-onion”
urban development pattern, which describes the growth of
cities as new developments emerging around existing urban
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FIGURE 8 - Major land use conversions in Erzurum between 1987 and 2007

TABLE 4 - Results of LULC classification for 1987 and 2007 images showing area of each category, class percentage and area changed
LULC Types

1987
Area (ha)
2297
37364
26353
307
3051
2851
72223

Built-up
Meadow
Cultivated land
Woodland
Wetland
Others
Total

2007
Area (ha)
5376
31490
29895
1107
3566
789
72223

%
3.18
51.73
36.49
0.43
4.22
3.95
100

1987-2007 area
changed (ha)

%
7.45
43.60
41.39
1.53
4.94
1.09
100

3079
-5874
3542
800
515
-2062
0

TABLE 5 - LULC change transition matrix (in ha) for 1987 and 2007 images
1987 LULC
2007 LULC
Built-up
Meadow
Cultivated land
Woodland
Wetland
Others
Class Total
Class Changes
Image Diff

Built-up
1795
186
309
7
0
0
2297
502
3079

Meadow
Cultivated
Woodland
Wetland
Others
2049
1198
31
23
280
28921
0
0
765
1618
5203
23705
43
473
162
865
0
232
1
2
326
1450
1
1789
0
0
0
0
0
789
37364
26353
307
3051
2851
8443
2648
75
1262
1233
-5874
3542
800
515
-2062
TABLE 6 - The landscape structure metrics used at class level

Row Total
5376
31490
29895
1107
3566
789
0
0
0

Class Total
5376
31490
29895
1107
3566
789
0
0
0

LULC Classes**
Class
Level
Metrics*
PLAND
(%)
NP
MPS (ha)
MSI
(m/m2)

1987

Built-up land
2007
2027

1987

Meadow
2007

2027

1987

Cultivated land
2007
2027

1987

Woodland
2007
2027

3.18

7.44

9.24

51.73

43.60

34.54

36.49

41.39

48.14

0.43

1.51

2.12

704
3.26
1.29

349
15.40
1.31

210
31.78
1.20

5728
6.52
1.30

5045
6.24
1.32

623
40.04
1.50

3336
7.90
1.29

2596
11.52
1.28

1744
19.94
1.20

412
0.75
1.17

669
1.65
1.22

280
5.48
1.16

centers [8], such as Sukru Pasa and industrial district on
the Erzurum-Artvin highway in the northeast and Dadaskent
residence area in the west. The NP decreased while MPS increased in all land use types in the study area except for
woodland which were attributable to the afforestation activities against erosion by the Erzurum Directorate of Afforestation in 1990s (Table 6). Cultivated land gained less
complex form compared to built-up land, meadow, and
woodland indicated by decreasing MSI values (Table 6).
This was mainly contributed by two factors; 1- with the
construction of the network of irrigation canals in late
1990s and 2- the land consolidation projects that were
started since early 2000s in the study area.

4. CONCLUSIONS
Understanding the urban growth and change is critical to those who study urban dynamics and manage land
resources, and provide services in these rapidly changing
environments [60]. Because of widespread availability
and frequency of coverage, remote sensing has become an
important source for monitoring LULC change and urban
expansion [61, 62].
This study integrated remote sensing and spatial metrics to analyze the spatio-temporal dynamics and evolution
of land use change and landscape pattern as a result of
rapid urbanization process in the past 20 years. This study
also simulated the future LULC changes up to 2027 using
CA-Markov Model with Idrisi software. The metrics for
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the predicted LULC image seemed to be appropriate except
for meadow land, where MPS was over estimated while
NP was underestimated.
Erzurum was found to have experienced rapid changes
in LULC, particularly in built-up and agricultural areas.
Analysis revealed that built-up area and cultivated land
increased by 3,079 and 3,542 ha respectively from 1987
to 2007, which resulted in a substantial reduction in the
area of meadow. With the construction of irrigation network in Erzurum, the conversion of some meadow areas
into agricultural land became inevitable. This constant decrease in meadow had affected farmers who feed livestock with grazing negatively in return. At the end of this
study, we could state that there was a major land use conversion from meadow to agriculture. Even though meadow
was dominant land use type in 1987, cultivated land was
predicted to be the dominant land use type of the landscape by the year 2027 which was simulated using the
CA-Markov model.
The spatial and temporal dynamics of LULC changes
could be understood effectively by Integrating RS and GIS.
The land use maps produced in this study could contribute
to the development of sustainable urban land use planning
decisions.
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ABSTRACT
The application of multivariate analyses on the hydrochemical data of the Trifilia karst aquifer delineates the
existing hydrogeochemical processes and their contribution to the configuration of the hydrochemical character of

groundwater. The application of factor analysis on two
different sets of data, discriminated factors with a common
geochemical interpretation, such as the salinization and
geothermal factors. Furthermore, the application of factor
analysis on the trace element concentrations spotted the
influence of hydrocarbons on the chemical composition of
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groundwater, since it classified the redox sensitive metals
in two different factors. The discriminant analysis led to the
conclusion that the most important hydrogeochemical process is the groundwater salinization, since the electrical
conductivity plays the major role in the classification of
samples into five hydrochemical zones.

sis is used to identify variables that most contribute to the
formulation of the chemical profile of groundwater [22].
The scope of the present article is to apply R-type
factor analysis and discrimination analysis in the chemical
analysis of ground-water samples from the Trifilia karst
aquifer, in order to delineate controlling geochemical processes and to evaluate their effects, regarding the hydrochemical character of the groundwater, in the study area.

KEYWORDS:
geochemistry, hydrogeology, hydrochemistry, multivariate statistical analysis, factor analysis, discriminant analysis.

2. MATERIAL AND METHODS
2.1. Geological setting and Hydrology

1. INTRODUCTION
Coastal karst aquifers have an important role as water
resources. Very often, these aquifers have hydraulic links
with the sea resulting in dominant conduit flow conditions,
submarine freshwater springs and/or natural seawater intrusion into the aquifer through karst conduits. The certain
types of bedrock govern karstic phenomena, with the existence bedrock, having a high solubility in water and leave
* Corresponding author

hardly any residual so that the gaps are enlarged with the
dilution procedure and permit the water flow through. To
karstic bedrocks, belong carbonate rocks, such as limestone
and dolomite, which are quite widespread in Greece [1,2].

The researched area is located in SW Peloponnese,
specifically in the district of Trifilia, Prefecture of Messinia.
Monthly temperature ranges between 11.1 oC (in February)
and 25.7 o C (in August), with a mean annual value of
16.3 oC. Mean annual rainfall height at the Gargalianoi
weather station is 784 mm [6]. The main land use in the
area is olive farming (83% of total), vegetable growing
(12% of total, mainly tomato and water melon) and products grown in greenhouses (5% of total) [23].
The geological background of the area comprises carbonate sediments and flysch belonging to the Tripolis zone
(Fig. 1). The upper members of the carbonate series consist
of Eocene bitumen limestone, dolomite and dolomitic limestone; these are capped uncomformably overlain by the turbidic sequence of flysch [24].

Seawater intrusion in coastal aquifers is a widespread
and serious problem in many parts of the world, especially in the Mediterranean region. Groundwater degradation
due to seawater intrusion is often accentuated in karst
aquifers under natural [3] and/or exploitation conditions [4,
5]. The Trifilia karst aquifer is a similar case where seawater
intrudes, under natural conditions, in coastal areas with altitudes above sea level due to the existence of karst conduits connected to the sea [6-8].
The multivariate statistical analysis is a mathematical
analytical method which serves several applications both
in hydrogeological research [9-11] and in other geosciences
e.g. geochemistry [12,13], petrography [14], mineralogy
[15], engineering geology [16], geophysics [13] and climatology [17].
The hydrochemical analysis of groundwater samples
requires that different chemical and physical parameters
be compared and their relationships are also determined. Surveying groundwater chemistry can be accomplished through
graphical methods; using various diagrams; using statistical
methods as well. The latter are superior to the former, as
they permit correlations between chemical and non-chemical
parameters (e.g. physical parameters) and are more successful in interpreting the hydrogeochemical processes [1821]. R-type factor analysis is employed to study the relationships between variables while the discrimination analy-

FIGURE 1 - Geological map of the study area ([22], with modifications).

The flysch formation dates to the Oligocene; it consists of alternating beds of clayey schist, blue siltstone,
marl and sandstone. Post-alpine sediments (Pleistocene)
cover the major part of the researched area (Fig. 1), being
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in transgressional unconformity to the rocks of the bedrock. The maximum thickness of these sediments is developed to the west of the carbonate bedrock; the prevailing formations are calcareous sandstone, sand and conglomerates. On the contrary, their thickness tends to decrease
to the east; the series becomes finer and the prevailing formations are sandy clays, sandy loam and clays [7]. Alluvial deposits are recent river sediments (Holocene); they
consist of pebbles and gravel, with sandy, loamy and clayey
composition.
The studied karst aquifer is contained in the Tripolis
carbonate series. This is an aquifer demonstrating considerably high capacity and yield, constituting a highly important groundwater reservoir, used to satisfy the local
irrigation and - partly - water supply demands. This aquifer is pumped through approximately 250 productive water
bores, with a depth of 60 – 350 m each, drilled during the
90s. The flow rate of these bores varies between 25 – 100
m3/h and their specific capacity varies between 34 – 144
m3/h/m. Field data from drillings in many sites of the
study area showed the existence of karst conduits in negative altitudes, even -70 m [7].

The above mentioned aquifer is mainly recharged from
rainfall water percolation and infiltration of surface runoff, through the coarse matter contained in their bed. Regarding the hydraulic characteristics of the aquifer, transmissivity and hydraulic conductivity are particularly high,
their average values being 1511 m2/d and 21.6 m/d respectively. The general flow direction of ground-water is
NNW - SSE while mean hydraulic gradient is exceptionally low, in the order of 0.6‰, which indicates that the
formation exhibits high water permeability. The hydraulic
load presents positive absolute values of the entire water
table area, even at the coastal zone; it progressively decreases from +17 m at the water supply area, to +8 m at
the unload area ([7], Fig. 2).
2.2. Analytical Methods

From 250 production water bores in total, a network
consisting of 102 hydropoints has been developed in order
to collect water samples in 5 different periods (May 2001;
July 2001; July 2002; February 2003; July 2003). The
samples were collected at pump outlet and placed into two
containers, 1 l and 0.5 l capacity respectively, that have
been washed in advance by 5% p.w. hydrochloric acid
solution (Merck); they were also filtered in - situ by a
strainer fitted with 0.45 µm (Millipore) filters.
During sampling, the groundwater unstable parameters were measured in - situ. Temperature (T) and electric
conductivity (E.C.) were measured by portable thermometer / conductivity tester (Delta Ohm) while pH and redox
potential (Eh) were tested by portable pH-meter (Consort).
Diluted oxygen (D.O.) and alkalinity were determined
through the titration method (Hach). The solutions used
for the calibration of the instruments were the standards
commercially available. Calibration standards for pH measurements were of pH=4 (potassium hydrogen phthalate),
pH=7 (sodium phosphate, dibasic potassium phosphate,
monobasic) and pH=10 (sodium bicarbonate, sodium carbonate) buffer solutions. Conductivity standards used were
the commercially available ready to use potassium chloride
standards.
All other chemical analyses were performed at the
Hydrogeology Laboratory, University of Patras, immediately following sample collection. The first non-acidified
sample of 1 l has been used for analysis of chloride ions
(Cl-) through the titration method (Hach) as well as ammonium ions (ΝΗ4+), nitrates (ΝΟ3-), and sulphates ions
(SO42-) and also silica dioxide (SiO2) in spectrophotometer (DR 4000, Hach). The second sample of 0.5 l has been
acidified in 2% (v/v) ultra-clean nitric acid (Merck) and
has been used for cation and trace element analysis. The
main ions, Na+, K+, Ca2+ and Mg2+ have been determined
through the atomic absorption method in spectrophotometer (GBC Avanta). The accuracy of analyses varied between ± 5% limits. The results from all these analyses are
statistically presented in Table 1.

FIGURE 2 - Piezometric map of the Trifilia karst aquifer.

Trace element and heavy metals concentration in water
were determined through the mass spectrometer method
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in inductively coupled plasma (ICP-MS), carrying out in
the Laboratory of Hydrology, Department of Geology, University of Patras. Multi - element standard solutions were
prepared from an ICP - certified multi - element standard
10 mg/l (Perkin Elmer) after being thinned in ultra-clean
distilled water, resistance: >18MOhm (TKA-LAB Reinstwassersystem). Solutions were atomized (cross-flow nebulizer) in ELAN 6100 spectrophotometer, by Perkin Elmer®.

The instrument's standard operating parameters and the detection limits are shown in Table 2. The linearity of calibration plots for trace element multi-element standards
used in ICP-MS, exhibited correlation factors in excess of
0.999 during the analysis, for all trace elements. Table 3
constitutes a statistical presentation (average, maximum and
minimum values) of all trace element analyses over all
sampling periods.

TABLE 1 - Physico-chemical parameters and major ions of the five hydrochemical zones. Ion concentrations are given in mg/L

Hydrochemical
Type

Zone A
Ca-Mg-HCO3

N = 29 samples
Parameter
Average Min
Max
T (oC)
18.8
18.1
19.7
pH
7.05
6.93
7.30
Eh (mV)
105
76
121
D.O.
2.7
1.0
3.6
E.C. (µS/cm)
692
588
746
TDS
566
473
618
Alk
273
225
298
Mg2+
30.5
24.3
36.7
Ca2+
84.8
73.0
96.6
Na+
24.3
16.2
30.9
K+
2.1
0.8
3.4
NH4+
0.02
0.00
0.04
HCO3342
282
379
Cl42.6
33.2
57.4
SO4227.9
1.2
45.0
NO311.2
5.7
22.4
SiO2
6.6
5.1
8.5

Zone B
Ca-Mg-Na-HCO3-Cl

Zone C
Ca-Na-Mg-HCO3-Cl

Zone D
Na-Ca-Mg-Cl-HCO3

N = 53 samples
N = 26 samples
N = 58 samples
Average Min
Max Average Min
Max Average Min
Max
22.6
20.8
23.7
19.4
18.8
20.4
20.7
20.2
21.2
7.19
7.05
7.50
7.06
6.96
7.20
7.02
6.82
7.55
64
8
125
66
-128
168
10
-109
77
3.3
1.5
7.0
2.3
0.9
5.6
2.9
0.2
7.3
952
783
1071
1050
864
1315
1682
1511 1873
689
504
788
758
667
897
1131
1003 1306
289
230
322
279
246
306
288
282
294
40.6
35.5
42.8
34.7
30.7
41.4
44.9
39.5
51.1
78.6
69.0 101.8
100.3
85.0 126.7
111.5 100.1 128.2
62.6
40.3
81.5
82.3
59.1 112.5
185.6 153.6 222.2
3.3
1.8
4.1
5.4
2.8
8.4
8.8
7.1
10.9
0.02
0.00
0.08
0.07
0.00
0.26
0.08
0.00
0.17
362
343
393
340
300
373
351
344
359
116.8
82.7 171.3
139.5 114.6 191.8
332.4 245.0 451.3
41.9
30.6
47.0
49.3
36.1
60.6
89.2
63.4 105.8
6.4
2.6
10.1
11.3
4.8
18.0
7.1
3.5
11.4
9.6
4.9
14.8
7.5
6.0
9.2
10.1
7.4
12.4
TABLE 2 - Operating ICP-MS conditions.

Plasma conditions
Instrument
Plasma gas flow rate (L min-1)
Auxiliary gas flow rate (L min-1)
Nebulizer gas flow rate (L min-1)
RF Power (W)
Lens voltage (V)
Interface
Sampler cone
Skimmer cone
Nebulizer
Type
Sample uptake rate (mL/min)
Spray chamber
Data acquisition parameters
Scanning conditions
Detector
Dwell time
sweeps/measurement
Replicates
Detection limits
Li
B
V
Cr
Mn
Co
Ni
Cu

ELAN 6100
15
1.2
0.84
1150
6.5
Ni 1 mm orifice diameter
Ni 0.7 mm orifice diameter
Meinhard
0.5
Cyclonic
Peak Hoping
Dual
100 ms
20
4
ppb
0.1
4
1
1
1
0.1
1
1
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Zone E
Ca-HCO3 and
Ca-Na-HCO3-Cl
N = 14 samples
Average Min
Max
19.3
18.8
19.8
6.97
6.70
7.17
105
81
125
4.0
2.6
6.2
1012
779
1364
780
690
1003
283
245
343
20.7
12.1
30.7
136.9 107.7 155.0
63.5
21.1
125.1
3.2
1.3
6.3
0.08
0.00
0.15
345
299
418
139.9
45.6
246.5
56.2
27.5
89.6
15.2
8.8
21.6
10.5
7.8
14.4
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Zn
Ga
As
Se
Rb
Sr
Mo
Cd
Ba
Tl
Pb
U

1
0.1
1
1
0.1
1
0.1
0.1
1
0.1
0.1
0.1

TABLE 3 - Trace elements analysis (in µg/L) of the five hydrochemical zones.
Zone A
Ca-Mg-HCO3
Average
2.6
26.4
3.3
4.1
5.5
0.2
2.6
2.2
43.1
1.2
0.9
4.0
1.3
249.9
4.2
0.6
41.1
0.1
0.4
2.3

Zone B
Ca-Mg-Na-HCO3-Cl

N = 29 samples
N = 53 samples
Min
Max
Average
Min
0.8
6.0
8.0
2.6
11.8
47.0
52.2
28.9
1.3
5.3
1.3
0.3
0.5
10.3
3.7
0.3
0.3
75.5
1.5
0.0
0.0
0.5
0.1
0.0
0.7
4.0
2.1
0.4
0.5
6.0
1.9
0.6
6.6
366.9
67.5
2.7
0.5
3.8
2.7
0.9
0.5
2.2
1.5
0.7
1.5
15.7
3.9
0.9
0.5
2.6
2.2
1.5
151.9
399.6
700.3
311.7
0.0
25.9
6.4
1.4
0.0
6.5
0.2
0.0
14.2
88.4
102.6
33.0
0.0
0.4
0.1
0.0
0.1
2.7
0.4
0.0
1.5
3.5
0.8
0.1
2.3. Statistical Analysis

Zone C
Ca-Na-Mg-HCO3-Cl
Max
11.0
73.1
3.9
12.1
10.3
0.3
4.4
5.2
604.7
5.5
2.1
11.1
2.7
1085.1
14.4
1.0
131.7
0.5
1.9
3.0

Average
7.0
62.3
5.4
2.6
13.0
0.7
5.5
3.5
26.5
1.8
3.9
9.3
3.1
643.3
17.7
0.3
57.6
0.4
0.5
2.2

To better understand the hydrogeochemical nature of
the karst aquifer, multivariate statistical processing has
been carried out to chemical analysis results. We applied
R-type factor analysis and discriminant analysis.
The definition of factor analysis is used to describe all
mathematical methods that analyze the correlation between
several variables (R-type). The main advantage of this
analysis is that it can summarize a large number of variables
into a smaller number of factors. Each factor constitutes a
linear function of these variables. The result is that data
volume is reduced without loss of information, and also
processing is easier. Factor analysis is applied to a data
set for three main reasons [25]:
1. Discrimination of groups of well - correlated initial variables
2. Reduction of the number of variables
3. Development of new combinations between variables (groups), which may be used as new variables in subsequent analyses.
The factor analysis model is founded on the assumption that the number of factors available is p (where p < m

N = 26 samples
Min
2.7
30.4
1.0
0.2
0.2
0.1
0.0
0.8
7.9
1.0
0.0
3.0
1.7
110.1
4.3
0.1
35.6
0.0
0.1
1.1

Zone D
Na-Ca-Mg-Cl-HCO3
Max
12.8
94.8
45.0
9.4
149.5
5.1
20.5
19.3
123.8
3.0
38.5
40.1
4.9
995.6
67.4
1.8
91.6
1.7
2.6
7.1

Average
7.0
70.5
4.1
1.5
32.9
1.1
13.9
4.4
92.1
1.8
5.2
6.8
3.1
646.7
16.7
0.5
59.4
0.5
1.0
2.5

N = 58 samples
Min
2.4
54.1
0.5
0.3
0.7
0.1
2.0
1.2
6.9
1.1
0.0
2.0
1.6
379.8
7.6
0.0
42.8
0.0
0.1
1.0

CaCa-N
N=
Max
12.3
93.7
41.3
4.0
134.5
7.5
55.3
10.3
417.8
2.4
36.2
26.6
4.9
1035.0
63.9
3.4
85.9
1.9
4.1
13.3

= initial variables), which are denoted by f to allow the
following equation:
p

Xj =

∑l

jr f r

+ εj

r =1

Χj = the jth initial variable
fr = the rth common factor
p = the specific number of factors
εj = a random variation, unique as to the initial variable Χj. There are m initial variables and m random variables εj. These in aggregate, constitute the unique factor.
ljr is this coefficient, defined as the weight of the jth
variable noted in the kth factor.
Six main phases are identified through R-type factorial analysis:
(1) first, a database (n x m) is required, where n and
m are observations and variables, respectively; (2) correlation between variables (m x m); (3) calculation of characteristic values and characteristic vectors from the correlation; (4) selection of suitable number of factors according to several criteria; (5) rotation of factor axes to allow
a “simple structure” of factor loadings, i.e. development
of high loadings and near-zero loadings. Rotation can be
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Average
5.6
59.7
7.3
3.2
27.9
1.7
10.3
3.0
39.5
1.9
5.8
7.3
1.9
461.2
8.1
0.4
63.4
0.4
0.9
2.9
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perpendicular or angular; and (6) calculation of factorial
values.
The single most significant stage in R-type factorial
analysis is selecting the number of factors; this can be
accomplished based on the following criteria [25,26]:
- Selecting two or three first factors, in order to allow
display of them in graphs.
- Selecting factors exclusively from the percentage of
total variation they express as a whole.
- Selecting factors related to characteristic values greater
than one.
- Selecting factors that exhibit high loadings to more than
a single variable.
- Selecting the number of factors in accordance with
Cattel's diagram [27].
- Selecting factors in accordance with subjective criteria
and knowledge of the geological issue at hand.
Factor analysis was applied separately in the major
and minor elements datasets. The factor analysis of major
elements aims to identify the main hydrochemical processes which take place in the Trifilia karst aquifer. Factor
analysis of trace metals was used in order to discriminate
secondary processes occurring in the studied aquifer which
are related with the minor elements of the groundwater only.

3. RESULTS AND DISCUSSION
3.1. The hydrochemical nature of karst aquifer

The chemical composition of the ground-water contained in the Trifilia karst aquifer, is the product of complex, interdependent hydrogeochemical processes which
are related with effects of mixing water quantities of dissimilar chemical composition and source, with water-rock
interactions and man - made interventions.
The coastal karst aquifer has been affected - albeit to
a moderate extent - by occurrences of mixing fresh water
and sea water. This way, 5 hydrochemical regions are
formed (Fig. 3), characterized by dissimilar hydrochemical water types [7]. Region Α was subjected to salinization to a minimum; groundwater is of type Ca-HCO3. On
the contrary, region D - the nearest to the coast - exhibited
higher influence from sea water penetration; the latter
participated to an approximate rate of 1.5%. Thus, this is
considered to be the salinization zone; the groundwater it
contains, is of chemical type Na-Ca-Mg-Cl-HCO3. Zone
C constitutes the transitional zone of the aquifer; sea water participation is limited to 0.5% and the chemical type
of ground-water is Ca-Na-Mg-HCO3-Cl [7].

Discriminant analysis is a statistical technique of data
sorting into two and / or more groups based on a set of independent variables [25,28]. According to this analysis,
linear combinations of independent variables are created; these are classified into groups so that the classification error rate is minimal. In a set of p variables i.e., x1,
x2, x3 ,….xp groups are identified according to the following equation:
Ζ= λ0 + λ1 x1 + λ2 x2 + λ3 x3 +………..+ λp xp
where x1, x2, x3, …..xp are the values of independent
variables and λ0,λ1, λ2, λ3, ……λp are factors assessed
according to the current data set.
The above mentioned equation allows an optimal discrimination of samples from different groups; it comprises a quality index that transfers all available information
to a single variable [16].
The Mahalanobis distance is used to measure the spacing between two sample groups. High values of this distance index demonstrate an optimal discrimination among
groups and can be calculated from the following equation:

D* =

( Z1 − Z 2 ) 2
SZ

where: Zj = averages of groups
SZ = consolidated variances of variables.
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FIGURE 3 - Distribution map of the five different hydrochemical
zones.

Salinization processes are not related to the common
sea water intrusion, due to the reversal of hydraulic gradient caused by inconsiderate pumping at coastal areas; they
could be possibly attributed to natural mixing mechanisms,
where sea water intrudes to the inland and mixes with fresh
water; due to the occurrence of suction effects at the convergence of karst conduits to sea water conduits [7].
In the surveyed area, elevated temperature values and
elements concentrations compared to the other zones has
been detected in the groundwater; Zone Β of the aquifer,
observed in the greater area of Filiatra (Fig. 3), is characterized by increased temperature in the order of 24 oC approximately; these are linked to the influence of the thermometallic component. This component is the source of
increased concentration observed - both with regard to ions
i.e. SO42-, and trace elements as well, i.e. B and Li [7].
Trace element chemical analysis demonstrates that the
chemical composition of the karst aquifer has been affected
by the presence of hydrocarbons, among others. This effect
has been observed in the Dervisi - Gargalianoi area, where
an abandoned asphalt quarry is located as well. The concentration of trace elements, linked to the marked presence
of bitumens, is dependent upon the redox conditions of the
groundwater. Thus, where oxidizing environment prevails,
increased concentration of Mo, V, Se and U has been noted,
while these concentrations are lower in reduction conditions. Under these conditions, increased concentration of
As, Mn and ΝΗ4+ has been found, as well as traces of H2S.
Finally, in both these dissimilar environments, increased
concentrations of Ni, Co and Tl have been established; these
are not sensitive in redox terms [7].

Within the scope of this research, a new geochemical
limestone dolomitization process has been identified. This
dolomitization is mainly noted in hydrochemical zone Ε
(Fig. 3). It is linked to the increased presence of ΝΗ4+ ions,
originating from increased use of nitrogen fertilizers. ΝΗ4+
is characterized by considerably high ion replacement capability. Saturation of clay minerals (i.e. smectite) in ammonium, results in flocculation thereof and the release of
Mg2+ ions to groundwater; these replace Ca2+ in the calcite lattice, and thus new dolomite crystals are developed.
This new dolomitization will alter groundwater chemical
composition; in the zone Ε, it therefore becomes rich in
Ca2+ ions and depleted in terms of Mg2+, hence the Mg/Ca
ratio becomes very low [7].
3.2. Application of R-type factor analysis on physicochemical
parameters and major ions

R-type factorial analysis has been applications over
physical / chemical parameters and major element concentrations; these include 15 variables in total (Table 4).
In accordance with the selection criteria of the number
of factors, application of the quadruple factorial model
has been selected, representing 73.5% of total variation
(Table 4). All variables excluding HCO3-, are characterized
by high communalities (>0.6) indicating the satisfactory
performance of the quadropole model. Table 5 reports the
results of the test of measure of sampling adequacy as well
as the results of the Bartlett’s test of sphericity for the factor analysis. Kaiser-Meyer-Olkin (KMO) measure of sampling adequacy examines if the partial correlations among
the variables are small. Bartlett’s test of sphericity examines the null hypothesis that the variables in the population correlation matrix are uncorrelated. The KMO measure is 0.786, a very high value, which is another evidence
of the statistical adequacy of the applied method. The same

TABLE 4 - Results of R-type factor analysis to the physico-chemical parameters and major ions (n = 180 samples)
Factor
Variable
T
pH
D.O.
Eh (mV)
E.C. (µS/cm)
Mg2+
Ca2+
Na+
K+
NH4+
HCO3ClSO42NO3SiO2
Variance
Variance (%)

1
0.071
0.046
-0.188
-0.571
0.923
0.662
0.048
0.976
0.876
0.225
-0.064
0.974
0.791
-0.231
0.199
5.101
35.0

2
0.473
0.283
-0.170
-0.212
-0.092
-0.570
0.614
-0.014
-0.010
0.591
-0.412
-0.067
-0.393
0.836
-0.178
2.154
16.4

3
0.687
-0.116
0.105
0.316
0.174
0.303
0.020
0.064
-0.044
0.032
0.360
0.046
0.254
-0.033
0.869
1.678
12.2

4
0.243
0.800
0.775
0.278
0.083
-0.073
-0.091
-0.021
-0.157
0.028
-0.201
-0.004
-0.109
0.017
-0.083
1.484
9.9

Communalities
0.761
0.736
0.676
0.608
0.899
0.861
0.654
0.956
0.793
0.602
0.344
0.955
0.856
0.753
0.833
10.417
73.5

TABLE 5 - KMO and Bartlett's Test for the factor analysis of the major elements
Kaiser-Meyer-Olkin Measure of Sampling Adequacy.
Bartlett's Test of Sphericity
Approx. Chi-Square
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df
Sig.

105
0.000

conclusions arise from the results of the Bartlett’s test of
sphericity too (Table 5). The observed significance level
is 0.0000, meaning that the null hypothesis is rejected and
the strength of the relationship among the variables is
very strong.

ments and is considered to be an additional salinization
contributor of the area [7]. The geographic distribution of
the first factor (Fig. 4a) confirms the explanation of being
a salinization contributor, given the fact that higher factorial values are observed in zone D of the water aquifer.

The first factor represents 35% of total variation; it is
bipolar and is characterized by high positive loading of
E.C., Na+, K+, Mg2+, Cl-, SO42- and negative loading of Eh
(Table 4). The common origin of these elements - mainly
from sea water - demonstrates that factor 1 constitutes the
salinization factor of the Trifilia karst aquifer.

The second factor is also bipolar; it represents 16.4%
of total variation (Table 4). The variables that contribute
to the development of factor 2 are ΝΟ3-, ΝΗ4+, Ca2+ ions
(positive loading), while Mg2+ and HCO3- ions present an
“aversion” i.e. their loading is negative (Table 4). This
factor provides a statistical confirmation of the ion exchange (dolomitization) processes between ΝΗ4+, Ca2+ and
Mg2+ ions, confirmed by the analysis of dolomite crystals,
reveal that dolomite is present in two coexisting compositionally distinct forms; one is nearly stoichiometric with a
composition similar to that encountered in the dolomites
above the water table (51– 52 mol% MgCO3) and the other
is more Ca-rich, containing 45–47 mol% MgCO3 [30].
The complete process includes NH4+ increase in Zone
E, which attributes to the intense application of nitrogen
fertilizers to the soil, mostly NH4NO3 and (NH4)2SO4. The
applied fertilizers move through the unsaturated zone and
infiltrate into the aquifer. Nitrate and sulphate salts are very
soluble in water and thus dissociate according to the following reactions [11]:
NH4NO3 + H2O → NH4 OH + H+ + NO3(NH4)2SO4 + 2H2O → 2NH4 OH + 2H+ + SO42- , while
NH4 OH dissociates and gives NH4+ ions as follows:
NH4 OH → NH4+ + OHAdditionally the observed Mg2+ depletion in the same
area with the parallel increase in Ca2+ ions, explained by
the dolomitization process and the NH4+ - Ca2+, Mg2+ ion
exchange due to the reaction [31,11]:
Ca-Clay- 2NH4+ → 2NH4-Clay + Ca2+
while in the case of Mg2+ ions the above reaction can
be rewritten as:
Mg-Clay- 2NH4+ → 2NH4-Clay + Mg2+
The high NH4+ concentration in the these water samples could promote the saturation of Ca, Mg-smectite
which is present in the study area, with NH4+ because the
replacing power of NH4+ is greater than that of Ca2+
[31,11].
This exchange of cations could explain the enrichment of water samples of Zone E in Ca2+ and the observed
negative correlation between Mg2+ and NH4+ in Zone E.
Illite may also contribute to the enrichment of Ca2+ in the
aquifer, though to a lesser extent, due to its lower cation
exchange capacity [11]. Once formed, Mg2+ ions replace
part of the calcium cations contained in the calcite structure according to the following dolomitization reaction:

This is in accordance with the chemical type Ca-NaMg-HCO3-Cl of groundwater in Zone C lies in the central
and south sector of the karst basin and the chemical type
Na–Ca–Mg–Cl-HCO3 in Zone D occupies the western part
of the central and south sector of the study area, represents
the discharge area of the aquifer which can be stamped as
the saline zone [8].
The evaluation of the water-rock interactions to the
type of the groundwater analyzed requires the description
of the mean mineral assemblage of the rocks in which
water is found, and the identification of chemical reactions
responsible for that. From available studies in the literature,
such reactions generally include chemical weathering of
rock-forming minerals, dissolution-precipitation of secondary carbonates and ion exchange between water and clay
minerals.
In the study area, X-ray diffraction analyses indicate
that smectite and illite minerals dominate the clay fraction
of the studied samples, while calcite, quartz and traces of
plagioclase were also present [11].
Additionally seawater intrusion causes ion exchange
phenomena between brackish water and the aquifer’s matrix, resulting to changes on the chemical type of the groundwater in the area. Presuming that carbonates are the dominant matrix as is the case for the sediments of the study
area, the following equations can describe the abovementioned process for the transition zone with Ca-Na-MgHCO3-Cl chemical type water (Zone C) [8], [29]:
Na+ + 1/2Ca-X2 → Na-X + 1/2Ca2+
where X is the soil exchanger.
In the case of Zone D, the Na–Ca–Mg–Cl-HCO 3
chemical type reflects Ca2+ removal from water by cation
exchange with Na in or onto clay minerals, as shown below [20].
NaX + Ca2+ → CaX2 + 2Na+
Contribution of the redox potential to the first factor
can be explained from the occurrence of therormometallic
groundwater. The latter gives rise to reduction environ-

3277

© by PSP Volume 20 – No 12a. 2011

Fresenius Environmental Bulletin

2CaCO3 + Mg2+ → CaMg(CO3)2 + Ca2+
The above mentioned dolomitization process will enhance Ca2+concentration, affecting the groundwater quality of Zone E, which becomes reach in calcium ions and
depleted in terms of Mg2+ cations, with the Mg/Ca ratios
becomes very low in the study area [7].

The spatial distribution of the dolomitization factor
(Fig. 4b) indicates that high factorial values are observed
in E zone of the aquifer (Fig. 3) and this implies that factor 2 describes modern dolomitization.

FIGURE 4 - Distribution map of the first (a) and second (b) factor of the factor analysis of the physicochemical parameters and major elements.
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FIGURE 5 - Distribution map of the third (a) and fourth (b) factor of the factor analysis of the physicochemical parameters and major elements.

The third factor is moderated by the significant positive loads of temperature (Τ) and SiO2; it represents 12.2%
of total variation (Table 4). Increased temperature values
result in the increase of solubility of silicate minerals of
the aquifer (mainly quartz) and therefore, the increase of
silicate ions concentration [32-34].
The spatial distribution of this factor (Fig. 5a)
demonstrates that the highest loads are observed in Zone
Β of the aquifer (Fig. 3), which is characterized by highest
values for these two parameters. It is regarded that this area
is influenced by ground-water mixing with thermometallic aquifer of Trifilia, resulting to elevated concentrations
of SO42-, B and Li ions and could be characterized as the
geo-thermy factor.
In the case of Li ions, it is well known that the increase of temperature increases the mobility of Li and its
release into groundwater [35]. This is confirmed in the temperature–Li concentration diagram, given by Panagopoulos [8], where a strong correlation between these parameters occurs (r = 0.913), especially in the zone B of the aquifer. Indeed, the above mentioned diagram show that the
zone B samples set out above the two mixing lines, suggesting an even bigger excess of Li and Sr and probably
linked to the presence of dolomitic sediments, which constitute a further source of these elements [8].
Additionally boron isotopic data showing a gradual
decrease of δ11B rate with increasing boron content in the

δ11B - 1/B diagram [8]. From this diagram it is evident that
the groundwater of Zone B and the Kaiafas thermal waters have the same B features. Thereby, we could say that
the reduction of the boron isotopic ratio is attributed to a
mixing process between freshwater (δ11B = +44.9‰) and
a hydrothermally altered seawater end-member, which has
a chemical composition and boron isotope signature similar to the known thermal waters of Kaiafas (δ11B = +13.9‰).
The depleted δ11B signature of the thermal water component can be attributed to intensive water–rock interactions.
The 10B isotope shows a selectively absorption onto the
solid phase that is on the rock [36,37] and thus intensive
water–rock interactions cause a decrease in the 11B/10B isotopic ratio. Other sources that could be responsible for the
observed boron isotope modification, such as the input of
fertilizers and/or sewages, are not intensive in the whole
study area, as it is shown from the low nitrates concentrations and, therefore, must be excluded [8].
The fourth factor expresses the least percentage of total
variation (9.9%). It exhibits positive loadings for pH and
diluted oxygen in ground-water (D.O.) (Table 4), for which
it is known that they exhibit a positive correlation [38].
3.3. Application of R-type factor analysis on data produced
from trace element analysis

In the second phase of analysis, R-type factorial analysis has been performed on hydrochemical data of trace
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element concentrations, of the surveyed karstic system. The
number of data sets includes 23 variables corresponding
to a population of 180 samples collected in July 2001 and
July 2002. From the total number of variables, 20 of them
constitute trace element concentration while the remaining
3 are ground-water physical parameters (Table 6). Temperature, electrical conductivity and redox potential are introduced in order to examine the correlation of trace elements to the main hydrochemical processes taking place
into the area.
The final mode selected consists of six factors; it expresses 76.2% of total variation (Table 6). All variables
are characterized by high communalities (>0.6). Thus, selecting the six-fold model is a valid choice. Excluded are
metals Cd and Mo; nevertheless these present no high loads
in any of the factors and therefore, they cannot be interpreted according to factorial analysis. The KMO measure of
sampling adequacy as well as the Bartlett’s test of sphericity
(Table 7) verifies the statistical accuracy of the applied
method.
The first factor is of bipolar nature; it represents
21.6% of total variation and presents high positive loading of trace elements B, Li, Rb, Sr, as well as increased
electrical conductivity (Table 6). The negative pole incor-

porates loadings to Cr element, as well as redox potential
(Table 6). The geographic expression of the first factor
(Fig. 6a) is almost identical to the corresponding expression of the “salinization factor” noted in earlier R-type
factor analysis (Fig. 4a). This fact means that this factor
represents the same hydrochemical process i.e. sea water
intrusion. Therefore, these elements mainly originate from
mixing fresh water with sea water. The negative loading
of Eh also demonstrates the respective observation from
earlier analysis, i.e. that the hot metal component also contributes to groundwater salinization. This component creates
a reduction environment in ground-water. The “aversion” expressed by Cr element is linked to the redox potential, given
the fact that Cr mobility in reduction environments is limited; respective it tends to increase under oxidation conditions, where it is mainly found as the oxyanion CrO3- [39].
The second factor represents 16.35% of total variation; it is the product of positive loadings of trace elements
V, Ni, Se, Tl and U (Table 6). At the Dervisi – Gargalianoi
area, this factor showing high values (Fig. 6b) consistent
with the abnormal geochemical feature of the studied parameters. The geochemical interpretation of factor 2 is influence from oxidizing conditions in areas characterized
by increased organic matter concentrations (bitumens).

TABLE 6 - Results of R-type factor analysis to trace elements concentrations (n = 180 samples)
Variable
B
Li
V
Cr
Mn
Co
Ni
Cu
Zn
Ga
As
Se
Rb
Sr
Mo
Cd
Ba
Tl
Pb
U
Eh
E.C.
T
Variance
Variance (%)

Factor
1
0.943
0.835
-0.152
-0.524
0.160
0.000
0.108
0.174
-0.019
0.092
0.061
0.347
0.935
0.821
0.499
0.113
0.113
0.153
0.014
-0.069
-0.426
0.914
0.165
4.979
21.6

2
-0.032
-0.017
0.938
-0.036
0.008
-0.025
0.698
-0.002
0.052
0.048
-0.021
0.759
-0.077
0.040
-0.368
-0.063
0147
0.902
0.004
0.890
0.032
-0.056
0.176
3.760
16.3

3
-0.041
0.391
-0.048
0.047
-0.065
0.011
0.012
-0.042
0.007
0.915
0.011
-0.118
0.061
0.394
-0.138
-0.228
0.933
-0.084
-0.040
-0.260
0.294
-0.026
0.791
2.907
12.6

4
0.146
0.004
-0.020
-0.024
0.788
0.952
0.609
0.040
-0.053
-0.005
0.807
-0.105
0.047
0.084
0.050
0.010
-0.032
0.096
0.195
-0.008
-0.452
0.122
-0.051
2.867
12.5

5
-0.086
-0.089
0.038
0.227
0.057
-0.057
-0.071
0.196
0.842
0.005
0.023
0.283
0.139
0.015
0.015
0.191
-0.068
-0.156
0.694
-0.051
-0.211
0.119
0.068
1.540
6.7

6
-0.107
-0.147
0.059
0.534
-0.134
-0.004
-0.076
-0.794
0.049
-0.026
0.020
0.114
-0.076
-0.053
0.329
-0.116
-0.053
-0.010
-0.507
-0.079
-0.272
-0.113
0.081
1.483
6.4

Communalities
0.933
0.880
0.911
0.616
0.672
0.910
0.880
0.702
0.717
0.849
0.656
0.814
0.910
0.841
0.514
0.119
0.914
0.877
0.778
0.873
0.601
0.881
0.698
17.536
76.2

TABLE 7 - KMO and Bartlett's Test for the factor analysis of the trace metals
Kaiser-Meyer-Olkin Measure of Sampling Adequacy.
Bartlett's Test of Sphericity
Approx. Chi-Square
df
Sig.
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0.593
918.330
171
0.000
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FIGURE 6 - Distribution map of the first (a) and second (b) factor of the factor analysis of the trace elements.

FIGURE 7 - Distribution map of the third (a) and fourth (b) factor of the factor analysis of the trace elements.

In the study area the Trifilia hydrocarbons occurs within
the Miocene marine deposits of the Ionian Sea. After the
hydrocarbons formation, their migration through an extremely permeable karst system followed which left its
tracks on the carbonate sediments which are high bitumi-

nous [8]. Bitumens found to contain mineral inclusions, including base-metal sulphides (Fe, Ni, Cu, Pb, Zn) and arsenides, U and Ti oxides, vanadium clays and a variety of
gangue minerals such as barite, calcite and dolomite [40].
Since the Dervisi region shows a characteristic distribu-
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tion of the As concentration with a high geochemical anomaly, and V, Se, Mo, Tl, U, Mn, Co, Ni and NH4+ display
similar distribution patterns with extensive plumes forming
in the same area, these contributes to the bitumens oxidation which releases the above mentioned metals.
However, as the sediment load thickened, dewatering
at this level would have diminished, while the production
of hydrocarbons would have become more important. This
could account for the increased bitumen content in the area.
The precipitation of bitumens is probably due to thermal
alteration associated with increased temperature related to
the geothermal field of the surrounding area. Cracking of
the original fluid hydrocarbon would have caused disproportionation of the middle-molecular-weight hydrocarbons
resulting in the formation of light-molecular-weight hydrocarbons, and heavier-molecular-weight hydrocarbons, which
were unable to migrate and precipitated as bitumen [40,41].
Additionally geothermal fluids containing high concentrations of dissolved ions released by the alteration of detrital minerals. These fluids could have resulted in the dolomitization and the main sulphide mineralisation. Furthermore, oxidation of sulphides could cause a higher solubility
of trace metals according to reactions such as [18]:
MeS + 2O2 + H2O → Me(OH)+ + SO42- + H+
MeS + 2Fe3+ + 3/2O2 + 2 H2O → Me(OH)+ + 2Fe2+ +
2SO4 + 3H+
Thus, production of SO42- ions in the above reactions
together with their production from H2S oxidation explained
their increased concentration in the Dervisi region. In this
case, further oxidation of bitumens and/or organic matter
occurs, releasing CO2 according to the reaction of Seewald
et al. [42] due to the elevated concentrations of SO42- ions:
C106H263O110N16P + 53SO42- + 120H+ → 106CO2 +
16NH4+ + HPO42- + 53H2S + 106H2O
At the same time production of CO2 facilitates calcite
dissolution resulting to an increase in Ca2+ and HCO3- ions:
CaCO3 + CO2 + H2O → Ca2+ + 2 HCO3Thus the production of Ca2+contributes to the dissociation of dolomites, due to the reaction [18,30]:
Ca2+ + CaMg(CO3)2 → 2CaCO3 + Mg2+
while an addition of Ca2+ ions could come from gypsum or anhydrite dissolution present in the deeper parts of
the studied area [43]. Calcite replacing dolomite crystals
constitutes the most straightforward evidence of dedolomitization.
Dedolomitization phenomena are very common in the
dolomites of the phreatic zone but are also encountered in
some dolomites of the vadose zone (e.g. in the area east of
Filiatra). Euhedral rhomb shaped dolomite crystals replacing dedolomite were found only in dolomite and calcitic
dolomite samples from or close to the water table and the
phreatic zone, indicating thus that the second dolomitization event affected a narrow area within the fractured karst
massif, which is highly contaminated by nitrate and where
present groundwater circulation occurs, in the presence of

clay minerals [30]. Thus, this factor is characterized as the
organic matter oxidizing factor.
Factor 3 is made up from high positive loadings of
water temperature (Τ) and trace elements Ba and Ga; it expresses 12.6% of total variation (Table 6). Contribution of
temperature and spatial allocation of factor 3 (Fig. 7a),
being similar to the allocation of the geothermy factor from
the analysis mentioned above; imply that this factor possibly expresses the hot metallic component of the area.
In the case of Ba its geochemical sensitivity to changes
in redox chemistry and local perturbations to the sulphur
cycle is of a great consideration [44-46]. Additionally carbonate sediments hosted barium and barium minerals such
as barite [47,48], while barite crystals formed through different mechanisms i.e. biogenic and diagenetic. Furthermore
the potential utility of barite microcrystals hosted in limestones is limited by a lack of data pertaining to the influence of co deposited carbonate on barite precipitation and
preservation [49,50]. Also, bitumens found to contain mineral inclusions, including minerals such as barite, calcite
and dolomite [40]. In the study area, a variety of geochemical processes and physicochemical conditions are responsible for the presence of barium in solution. Since calcite
dissolution and bitumens oxidation can release barium in
the groundwater, this is compatible with elevated concentrations of Ba+2 in the Dervisi area, coming from the dissolution of barite forms as an additional source. This
founding is due to the dependence of barite dissolution to
temperature and the ionic strength of the solution [51-53],
with the former classified factor 3 as the geothermy factor,
and the later reveal the contribution of the thermometallic
waters to the hydrochemical character of the groundwater, since thermal waters are enriched to dissolve ions in
the studied area. Additionally the high positive loadings
between Ba+2 and SO42- (r = 0.70), together with the positive correlation between Ca2+ and Ba+2 (r = 0.60) ions in
the Dervisi region confirm the above mentioned scenario.
Trace element Ga is possible linked to similar geochemical
processes, nevertheless this possibility warrants further
investigation.
The fourth factor corresponds to 12.5% of total variation and is of bipolar nature. The positive pole is made up
from high loadings from trace elements Mn, Co, Ni and
As (Table 6). The “aversion” expressed by the redox potential (negative pole) to the specific factor, can be attributed
to the fact that trace elements Mn and As exhibit high
mobility under reduction environments.
Especially in the Dervisi region where the most reductive conditions occurs, these waters also contain little
Fe, which, when coupled to the excess HCO3- present implies Fe is removed from solution to form siderite and/or
pyrite [54-56]. In such a case, As could scavenged from
solution [57]. Therefore re-precipitation of Fe minerals could
explain the lack of correlation between As and HCO3- in
these specific high HCO3- , high SO42-, low Fe waters
within this area.
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Additionally Mn-oxides/hydroxides phases, dissolves
under reductive conditions releasing As adsorbed on their
surfaces. The adsorption to the surface of Metal oxides/
hydroxides phases according to the reaction introduced by
Stumm and Morgan [58] for any metal
ΞMe OH + M z+ → MeOM (z-1) + H+
could be rewritten in the case of As and Mn-oxides/
hydroxides phases as,
ΞMn OH +As3+ → ΞMnOAs2+ + H+
explain the high positive loadings between Mn and
As concentrations in our study.
Participation of Ni to this factor - and the second factor as well - is attributed to its origin, being from organic
matter (bitumen) and its geochemical character thereof,
the latter being affected from redox conditions. This factor presents its maximum values in the Dervisi area, close
to the asphalt quarry, a fact which actually applies to factor
2 as well (Fig. 7b). Therefore, the geochemical interpretation of factor 4 can be expressed as the reduction factor.
The fifth factor presents a small percentage of total
variation (6.7%). It indicates positive loadings for Zn and
Pb elements (Table 6). This factor is not correlated to the
studied hydrochemical processes; interpretation of this
factor is not possible.
The same applies to the sixth factor - of bipolar nature - expressing 6.4% of total variation; it is the product
of the aversion exhibited by Cr (positive pole) towards Cu
and Pb (negative pole).
3.4. Application of Discriminant Analysis

Application of the discriminant analysis to the hydrochemical data of the local karst aquifer serves two purposes. Firstly, to verify proper discrimination of the five
individual hydrochemical zones; secondly, to identify the
variables, which mostly contribute to this discrimination.
The discriminant analysis has been applied to the
physical and chemical parameters and the main data (in-

dependent variables) of the karst aquifer. The dependent
variable includes five hydrochemical zones (Α - Ε). The
overall number of samples is 180. Table 6 presents the results from the discrimination analysis, indicating the percentages of erroneous classification of samples in each
hydrochemical area. The overall classification error is 7.8%;
in other words, 92.2% of samples (166 samples) were classified under a proper hydrochemical area (Table 8).
The factors from each hydrochemical area (group)
are set out in Table 7. In accordance with the Affifi and
Clark [59] factors of the discrimination function (λ1, λ2,
λ3, ……λp) are inferred by subtraction. For instance, λ1
coefficient for temperature is calculated as:
λ1 = 26.62 - 29.64 - 27.00 - 26.65 - 26.62 = -83.29
The remaining coefficients are calculated in the same
manner while constant R0 is derived from the following
subtraction:
R0 = -994 - (-1032) - (-1032) - (-1036) - (-1115) - (-996)
= 3185
The discrimination linear function takes the following
form:
R=3185-83.29T - 597.21pH + 0.03Eh + 0.43E.C. 6.38 Mg2+ + 0 Ca2+ - 0.37 Na+ - 30.45 K+ + 26.12 ΝΗ4+ 0.57 HCO3- + 0.13 Cl- - 3.68 SO42- - 5.51 ΝΟ3- - 1.85 SiO2
The values of λχ are not directly comparable; yet, an
overview can be obtained as to the relative influence of
each variable to the discrimination function, derived from
the standard discrimination coefficient (S.D.C.). The latter
is derived from multiplying λχ values to the consolidated
standard deviation values (Table 9). Apparently, the electrical conductivity of water (E.C.) is the most significant
variable of function R; this means that it plays the most
vital role in discriminating the five hydrochemical zones.
Given the fact that electrical conductivity parameter is
mainly the product of mixing fresh and sea water, it
would be reasonable to suggest that groundwater salinization constitutes the predominant hydrochemical process
taking place in Trifilia karstic aquifer.

TABLE 8 - Summary of classification
Zone

A

B

A

29

1

B

0

C
D

C

D

E

4

0

1

49

0

0

0

0

3

22

5

0

0

0

0

53

0

Number of samples

E

0

0

0

0

13

Total number of samples

29

53

26

58

14

Correctly classified samples

29

49

22

53

13

Percentage (%)

100

92.5

84.6

91.4

92.9
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TABLE 9 - Linear discriminant function
Variable
R0
T
pH
Eh
E.C.
Mg2+
Ca2+
Na+
K+
NH4+
HCO3ClSO42NO3SiO2

A
-996
26.62
197.99
-0.01
-0.15
2.06
0.00
-0.23
10.07
-10.26
0.16
-0.06
1.20
1.56
0.64

B
-1115
29.64
204.81
0.00
-0.16
2.54
0.00
-0.14
9.95
-9.06
0.14
-0.10
1.27
1.62
0.98

Zone
C
-1036
27.00
200.01
-0.02
-0.14
2.10
0.00
-0.17
10.97
-10.40
0.19
-0.06
1.22
1.74
0.30

D
-1032
26.65
197.11
-0.01
-0.14
2.07
0.00
0.00
9.79
-11.24
0.19
-0.04
1.17
1.72
0.57

4. CONCLUSIONS
At the present study statistical analysis applied on the
hydrochemical data of the Trifilia karst aquifer. To employ the R-type factor analysis on the data derived from
physical - chemical parameters and main data, the quadruple model has been elected; this represents 73.5% of total
variation; the respective application to trace element and
heavy metal - specific data has been founded on a six-fold
model that expresses 76.2% of total variation.
The factor presenting the most significant expression
rate in both factorial analyses is the “salinization factor”.
This factor is bipolar and comprises of elements whose
common origin is sea water. The positive pole includes
elements Na+, K+, Mg2+, Cl-, SO42-, B, Li, Rb, Sr and electrical conductivity (E.C.) while the negative pole includes the
redox potential (Eh) and Cr. The negative correlation of
the redox potential can be explained by the fact that the
local hot metal waters contribute - to a certain extent - to
groundwater salinization; these waters create a reduction
environment in groundwater. Due to this reduction environment, Cr ion concentrations tend to drop, as the mobility of this element is present only in oxidizing environments.
A significant geochemical process, also verified by
the factor analysis of the main elements, is the dolomitization of limestone. The “dolomitization factor” is also bipolar in nature; it is the expression of ion exchange procedures between ΝΗ4+, Ca2+ cations (positive pole) and Mg2+
(negative pole). This factor has not been statistically expressed in the factor analysis of trace elements and this
demonstrates that dolomitization cannot modify their concentration.
Another significant factor, with common expression
in various factorial analyses is the “geothermy factor”.
This serves to interpret the process of groundwater mixing
with the local thermometallic fluids. The elements that
participate in the development of the geothermy factor are
SiO2, Ba and Ga; these present increased correlation with
temperature.

E
-994
26.62
193.27
-0.01
-0.14
1.73
0.00
-0.29
9.80
-5.68
0.22
0.02
1.22
1.99
0.64

λx
3185
-83.29
-597.21
0.03
0.43
-6.38
0.00
0.37
-30.45
26.12
-0.57
0.13
-3.68
-5.51
-1.85

Pooled standard
deviation

S.D.C.

0.97
0.23
79.44
187.30
5.87
11084.00
23.90
1.65
0.14
34.25
45.80
17.43
5.89
2.33

-80.59
-136.22
2.54
80.73
-37.47
0.00
8.77
-50.21
3.61
-19.66
5.82
-64.06
-32.41
-4.30

Moreover, the factor analysis of trace element concentrations confirmed the influence of hydrocarbons in groundwater chemical composition, as well as the role played by
redox conditions. Redox - sensitive metals were distinguished in two different factors whose peak values are
attained in the Dervisi - Gargalianoi region, close to an
abandoned asphalt quarry. V, Se, Tl and U metals make up
the organic matter oxidizing factor. Their increased concentrations are attributed to the oxidation of solid hydrocarbons (bitumens). On the contrary, Mn, Co, and As mobility being favoured by the environmental reduction conditions. These elements make up the reduction factor. Ni
takes part in setting up both parameters, as it comes from
organic matter, and also as it is affected by in redox terms.
The remaining factors that resulted are of inferior significance; they are not relevant to the main hydrogeochemical
processes.
The discrimination analysis has been applied to verify
proper discrimination of the five hydrochemical zones and
to identify the variables that mainly take part in their formulation. The results of this analysis gave proof of the
validity of discriminating the specific hydrochemical zones,
given the fact that 92.2% of samples (166 samples) have
been classified under the proper hydrochemical area. Furthermore, it has been established that the main variable that
contributes in shaping the above mentioned zones is the
electrical conductivity of water. This implies that salinization is the main hydrogeochemical process taking place in
the karst aquifer of Trifilia.
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ABSTRACT

1. INTRODUCTION

Recent works have emphasized on the serious problems caused by the toxicity of pesticides and heavy metals
on aquatic ecosystems due to human activities. The aim of
this work was to evaluate the toxicities of an insecticide
with endosulfan as active element and the metals copper
and chromium on the littoral cladocera ctenopoda, Pseudosida variabilis. The lethal and sublethal effects on eight
biological endpoints were analyzed paying special attention to the intrinsic rate of increase (r). The EC50 values to
copper, chromium and endosulfan were: 29; 133.2 and
1.75 µl l-1 at 24 h and 12; 52.5 and 1.04 µg l-1 at 48 h
respectively. A comparison with other freshwater cladocerans revealed that P. variabilis would be an appropriate
species to be used as a test organism in ecotoxicological
studies. A detailed analysis of each life history trait showed
that copper, chromium and endosulfan had negative effects
on several life history parameters. However, the r value
was not the most appropriate endpoint of copper and chromium toxicity, when it was compared with other individual
and population parameters. Survival, longevity, age of first
reproduction and mean brood size were the most appropriate parameters for both metals. On the contrary, in case of
endosulfan, this endpoint was severely affected, and the
population consequences are discussed. The results suggest
that multiple biological endpoints and an extended period
of exposure are needed in order to achieve a better screening of metal and insecticide toxicity.

KEYWORDS: Pseudosida variabilis; metals; pesticide; life cycle;
toxicity tests.

* Corresponding author

In South America, agricultural activities and industries are the major sources of aquatic pollution. In this
line, several works have emphasized on the serious problems caused to the biota by the toxicity of many substances employed in that practices and released into the
environment, such as pesticides and metal [1-5].
Among aquatic zooplankton microcrustaceans, the
most commonly used species in ecotoxicology is the cladoceran Daphnia magna Straus [6; 7] and some species of
the genus Ceriodaphnia [8; 9], both from the Suborder
Anomopoda. However, D. magna does not belong to the
regional fauna of South America, and its ecological relevance as a test specie can be criticized [10; 11]. Moreover,
since D. magna and Ceriodaphnia are free living species
in the limnetic areas, researches on vegetation-associated
species are missing. Therefore, we suggest the littoral
cladocera ctenopoda Pseudosida variabilis to be a suitable
organism since the combination of several of its biological
features, such as valid representative of Neotropical fauna
[12], high fecundity and relative easiness to be cultured in
laboratory, make it a promising test organism for littoral
environments and shallow lakes.
The purpose of the present work was to assess the impact of a commercial insecticide, with endosulfan as active
element (Zebra Ciagro™), and the metals copper and
chromium on the mortality and life cycle of P. variabilis.
Endosulfan was selected because it is one of the most
widely used insecticide in agricultural activities [2]. Endosulfan not only has been characterized as highly toxic
and persistent in the environment by the USEPA, it has
also been demonstrated that the mixture comprising commercial pesticides could be more toxicant that the singleactive ingredient [13]. Both copper and chromium were
chosen because of their persistence in waterbodies associated with industrialized areas, and the high toxicity they
represent to different zooplankton organisms [5].
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As a first step, the acute toxicity of the three chemicals was determined using P. variabilis s a bioassay species. Then, through a series of complete life cycle toxicity
tests, the sublethal effects on several biological parameters
of P. variabilis were analyzed.

2. MATERIALS AND METHODS
2.1. Stock culture and test organisms

into account the concentration of the active ingredient in
the formulation.
Toxicant concentrations in water were quantified at
the beginning of each (acute and chronic) experiment,
within 72 h after the exposition. Endosulfan concentration
was measured by GC-ECD, according to EPA [17]; and
metals concentrations was quantify according to Martin et
al. in EPA [18].
2.3. Acute toxicity assays

P. variabilis used in the experiments was obtained from
a population living in unpolluted waterbodies from
the alluvial plain of the Paraná river (31º38’23.7’’S;
60º40’53.3’’W). Organisms were colected with a planktonic
net (200 µm) and culture in a 1000 l tank located outside
the Instituto Nacional de Limnología (CONICET-UNL).
A parallel stock culture was maintained for several
months under laboratory conditions (photoperiod: 16 h
light-8 h darkness; light intensity: 2200 (± 244) Lux;
temperature: 21 ±2 ºC). The organisms were placed in glass
containers with twice filtered (50 µm), aerated (24 h) and
autoclaved pond water, in a density of 50 ind.l-1. This water
was also used for acute and life cycle experiments, since
it represents the real medium where the organisms live.
Physico-chemical characteristics were measured at the beginning and at the end of each experiments, according to
the Standard Methods for the Examination of Water and
Wastewater [14].
The organisms were daily fed ad libitum with a
Chlorella sp. concentrate (algal density: 3.7 x 105 cel.ml-1).
The algae were cultured following Borowitzka [15] considerations and concentrated by centrifugation at 500 rpm
for 7 min. The resuspension and homogenization was conducted in the same medium used for the cladocerans, with
gentle shaking. The algal quantifications (ind. ml-1) were
determined using a invert microscope Wild at 400X following the Utermöhl [16] method. Both acute and chronic
bioassays were begun with newborn (<24 h) neonates obtained from the third brood progeny of P. variabilis from
the laboratory stock culture.
2.2. Chemicals

The metallic salts used in this study were copper sulphate (CuSO4.5H2O) and potassium dichromate (K2Cr2O7),
Ciccarelli® (Santa Fe, Argentina). A stock solution of both
metals were prepared by dissolving the salts in distilled
water respectively. The insecticide employed was Zebra
Ciagro™ (Ciagro, S.A. Buenos Aires, Argentina), containing 35% of organochlorine endosulfan as active ingredient (6, 7, 8, 9, 10, 10-hexachloro-1, 5, 5a ,6, 9, 9ahexahydro-6, 9-methano-2, 4, 3, benzodioxanthiepine-3oxide). As the USEPA (1980) specify, commercial products with endosulfan contain a mixture of isomers α-endosulfan and β-endosulfan in a ratio of 2:1–7:3. In order
to prepare a stock solution, the mentioned product which
was in liquid form, was diluted with distilled water taking

Static bioassays were conducted in order to determine
the 24 and 48 hours EC50 values and its 95% confident
limits for the three toxicants. Prior to acute assay, the
ovigerous females were isolated in 20 ml glass containers
with the control medium. After egg hatching, females
were removed and 20 neonates were randomly isolated in
groups of five (4 replicates) with 12 ml of each test concentration or the blank control (a total of 320 specimens
were used for the determination of 24 and 48 h EC50). The
experiments were conducted under the same temperature
as described for the stock culture conditions (21 ±2 ºC),
but in absence of light in order to avoid photodegradation
of the chemicals. No food was added during the assays.
The Effective Concentration (EC) was considered when
an animal ceased to move and it no longer responded to
mechanical stimulation.
The concentrations tested were prepared by dissolving the stock solutions in the control water immediately
before to each experiment. The range of each chemical
was established considering values of other zooplankton
cladocerans and carrying out numerous preliminary tests.
The final tested concentrations were for copper: 3, 6, 12.5,
25 and 50 µgl-1; for chromium: 9.5, 19.5, 39, 78, 156 and
312 µgl-1; and for endosulfan: 0.1, 0.2, 0.4, 0.8, 1.6 and
3.2 µg l-1.
2.4. Chronic toxicity assay

The EC50 values were used to determine the final concentrations to life cycle experiments. The effects on survival, life span and reproduction were monitored throughout all Pseudosida life cycle (29-62 days, depending on
the toxicity). The concentrations tested for each chemical
were: 2.5; 5; 10; 20 µg l-1 for copper; 3.3; 6.5; 13; 26 µg l-1
for chromium and 0.018; 0.037; 0.075; 0.15 µg l-1 for endosulfan, all plus the blank control (0 µl l-1). The test solutions were partially (50 %) renewed daily. Experiments
were conducted under the same temperature and photoperiod regimes as described for the stock culture conditions.
In all cases 25 replicates for control and concentrations -of copper, chromium or endosulfan- was used. Each
one consisted on a neonate (<24 h) which was individually allocated to glass containers with 20 ml of the test
solution. During the experiment, the organisms were daily
fed with a Chlorella sp. concentrate (3.7 x 105 cell ml-1).
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The algae was cultured following the same methodology
described in the stock culture section [15].
Survival and longevity was daily monitored and the
endpoints used to determine the effect of copper, chromium and endosulfan on reproduction were: total eggs per
female, mean brood size, mean age to first reproduction
(AFR), the net reproductive rate (Ro), generational time (T)
and the intrinsic rate of increase (r). Ro was calculated
according to Lotka [19] and T and r were calculated according to Laughlin [20].
2.5. Statistical Analysis

The EC50 values and their 95% confidence limits for
24 and 48 h were estimated with the Standard method of
Probit Analysis as described by Finney [21].
The Kruskal-Wallis test was used to evaluate the effect of the chemicals on P. variabilis survival. A posteriori Dunn’ test was done to determine significant differences between two treatments, differences were considered
significant at p<0.05.
To test the significance of each concentration of both
metals and the insecticide on P. variabilis life history traits
(development time, growth, first reproduction time and
fecundity), a one-way ANOVA was employed followed by
a post hoc Dunnett’s test. Differences were considered significant at p<0.05. Prior to ANOVA, data were tested for
normality and homogeneity of variances using the Kolmogorov-Smirnov and Levene test respectively.
The LOEC (lowest concentration that produced a significant toxic response) and the NOEC (highest concentration that did not produce a significant toxic response)
were determined using as endpoints the longevity, age of
first reproduction (AFR), total eggs/female and mean brood
size. LOEC and NOEC was calculated by testing the responses in each concentration group and comparing responses with those of the control group (Dunnet test). The
subchronic value (SChV) was computed as the geometric
mean of the highest NOEC and the lowest LOEC values.
The SChV is an estimate of the chronic value and represents the hypothetical toxic threshold between the NOEC
and LOEC for a given endpoint [22].
3. RESULTS AND DISCUSSION
3.1. Water quality parameters

The mean values (and ± SD) registered to water quality parameters throughout the toxicity tests were: dissolved
oxygen: 6.4 (±0.8) mg l-1; pH: 8.39 (±0.24); conductivity:
245.33 (±28.18) µS/cm; nitrates: <0.1 (±1.2) mg l-1; nitrites: 0.01 (±0.01) mg l-1; ammonium: 0.29 (±0.13) mg l-1;
chlorides: 3.5 (±4.3) mg l-1; sulphates: 8.3 (±0.75) mg l-1;
total alkalinity: 77 (±8) mg l-1 CaCO3; bicarbonates: 94 (±3)
mg l-1; sodium: 7.7 (±1.85) mg l-1; magnesium: 6.8 (±2.5)
mg l-1; calcium: 12.9 (±3.45) mg l-1; potassium: 1.8 (±0.2)
mg l-1; COD: 10 (±1.48) mg l-1; BOD: 0.08 (±0.02) mg l-1.
Measured toxicants concentrations for the experimental test
conditions were 75.69 (±27), 95.6 (±54) and 80 (±20) %

of nominal concentrations for copper, chromium and endosulfan, respectively.
3.2. Acute toxicity tests

No mortality was observed in controls at the end of
the 48 hours assays, but both metals, copper and chromium,
and the pesticide had a direct toxic effect on the survival
of P. variabilis at tested concentrations. The EC50s and
their 95% confidence limits at 24 and 48 h are shown in
Table 1.
TABLE 1 - 24 and 48 h EC50 values for copper, chromium and the
insecticide-endosulfan. The values are based on the inmobility
and/or absence of responses to mechanical stimulation, n= 20 for
each treatment. The 95% confidence limits are given in parentheses.
EC 50 (µg l-1)
Copper
Chromium
Insecticide
(endosulfan)

24 h

48 h

29
(17.7-29.8)
133.21
(99.55-181.59)
1.754
(0.67-7.86)

12
(9.4-15.4)
52.47
(18.66-141.4)
1.041
(0.59-1.76)

Although no available information exist about the
acute toxicity of copper, chromium or the pesticide Zebra
Ciagro® to other cladocerans from the Suborder Ctenopoda (Family Sididae), values obtained in this assays
can be compared with information on different organisms of
the Suborder Anomopoda (Family Daphniidae). The cladocera D. magna registered acute values from 60 to 210
µgl-1 for chromium and from 1.4 to 18.5 µgl-1 for copper
[23-28]. In case of endosulfan, the 48 h LC50 was 62 µgl-1
[29].
The 48 h LC50 to Ceriodaphnia dubia for chromium
was 144 µgl-1 [30] and for copper, from 35 to 79 µgl-1 [31].
However, Gagneten and Vila [8] found lower acute values
for copper, ranging from 5 to 20 µgl-1 at different levels of
pH. The acute toxicity of endosulfan in the same specie
varies from 53.3 to 490 µgl-1 [32; 33].
Information regarding the toxicity to freshwater copepods is scarce, but Wong and Pak [34] found 48 h LC50
to the nauplii Mesocyclops pehpeiensis of 75 µg copper l-1
and 510 µg chromium l-1. Adults of Cyclops abyssorum
registered 48 h LC50 to chromium and copper of 10000
and 2500 µgl-1, respectively and Eudiaptomus padanus
registered 48 h LC50 values to Cr and Cu of 10100 and
500 µgl-1, respectively [35]. A representative calanoid copepod from the Neotropical region, Notodiaptomus conifer, registered 48 h LC50 values ranging from 42 (to nauplii) to 62 µgl-1 (to adults) for copper and 170 (to nauplii)
and 230 µgl-1 (to adults) for chromium [36].
Among higher crustaceans, Gammarus pseudolimnaeus registered values between 94.1 and 67.1 µg
chromim l-1 [37]. Regarding the effects on decapods, in
case of copper Macrobrachium rosenbergii, Li et al. [38]
registered values between 530 and 450 µgl-1. To endosulfan, Palaemonetes argentinus registerd 48 h LC50 be-
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tween 14.1 and 6.28 µgl-1 [39], Trichodactylus borellianus
between 1827.66 and 1984.26 µgl-1 [40] and the prawn
Macrobrachium mal-colmsonii from 0.16 to 0.19 µgl-1
[41; 42].
The above comparisons indicated that lethal toxicity
to P. variabilis for both metals and the insecticide with
endosulfan occurred in general at lower concentrations than
those reported to different freshwater crustaceans. Although
further information is needed about the responses of other
freshwater organisms to copper, chromium and endosulfan, the high sensitivity of P. variabilis make it an appropriate species to be used as a test organism in ecotoxicological
studies. Moreover, considering the particular complexity
and heterogeneity of littoral aquatic environments [43], the
use of P. variabilis in ecotoxicological tests, as representative of such areas, will allows to obtain more suitable
in-formation about the real ecological damage of pollutants
in that regions.

Figure 1 shows the survival curves of the organisms
from the control group and each treatment with copper,
chromium and endosulfan, during the first 35 days. P.
variabilis exposed to copper registered a high significant
mortality (from 16 to 60 %) in the three higher concentrations (KW=17.23, p=0.001), however, the groups exposed
to chromium and endosulfan registered a significant mortality only in the higher concentrations (55% and 32 %
respectively) (chromium KW=61.39, p< 0.001; endosulfan
KW=33.97, p<0.001).
Mean longevity in the control group was 32.5 days.
This endpoint was negatively affected in organisms exposed to all copper concentrations, reducing it between 20
and 24 days (ANOVA, F=122, p<0.01). In case of chromium, longevity was significantly reduced to 20 days in
the highest concentration (Dunnet=2.821, P<0.05). The life
span of the organisms exposed to endosulfan was reduced
to 25.9 and 25.3 days in the two highest concentrations,
however no statistical significant differences were found
in relation to controls (ANOVA, F=7.37, p>0.05).

3.3. Chronic toxicity tests
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FIGURE 1 - Survival curves of P. variabilis from the control group and each treatments with copper, chromium and endosulfan, during the
first 35 days. The panels shows mean values (n=25). The asterisks indicate a significant difference between control and treatment (p<0.05;
Dunn's multiple comparisons test).
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FIGURE 2 - Reproductive endpoints of P. variabilis exposed to four concentrations of copper (left panels), chromium (central panels) and
the pesticide with endosulfan (right panels). Error bars represent ± SD (n=25).

Among reproductive parameters, age of first reproduction (AFR) was the least affected. Control organisms
reproduced for the first time, in average, at the 9.6 day.
The presence of copper and chromium delayed significantly this trait only in the highest concentration (copper:
Dunnet= 3.089, p<0.01; chromium: Dunnet=3.88, P<0.01),
but the insecticide delayed it in the two highest concentrations (Dunnet= 3 and 5.7 respectively; p<0.05) (Figure 2).
The total number of eggs per female was significantly
reduced in all concentrations of copper (Dunnet=5.4, 6.1,
3.9, 4.2, p<0.01 in all cases), the concentrations 6.5 and
26 µgl-1 of chromium (Dunnet= 3.7 and 4.2, respectively;
p<0.05 in both cases) and the two highest concentrations
of endosulfan (Dunnet=4.5 and 5.4 respectively; p<0.01)
(Figure 2).
The mean brood size was significantly lowered in all
copper and endosulfan concentrations (Dunnet p<0.01, in
all cases). In case of chromium, only 6.5 and 26 µgl-1 were
significantly different from control (Dunnet=3.02 and 3.46
respectively; p<0.05 in both cases) (Figure 2).
Table 2 shows Ro, T and r values. The net reproductive rate (Ro) decreased in the presence of the three toxics,

but the most important reduction was clearly observed in
the organisms exposed to all copper concentrations and in
the higher concentrations of chromium and endosulfan.
Generational time (T) did not show important variations in the organisms exposed to both metals. However, a
delay between 7 to 11 days was observed when organisms
were exposed to all endosulfan concentrations. The intrisic rate of natural increase (r) was positive in all cases
(r>0), indicating that in spite of the toxicity, the population exposed did not suffer a decrease during the experimental period. Nevertheless, it could be tested that the highest concentration of endosulfan caused an important decrease
in r.
At present, many ecotoxicological studies, based on
several life history traits of the species, frequently conclude that the estimate of intrinsic rate of natural increase (r)
is the ultimate parameter of interest as integrates all components of the life history. Additionally, it also has been widely
used for many authors as a measure of fitness since Birch
[44]. However, the results obtained in this work allow to
recognize that although most life cycle parameters of P.
variabilis were affected, the single statistician r was not
altered by copper and chromium.
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According to the ecophysiological theories [45], it
has been reported that under stress situations, the organisms could establish trade offs between conflictive energetic demands in order to maintain their fitness [46]. In

this sense, it is possible to hypothesize that the maintenance of r would be the result of multiple energetic compensations between survival, longevity and reproduction.

TABLE 2 - Net reproductive rate (Ro), generational time (T) and the intrisic rate of natural increase (r) values of P. variabilis exposed to four
concentrations of copper, chromium and the insecticide-endosulfan.

Copper (µg l-1)
0
2.5
5
10
20
Chromium (µg l-1)
0
3.3
6.5
13
26
Endosulfan (µg l-1)
0
0.018
0.037
0.075
0.15

Ro

T

r

15.57
5.28
4.05
8.24
6.95

15.49
10.53
14.70
14.07
16.25

0.18
0.16
0.09
0.15
0.12

15.57
12.08
6.25
10.40
4.89

15.49
17.96
11.91
11.75
13.06

0.18
0.14
0.15
0.19
0.12

15.56
12.08
12.58
5.32
3.12

15.49
26.67
22.79
22.51
26.20

0.18
0.09
0.11
0.07
0.04

TABLE 3 - LOEC, NOEC and SChV values (in µg l-1) calculated to four life cycle endpoints of P. variabilis: longevity, age of first reproduction (AFR), total eggs per female (eggs/female) and mean brood size.
Endpoint

Chemical

NOEC

LOEC

SCh V

longevity

Copper
Chromium
Endosulfan

<2.5
13
0.15

2.5
26
>0.15

<2.5
18.4
<0.15

AFR

Copper
Chromium
Endosulfan

10
13
0.037

20
26
0.075

14
18.3
0.053

Eggs/female

Copper
Chromium
Endosulfan

<2.5
3.3
0.037

2.5
6.5
0.075

<2.5
4.6
0.053

Mean brood size

Copper
Chromium
Endosulfan

<2.5
3.3
<0.018

2.5
6.5
0.018

<2.5
4.6
<0.018

From the obtained results and taking into account this
consideration, we can conclude that the parameter r is not
always the most appropriate endpoint of toxicity, and
more information about individual and populational impacts should be considered in order to achieve better conclusions. For example, in this work, a detailed analysis of
each life history trait of Pseudosida showed that both
metals had negative effects on important life history parameters which could, in a long term, generate negative
population consequences in nature [47].
The aforementioned assumption is in accordance with
many authors, which suggest that r is not always the most
sensitive parameter in toxicity tests [48; 49]. Moreover,
other authors suggests that r is not as sensitive as growth

or reproduction [50-52], and they discuss the needed to
obtain a better screening of pollutants toxicity by means
of using multiple biological endpoints and an extended
exposure time.
When the life cycle of P variabilis exposed to endosulfan was analyzed, a different pattern was observed. Mean brood size and r was severely affected,
however survival, longevity and the other reproductive
parameters were moderately altered. This may indicate
that accumulation patterns and toxicity mechanisms
would be different from metals.
In relation to the parameter r, many authors have emphasized on the ecological relevance of a reducing it nearzero by chronic stress, and it is suggested that the main
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consequence resides in the high possibility that population
would disappear in a middle or long term [47].
The mean generation time was another parameter of
P. variabilis highly affected when exposed to the pesticide-endosulfan. Despite the fact that concentrations were
lower than lethal doses, this product would probably be
affecting some physiological molt processes [53]. The consequences have been studied by Allan and Daniels [54],
who have demonstrated through mathematical models that
the effect of the increase in generational time is an important reduction in the size of populations exposed to
contaminants.
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Despite T and r are key controlling traits of the species life cycles, it is no possible to make predictions about
the influence of their changes on the community level [8].
Complex relations exist between species composition and
the functional attributes of communities, especially if the
littoral ones are considered [43]. Nevertheless, more information about the responses of other associated organisms
to direct and indirect effects of pollutants may allow to
have more real interpretations of the impact of pollutants
on the community.
Table 3 shows the LOEC, NOEC and SChV values to
each endpoints of P. variabilis life cyle. Field records of
total Cu and Cr concentrations in natural environments of
South America, show values of 11.3 µg l-1 and 8.3 µg l-1
respectively [4]. On the other hand, endosulfan concentrations in water bodies, near rice fields from the same region, ranged from 0.2 to 13.5 µg L−1 [55]. A comparison
between these field data and the SChV of P. variabilis
reveals that their populations could be greatly affected,
especially considering that the longevity and reproductive
parameters are main sensitive endpoints.
4. CONCLUSIONS
Data obtained from this study show that both metals
(copper and chromium) and the insecticide-endosulfan are
very toxic to several parameters of P. variabilis life history. It is probable that the latter mentioned substance has a
different pattern of action with important energetic costs
that can cause severe decline in r.
The calculated LOEC, NOEC and SChV indicate that
r, survival, longevity, age of first reproduction and mean
brood size are suitable endpoints to be analyzed. A comparison with field data indicates that P. variabilis populations could be seriously affected.
The highly sensitivity of this cladocera make it not
only an appropriate species to be used as a test organism,
but also a species of ecological relevance to littoral regions. However, this evaluation should be continued with
multigenerational studies in order to avoid underestimate
the effect of the chemicals [56] and validated with macroscale and multispecific assays to reach representative
con-clusions [57].
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TREE VEGETATION TO IMPROVE
PHYSICO-CHEMICAL PROPERTIES IN BARE MINE SOILS
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ABSTRACT
Tree vegetation (pines and eucalyptus) was planted in
mine soils located in the depleted copper mine in Touro
village (Northwest Spain). The growth of these trees were
very poor, but those who are survived could have improved
the condition of the degraded mine soils. In order to evaluate the effect produced by trees in Touro mine soils, some
vegetated and bare areas were selected in both the settling
pond and the mine tailing areas. Soil samples were characterised and the total and DTPA-extractable content of Al,
Cr, Cu, Fe, Mn, Ni, Pb and Zn were determined in them.
Bare soils from both the mine tailing and the settling
pond have major limitations for plant development. However, vegetated soils have significantly improved these circumstances. Some soil properties have significantly increased in vegetated soils: the proportion of clay fraction,
the CEC and the contents of soil organic carbon, humic
acids carbon, the microbial biomass and total N content.
On the other hand, in vegetated soils increased DTPAextractable Al content and the pH was not put up to suitable values for the most of plants. As a result, it should be
suitable to complement tree vegetation with other type of
treatment, as could be organic amendments.

Fragmented materials are open to the elements, so iron and
copper sulphides that are within them are oxidized. As a
consequence, H+ is released to closest surroundings areas
and produce acid mine drainage, which is very harmful
for nature due to the extremely acidity and the pollution by
heavy metals. The low pH increases the solubility of these
metals, which leads to major pollution of the surrounding
water and soil [1-3]. In order to alleviate these problems in
Touro mine, some areas in the settling pond and in the
mine tailing were vegetated with Pinus pinaster Aiton or
Eucalyptus globulus Labill. The survival and growth of
these trees were significantly lower than in those that are in
uncontamined soils. Although, those trees that survived
created a vegetation cover together with natural vegetation.
Some authors have evaluated characteristics of mine
soils [4-9], and others how these characteristics affect
vegetation [10-13], but few of them have determined the
influence of trees in these soils in field conditions.
The aim of this study was to evaluate the effect of
vegetation planted in Touro mine by characterising and
determining the heavy metal content in soils from the settling pond and the mine tailing.
2. MATERIAL AND METHODS

KEYWORDS:
metal pollution, mine soil, tree vegetation, limiting factors.

2.1. Description of the study area

1. INTRODUCTION
Metal mining produces large amounts of waste material, which is accumulated as settling ponds (fine material
after metal extraction) and mine tailings (thick materials).
There is a settling pond in Touro mine (Northwest Spain),
created with flotation materials from the copper extraction
process. There is also a mine tailing formed with waste
materials from the extraction of the copper ore. Copper were
extracted in Touro mine from 1973 to 1988. Since then until
nowadays material for road construction is extracted there.
* Corresponding author

Sampling area is located within the depleted Touro
mine (NW Spain) (42º52´34”N, 8º20´40”W). There is a
settling pond here, which was created with flotation materials from the copper extraction process, and it is now completely emerged and dry. There is a bare area in this settling pond because it was not revegetated. This area was
taken as the control of the settling pond. There is other
area that was covered with natural soil from the surroundings (but not mixed with the original settling pond soil)
and vegetated with P. pinaster Aiton. This treatment was
done 17 years before the sampling. It was made the same
in other area 4 years before the sampling. These two areas
were selected to compare the effect of tree vegetation
over time.
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There is also a huge mine tailing in Touro mine. An
unvegetated area was selected therein as the control sample. This mine tailing was created with waste materials
from the extraction of copper ore more than 20 years
before the sampling. It was selected other area in the mine
tailing, which was covered with natural soil from the
surroundings (but not mixed with the mine tailing soil)
and vegetated with E. globulus Labill 17 years before the
sampling. This area was chosen to see the effect of tree
vegetation in the mine tailing soil.
The five areas mentioned above were sampled on 1st
of May 2009. Only the surface horizons were sampled
because there were just one AC horizons under the C one.
Fig. 1 shows the sampled soils, as described below:
- T1 is a Spolic Technosol located in the copper settling pond. It is unvegetated. AC horizon is 40cm deep.
- T2 is a Spolic Technosol located in the same settling
pond as T1 but in an area vegetated with P. pinaster Aiton
for 17 years. AC horizon is 20cm deep.
- T3 is a Spolic Technosol located in the same settling
pond as T1 but in an area vegetated with P. pinaster Aiton
for 4 years. AC horizon is 20cm deep.
- T4 is a Spolic Technosol located in an unvegetated
area in the copper mine tailing. AC horizon is 20cm deep.
- T5 is a Spolic Technosol located in the same mine
tailing as T4, but in an area vegetated with E. globulus
Labill for 17 years. AC horizon is 20cm deep.
2.2. Soil sampling and analysis

Five samples of each area were collected with an
Eijkelkamp 04.20.SA sampler and stored in polyethylene

bags. Samples of each area were stored together in the
same bag for a homogeneous sample. Samples were air
dried, passed through a 2-mm sieve and homogenized in a
vibratory homogeniser for solid samples.
Samples were analyzed for particle size distribution,
pH, carbon content (both organic and inorganic), microbial
biomass carbon (biomass C), effective cation exchange
capacity (CECe), exchangeable cations, Fe, Al and Mn free
oxides, total P and N, and total and available contents of
Al, Cr, Cu, Fe, Mn, Ni, Pb and Zn. A mineralogical
analysis of the fraction < 2µm was also performed.
Soil reaction was determined with a pH electrode in
2:1 water to soil extracts [14]. Electrical conductivity (EC)
was determined according to Porta et al. [15]. Particle size
distribution was carried out using the international procedure [14]. Mineralogical analysis of the clay fraction was
made a Siemens D-5000 diffractometer [16]. Soil CEC
and exchangeable cations (Ca2+, Mg2+, K+ and Na+) were
extracted with 0.1M BaCl2 [17] and their concentrations
were determined by ICP-AES (Perkin-Elmer Optima
4300 DV). Exchangeable acidity was determined using a
1M KCl [18]. The dithionite-citrate-bicarbonate method
developed by [19] was used to extract free oxide content.
Fe, Al and Mn were determined by ICP-AES.
Total organic carbon (TOC) and inorganic carbon (IC)
were determined in the solids module of a TOC analyser
(TNM-1, Shimadzu). Dissolved organic carbon (DOC) and
humic and fulvic acid carbon contents (CHA and CFA), were
extracted using the method performed by [20]. Microbial
biomass carbon (biomass C) was extracted using the fumigation-extraction method described by Vance et al. [21].

T1
T2

T4

T3

T5

FIGURE 1 - Selected soils.
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To analyze total P, samples were calcinated at 600ºC
and treated with acid before to be analyzed by ICP-AES.
Total N was determined by a LECO CN-200.The available Al, Fe, Mn, Cu, Cr, Ni, Pb and Zn content was extracted with DTPA according to Lindsay and Norvell [22].
Total Al, Fe, Mn, Cu, Cr, Ni, Pb and Zn contents were
extracted by acid digestion with aqua regia in a microwave
oven (Milestone ETHOS 1). The elements were analysed
by ICP-AES.
All the experiments were done in triplicate. The data
obtained in the analytical determinations were treated statistically using the programme SPSS version 15.0 for Windows. An analysis of variance (ANOVA) and homogeneity of variance test were performed. In case of homogeneity, a test of least significant difference (LSD) was made as
a post hoc test. If there was not homogeneity, a T3 Dunett
test was performed. Correlated bivariate analyses were also
made.
3. RESULTS AND DISCUSSION
3.1. General characteristics and nutrients in soil samples

Soils that were planted have significantly higher proportion of clay than their respective originals (T2 and T3
respect to T1; T5 to T4) (Table 1). Vegetation significantly
(P < 0.05) influences the proportion of silt and clay (r =

0.70 and r = 0.71 respectively). This is probably because
vegetation increases edaphization. The percentage of stoniness is higher in mine tailing than in the settling pond, as
the material provided is much thicker in the first case (Tables 2 and 3). Stoniness is a limiting factor for plant development in all samples except in the untreated settling
pond soil (T1).
pH is extremely acidic in all samples (Tables 2 and
3), which is an important limiting factor for the development of life [23]. The untreated soil from the mine tailings (T4) has the limiting factor c according to several
authors [6, 24-26] due to its high acidity.
Time of the vegetation is significantly (P < 0.01) negatively correlated (r = -0.8, data not shown) with EC (Table 1). This could indicate that plants decrease the salinity
in the original soils. Unvegetated soils (T1 and T4) and
which has been vegetated for most time in the settling
pond (T2) have the limiting factor n due to their excessive
Na+ saturation (Tables 2 and 3) [6, 24-26]. This indicates
that T2 had some contribution of Na+ that T3 did not
receive. T1 has the limiting factor e because of very low
CECe (Table 2) [6, 24-26]. Exchangeable Al3+ is the predominant cation in all soils (Table 1). T2, T3, T4 and T5
have the limiting factor a [6, 24-26] due to their high
saturation in Al3+ (Tables 2 and 3). Those that were vegetated have base saturation (V) significantly (P < 0.05) lower than their respective untreated samples (Table 1), pro-

TABLE 1 - Some physico-chemical characteristics of the mine soils.
T1
T2
T3
T4
T5
EC (ms cm-1)
0.55a
0.13b
0.11b
0.56a
0.08b
Sand (%)
72.54a
60.64d
61.34c
64.22b
50.77e
Silt (%)
19.72e
22.13b
21.92c
21.28d
30.37a
Clay (%)
7.74e
17.23b
17.09c
14.50d
18.86a
Texture
Sandy loam
Sandy loam
Sandy loam
Sandy loam
Sandy loam
H+ (cmol kg-1)
0.53c
0.55c
0.73b
1.02a
0.45d
Ca2+ (cmol kg-1)
0.31b
0.44a
0.21c
0.29b
0.36b
Na+ (cmol kg-1)
0.40a
0.18c
0.03e
0.33b
0.07d
Mg2+ (cmol kg-1)
0.75a
0.35c
0.07e
0.63b
0.14d
+
-1
K (cmol kg )
0.03c
0.20a
0.13b
0.04c
0.12b
Al3+ (cmol kg-1)
2.22e
21.92b
12.74c
5.82d
57.94a
CECe (cmol(+)kg-1)
3.71e
23.09b
13.18c
7.12d
58.63a
V (% saturation of bases)
35.26a
4.94c
3.17c
15.92b
1.17d
3+
% saturation of Al
52.22d
92.74b
91.57b
71.51c
98.07a
% saturation of Na+
26.60a
15.63b
7.92d
25.82a
10.80c
K+/∑bases
2.16c
17.28b
30.16a
2.82c
17.43b
2+
2+
Ca /Mg
0.42d
1.27c
3.14a
0.46d
2.52b
Al free oxides (mg kg-1)
408e
5086b
2916c
1595d
16483a
Fe free oxides (mg kg-1)
11443a
7891b
12229a
10865a
9786a
Mn free oxides (mg kg-1)
11.80e
896a
231c
106d
615b
CFA (g kg-1)
u.l.
8.02b
1.30c
u.l.
13.55a
CHA (g kg-1)
u.l.
21.03b
1.16c
u.l.
37.20a
DOC (g kg-1)
u.l.
u.l.
u.l.
u.l.
u.l.
-1
TC (g kg )
4.30c
52.52b
4.77c
4.28c
107.57a
IC (g kg-1)
4.30b
2.04c
1.99c
4.28b
8.24a
TOC (g kg-1)
u.l.
50.48b
2.78c
u.l.
99.33a
-1
Microbial biomass C (g kg )
u.l.
0.16a
0.08a
u.l.
0.17a
Total N (%)
0.04e
0.44b
0.13c
0.05d
0.68a
Total P (mg kg-1)
49.6e
326a
167c
175b
144d
C/N
10.72b
11.93b
3.97d
8.54c
15.82a
Data are the mean of three replicates per soil sample. Values followed by different letters in each row differ significantly with P < 0.05. u.l.: undetectable level.

3299

© by PSP Volume 20 – No 12a. 2011

Fresenius Environmental Bulletin

TABLE 2 - Limiting factors for forest production in T1, T2 and T3 soils (from the settling pond).

Limiting factors
Stoniness
(% by volume)
pH H2O

Limitation

T1
Limitation

Value

N.L.

1.16e

Strong: >35%. Moderate: 15-35%

Extremely
acid
L.

Extremely acid: 3.5-4.4

N

2.90c

Soil samples
T2
Limitation
Value
Moderate
Extremely
acid
N.L.

Total N content <0.1%
0.04e
Strong: CECe<4 cmol(+)kg-1, Moderate: 4-7
e
Strong
3.71e
N.L.
cmol(+)kg-1
a
% saturation of Al in CEC >60%
N.L.
52.22d
L.
% saturation of Al in CEC: moderate 10-20%,
h
L.
52.22d
N.L.
strong 20-60%
n
% saturation of Na+ > 15%
L.
26.60a
L.
k1
< 1.5 cmol(+)kg-1 in CEC
L.
0.03c
L.
k2
K+/∑bases < 2%
N.L.
2.16c
N.L.
Mg1
< 0.4 cmol(+)kg-1 in CEC
N.L.
0.75a
L.
Mg2
Ca2+/Mg2+ > 50
N.L.
0.42d
N.L.
Ca
< 1.5 cmol(+)kg-1 in CEC
L.
0.31b
L.
Ca2
Ca2+/Mg2+ < 0.5
L.
0.42d
N.L.
Cu1
High levels of total Cu
L.
263c
L.
Cu2
High levels of available Cu
N.L.
28.09b
N.L.
Mean values: three replicates of each soil. Values followed by different letters in each row differ significantly with
limiting.

T3
Limitation

Value

Strong

46.77b

22.75d

0.44b

Extremely
acid
N.L.

23.09b

N.L.

13.18c

92.74b

L.

91.57b

92.74b

N.L.

91.57b

3.91a

15.63b
0.20a
17.28b
0.35c
1.27c
0.44a
1.27c
126d
16.21c
P < 0.05. L.

3.57d
0.13c

N.L.
7.92d
L.
0.13b
N.L.
30.16a
L.
0.07e
N.L.
3.14a
L.
0.21c
N.L.
3.14a
L.
582b
L.
51.00a
Limiting. N.L.: Not

TABLE 3 - Limiting factors for forest production in T4 and T5 soils (from the mine tailing).
Soil samples
T4
T5
Limitation
Value
Limitation
Value
Stoniness (% by volume)
Strong: >35%. Moderate: 15-35%
Strong
61.18a
Strong
39.82c
Extremely
Extremely
pH H2O
Extremely acid: 3.5-4.4
2.71b
4.30a
acid
acid
N
Total N content <0.1%
L.
0.05d
N.L.
0.68a
e
Strong: CECe<4 cmol(+)kg-1, Moderate: 4-7 cmol(+)kg-1
N.L.
7.12d
N.L.
58.63a
a
% saturation of Al in CEC >60%
L.
71.51c
L.
98.07a
h
% saturation of Al in CEC: moderate 10-20%, strong 20-60%
N.L.
71.51c
N.L.
98.07a
n
% saturation of Na+ > 15%
L.
25.82a
N.L.
10.80c
k1
< 1.5 cmol(+)kg-1 in CEC
L.
0.04c
L.
0.12b
k2
K+/∑bases < 2%
N.L.
2.82c
N.L.
17.43b
Mg1
< 0.4 cmol(+)kg-1 in CEC
N.L.
0.63b
L.
0.14d
Mg2
Ca2+/Mg2+ > 50
N.L.
0.46d
N.L.
2.52b
Ca
< 1.5 cmol(+)kg-1 in CEC
L.
0.29b
L.
0.36b
Ca2
Ca2+/Mg2+ < 0.5
L.
0.46d
N.L.
2.52b
Cu1
High levels of total Cu
L.
740a
L.
659b
Cu2
High levels of available Cu
N.L.
17.37c
N.L.
29.14b
Mean values: three replicates of each soil. Values followed by different letters in each row differ significantly with P < 0.05. L. Limiting. N.L.: Not
limiting.
Limiting factors

Limitation

bably due to the uptake of basic cations by plants. All
samples have the limiting factor k1 due to their deficit in
K+ (Tables 2 and 3) [6, 24-26]. Only vegetated soils have
the limiting factor Mg1 due to their deficit in Mg2+ for
plant development (Tables 2 and 3) [6, 24-26]. This may
be due to the absorption of this cation by plants. All soils
have the limiting factor Ca due to their insufficient Ca2+
content (Tables 2 and 3). The species planted (eucalyptus
and pines) have a propensity to exhaust soil nutrients
[27, 28].

Total P content in settling pond samples is higher in
vegetated soils than in the untreated one (Table 1). The
soil with the oldest vegetation in the settling pond is highlight because it has the highest value of total P, maybe
because of its high microbial biomass C (Table 1). Microorganisms can immobilize between 20% and 50% of the
organic phosphorus of surface soils [29, 30]. The bare mine
tailing soil (T4) has significantly (P < 0.05) more total P
than the vegetated mine tailing area (T5) (Table 1). They
have been made some experiments close to T4 some years
before the sampling of this work. NPK commercial fertilizer (15% of each element) was added close to the sam-
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pled area (300 kg/ha and 100 kg/ha) in experimental plots
located close to the sampled area [31]. Nevertheless the
influence of this fertilizer in T4 soil cannot be probed.
Total N contents increases in the soils with trees (Table 1). Moreover, N is a limiting factor for forest production in samples without vegetation (Tables 2 and 3). This
is because plants and microbial activity help to fix N in
soils. Bivariate correlation analysis shows significantly (P
< 0.01) positive correlation between microbial biomass C
and total N content (r = 0.9).
3.2. Soil carbon contents

T1, T3 and T4 are the soils with the lowest total content of C (Table 1). T1 and T4 were not vegetated nor
amended, so it is normal because carbon input in them is
very low. T3 was recently vegetated and because of this
there had not enough time to plants contribution with a
significantly amount of organic material.
C/N is very low in bare soils and which is vegetated
for less time (Table 1). The soil vegetated for more time
has C/N in a normal range, between 20 and 30 [32]. This
could indicates that their organic matter has very high
quality, because this should be quite decomposed, as it is
indicates by the positive correlation between C/N and CFA
and CHA (r = 0.7 and r = 0.8 respectively, P < 0.01). The
soils with lower content of inorganic C are T2 and T3
(Table 1). This could indicate loss of soluble carbonates
through the soil, which probably migrated in solution
through the unconsolidated materials that form the C
horizon [33, 34]. Sampling area support a large amount of
rainfall (mean annual rainfall = 1886 mm) which can
produce leaching of soluble elements. T1 and T4 have all
of their carbon content as inorganic (Table 1), because as
they have no vegetation, they do not receive any contribution of the organic one. The soils with the oldest vegetation (T2 and T5) have the highest concentrations of TOC,
probably due to the contributions of vegetation (Table 1).
This was confirmed by positive correlation between the
time of vegetation and the organic C content (r = 0.9, P <
0.01). These two soils are also which contain the highest
proportion of organic C with respect to the total carbon
content (96% and 92% respectively).
Both T2 and T5 have the highest contents of CFA and
CHA (Table 1). These are the soils with the oldest vegetation, so this could mean that sufficient time has passed for
the humification of the organic material. This was confirmed by a positive correlation between CHA and CFA
content and the time of vegetation (r = -0.85 and r = -0.86
respectively, P < 0.01). DOC concentrations were undetectable in all soil samples (Table 1). This may be due to
the leaching of the organic C. Several authors have
demonstrated that DOC concentration increases with
depth in soils [35-37].
3.3. Microbial biomass carbon

Biomass C was only detected in vegetated soils (Table 1). T2 and T4 (with the oldest vegetation) have the

highest concentrations probably because plants favour
growth and activity of microorganisms. This result support the previous statement regarding CFA and CHA contents in these soils, as much of the humification of the
organic material is performed by microorganisms. According to the bivariate correlation analysis carried out,
time of vegetation is positively correlated with microbial
biomass C (r = 0.9, P < 0.01). Clay and TOC contents
(components whose concentration increases with the time
of vegetation) are positively correlated with biomass C (P
< 0.01; r = 0.77 and r = 0.86, respectively). This was
observed by other authors as well [38, 39].
3.4. Al, Cr, Cu, Fe, Mn, Ni, Pb and Zn contents

Vegetated soils have the highest in both total Al concentration (Fig. 2A) and in DTPA-extractable form (Fig.
3A). In fact, the time of vegetation is positively correlated
with DTPA-extractable Al contents (r = 0.9, P < 0.01).
This could be due to root exudates and development,
which contribute to the weathering of the soil and, consequently, to release Al. Carbon from both humic and fulvic
acids is positively correlated with DTPA-extractable Al
content (r = 0.9 and r = 0.99 respectively, P < 0.01). This
coincides with [40], who indicated that organic acids with
low molecular weight are responsible for the mobilisation
of Al in soils of variable loads. All samples are polluted
by chrome (Fig. 2B), according to the threshold values for
Galician soils in ecosystems, which is 80 mg kg-1 [41].
DTPA-extractable Cr extractable was not detected in any
sample, meaning that this metal is not available for plants,
in spite of its high total concentrations. All samples are
also polluted by Cu (Fig. 2B) because their concentrations
are above 50 mg kg-1 [41]. The origin of both Cr and Cu
is probably the parent material. Due to their high total Cu
contents, all samples have the limiting factor Cu1 (Tables
2 and 3) [6, 24-26]. All samples have high total contents
of Fe and Mn (Fig. 2D and 2E), probably because the
parent material has iron sulphides and Mn compounds.
Unvegetated soils have the highest percentage of Ni in
DTPA-extractable form with respect to the total Ni content (Fig. 2F and 3D). The others samples have less than
1.6% of the total Ni in DTPA-extractable form. Taking
this into account, the amounts of this metal that could be
absorbed by plants would not be toxic in these samples,
because threshold values are 75 mg kg-1 for Galician soils
in ecosystems [41] and 70 mg kg-1 according to the ICRCL
[40]. Total Pb contents do not exceed the threshold limit
for Galician soils [41] in any sample, which is 80 mg kg-1
for ecosystems. The time of vegetation is positively correlated with total Zn (r = 0.7, P < 0.01). This is because
those that have been vegetated for more time have higher
percentage of clay fraction as the other samples, and Zn
can be retained by clay fraction [42]. Both organic and
inorganic C contents are positively correlated with total
Zn (r = 0.9, P < 0.01 and r = 0.63, P < 0.05; respectively).
This may be due to the affinity of the organic matter to fix
this metal in soils.
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FIGURE 2 - Total metal contents (mg kg-1) (mean values: three replicates of each soil). u.l.: undetectable level. For each element, bars with a
different letter are statistically different using the ANOVA test (P < 0.05).
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FIGURE 3 - DTPA-extractable metal content (mg kg-1) (mean values: three replicates of each soil). u.l.: undetectable level. For each element,
bars with a different letter are statistically different using the ANOVA test (P < 0.05).

4. CONCLUSIONS
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ABSTRACT
Litters of three dominant shrubs were chosen to assess the influence of habitat and litter quality on litter decomposition rates in Horqin Sandy Land, Northern China.
Litter in 20 × 25 cm litter bags of 2 × 2 mm mesh size
were added to the depth of 0 cm and 10 cm in the sand
soil along a habitat gradient of sand dune stabilization and
restoration: mobile dune, semi-mobile dune, semi-fixed
dune and fixed dune. Litter mass loss was measured five
times to evaluate changes in decomposition rates. Results
showed that litter decomposition rates increased along the
habitat gradient of sandy dune restoration, and litter in
fixed dune decomposed significantly faster than that in
mobile dune. A. halodendron litter decomposed significantly faster than C. microphylla and S. gordejevii litter in
sandy dunes. Litter decomposition rates increased about
5% per month from May to September. Litters buried 10 cm
deep decomposed much faster than that on the soil surface. Pearson's correlation analysis showed that residual
lignin content and the lignin:C ratio were significantly and
positively correlated with decomposition rates, indicating
that lignin content plays an important role in litter decomposition rates.

KEYWORDS: Sand dune, restoration, habitat, shrub, lignin content, carbon-nitrogen ratio.

1. INTRODUCTION
Litter decomposition is very important to the formation of soil organic matter. It is an important link in
ecosystem material cycle and energy. Litter decomposition, by which organic matter and nutrients are returned to
the soil, is a primary mechanism and has received considerable attention for sustainable soil fertility [1-3]. Numerous

* Corresponding author

studies about litter decomposition have been conducted on
many species in tropical and temperate ecosystems, and
some general ideas have formed. Decomposition rates of
litter are influenced by many factors, such as litter quality,
decomposer community and environmental conditions [4].
Litter quality, including the carbon (C) and nitrogen (N)
content of the litter, the carbon to nitrogen (C:N) ratio, as
well as other chemical properties, is the main determinant
of litter decomposition and nutrient release rates within a
given climatic region. For example, C:N ratio and decomposition rates of litter were negatively associated [5],
lignin in leaves even after senescence, can affect the rates
of litter decomposition by forming recalcitrant complexes
with other substances [6]; the decomposer effect on litter
decomposition varied with different ecosystems [7]; there
are seasonal and habitat effects on litter decomposition,
with potential contributions from high temperature, more
precipitation and higher substrate nutrients content [8,9].
There is, however, far less known about litter decomposition in highly desertified ecosystems. We therefore
formulate three hypotheses based on what has been learned
in other regions in order to test if they are also applicable
in our study: (1) litter decomposition rates vary from
different season (i.e., litter decomposed faster in summer
because of better hydrothermal conditions); (2) decomposition rates within the same litter type vary significantly
among different habitats (i.e., mobile dune with lower
substrate nutrients content, causes lower decomposition
rates); (3) decomposition rates vary among litter types
differing in their quality (i.e., lower decomposition rates in
litter with higher initial C:N ratio).
Horqin Sandy Land lies in the semiarid region of
southeastern Inner Mongolia, China. Its primary landscape
can be characterized as tree-scattered grassland. Largely
due to overgrazing and over-cultivation, this region has become one of the most severely desertified parts in northern
China [10-12]. Shrubland is one of the typical landscapes

3306

© by PSP Volume 20 – No 12a. 2011

Fresenius Environmental Bulletin

in arid and semiarid areas [13]. Local shrubs, such as Artemisia halodendron L., Caragana microphylla L. and Salix
gordejevii L. are often used as pioneer plants to control
desertification in sandy dunes [14, 15]. A great many
studies have been done on shrub effects in grassland or
sandy land [16-18], some with specific focus on A.
halodendron, C. microphylla and S. gordejevii [19-21].
However, very little is known about shrub litter decomposition and its relationship with litter quality across a land
degradation gradient. The overall objectives of our study
were: (1) to investigate litter decomposition rates along
dune restoration gradient; (2) to compare the decomposition
rates among A. halodendron, C. microphylla and S. gordejevii litter in different habitats; (3) to access the effects of
litter quality on litter decomposition rates in sandy dunes.
2. MATERIALS AND METHODS
2.1. Site description

The study area was located in Naiman county (42°55’N,
120°42’E; altitude approx. 360 m) of the south-western part
of Horqin Sandy Land, Inner Mongolia, China (Figure 1),
which is one of the most severely desertified regions of
China because of pressures related grazing, cultivation and
the collection of fuelwood. This area has a temperate continental semiarid monsoon climate. The mean annual precipitation is 366 mm, the majority of which occurs between June and September. The mean annual temperature
is 6.4℃, and the mean annual pan-evaporation is 1935 mm.
The mean annual wind velocity ranges from 3.2-4.1 m s-1,
and the dominant winds are southwest to south in summer
and autumn and northwest in winter and spring.

FIGURE 1-Location of study area (Naiman County of Inner Mongolia).

After decades of extensive fuelwood gathering and
heavy grazing, the tree-scattered grassland has been replaced by four main types of dunes: mobile dunes, semimobile dunes, semi-fixed dunes and fixed dunes. The dunes

are covered with native plants, generally dominated by
psammophytes, including grasses (e.g., Euphorbia humifusa L., Setaria viridis L., Ixetis denticulate L., Cleistogenes squarrosa L., Corispermum elongatum L., Digitaria
ciliaris L.), forbs (e.g., Salsola collina L., Agriophyllum
squarrosum L.) and shrubs (e.g., Caragana microphylla
L., Lespedeza davurica L., Salix gordejevii L., Artemisia
halodendron L.) [22].
2.2. Dune definition

The process of sandy dune formation could be recognized as desertification [23], and is one of the effective ways
to assess the processes of desertification and/or restoration
in Horqin Sandy Land. Researchers [23] have pointed out
that stabilizing mobile sand dunes creates the opportunity
for vegetation regeneration, so that a mobile dune can be
altered into semi-mobile dune, semi-fixed dune and ultimately a fixed dune. According to this principle, mobile
dune (MD), semi-mobile dune (SMD), semi-fixed dune
(SFD) and fixed dune (FD) were defined as four steps in
the process of sand dune restoration. The primary difference between the four kinds of dunes is vegetation cover.
If the vegetation cover is lower than 10%, it is defined as
mobile dune, 10-30% defined as semi-mobile dune, 3060% defined as semi-fixed dune and more than 60% defined as fixed dune.
2.3. Experimental design

This experiment was conducted from September 2007
to September 2008. Shrub litters of A. halodendron (AH),
C. microphylla (CM) and S. gordejevii (SG) were sampled in September 2007. After removing rocks and soil,
the litter collected from these species was dried at 70℃
to constant weight, and packed into litter bags (made of
nylon, 20 × 25 cm in size and the mesh size was 2 × 2 mm)
each holding 10 g of litter from each species (leaf and
twig ratio is 1:1). Typical MD, SMD, SFD and FD sites
according to the above definition were selected approximately 2-3 km northeast of the Naiman Desertification
Research Station, Chinese Academy of Sciences. A total
of 24 5 × 5 m quadrats were set in each dune and five of
these were randomly chosen for treatments in each dune.
Litter bags were added at 0 cm (soil surface layer) and 10
cm (soil lower layer) deep in the soil: 25 replicates of
each litter were placed in each layer in the four kinds of
dunes in the gradient.
Five bags of each litter were retrieved at each layer in
every dune in May, June, July, August and September
2008, respectively. The litter bags and their contents were
washed carefully and dried at 70℃ to constant weight each
time to measure their weight at each point during the study.
Litter organic carbon (C), total nitrogen (N), lignin and ash
content were analyzed for assessment of the impact of
litter quality on decomposition rates.
2.4. Litter analysis
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The decomposition rate used in this study is expressed
by the following formula:
DR (%) = ((W0-W1)/W0)×100
where DR is the decomposition rate, W0 is the initial
litter weight (10 g) and W1 refers to the measure weight
after each retrieval time.
Lignin content was estimated by gravimetry using hot
sulfuric acid digestion [24], organic carbon content (C)
was measured by the K2Cr2O7–H2SO4 oxidation method
of Walkey and Black [25], total nitrogen content (N) was
measured by the Kjeldahl procedure (UDK 140 Automatic Steam Distilling Unit, Automatic Titroline96, Italy)
[26]. Ash content was determined by a muffle furnace with
litter samples burning at 500℃ to constant weight.
2.5. Data analysis

Data were analyzed and described using Microsoft
Excel and Origin 8.0 software. Values were assigned as
mean ± SE, and differences of mean values were calculated by one-way analysis of variance (ANOVA) procedures.
Least significant difference (LSD) tests were performed to
determine the significance of different treatments. Correlations between litter decomposition rates and its residual

quality (C, N, lignin, ash content, C:N, lignin:C, lignin:N)
were analyzed by Pearson’s 2-tailed test.
3. RESULTS AND DISCUSSION
3.1. Litter decomposition rates along seasonal change

After placed in the four kinds of dunes, litter decomposition proceeded gradually during the whole year. As
the experiment proceeded, litter decomposed continuously
and the litter residue decreased steadily. Of the shrub species tested, AH litter decomposed most in all four kinds of
sand dunes in the end of the experiment.
3.2. Mobile dune

Changes in the litter decomposition rates of the three
shrub species in the mobile dune site are depicted in Figure 2-a. Litter decomposition rates were about 15-20% at
the first step of decomposition from Sep 2007 to May
2008 (winter and spring). After May, the rate increased
about 5% each month of summer and autumn in mobile
dune. At the end of the experiment, AH, CM and SG litter
decomposition rates reached to 32.75%, 25.00% and
24.33%, respectively.
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FIGURE 2 - Changes in litter decomposition rates over 12 months accross a sand dune restoration gradient a: mobile dune; b: semi-mobile
dune; c: semi-fixed dune; d: fixed dune; AH: A. halodendron; CM: C. microphylla; SG: S. gordejevii. Data are averaged for the two soil
depths at each measurement point.
3.3. Semi-mobile dune

Changes in the litter decomposition rates of three
shrubs in semi-mobile dune site are depicted in Figure 2-b.
At the first step of the decomposition process (winter and
spring), decomposition rates of AH litter reached to 26.27%,
but decomposition rates of CM and SG litters were only
about 10%. Afterwards, AH litter presented a steady decomposition rate of 26.26-46.30% from May 2008 to Sep 2008
(summer and autumn). CM and SG litters were less stable
than AH, by the end of the experiment, their decomposition rates reached to 33.33% and 31.08%, respectively.
3.4. Semi-fixed dune

Changes in the litter decomposition rates of three
shrubs in semi-fixed dune site are depicted in Figure 2-c.
At the first step of decomposition process during winter
and spring, AH, CM and SG litter decomposition rates
were 29.60%, 21.47% and 18.81%, respectively. After that,
AH litter decomposition rates increased by 3.11-7.43%
every month, and the increasing trend decreased from May
2008 to Sep 2008. CM and SG litter decomposition rates
increased by 2.14-5.47% and 2.32-6.99% every month
from May 2008 to Sep 2008 (summer and autumn). At the
end of the experiment, AH, CM and SG litter decomposition rates reached 50.54%, 38.98% and 35.68%, respectively.
3.5. Fixed dune

Changes in the litter decomposition rates of three
shrubs in fixed dune site are depicted Figure 2-d. The
decomposition trends were similar with semi-fixed dune.
Litter decomposition rates were significantly different
among the three shrub litters at the first step of decomposition process. AH, CM and SG litter decomposition rates
were 30.40%, 22.05% and 19.45% in May 2008, and their
final decomposition rates reached to 58.80%, 40.65% and
38.45% in Sep 2008, respectively.
The research conducted by Jenny et al [27] and
Mikola [28] in forest ecosystem showed that litter decomposition rates increased with increased temperature. Smith
et al [29] found that precipitation has direct positive effect
on litter decomposition in tropical ecosystems. Furthermore, soil temperature and precipitation can also influence litter decomposition rates by changing the soil microbial population [30]. Our results are in agreement with
these findings: we found litter decomposed faster in summer than winter and spring, and litter decomposition rates
increased from May to August. This is most probably due
to higher temperature and more precipitation in summer,
conditions more suitable for litter decomposition in
Horqin Sandy Land. It is well known that there are two
stages in litter decomposition when climatic conditions are
suitable. In the first phase, the soluble substances and nonlignified carbohydrates (e.g., cellulose and hemicellulose),

are decomposed by saprotrophic fungi, while in the second
decomposition phase, primarily lignin and lignified cellulose remain [31]. In our study, litter decomposed faster
early on, and then the decomposition rates slowed and
became more stable.
3.6. Litter decomposition rates in different habitats
3.6.1. Litter decomposition rates along the gradient of sandy
dune restoration

Litter decomposition rates increased from mobile dune
to fixed dune (Table 1). Compared to that of MD, litter
decomposition rates of AH, CM and SG was 34.32%,
56.79% and 81.83% higher in SMD, 4.06%, 39.73% and
48.72% higher in SFD, 10.10%, 44.50% and 56.48%
higher in FD, respectively. The decomposition rate was
significantly higher when litter placed in FD than that in
MD (P < 0.05).
Soil animals, whose lifespan and offspring number are
affected by litter decomposition indirectly [32], can increase
the speed of litter breakdown by disintegrating tissue [33].
Höffer’s study indicated that litter decomposition rates
declined when soil animals were excluded [34]. Microorganisms also take part in the process of litter decomposition and it was one of the most important factors to influence litter decomposition [35]. In our research, litter decomposition rates of shrub increased along the gradient of
sandy dune restoration in Horqin Sandy Land. This can be
explained by the increasing soil nutrient, soil microbial
and animal activities along dune restoration [15, 36,
37]. Previous studies in Horqin Sandy Land indicated
that bacterial abundance were 5.07, 6.29 and 26.45 times
in semi-mobile dune, semi-fixed dune and fixed dune
habitats, respectively, than that in mobile dune habitat
[36]. In addition, the unfavorable habitat conditions in mobile dunes resulted in the lowest abundance, group richness
and diversity of soil macrofaunal communities in Horqin
Sandy Land [37].
TABLE 1 - Comparison of litter decomposition rates in different
stages of sandy dune restoration.
Dune type
AH
CM
SG
MD
26.59±2.06 aA
20.94±1.44 aB
19.46±1.84 aB
SMD
35.71±3.46 abA 21.79±4.96 abB
21.43±3.36 aB
SFD
41.69±3.77 bcA 29.56±3.03 abB 28.13±3.07 abB
FD
48.34±4.65 cA
33.14±3.37 bB
31.46±3.41 bB
F value
6.56
2.26
4.37
P
0.004
0.12
0.03
MD: mobile dune; SMD: semi-mobile dune; SFD: semi-fixed dune; FD:
fixed dune; AH: A. halodendron; CM: C. microphylla; SG: S. gordejevii.
Data are calculated by the two layers of the five times by one-way
ANOVA. Values were assigned as mean ± SE. Mean values with different lower case letters in the same column are significantly different
among the four stages of dune restoration and with different upper case
letters in the same row are significantly different among the three kinds
of shrub litters (P < 0.05, LSD test).
3.6.2. Litter decomposition rates in different depth
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Comparison of litter decomposition rates between litters placed on the soil surface layer versus the 10 cm deep
layer are depicted in Figure 3.
From the comparison of litter decomposition rates between the two layers, we can conclude that litter placed at
10 cm deep soil layer decomposed faster than that placed
on the soil surface, except for CM litter placed in mobile
dune. In mobile dune (Figure 3-a), CM litter decomposed
faster on the surface than 10 cm deep layer, but the difference was not significant, while the difference of SG litter
was significant between the two layers. In semi-mobile dune
(Figure 3-b), AH, CM and SG litter decomposition rates
were 28.09%, 56.12% and 23.20% higher at 10 cm deep
layer than that on the surface. In semi-fixed dune (Figure
3-c), AH, CM and SG litter decomposition rates were
9.87%, 9.91% and 29.19% higher at 10 cm deep layer
than that on the surface. In fixed dune (Figure 3-d), AH,
CM and SG litter decomposition rates was 11.74%, 41.42%
and 26.80% higher at 10 cm deep layer than that on the
surface.
In summary, AH litter decomposed fastest among the
three shrub litters, but the difference of its decomposition
rates was insignificant between the two layers in all of the

four kinds of dunes. CM litter decomposed at significantly
higher rates at the 10 cm deep layer than on the surface,
except in the mobile dune. Litter decomposition rates of
SG were significantly higher at the 10 cm deep layer than
on the surface in the mobile dune and fixed dune.
Litter buried underground decomposed faster than that
on the soil surface. This is consistent with Osono et al [38].
According to their results, the length of darkly pigmented
hyphae was 1.7-2.6 times greater beneath soil surface layer
than on the surface layer, and fungal activities were much
higher underground than on the soil surface in temperate
forests in central Japan. In Horqin Sandy Land, the plant
richness and coverage was very low in sandy dunes, and
decomposers were influenced greatly by the variable
weather on soil surface. Decomposer flora was much more
stable for activity underground than on the soil surface.
3.7. Litter quality
3.7.1. Original litter quality of different shrub litters

The quality of the litter derived from the three different shrub species tests is depicted in Table 2. Litter quality including litter C, N, lignin and ash content, and C:N,
lignin:C, lignin:N ratio were calculated as factors that
influence litter decomposition.
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FIGURE 3-Comparison of litter decomposition rates between the two layers. a: mobile dune; b: semi-mobile dune; c: semi-fixed dune; d:
fixed dune; AH: A. halodendron; CM: C. microphylla; SG: S. gordejevii. Data are calculated by one-way ANOVA. Values were assigned as
mean ± SE. Mean values with different letters are significantly different between the two layers (P < 0.05, LSD test).
TABLE 2 - Original litter quality of the three shrub litters
Litter
C/g (kg-1)
N/g (kg-1)
Lignin (g kg-1)
Ash (%)
C:N
Lignin:C
Lignin:N
AH
430.24±4.39a
17.19±1.01a
319.27±5.58a
21.80±0.25a
25.18±1.22a
0.74±0.01a
18.67±0.83a
CM
487.79±3.63b
30.35±1.32b
293.83±3.89b
20.32±0.29b
16.14±0.81b
0.60±0.01b
9.73±0.54b
SG
473.67±4.86b
21.83±0.95c
413.20±6.29c
16.43±0.38c
21.76±0.73c
0.87±0.02c
19.03±1.12a
F value
48.12
36.68
156.64
80.91
23.31
102.42
37.16
P
<0.001
<0.001
<0.001
<0.001
=0.002
<0.001
<0.001
AH: A. halodendron; CM: C. microphylla; SG: S. gordejevii. Data are calculated by one-way ANOVA. Values were assigned as mean ± SE. Mean values with different
letters in a column are significantly different between the two layers (P < 0.05, LSD test).
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FIGURE 4 - Correlations between residual litter quality and litter decomposition rate were analyzed by Pearson’s 2-tailed test. a: C content
and decomposition rate; b: N content and decomposition rate; c: C:N ratio and decomposition rate; d: lignin content and decomposition rate;
e: ash content and decomposition rate; f: lignin:C and decomposition rate.

The content of litter C and N both showed CM > SG
> AH. C and N content of AH litter was significantly
lower than CM and SG. Lignin content showed significantly higher in SG than in AH and CM, and significantly
lower in CM than in AH and SG. Ash content presented a
reverse pattern to lignin content, and it was significantly
different among the three shrub litters. C:N ratio showed
AH > SG > CM, which was to the contrary of either C or
N content. Lignin:C and lignin:N ratio expressed the same
trend as lignin content, and the lignin:N ratio showed
insignificant difference between AH and SG litter.
The results indicated that higher decomposition rates
were found in litter with lower lignin, C and N content, and
higher ash content (e.g., AH litter).

term [45], which can be explained by the theory that N
release did not occur before the beginning of lignin degradation, resulting in a negative correlation between mass
loss and lignin concentration [46], while high N concentrations have a rate-retarding effect on lignin degradation
and thus on the litter [44]. In our study, C:N ratio is not a
good predictor of decomposition rates, which is contrary
to the generally accepted idea that C:N ratio and decomposition rates of litter are negatively associated [5, 47]. These
results suggest that indicators of litter decomposition
among different species and different ecosystem may vary
in Horqin Sandy Land, lignin content and lignin:C ratio
are more important determinants of litter decomposition
rates than C:N ratio.

3.8. Relationship between residual litter quality and litter
decomposition rates

Decomposition rates of the three kinds of shrub litter
were different (Table 1), and broadly showed in the order
of AH > CM > SG: AH litter decomposition rates were
significantly higher than CM and SG. At the end of the decomposition process in Sep 2008, the residual litter quality including C, N, lignin, ash, C:N, lignin:C and lignin:N
ratio which were supposed to affect litter decomposition
were tested.
Analyses of Pearson’s correlations between residual
litter quality and litter decomposition rates are shown in
Figure 4. These correlations suggest that only residual lignin
content and lignin:C ratio were significantly positively correlated with decomposition rates during the litter decomposition process. It can be concluded that lignin is one of the
main factors to influence litter decomposition rates in
sandy dunes.
Some previous studies have demonstrated that litter
quality greatly affects litter decomposition rates especially
in litter chemistry and physical properties [5, 39-42]. Martínez-Yrízar et al researched on decomposition rates and
litter quality, they found a negative interaction between lignin, N, lignin:N ratio and decomposition rates in desert
ecosystem [43]. In addition, organic matter also influences
litter decomposition rates during the litter decomposition
process [44].
Our results showed that the decomposition rates of
AH litter with lower original lignin, C and N content were
the fastest among the three shrub litters tested, and the
residual litter lignin content and lignin:C ratio were closely
correlated with final decomposition rates. This suggests
that the marked differences in the rates of litter decomposition between the three shrub species can attribute to differences in litter quality. These results also suggest that lignin,
which decomposes more slowly, is an important factor
influencing the overall litter decomposition rates in sand
dunes. This is in agreement with Melillo et al’s view that
lignin is a good indicator of litter decomposition in the long

4. CONCLUSIONS
Hypotheses 1 and 2 of our study (litter decomposition
rates vary among different seasons and habitats along a
restoration gradient, respectively) are supported by our
results. Litter decomposed fastest in summer and litters
placed in mobile dune habitat decomposed slower than
that placed in the other three kinds of habitat. We also
found that litter placed in a 10 cm deep layer decomposed
faster compared with litter placed on the surface. Hypothesis 3 of our study (lower decomposition rates in litter with
higher initial C:N ratio) is not supported by our results.
Though C:N ratio did not prove to be a good predictor of
decomposition rates, our results suggested that lignin content and lignin:C ratio are more important determinants of
litter decomposition rates of shrub species in Horqin Sandy
Land.
Our investigation is a first step towards understanding
the relationship between litter decomposition rates and
litter quality of typical dominant plants growing on sand
dunes at varying levels of restoration in Horqin Sandy
Land. This in turn provides insight into the influence of
restoration on litter decomposition in general, which is particularly important in drylands with sparse vegetation where
soil organic matter may be limiting. It will enrich our
knowledge of the decomposing process of shrub litters in
similar conditions, which provides insight into the nutrient
cycling associated with these shrub species. These findings
will help land managers in their effort to select effective
restoration and improve our ability to understand recovery
processes after sand dune restoration in arid and semiarid
region. Further investigations should be carried out in more
species and over greater periods of time. The litter bag
method, which is most frequently used and has distinct
advantages over the other approaches [48] can be adapted
to using varying mesh sizes to assess the effects of soil
animal on litter decomposition.
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HYPOTHETICAL PARTICLE TRAJECTORY AND DISPERSION
SIMULATIONS USING REAL-TIME FORECAST SYSTEM VIA ASSIMILATION OF RADIAL VELOCITIES FROM A SINGLE WSR-88D
Haldun Karan*
Geosystems Research Institute, Mississippi State University, Starkville, Mississippi, USA

ABSTRACT
This paper describes a real time trajectory and dispersion forecast system (WRFDA-HYSPLIT) and presents a
case study in which trajectories and concentrations were
computed using various meteorological models with and
without the assimilation of Doppler radar radial wind
observations. The forecast system comprises WRF 3DVAR
data assimilation system using WSR-88D radial winds from
a single Doppler radar, Weather Research and Forecasting
model (WRF), and Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model. The overall goal is to
provide first responders more accurate transport and dispersion of hazardous releases in real time. The forecast system
runs twice a day providing 12 h forecasts for weather conditions as well as trajectories and dispersions originated
from a single source location. The Local Data Manager
(LDM) program acquires the latest raw radar data (levelII) from the WSR-88D KLIX (Slidell, Louisiana) station.
A Four-Dimensional De-aliasing algorithm (4DD) and some
statistical properties of radial winds and reflectivities are
first applied to radial winds for quality controls. The end
products such as WRF and HYSPLIT forecast outputs and
graphics are made available to the public. Control and
experiment simulations agreed well when a high pressure
system was settled in within the study region. On the other
hand, significant deviations and discrepancies in trajectory
and dispersion simulations were noted as a cold frontal
passage altered the wind field.

KEYWORDS: Data assimilation, radial winds, WRF, HYSPLIT,
trajectory, dispersion

1. INTRODUCTION
The accidental or intentional release of hazardous gases,
toxic, chemical, and biological materials into the atmosphere
is a serious threat to local communities. Information ob* Corresponding author

tained from atmospheric transport and dispersion models
is used by local government and emergency response managers to mitigate the effects of a particular incident. In the
aftermath of such an event, toxic materials and gases may
be released into the atmosphere, affecting an area of hundreds to thousands of square kilometer surrounding the
accident site. Emergency managers or the first responders
use a simple dispersion model such as CAMEO (Computer-Aided Management of Emergency Operations) to determine the immediate threat of airborne toxins within a 1
km to 10 km surrounding area. These dispersion models
assume a uniform flat surface with no obstacles. Also,
during the dispersion calculations atmospheric variables
such as wind speed and direction are assumed to be constant. The dispersion models like CAMEO were designed
to estimate the local impact within the time range of 1 hour
following an accident. More sophisticated dispersion models, however, were utilized to determine how released gases
propagate and which geographical regions would encounter high risks of heavy concentrations within the time
range of 1 h to 24 h or longer.
The Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT) is operationally used to determine how released plumes will evolve at the time scales
of more than an hour, and spatial scales of 3 km or more.
This study describes a forecast system, WRFDA-HYSPLIT
(WRF with Data Assimilation – HYSPLIT model). The
forecast system is designed to provide accurate transport
and dispersion of hazardous releases by utilizing real-time
observations of radial winds from a single Doppler radar
(KLIX – Slidell, Louisiana U.S.A.). The forecast system
comprises WRF 3DVAR (Three Dimensional VARiational)
data assimilation system using WSR-88D (Weather Surveillance Radar – 88 Doppler) radial winds from a single Doppler radar, Weather Research and Forecasting model (WRF),
and the HYSPLIT model. The forecast system assimilates
radial winds from a single WSR-88D Doppler radar into a
regional model, which consequently provides better representation of the atmospheric kinematics during the time
of a gaseous release. The regional model forecast information is then passed to the HYSPLIT model to compute
im-proved trajectories of hazardous gases/particles and
concentration amounts at model grid points. The main
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goal of this research was to calculate forward and backward trajectories of released gases or particles into the
atmosphere using improved atmospheric wind field, to
forecast their concentration amounts, and to quickly provide reliable information to emergency response teams to
reduce the risk to public health, and to mitigate environmental and economic impacts. The forecast system runs
twice a day providing 12 h forecasts of weather conditions
as well as trajectories and dispersions originated from a
single source location. The Local Data Manager program
acquires the latest raw radar data (level-II) from the
WSR-88D KLIX (Slidell, Louisiana) radar station. The
model outer domain with 4 km horizontal grid resolution
covers the northern Gulf of Mexico and the southern U.S.
The inner domain with 1 km resolution centered at the
KLIX station covers 350 km by 350 km square area.
The end-products such as WRF and HYSPLIT forecast
outputs and graphics are made available to the public.

outputs, 3) RUC model, and 4) 3-hourly NARR (32 km
horizontal grid resolution) analyses.

2. MATERIALS AND METHODS
2.1. The WRF model and settings

Figure 1 depicts the domains of RUC (Rapid Update
Cycle) and WRF models. The study area comprises a large
portion of the southeast of the United States as well as
eastern parts of Texas and Oklahoma. The WRF domain 1
(D1) has 381 and 301 grid points in the west-east and
north-south direction at 4 km horizontal spacing. The
domain can resolve mesoscale flow characteristics such as
frontal passages, synoptic scale troughs, and mesoscale
convective systems. An inner domain (D2) with 349 by
349 grid points at 1 km horizontal grid spacing is defined
to capture more detailed kinematic characteristics due to,
for instance, sea-land circulations, thunderstorm outflows,
and nocturnal jets. This fine-resolution domain is centered
at the KLIX Doppler radar site. The WRF Single-Moment
6-class Microphysics Scheme – WSM6- [1] is used for
cloud particles and precipitation droplets. Rapid Radiative
Transfer Model (RRTM) [2] for longwave radiation processes due to water vapor, ozone, CO2, and trace gases,
and Dudhia Scheme [3] for the shortwave radiation are
chosen. Monin-Obukhov surface scheme, the YSU
(Yonsei University) boundary layer scheme [4], and fivelayer surface diffusion scheme are used for boundary
layer, near surface, and sub-surface parameterizations,
respectively. Grell-Devenyi ensemble scheme of cumulus
parameterization is used for D1 while cumulus parameterization for D2 is turned off. The WRF model runs with
the above settings generating two output files: WRF1 for
the domain D1, and WRF2 for the domain D2.
WRF model simulations with and without the assimilation of Doppler radar radial wind observations are performed four times (00, 06, 12, and 18 UTC) on 9 Jan 2009.
Each WRF simulation generated two 12-h forecast files for
the outer and the inner domains (D1 and D2). Particle
trajectories and concentrations are then calculated using:
1) D1 of WRF outputs, 2) D1 and D2 combined WRF

FIGURE 1 - RUC-13 model domain with topography, and WRF
nested domains: D1 and D2 with 4 and 1 km horizontal grid resolution.
2.2. The HYSPLIT model and settings

The HYSPLIT model designed by the Bureau of Meteorology of Australia and the Air Resources Laboratory,
National Oceanic and Atmospheric Administration (ARL/
NOAA, http://www.arl.noaa.gov/) calculates advection, dispersion, and deposition (dry, wet, and radioactive depositions) using either puff or particle approach [5]. The model
has recently been used in various research applications. For
instance, Burley and Ray [6] applied the model to predict
and interpolate ozone concentration in remote locations
and complex terrain. Draxler et al. [7] used the HYSPLIT
model for estimating PM10 air concentrations from dust
storms in Iraq, Kuwait and Saudi Arabia. Draxler [8, 9]
evaluated HYSPLIT dispersion calculations using different model grid resolutions. The author of the above studies stated that calculations using MM5 shorter-period forecasts were superior to the calculations using forecast data
beyond 24 h. Meanwhile small changes in the wind direction for all meteorological model data resulted in dramatic
differences in the dispersion model performance. In order
to assess regional and local air quality it is vital to understand atmospheric conditions especially wind patterns on
the transport of pollutants [10].
The HYSPLIT model in Europe has been used to investigate the long-range source of air transport of PM particles or possible source for water vapor using backward
trajectory calculations [11-15, and many others].
The WRF forecast outputs along with RUC analyses
and RUC forecasts, and NARR (North American Regional
Reanalysis) model outputs were converted into ARL formatted files as inputs for the HYSPLIT simulations. The
HYSPLIT model was run four times (00, 06, 12, and 18
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UTC) on 9 Jan 2009 to obtain trajectory and concentration
forecasts. The HYSPLIT model generated simulations in
two categories: Particle positions (trajectories), and particle
concentrations. Hourly particle positions of the total of
13 trajectories were computed for a given meteorological
model output data. The particles were released at different
heights: 10 m, 50 m, 100 m, 200 m, 300 m, 400 m, 500 m,
600 m, 800 m, 1000 m, 1500 m, 2000 m, and 3000 m over
downtown New Orleans, LA (center of D2 in Fig. 1; 30°N
and -90°W). Particle concentrations at the end of 12-h simulations were integrated from near surface to 100 m height.
Throughout the 12-h simulation period, continuous emission
rate from a single source point at 10 m height (30°N 90°W) was kept constant. Dry or wet deposition options
were turned off. The number of particles released per cycle
which represents the total number of particles that are
released during one release cycle was about 2,500, while
the maximum number of particles which is the maximum
number permitted to be carried at any time during a simulation was chosen to be 10,000. The particle concentrations
were computed based on 3-D particle mode [5]. Both trajectory and dispersion simulations are performed operationally twice a day.

More detailed description of the algorithm can be found
in James and Houze [16].
The 4DD de-aliasing algorithm was tested for several
extreme wind events. The algorithm performed well. Figure 3 illustrates the 4DD performance for the 6 March 2004
case. The WSR-88D Doppler radar sampled an intense,
northeast-southwest oriented squall line with trailing strati-

2.3. Description of the forecast system

The trajectory and dispersion forecast system is briefly
depicted in Fig. 2. The Unidata Local Data Manager
(LDM) system feeds WSR-88D radar observations, and
RUC model analysis and forecasts to the High Performance Computing Collaboratory (HPC2) computer
cluster system at Mississippi State University (MSU). A
Four-dimensional radial wind de-aliasing algorithm
(4DD) is applied to the latest available Doppler radar
observations for the model initialization. The 4DD algorithm was developed by James and Houze [16] for C-band
radars to detect and correct any radial velocity folding. The
algorithm was modified to utilize the WSR-88D, S-Band
Doppler radars. The algorithm performs the following six
steps for each radar beam tilt. In the first two steps, a
reflectivity filter is applied to the radial velocity field to
remove unwanted noises (ground clutter, nonmeteorological targets). The velocity azimuth display
(VAD) analysis of the wind field is used for the correction. For this step, MSU version uses RUC model analysis
vertical wind profiles instead of VAD. The fourth step
adjusts the value of each gate based on Nyquist velocity
intervals such that it agrees with the nearest gate in the
next higher tilt and the nearest gate in the previous volume. In the fifth step, initial values passing successfully
the third step are used to correct the neighboring gates
within the same scan, while keeping the environmental
shear as much as possible. Remaining gates are com-pared
to an average of neighboring gates, and anomalous gates
are deleted in the sixth step. The dealiased radial velocity
is thinned to roughly 4 km spacing, compatible with WRF
model grid. Then it is interpolated onto height, longitude,
and latitude coordinates to make WRF 3DVAR input file.

FIGURE 2 - Schematic of the real-time, operational transportdispersion forecast system.

FIGURE 3 - 4DD de-aliasing algorithm performance sample. a)
WSR-88D KHTX (Hytop, Alabama) radial winds on 06 March 2004
at the lowest elevation angle. b) After the 4DD de-aliasing algorithm

3318

© by PSP Volume 20 – No 12a. 2011

Fresenius Environmental Bulletin

applied. c) WSR-88D KLIX (Slidell, LA) radial winds on 06 June
2009 at 0.5 elevation angle. d) Same as c) but, after the 4DD dealiasing and noise removals.
°

form precipitation moving to the east. Light-shaded (darker)
colors indicate winds toward to (away from) the radar. As
the actual winds exceeded the Nyquist velocity (~27.5 m s-1),
the apparent radar radial velocity becomes ambiguous with
opposite signs which is called velocity folding. For instance, the radar measured positive velocities in the regions
shown with black arrows (Fig. 3a). The real values, on the
other hand, were exceeding -28 m s-1. The white arrows
indicate regions of negative velocities which should be
positive. The velocities in those regions are corrected after
the 4DD algorithm is applied (Fig. 3b). To eliminate groundclutters due to power lines, non-meteorological targets
such as birds, trees, hills, some statistical properties such as
means and variances are used within a 100 gates by 100
gates data window. The noises (Fig. 3c) in radial wind
observations on 6 June 2009 are filtered out by the noiseremoval algorithm (Fig. 3d). The values in the regions 1
and 2 in Fig. 3c comprised +/- 6 m/s and +/- 1 m/s velocities, respectively, and were filtered out. The values in the
region 3 were neglected since they fell within the range of
+/- 0.5 m/s. Quality-controlled radial winds are then written in an ASCII file for WRF-3DVAR input.
WRF-3DVAR assimilation system [17, 18] combines
observations with WRF background fields through the
minimization of a prescribed cost function. RUC model
analysis and hourly forecasts at 20 km horizontal grid
resolution provide the initial and lateral boundary conditions. WRF background error covariances were determined
by the National Meteorological Center (NMC, now known
as the National Centers for Environmental Prediction –
NCEP) method [19] based on WRF forecasts during 130 June 2009 as described by Barker et al. [15] and Skamarock et al. [18]. RUC model analysis and forecasts, in addition to radial velocities were used for the initial and lateral
boundary conditions. The forecast system, WRFDAHYSPLIT, runs twice a day at 00 UTC and 12 UTC,
and predicts positions of released particles and concentration amounts integrated from surface to 100 m height.
Daily forecast products can be viewed and downloaded at
the following web site: www.gri.msstate.edu/research/wrf/,
and at the seven-day archived ftp site at ftp://ftp.erc.
msstate.edu/outgoing/karan/.
2.4. Evaluations of particle trajectories and dispersions

Particle trajectory and concentration experiments using the NARR 3-hourly model analyses are used as control
simulations (CTRL). The input data for the NARR analysis
include all the observations used in NCEP/NCAR Global
Reanalysis project, and additional precipitation data, TOVS1B radiances, profiler data, land surface and moisture data
(for more information, see [20]). HYSPLIT simulation experiment using RUC [21, 22] analyses and hourly forecasts
with 20 km horizontal grid spacing is called EXRUC.
Four different WRF simulations are performed using
RUC 13 km 3-h analysis as the initial and boundary con-

ditions: D1 and D2 without radial wind assimilation (WRF1
and WRF2), D1 and D2 with radial wind assimilation
(RAD1 and RAD2). The HYSPLIT particle and dispersion simulations are named according to the domain and
assimilation usage. EXWRF1 simulations used the WRF
with domain 1. The EXWRF12 HYSPLIT experiment used
two WRF domain (D1 and D2) gridded outputs. If the
HYSPLIT experiments use assimilated WRF gridded outputs, then, the resulted simulation experiments are called
EXRAD1 and EXRAD12 for the domain 1 and the combined domains 1 and 2, respectively.
Trajectory end-point calculations using CTRL, EXRUC,
EXWRF1 and EXWRF12, and EXRAD1 and EXRAD12
were evaluated based on their absolute horizontal and vertical deviations (AHTD and AVTD) and relative horizontal transport deviation (RHTD) described in Baumann and
Stohl [23] and Quintanar et al. [24].
3. RESULTS
A series of experiments (EXRAD1, EXRAD12,
EXWRF1, EXWRF12, EXRUC, and CTRL) were conducted using the 00 UTC, 06 UTC, 12 UTC, and 18 UTC
data sets of 9 January 2009. Synoptic weather maps on this
day (not shown) indicated three notable synoptic scale
features affecting the southeastern U.S.: A stationary front
associated with a low pressure system over Montana was
oriented in the west-east direction along the southern
shores demarcating colder and drier northerly flow from
the moist, southerly and westerly component of the flow,
and separating two high pressure systems. One of the high
pressure systems located over the northern Gulf of Mexico and the other was in the Midwest U.S. The stationary
front later on transformed into a cold front at around 06
UTC and moved toward the south over the northern Gulf
of Mexico and gradually diminished by 12 UTC. A high
pressure system, which was originally located over the
Midwest, occupied the entire east and the southeastern
United States by 18 UTC. Therefore, the particle source
location (downtown New Orleans, LA) first was influenced by southwesterly and northerly flow due to the
cold front, and later southeasterly flow due to the high
pressure system. GOES and MODIS images suggested
little cloud presence in the southeast U.S. Due to the considerable changes in the flow regime and the atmospheric
thermodynamics, trajectory and dispersion experiments in
this paper are focused on two sets of experiments: 00 UTC
and 12 UTC experiments.
3.1. Particle trajectories

The CTRL experiment (Fig. 4a) demonstrates a distinctly
different particle trajectory when compared against the
experiments (Fig. 4b-f). A slight difference in the forecasted frontal position suggested by the CTRL experiment
forced particles to propagate toward the north, northeast
in the lowest 800 m. As mentioned earlier, the east-west
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oriented stationary/cold front was passing through the
New Orleans area at the time of the particle-release. In
general, the 12-h trajectories of the experiments began to
move to the south first, then, turned to the west, and to the
north. The experiments EXRAD1 and EXRAD2 suggest
that the trajectories in the lowest few hundred meters trav-

erse greater distance to the south, then to the west, which
differ from the other experiments. The simulated trajectories for all the experiments did not experience any notable
vertical displacements (not shown). Trajectories released
at 12 UTC (Fig. 4m-r), on the other hand, demonstrated a
better agreement between the experiments and the CTRL.

FIGURE 4 - HYSPLIT trajectory and concentration experiments starting at 00 UTC (a – l) and at 12 UTC (m – x) on 9 Jan 2009. 12-h forward trajectories are released at 30°N-90°W at heights: 10, 100, 300, and 800 m. Concentrations are averaged between 0 m and 100 m
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integrated from 00 UTC 9 Jan 2009 to 12 UTC (g – l) and from 12 UTC 9 Jan 2009 to 00 UTC 10 Jan 2009 (s – x). Circles along the trajectories denote the locations of the particles at 3 h intervals.

FIGURE 4 - continued

After the cold frontal passage, the region experienced southeasterly flow which caused particles to propagate toward the
north. In this case, all trajectories not only traverse greater
distances but also they experience considerable vertical
displacements. The greatest vertical displacements occur

in EXWRF and EXRAD experiments (~ 200 m – 500 m).
Domain-averaged (D1 in Fig. 1) ABL heights using NARR
analyses increased from 400 m at 00 UTC to about 1 km
at 21 UTC (3 pm local time). The ABL turbulent eddies
could have been the reason for the vertical displacements
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since surface analysis didn’t indicate any mesoscale atmospheric phenomena in the region. For the trajectories below
300 m, along-trajectory distances for EXWRF1, EXWRF12,
EXRAD1, and EXRAD12 were greater than those for
EXRUC and CTRL. This feature was also noticed in some
other cases. When compared against NARR 32 km
gridand RUC 20 km grid model outputs, respectively,
increases in horizontal grid resolution (4 km and 1 km
respectively) caused relatively stronger winds at low levels.
Although trajectories of CTRL and all the other experiments
generally agree with each other, the experiments without
exceptions demonstrated that trajectories shifted more toward the west.
The degree of discrepancies among the simulated trajectory end-points can be deduced by examining averaged
particle transport deviations over the course of the simulations beginning at 00 UTC (Fig. 5a-c) and 12 UTC (Fig.
5d-f). Significant large AHTD values for the 00 UTC simulations exist between the CTRL and the experiments (e.g.,
CTRL vs. EXRUC). The larger the RHTDs the greater the
disagreements among the trajectory end-points are. RHTDs
for this simulation (Fig. 5c) show considerably large values
since the ratios between AHTDs and averaged alongtrajectory lengths are extremely big. For instance, RHTD
values between the CTRL and EXRAD12 at the 5th and
the 6th simulation hours indicate that differences in particles’ horizontal positions are about 1.4 times greater than
their attained trajectory lengths. The AHTD and RHTD
values drop notably between EXWRF12 and EXRAD12
(W12-R12). This indicates consistencies among the WRF
model output with and without 3DVAR radar radial wind
assimilations. The existence of the better agreements between the two experiments can be observed via low RHTD
(0.3) values for later simulation hours. Considering all the
trajectories starting at altitudes 10 m to 800 m, variations in
vertical displacement between the CTRL and the experiments stay relatively small.

In contrast to the 00 UTC simulations, the 12 UTC
trajectory simulations (Fig. 5d-f) show better agreements
between the CTRL and the experiments. Considering the
large along-trajectory lengths for the 12 UTC experiments,
AHTDs become relatively small. Therefore, RHTDs (~ 0.20.4) are greatly reduced. Again, the highest degree of agreements occurred between the EXWRF12 and EXRAD12.
Deviations in particles’ vertical positions are similar to
00 UTC simulations, but show increasing trend as simulation time increases (Fig. 5e). The highest deviations occur
between the CTRL (NARR 32 km) and WRF model outputs (4 – 1 km) indicating characteristic differences in
kinematics.
3.2. Particle Concentrations

Figures 4g-l indicate significant structural (size and
shape wise) discrepancies in plume dispersions. CTRLparticles (Fig. 4g) within the lowest 100 m layer dispersed
to the northwest above and beyond the lake of Pontchartrain with relatively less concentrations comparing with
the rest of the experiments. The EXRUC, EXWRF1, and
EXWRF12 experiments show westward propagating high
concentrations, yet EXRAD1 and EXRAD12 dispersed
more to the south occupying greater region and resulted in
highest concentrations in the 100-m layer. Increases in
grid resolution from RUC-20 km to WRF 4 km and 1 km
enlarged the areal coverage of significant concentrations
contours (> 10-13 m-3). In terms of areal coverage (size and
shape), among the 4 km and 1 km resolution experiments,
there were not any notable differences. Meteorological
output data (RAD12 and WRF12, 1 km resolution) with
finer grid resolution did not result in much difference
against their counterparts (RAD1 and WRF1, 4 km resolution). Structurally, dispersions look similar among the
EXWRF1 and EXWRF12, and EXRAD1 and EXRAD12
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FIGURE 5 - Hours in simulations versus absolute horizontal and vertical transport deviations (AHTD, AVTD), and relative horizontal transport
deviations averaged between the 10 m and 800 m layer. Two sets of simulation experiments for 00 UTC (a-c) and 12 UTC (d-f) are labeled as NR, N-W12, N-R12, and W12-R12 to infer CTRL vs. EXRUC, CTRL vs. EXWRF12, CTRL vs. EXRAD12, and EXWRF12 vs. EXRAD12.
TABLE 1 - Paired model statistics of measure of effectiveness (MOE), figure of merit in space (FMS), Correlation coefficients (Rs), and
measured concentrations between the paired models with a factor of 2 and 5 (FA2s and FA5s) for 00, 06, 12, and 18 UTC simulation experiments. Each experiment conducted generates 12 h forecast trajectories and dispersions.

Measure of Effectiveness (MOE) is one of the most
commonly used methods for model validation against the
observed concentrations [25]. It is a two-element array
addressing false negative and positive areas. If the observed and predicted concentration areas, and their overlapping area are denoted as AOB, APR, and AOV, respectively, the false positive area, AFP, is the predicted region
where there are no observed concentrations. In contrast,
the false negative area, AFN, is where the observed concentration exists but the model fails to predict. The first
and the second component of MOE respectively indicate
how small the negative and the positive areas are. Thus, a
perfect MOE score is (1, 1) implying complete “overlap”.
In this study, instead of prediction versus observations,
the experiments were compared against CTRL (analyses)
simulations. Table 1 lists MOE scores for several CTRLexperiment and experiment-experiment pairs. The highest
agreements between the CTRL and the experiments (CTRLRUC, CTRL-WRF1, CTRL-RAD1) occurred for the 12
UTC simulation experiments where values of x and y are
closer to the unity. The paired WRF variants (e.g. WRF1RAD1 and others) yielded a very good agreement among
themselves regardless of the time of the simulations. In
addition to MOE scores, the figures of merit in space
(FMSs) were computed for some fixed concentration levels
(1, 0.5, 0.1, 0.05, 0.01, 0.005 ng m-3). The FMS, like the
MOE, is a measure of the overlapping area between the
model and observation pairs. Higher ratios of overlapping

areas (100 % is being perfect) indicate better agreements
among the predicted-observed paired concentrations. Table 1
shows FMS values in percent for the 1 ng m-3 concentration level. The worst (best) agreements between the CTRL
and the experiments occur for the 00 UTC (12 UTC) simulation. The model pairs among the EXWRF variants indicate strong agreements, since they yielded high MOE and
FMS values regardless of the time of the simulations.
The Linear Pearson correlation coefficients (Rs) were
computed for the concentration values from 0.01 to 10 ng m-3.
The CTRL-experiment pairs yield very low R values for the
00 UTC and 06 UTC simulations. Overall, the highest R
occurred for the 12 UTC and 18 UTC simulations. The
correlation coefficients among the paired EXWRF variants
have considerably high values for all simulations. Global
statistical indices were also computed for non-zero concentrations over the 12-h integrated concentrations. The
table shows the percentage of the measured values with a
factor of 2 and 5 (FA2, FA5) of the measured (analyses
and/or against other model simulations) values for global
analysis to evaluate the congruence between the CTRL
and experiments. In general, they suggest strong agreements between the CTRL and the experiment pairs as FAs
take notably high values for the 12 UTC simulations.
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4. DISCUSSION
The experiments for relatively quiescent synoptic conditions are carried out on 9 Jan 2009. There were two distinct flow regimes during the 24 h period as the low pressure system moves into the central U.S: southwesterly
ahead of and northerly winds behind the east-west oriented front between 00 UTC and 06 UTC, and southeasterly
flow after 12 UTC. Cloud developments and precipitation
along the cold and warm fronts were observed in northern
part of the US. Therefore, southern U.S. was in clear sky
conditions most of the time. Northerly surface flow at 00
UTC turns slightly counter-clockwise with height into
northwesterly flow, whereas, winds veer sharply at low
altitudes at 12 UTC and become westerly flow aloft.
Within the 12 hour time period, surface and ABL winds
undergo 180° directional changes.
4.1. Sounding analyses and wind field

Soundings at 00 UTC and 12 UTC (Fig. 6) indicate
the cold frontal passage associated with the low pressure
system mentioned earlier. Northerly and northwesterly
ABL and upper level flows, respectively, become southerly and more westerly flow. After the frontal passage,
strong easterly and southeasterly flow dominate the entire
ABL. As the high pressure develops over the eastern U.S.,
soundings show very strong southeasterly flow within the
ABL and southwesterly flow just above it. Although, vertical variations in wind speed and direction suggested by all
the meteorological models are in good agreement with the
observed soundings, CTRL trajectories and dispersions,
as shown earlier for 00 UTC simulations, differed significantly. Inspection of the CTRL ABL winds revealed the
fact that its coarser temporal resolution (3 h) during the
frontal passage had an impact on the calculated trajectory
end points and direction of the dispersion. For instance,
wind fields for all models at the lowest atmospheric levels
indicated strong northerly flow component between 00 UTC
and 05 UTC while the CTRL showed this northerly flow
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FIGURE 6 - Vertical variations of winds acquired from NARR analyses, RUC, WRF1, RAD1 model analyses and forecasts, and radiosonde
observations (OBS). a) Analyses at 00 UTC (00 UTC ANA) and forecast soundings valid at 12 UTC on 9 Jan 2009 (00 UTC 12 FH). b) Analyses at 12 UTC on 9 Jan 2009 (12 UTC ANA) and forecast soundings valid at 00 UTC on 10 Jan 2009 (12 UTC 00FH). The model soundings
are derived from the closest grid points to the location of the source point (latitude = 300N longitude = -900). The NWS radiosonde station in
Slidell, LA is located about 40 km to the northeast.

FIGURE 7 - Horizontal wind field at 300 m height for 00 UTC CTRL and EXRAD1 analyses (a-b), for 00 UTC CTRL analysis (c) and 03
UTC EXRAD1 forecast hour (FH) initialized at 00 UTC (d). Wind field vector (arrows) and magnitude (shades) differences between the
EXRAD1 and CTRL for 00 UTC analyses (e) and EXRAD1 03 forecast hour and CTRL 03 analysis (f).

only at 00 UTC (Fig. 7a). The next CTRL analysis (03 UTC)
indicates convergence of southerly and northerly flow
around the source region. In the following 3 hours, the
southerly flow dominates the region while EXRAD1 shows

northeasterly flow in the region (not shown). While both
CTRL and EXRAD1 analyses (32 km and 4 km horizontal
grids, respectively) indicate northerly flow toward the
source region (New Orleans, LA) radar radial velocity
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assimilation experiment, EXRAD1, yields much stronger
northerly flow in the entire east of the U.S. and the northern Gulf of Mexico. EXRAD1 3-h forecast and CTRL-03
UTC analysis clearly display two distinct wind fields: Even
though both model wind fields indicate southeasterly flow

to the source region, very strong northerly flow in EXRAD1
prevails over the source region and its surrounding area.
Careful examination of the wind field at different heights
within the ABL portrayed about the same feature (not
shown). The differences in wind fields between the

FIGURE 8 - Time series of ABL heights for NARR analyses, RUC, WRF1, and RAD1 model forecasts. For the first and the second 12 h
periods (forecast hours), the models are initialized at 00 UTC and 12 UTC, respectively.

EXRAD1 and CTRL (EXRAD1 minus CTRL) at 00 UTC
and 03 UTC (Fig. 7e-f) show dominant northerly wind
differences to the region as the wind speed values exceed
4-5 m s-1. The differences in temporal resolutions between
the CTRL and the other experiments (CTRL vs. EXRAD1,
for instance) had a great influence on resulted trajectory
end points and dispersion differences as shown in Fig. 4.
4.2. ABL evolution and characteristics

Dispersion characteristics are directly influenced by
the model physics (ABL parameterization, land-surface interaction, surface layer parameterization and other atmospheric processes that affect the sensible heat fluxes within
the ABL). Stability, strength of the ABL inversion, and the
height of the mixing layer control the vertical mixing and
propagation of the air pollutants in vertical direction.
Time series of the ABL evolution for NARR, RUC, RAD1,
and WRF1 (Fig. 8) indicate strongly stable shallow ABL in
12-13 h time period (from 00 UTC to 13 UTC on 9 Jan
2009). The ABL-height variations for the experiments show
relatively higher ABL-heights during this time period. The
higher mixing length allows pollutant clouds to mix vertically that leads less integrated pollutants in the layer between the surface and 100 m layer (Fig. 4g-l versus Fig. 4sx). During the afternoon hours, CTRL analyses (NARR) indicate very high ABL mixing lengths up to 1100 m, which is
considerably high for a winter time, maritime ABL. The
experiments, on the other hand, indicate less ABL-heights

during the afternoon hours. The concentration level of 0.1 ng
m-3 looks similar (Fig 5s-x), while CTRL 1 ng m-3 concentration occupied larger areas to the northwest of the lake of
Pontchartrain. EXWRF1 and EXRAD1 ABL-heights stay
close to one another around 500-600 m in the afternoon.
The EXRAD12 and EXWRF12 ABL-heights (now shown
here for the sake of clarity), also yielded similar time
variation as EXWRF1-EXRAD1 pair. The only difference
was that their ABL-heights were less than the ABL-heights
of EXWR1 and EXRAD1 experiments. Therefore, Figure 8
indicates three distinctly different height variations: CTRL,
RUC, and the group of EXWRF1 and EXRAD1 which
lead to three majorly different dispersion characteristics in
Fig. 4: CTRL in Fig. 4g and 4s, EXRUC in Fig. 4h and 4t,
and rest of the experiments in Fig.4i-l and Fig.4u-x.
Therefore, the height of the vertical mixing layer dictated
by the model physics and spatial grid resolution has the
greatest impact on the amount of the concentrations.
Averaged CTRL-ABL heights over the domain D2
(Fig. 4) were higher than the ABL-heights indicated by
the rest of the experiments. In conclusion, CTRL
(NARR-32 km horizontal grid) analyses yielded higher
mixing length that generated more efficient mixing in the
vertical and less concentrations in the low levels in general.
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5. CONCLUSION
The operational WRFDA-HYSPLIT forecast system
has been implemented to provide 12-h forecasts of the
trajectories and dispersions of particles twice a day over
the northern Gulf of Mexico and southern U.S. Daily
weather conditions and 12-h WRF forecasts using realtime Doppler radar radial winds, and 12-h trajectory and
dispersion estimates are available at http://gri.msstate.edu/
research/wrf/ or ftp://ftp.erc.msstate.edu/outgoing/karan/.
The main reason for such an attempt was the sensitivity of
the transport and dispersion calculations on spatial and
temporal resolution of ABL kinematics and its thermodynamic characteristics. Since more accurate, high temporal
and spatial resolution ABL winds can be obtained through
the assimilation of Doppler radar radial winds it is possible to improve particle transport and dispersion estimates
in space and time. As pointed out earlier, small changes in
the wind direction especially within the ABL for the meteorological model data will result in significant differences in dispersion model performances. Because of high
temporal and spatial resolution, NWS Doppler radars existing over 150 in nationwide in the U.S. can provide unique
data source for atmospheric transport and dispersion models. The current WRFDA-HYSPLIT forecast system has
rooms for improvements. The system will be enhanced in
the near future by including additional Doppler radars
along the northern coasts of the Gulf of Mexico. The
radar reflectivity can also be used to upgrade the current
forecast system.
A unique case study was presented to portray discrepancies among the estimated trajectory and dispersion
simulations. Since there was a cold frontal passage at
around 00 UTC on this day, coarser temporal resolution
meteorological data sets used in CTRL experiment yielded
very different trajectory and dispersion concentrations
comparing with the rest of the experiments. The 12 UTC
simulation experiment, on the other hand, took place as a
high pressure system settled in over the eastern U.S. and
the associated southerly winds dominated the region. This
synoptic setting persisted for the next 12 hours. The resulted trajectory and dispersions, therefore, agreed well between the CTRL and the experiments. The AHTD,
RHTD, and AVTD statistics showed that the large differences were greatly reduced for the 12 UTC simulation
experiments. These values stayed relatively small between
the experiments (e.g., EXWRF12 versus EXRAD12). The
RHTD even gradually became less and less as simulation
hours increased. Overall, the differences in temporal resolution between the CTRL (3 hourly) and the rest of the
experiments (hourly) generated much of the difference in
forecasted trajectories.
ABL mixing heights were highly influenced by horizontal resolution among the different meteorological
models. As the mixing height and low-level wind speeds
increased the concentrations within the lowest 100 m

layer decreased dramatically. Several statistical parameters such as MOE, FMS, FAs, and Rs were computed for
four simulation experiments to evaluate differences in
dispersions. Since the wind field within the study region
was more homogeneous at 12 UTC, the experiments resulted in much higher values of these parameters indicating good agreements between the CTRL and experiments
and between the each experiment pair. The meteorological data sets with finer grid resolution (e.g., the combined
domains with 4 km and 1 km grid spacing - EXWRF12
and EXRAD12) resulted in lower ABL heights (not
shown) than their counterpart models with 4 km horizontal resolution (EXWRF1 and EXRAD1). The time series
of ABL heights acquired from EXWRF12 and EXRAD12
were similar during this time period. The same conclusion
was valid for the EXWRF1 and EXRAD1 pair. They both
yielded about the same ABL height variations in time.
The experiments EXWRF1, EXWRF12, EXRAD1, and
EXRAD12 all yielded higher ABL heights during late
evening and early morning, and much less ABL heights in
the afternoon. The experiment EXRUC, relative to the
CTRL, generated much lower ABL heights during the afternoon hours. This produced much narrower and less 0-100 m
integrated concentrations than CTRL concentrations.
Larger statistics about the parameters (AHTD, RHTD,
AVTD, MOE, FMS, FA, and R) are needed to draw more
comprehensive conclusions about the behavior of the forecasted trajectories and dispersions among the different
meteorological output data sets. The author of this paper
intends to include more cases to analyze the statistical
parameters and evaluate the model performance. The upcoming article will explore the differences in forecasted
trajectories and dispersions by examining total of 32 simulation experiments that took place in January and June of
2009. Validations of the dispersion simulations using nearby pollutant monitoring values will be of interest in the
coming study.
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ABSTRACT
We surveyed four plots at different groundwater depths
in selected transects of the Tarim River of China. Water
status, photosynthetic gas exchange, chlorophyll fluorescence, stem sap flow, chlorophyll content of Populus
euphratica were analyzed for the effects imposed by the
decline of groundwater. Water availability decreased
with increasing groundwater depth, along with leaf water
potential (LWP), net photosynthetic rate (PN), water use
efficiency (WUE), photochemical quenching (qP) of P.
euphratica and photochemical quantum efficiency of PSII
in the light (ΦPSII). Additionally, higher transpiration rate (E),
non-photochemical quenching (NPQ) and a greater yield of
dissipation by down-regulation (Y(NPQ)) of P. euphratica
were observed with increasing groundwater depth. These
changes suggested that declined groundwater level could
significant decrease the photosynthetic ability and integrative physiological activity of P. euphratica. Although P.
euphratica could improve on its ability to uptake water,
maintain normal water content by osmotic adjustment, and
increase stomatal conductance and transpiration, such a survival strategy of high water-consumption but low wateruse efficiency might accelerate the decline of the groundwater level due to positive feedback effects. This may
result in a more serious survival crisis of P. euphratica at
the lower reaches of the Tarim River.

KEYWORDS: water potential; net photosynthetic rate; chlorophyll
fluorescence; stem sap flow; groundwater level

1. INTRODUCTION
In formidable natural conditions, natural plants in arid
and hyper-arid regions usually suffer various environmental
stresses [1]. In an arid environment, water is a primary limit* Corresponding author

ing factor to plant growth, and the spatio-temporal dynamics and eco-physiological characteristic of vegetation are
therefore largely determined by water availability [2-4]. The
survival conditions of natural vegetation in arid regions have
attracted widespread attention since many of the ecosystems in the arid regions are faced with increasing risk of
degeneration under various factors, such as global warming, increased frequency of extreme weather events, and
overexploitation of water and land resources.
P. euphratica is a woody species classified by Salicaceae, Populus. It is one of the endangered species among
hundreds of rare vegetation identified by the Food and
Agriculture Organization of the United Nations (FAO)
and China. Because of its phreatophytic habit and high
tolerances to drought, temperatures and saline-alkali soils,
P. euphratica, as a predominant species in desert riparian
forest ecosystems are found in arid and semi-arid deserts
of Mid-Asia [5, 6]. P. euphratica plays an important role
of maintaining the ecosystem function and protecting oases
from sand storms [7, 8]. The natural forest of P. euphratica
in the Tarim River basin, Xinjiang, China, is one of the largest distribution area of the world. A desert riparian forest
is located in the lower reaches of the Tarim River between
the Taklamakan Desert and the Kuruk Desert known as
“Green Corridor”. However, P. euphratica communities in
the lower reaches of the Tarim River have severely degenerated in the last five decades, since the stream-flow has
been disrupted for about forty years and groundwater depths
have increased sharply. Now, the occasional and limited
river surface flow primarily relies on artificially ecological
water conveyances. Much attention to the survival conditions of P. euphratica in the Tarim basin have been shown
regarding its growth, water relations [1,5,9], water usage
[8], photosynthetic gas exchange [1,10] and some ecophysiological responses of P. euphratica to the environment
[11, 12]. Some studies showed an absence of physiologically significant water stress of P. euphratica at up to 24 m
groundwater depth [5]. However, it has been shown that P.
euphratica can suffer drought stress with a groundwater
depth of > 4.5 m [13]. Most of the studies about P. eu-
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phratica in this region mainly focused on one of the physiological processes or to limited characteristics. Therefore, additional focus is needed for integrative analysis of
physiological activity and water-usage strategy by P. euphratica that affects the decline in groundwater levels.
Comprehensive analysis of the ecophysiological responses
of P. euphratica is still needed to gain a better understanding of the fate of local vegetation in response to the
changing environment. In this study, the effects on water
status, photosynthesis, and chlorophyll content of P. euphratica under different groundwater depths were investigated.
The aim of this study was to obtain a better understanding
about the effects of the declined groundwater level on
integrative physiological activity and survival strategy of
P. euphratica. This may provide useful information to
protect and restore P. euphratica communities in the lower
reaches of the Tarim River.
2. MATERIALS AND METHODS
2.1 Study area

The Tarim River Basin is the largest inland river basin in China, and the main stream spans 1321 km. The
study areas are located in the lower reaches of the Tarim
River (Lat. 39°8′—41°45′N; Long. 85°42′—89°17′E; Fig.1)
between the Taklamakan and the Kuruk Deserts. The selected survey sections, Yahepu (B) and Kardayi (E), are located in the upper and middle sector of the lower reaches
of the Tarim River. The study area has a desert climate
that is hyper-arid with fragile and unstable ecosystems. The
annual precipitation varied at a range of 17.4~42.0 mm and
the potential evaporation is greater than 2700 mm in the
lower reaches of the Tarim River, where the weather is
predominantly dry and windy. The total annual solar radiation varied from 5692~6360 MJ·m-2 with a 2780~2980

h cumulative sunlight. Annual cumulative temperature
(>10 ℃) ranged from 4040 to 4300 ℃ and the average
diurnal temperature ranged from 13~17 ℃ [7]. Since the
1970s, the stream flow at the lower reaches (321 km from
Qiala station to Taitema Lake) was completely cut off
leading to a significant decline of groundwater table and
degeneration of the desert riparian forest ecosystem in
the lower reaches of the Tarim River. Large expanses of
the P. euphratica communities have remarkably degenerated, and presented an asymmetric distribution like a strip or
patch. At present, most of the desert riparian forest vegetation (include P. euphratica) primarily relied on groundwater (soil water) for survival and growth [14].
2.2 Methods
2.2.1 Experimental design and selection of survey transects

Taking into account the distribution characteristics and
survival conditions of P. euphratica, we designed and conducted the experiment that investigates the physiological
performance of P. euphratica at different groundwater depth.
The shallow groundwater alongside the river is mainly fed
by stream-flow water in the lower reaches of the Tarim
River [15]. Groundwater depth is correlated with the increasing distance from the river by the effects of the dried
stream flow and ecological water conveyances [13]. Study
showed that P. euphratica has suffered drought stresses
with groundwater depths >4.5 m [13]. We selected two
transects, Yahepu (B) and Kardayi (E) that are locate in the
upper and middle sector, respectively, of the lower reaches
of the Tarim River. Two survey plots with groundwater
depth of > 4 m at each section were selected (Table 1). P.
euphratica within 20 m of a nearby monitoring well were
selected as survey samplings to investigate several physiological indices.

FIGURE 1 - Location of two survey sections in the Tarim River (
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TABLE 1 - The distance from river course of selected survey plots and groundwater depth
Selected section
Yahapu（B）
Kardayi（E）

Distance from river
course（m）
50
100
550
850

Selected survey plots
B2
B3
E4
E5

2.2.2 Plant material

P. euphratica used in this study is a temperate deciduous arbor with open canopy and C3 photosynthetic type.
Both monoecism and dioecy are found in P. euphra-tica,
which have dual reproductive strategies including seminal
propagation and vegetative reproduction. P. euphratica is
a diversifoliate arbor. The seedlings leaves and youngleaves that grow at the lower canopy of adult P. euphratica are lanceolate-like as willow leaves. The grown
leaves that grow at the middle and upper canopies of adult
P. euphratica either are broad-ovate-like as poplar leaves
or contain serrated edges similar to maple or ginkgo leaves.
P. euphratica leaves sprout in May until November, and
months of June to August are considered the season for
seed production. All trees (P. euphratica) used in this study
are about fifty years old, 8~10 m in height, healthy and free
of infections, and the sampling of leaves are grown and
well-lit leaves.
2.2.3 Data collection and analysis

The experiments were conducted during the most sweltering and dry season from July 14th to 18th of 2009,
which is the season for seed production, as well as the
time-frame by which P. euphratica is sensitive to environmental stress. Data from each survey plot based on physiological indexes were synchronously surveyed. SPAC ecoenvironment monitoring system and digital micro-weather
station (Australia, ICT) were used to obtain environmental
meteorological information, such as air-temperature (T) and
relative humidity (RH). The meteorological data were continuously measured for 48 h at 10 min intervals on each
survey section. Saturation vapor pressure es (t) and saturation vapor pressure deficit (VPD) at specific times is calculated, respectively, using the following empirical formulas:

⎛ b × T ⎞
es (t ) = a × exp⎜
⎟
⎝ T + c ⎠
VPD = es (t )× (1 − RH )

(1)
(2)

Where constant “a”, “b” and “c” amount respectively
to 0.611 kPa, 17.502 and 240.97 °С [16]; T is centigrade
temperature of specific time.
Soil water content (SWC) of 0~200 cm in each survey
plot was obtained by a drying method, using aluminum
box samples containing thirteen specific soil layers from
four soil investigation sections. The samples were dried
for 24 h in an oven under 105 °С after weighing.

Groundwater
depth（m）
4.91
6.45
6.36
8.44

Five trees were selected as sampling at each survey
plot to investigate various physiological indexes during
clear days. Fifty grown leaves from five trees with a similar sun-facing position were selected to obtain the SPAD
values of chlorophyll content at 12:00 with a Chlorophyll
Meter (SPAD-502, Japan, Minolta). The SPAD value of
the chlorophyll content of each leaf was based on the
average value of three replications at different parts of
each selected leaf.
The leaf water potential (LWP) of P. euphratica was
obtained by a Dew Point Microvolt-meter (HR-33, USA,
Wescor) from 8:00—20:00 at 2 h intervals. Healthy and
grown leaves from the well-lit portion of the canopy of
selected P. euphratica were picked, immediately sliced at
the center, and placed in the C-52 sample chamber of the
Dew Point Microvolt-meter to obtain the µv value. The
leaf water potential was calculated by µv / -7.5.
Stem sap flow was measured from 8:00—20:00 at 10
min intervals with a Heat- Pulse Sap Flow Meter (SF-300,
Australia, Greenspan). Thirty healthy and grown leaves
from the well-lit portion of the canopy of five trees were
chosen during midday at each survey plot to get the leaf
relative water content (RWC). Samplings of leaves were
immersed in distilled water for 24 hours after calculating
the fresh weight (Wf). This was followed by drying for
48 h in an oven under 70 °С to get dry weight (Wd) after
weighing saturation fresh-weight (Wd). The leaf relative
water content was calculated by the following formula:

RWC =

(Wf
(

− Wd )
× 100
Wt − Wd )

(3)

Photosynthetic gas exchange parameters were measured on unclouded days with a portable gas exchange
system (Li -6400, USA, LiCOR). Measures were taken
from 8:00—20:00 at 2 h intervals. Well-lit, healthy and
mature (grown) leaves from the middle part of the canopy
were closed in a chamber (2×3cm) which was held perpendicularly to the radiation direction. Net photosynthetic
rate (PN), transpiration rate (E), stomatal conductance (gs),
and intercellular CO2 concentrations (Ci) were recorded by
the machine, and water use efficiency (WUE) was calculated from the ratio PN / E. Measurements were repeated at
least six times.
Chlorophyll fluorescence was measured with a portable modulated fluorometer (Mini-Pam, Germany, Walz).
Red light (intensity < 0.1µmol·m-2·s-1) was taken as
measure-light, and saturation light pulse of 0.8 s duration
(intensity > 10000µmol·m-2·s-1) was supplied by the inner
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haloid-lamp. Measures of chlorophyll fluorescence of
healthy and mature leaves from the well-lit part of the
canopy were taken on clear days from 8:00—20:00 at 2 h
intervals to obtain actual fluorescence of specific time (Fs)
and maximum fluorescence in the light (Fm′). Every measurement had ten replications. The initial fluorescence (Fo)
and maximum fluorescence in the dark (Fm) were measured
before dawn and midday after shading with a black cloth
for 20 min. The initial fluorescence in the light (Fo′), actual
photochemical quantum efficiency of PSII in the light
(ΦPSII), electron transport rate (ETR), maximum photochemical efficiency of PSII (Fv / Fm), photochemical quenching index (qP), non-photochemical quenching index (NPQ)
and the yield for dissipation by down-regulation (Y(NPQ))
were calculated using the following formula, respectively:

Fo' =

Fo
⎛ Fv
⎞
F
⎜ F + o ' ⎟
Fm ⎠
m
⎝

φPSII =

(F

'
m

− Fs
Fm'

(F
ETR =

)
)

'
m

Fv

Fm

=

[17]

− Fs
× PAR × 0.5 × 0.84
Fm'

(Fm − Fo )

the survey plots are sandy, clay-loam and clay. The SWC
of the sandy soil and clay-loam at the survey plots was less
than 5% and 15%, respectively (Fig.2). Lower soil water
content at 0-200 cm soil layer was observed, and the difference of SWC between the surveys plots primarily resulted
from the water-holding capacity of the various soil.

(4)

(5)
FIGURE 2 - The upper-layer soil water content of survey plots. B2,
B3, E4, E5 represent survey plots under different groundwater
depths.

(6)

(7)

3.2 Water status of P. Euphratica under different groundwater
depths
3.2.1 Leaf water potential of P. euphratica

Further analysis showed that the pre-dawn and daily
mean value of leaf water potential (LWP) of P. euphratica
decreased with increasing groundwater depth, and a sigF ' − Fs
nificant negative correlation between groundwater depth
(8)
qP = m'
Fm − Fo'
and LWP (R=-0.997, P<0.05, Fig.3) was observed. From
B2 to E4, there was no significant difference of pre-dawn
Fm
(9) LWP in P. euphratica (P>0.05). The LWP remarkably deNPQ =
− 1;
creased while groundwater depth increased more than 8 m.
Fm'
In E5 trees, the pre-dawn LWP and daily mean value de[18];(10)
creased by 68.73% and 20.41%, respectively, compared
1
Y( NPQ ) = 1 − φPSII −
'
to the E4 trees. P. euphratica LWP of all survey plots
⎛
⎞
⎛
F ⎞ F
⎜⎜ NPQ + 1 + ⎜ qP × o ⎟ × ⎛⎜ m − 1⎞⎟ ⎟⎟
decreased starting at 8:00 that is associated with an inF
F
o
⎠ ⎠
⎝
⎠ ⎝
⎝
crease in Photosynthetically active radiation (PAR), temStatistic analysis was conducted using SPSS 13.0. perature of air (T) and vapor pressure deficit (VPD), and
One-way ANOVA, LSD multi-compare, and the Pearson gradually increased at 16:00—18:00. Although there are
correlation coefficient were used to measure the differences fluctuations during the various time periods, there is an
between survey plots and correlation of factors.
observed correlation between decreasing LWP and increasing groundwater depth.

(
(

Fm

)
)

3.2.2 Relative water content of P. euphratica leaves

3. RESULTS
3.1 Soil water content of survey plots with different groundwater depths

We investigated the soil water content (SWC) of 0200 cm from selected survey plots at different groundwater depths. There was a significant difference (P<0.05) of
SWC at 200 cm below ground between the survey plots,
but the SWC of the survey plots was not significantly
correlated with groundwater depth (P>0.05). The soils of

The relative water content (RWC) of P. euphratica at
all survey sections (Yahepu and Kardayi) decreased with
declining groundwater level, but was not significant
(P>0.05, Fig.4). The RWC of P. euphratica leaves maintained an average range of 80.38%~86.19%, and the RWC
of B3 and E5 trees leaves decreased by 6.47% and 6.42%,
respectively, compared to B2 and E4 trees. No significant
differences between survey sections and survey plots
were observed (P>0.05).
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FIGURE 3 - The leaf water potential of P. euphratica under different groundwater depths.
(a): the predawn values and daily mean of leaf water potential of P. euphratica under different groundwater depths; (b): daily variation of
leaf water potential of P. euphratica under different groundwater depths; B2, B3, E4, E5 represent survey plots under different groundwater
depths; different lowercase letters represent significant difference between survey plots (P<0.05); the error bars represent standard error.

3.2.3 Stem sap flow of P. euphratica

FIGURE 4 - The leaf relative water content (RWC) of P. euphratica
under different groundwater depths. B2, B3, E4, E5 represent
survey plots under different groundwater depths; same lowercase
letters represent no significant difference between survey plots.

We investigated the diurnal stem sap flow rate of P.
euphratica under different groundwater depths and observed a significant difference in the diurnal change of
stem sap flow rate (Fig.5). Little diurnal changes were seen
in the stem sap flow rate of P. euphratica at B3 and E5
under relatively deep groundwater depths, which mildly
increased after 8:00, maintained a steady state from 10:00
—18:00, and descended after 19:00. In B2 trees, the stem
sap flow rate declined from 8:00 that was associated with
increased PAR, T and VPD, and increased after reaching
bottom at 14:00. The stem sap flow rate of P. euphratica
at E4 increased at 8:00, maintained a relative high flowrate state from 10:00—18:00, and rapidly decreased after
19:00. Though there are differences in the stem sap flow
rate and diurnal changes of P. euphratica between the survey plots, the phenomenon of greater stem sap flow rate
in trees at relatively shallow groundwater depth can be
found.
3.3 Photosynthetic characteristic of P. euphratica at different
groundwater depths
3.3.1 Photosynthetic gas exchange of P. euphratica

FIGURE 5 - The characteristic of stem sap flow of P. euphratica
under different groundwater depths. B2, B3, E4, E5 represent
survey plots under different groundwater depths

Our results thus far have showed that the declining
groundwater level can affect the photosynthetic gas exchange of P. euphratica. In Yahepu, two peak style diurnal variations were observed in PN and gs of P. euphratica
at two survey plots (B2, B3) during the noon, which
demonstrated an obvious noon-break phenomenon. Significant differences (P<0.05) between B2 and B3 were observed for the PN, gs, Ci and WUE of P. euphratica. The
PN of P. euphratica at B3 decreased by 25.96% with increasing groundwater depth compared to B2 trees (Fig.6 a).
However, P. euphratica at B3 exhibited a higher gs and Ci
at relatively deeper groundwater depths (Fig.6 b, c). With
increasing PAR, T and VPD, the gs and Ci of B3 trees remarkably increased by 21.40% and 13.82%, respectively,
compared to B2 trees. The differences of the transpiration
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rate (E) of P. euphratica between B2 and B3 was not
significant (P>0.05), but the E of B3 trees increased by
10.86% compared to B2 trees. B3 trees have lowered
WUE than B2 trees due to their decreased PN, but exhibited a higher E. The daily mean WUE value of B3 trees decreased by 35.39% compared to B2 trees. A similar photosynthetic gas exchange characteristics was found at survey plots of Kardayi (E4, E5). P. euphratica at E4 have
higher PN and WUE that increased by 9.81% and 26.40%,
respectively, compared to E5 trees. E5 trees have a higher
gs, Ci and E that increased by 9.17%, 5.61% and 6.05%,
respectively, compared to E4 trees. However, the differences between E4 and E5 was not significant (P>0.05).

3.3.2 Chlorophyll fluorescence of P. euphratica

The declining groundwater level also affected energy
transition and metabolism of P. euphratica during photosynthesis, as well as chlorophyll fluorescence. Between
8:00 —10:00, increased PAR was associated with a decrease and increase of ΦPSII and ETR, respectively, of P.
euphratica at B2 and B3 (Fig.7 a, b). From 10:00 to 18:00,
ΦPSII and ETR remained a relatively stable state when PAR
maintained a high and stable state. Increased ΦPSII occurred
when ETR declined, which was associated with a decrease
in PAR after 18:00. In groundwater, we also observed that
the ΦPSII and ETR of B2 trees increased by 21.43% and
17.08%, respectively, compared to B3 trees during the
periods of high PAR. The differences of ΦPSII and ETR
between B2 and B3 were not significant (P>0.05) when
PAR was at low levels.

FIGURE 6 - Diurnal change of photosynthetic gas exchange parameters of P. euphratica under different groundwater depths. B2, B3, E4, E5
represent survey plots under different groundwater depths; Pn: net photosynthetic rate; gs: stomatal conductance; Ci: intercellular CO2
concentration; E: transpiration rate; WUE: water use efficiency; PAR: photosynthetic active radiation; T: temperature of air; VPD: vapor
pressure deficit of air; the error bars represent standard error.
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FIGURE 7 - Diurnal change of chlorophyll fluorescence parameters of P. euphratica under different groundwater depths. B2, B3, E4, E5
represent survey plots under different groundwater depths; ΦPSII: Actual photochemical efficiency of PSII in the light; ETR: Electron transportation rate; qP: Photochemical quenching; NPQ: Non-photochemical quenching; Y (NPQ): The yield for dissipation by down-regulation;
PAR: Photosynthetic active radiation; T: Temperature of air; VPD: Vapor press deficit of air; the error bars represent standard error.

Our results showed that photochemical quenching
(qP) significantly correlated with ΦPSII (P<0.01), and qP
of P. euphratica at B2 increased by 16.70% compared to
B3 trees. Non-photochemical quenching (NPQ) and the
yield for dissipation by down-regulation (Y(NPQ)) is often
used as an indicator of excess excitation energy dissipation and excess extent of excitation energy absorbed by
PSII antenna complexes [19, 20]. From 8:00, increased
NPQ and Y(NPQ) of P. euphratica with elevated PAR were
observed at B2 and B3, and high value state was sustained until 18:00. The P. euphratica at B2 showed
lower NPQ and Y(NPQ), and which daily mean values decreased by 35.39% and 24.59%, respectively, compared
to B3 trees (Fig.7 d, e).

Similar results were found in the trees of Kardayi
(E4, E5). The responses of photochemical performances
of P. euphratica at Kardayi to environmental factors were
more sensitive that can be attributed to a deeper groundwater depth. Significant differences (p<0.01) of Φ PSII,
ETR, qP, NPQ, Y(NPQ) in P. euphratica between E4 and E5
can be found with variational PAR, and the differences are
greater than those trees at the Yahepu section (Fig.7 g, h,
i, j, k). The daily mean values of ΦPSII, ETR and qP of P.
euphratica at E4 increased by 22.75%, 25.13% and
14.43%, respectively, compared to E5 trees. In addition,
the NPQ, Y(NPQ) decreased on average by 70.15% and
46.46%, respectively, compared to E5 trees.
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3.4 Chlorophyll content of P. euphratica leaves under different groundwater depth

We investigated the SPAD values of chlorophyll content of P. euphratica leaves under different groundwater
depths. There was a significant decrease (P<0.05, Fig.8)
in each section of SPAD values of chlorophyll content
with increasing groundwater depth. The chlorophyll leaf
content as shown by SPAD values of P. euphratica at B2
was 40.00±3.11, but only 26.78±4.15 for B3 trees. The
chlorophyll content of B3 trees also decreased by 49.37%
compared to B2 trees with increased groundwater depth
(4.91 m to 6.45 m). In the Kardayi section, the SPAD values
of the chlorophyll leaf content of P. euphratica at E4
were 43.75±5.05, but 28.01±3.05 for E5 trees. There were
no significant differences between the two sections.

FIGURE 8 - SPAD values of chlorophyll content of P. euphratica
under different groundwater depths. B2, B3, E4, E5 represent
survey plots under different groundwater depths; different lowercase letters represent significant difference between survey plots
(P<0.05); the error bars represent standard error.

4. DISCUSSION
In this study, we demonstrate the physiological responses of P. euphratica in hyper-arid regions to increased
groundwater depth. Generally, there are three primary
natural sources of water for plants in the arid regions: surface flow, precipitation and groundwater [13, 21]. However, the supply from the surface flow generally is very limited, both spatially and temporally, and the precipitation
in hyper-arid regions (such as the lower reaches of the
Tarim River) has little ecological effects. As a result,
groundwater is a critical water source and is an important
factor for the succession of plants existing in arid regions
[8, 22-24]. Though the seasonal floods, now and then,
can supply additional water sources for vegetations in
some arid regions [5, 25], natural river surface flow has
been stopped for about forty years at the lower reaches of
the Tarim River. Since the impact of human activities
such as irrigation and reservoir construction, it has been
challenging for the surface flow to reach the lower reaches of the Tarim River even during flood season. This led
to a high dependency of perennial vegetation on

groundwater, and resulted in the decline of groundwater
level. The groundwater has become the only water source
for perennial vegetations of desert riparian forests in the
lower reaches of the Tarim River [7, 14]. However, the
water availability is decreasing with increasing groundwater depth. This resulted in sensitive responses of P.
euphratica to variational groundwater levels.
Because of the dry desert climate, an annual precipitation of 17.4~42.0 mm and a completely dried stream
flow since the 1970s, the SWC of the desert riparian forest
eco-systems in the lower reaches of the Tarim River is
primarily sustained by groundwater. Studies have showed
that most roots of P. euphratica in the desert riparian forest
are mainly distributed in the 0-150 cm soil layer [26].
Therefore, the SWC of upper soil layer is important for P.
euphratica. Some studies demonstrated that there is a relationship between soil water content and groundwater depth
[14, 27]. In our experiment, the SWC at 0-200 cm soil layer
of survey plots was low and had no significant correlation
with groundwater depth (P>0.05). This might indicate
that groundwater has small effects on SWC of upper
soil layer when the groundwater level constantly declines
more than 4 m. The decreased hydraulic contact between
the upper soil and groundwater may attribute to decreased
groundwater level. As a result, water availability may
also decline with increasing groundwater depth. Water
uptake by P. euphratica became more difficult, and adult
P. euphratica may have to primarily rely on deep-seated
soil-water or groundwater.
There are two main strategies for plants in arid regions to cope with water stress, reducing excessive water
losing and increasing the ability of water uptake. These
include stomatal control, osmotic regulation and roots which
are in contact with groundwater. Plant leaves generally
adapt more effectively to variations in the environment
than the stems and roots [28, 29]. We found a significant
negative correlation between the leaf water potential of P.
euphratica and groundwater depth indicating that drought
stress is imposed on P. euphratica with increasing groundwater depth. The decreasing leaf water potential is a response to drought, which formed during the adaptation
process of P. euphratica. Usually, lower plant water potential implies a higher water uptake capacity, which can be
used to determine the plant drought status as well as its
capacity to drought resistance [30]. When water availability declines with increasing groundwater depth, a decreased
leaf water potential of P. euphratica can assist to maintain
the grads of water potential from soil to plant. This may
improve the water uptake ability of P. euphratica. P. euphratica leaves could also maintain optimum values of
RWC. This suggested that P. euphratica at 4-8 m groundwater depth are able to maintain the normal water content of leaf tissue by adjusting and adapting. Adaptation
mechanisms may include the change of physiological
process and morphological structure. Reduction of stomatal
conductance could help to reduce water-loss, which is a
primary physiological response of vegetations in arid
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regions to optimize water-use [31, 32]. However, we found
that stomatal control did not always play an important
role in P. euphratica during drought stress resulting from
increasing groundwater depth. This demonstrated again
that stomatal control is an early response to a water deficit [33, 34]. Another adaptation mechanism may involve
osmotic adjustment that could help to improve water
uptake ability by maintaining the grads of water potential
from soil to plants during decreasing water availability
and increasing drought stress. Additionally, the morphological structures of roots, stems, and leaves in response to droughts is another adaptation strategy. Because
the fractional roots of P. euphratica in hyper-arid regions
are in deep-seated soils, the effects of drought stress on
the roots may be less than the shoots. This might result in
a larger decrease of the transpiration rate than water uptake. This response has been reported to contribute to
maintaining plant water content despite soil drying [35].
Although studies showed that more photosynthetic carbon
gains would be used to produce additional biomass at
below-ground to retain normal water transportation due to
increased xylem transport distance at greater groundwater
depth [36, 37], the stem sap flow rate of plants also remarkably decreased during periods of sustained drought
stress [38], which might attribute to increasing hydraulic
transportation resistance. Our experiments also showed that
the stem sap flow rate of P. euphratica significantly declined with decreasing water availability caused by increasing groundwater depth in the lower reaches of the
Tarim River. This change suggested that water uptake of
P. euphratica are more difficult with increasing groundwater depth due to increasing hydraulic transportation
resistance. All of these factors may contribute to a more
severe drought stress.
There is evidence suggesting that water stress may affect many physiological processes and metabolism of
plants, and have adverse effects to photosynthesis [29, 39,
40]. Under drought stress condition, the photosynthesis of
vegetation could be reduced that affects photosynthetic
gas exchange and chlorophyll fluorescence [41, 42]. In
our study, the noon-break phenomenon of P. euphratica is
a potential treatment strategy for addressing water deficit
conditions to avoid excess water-loss by feed-back and
feed-forward mechanisms. This is a common strategy of
vegetation used in arid regions to adapt to high T and high
VPD. The PN, ΦPSII、ETR and qP of P. euphratica in the
lower reaches of the Tarim River significantly declined
with increasing groundwater depth. This is because of
drought stress caused by increased groundwater depth
affected both supply and demand of material and energy.
The central factors (CO2 and H2O) involved in photosynthesis are in short supply with a declined groundwater
level. This may be attributed to decreased hydraulic conductance, and increased difficulty of water uptake and
diffusion resistance of CO2 from air to leaf caused by
stomatal control. Additionally, durative drought stress
could affect the activity of some key enzymes, thus reduc-

ing the assimilation rate of CO2 and anabolism of photosynthetic production that would restrict the Calvin-cycle
[43-45]. Stress also reduced the activity of PSII and chlorophyll content that affected the capture and transformation efficiency of light [46]. The decrease of electrons
from photosynthetic water splitting could reduce the continuity of electron transportation chains and ETR, consequently reducing the photosynthetic rate due to a short
supply of energy [47, 48]. On the other hand, the decreasing energy demands of photochemical reaction of P. euphratica under drought stress could feed back to PSII,
which would reduce light-trapping and enhance heat
dissipation by non-photochemical quenching. This would
reduce the photosynthetic activity of P. euphratica and tolerant capability to high light intensity. In our experiments,
the higher NPQ and Y(NPQ) with increased PAR under
deeper groundwater depths suggested that excess excitation energy in PSII of P. euphratica increased with declined water availability. The maximum photochemical
efficiency maintained optimum values (0.82~0.85) that
represent PSII has not been irreversibly damaged by lightinhibition, but the integrative activity of PSII of P. euphratica has been evidently decreased. Down regulation
of PSII activity could result in an imbalance between the
generation and utilization of electrons, and result in
changes of quantum yield. These photochemistry variations in the chloroplasts of drought stressed P. euphratica could result in the dissipation of excess excitation
energy in the PSII core and antenna. Consequently, it
might generate active oxygen species [11, 47], which is
potentially dangerous to P. euphratica under drought stress
conditions. The inactivation of PSII core of P. euphratica
to environmental stress would out of action if conditions
worsened, and might result in irreversible damage to the
photo-system.
At each survey plots, a decreased gs at noon could be
found, but for survey transect, the gs of P. euphratica
leaves did not declined with decreasing water availability.
On the contrary, a positive correlation was observed between gs and groundwater depth when groundwater depth
increased more than 6 m, which accompanied by increased E and Ci, but decreased WUE. At noon, the transpiration of P. euphratica is greater due to an increased T
and VPD. This can contribute to a relatively high level stem
sap flow rate. A decreased gs at noon suggests that the
stomata can efficiently close to help avoid excess water
loss. However, in our experiment, an increased gs with
increasing groundwater depth was observed. This may
suggest that stomatal control did not play a primary role
during continual drought stress. This may be due to a lower
efficiency of photosynthetic nitrogen-use with decreased
stomatal conductance and photosynthetic activity. Therefore, a two-way control of carboxylation and electron
transport system may be needed to coordinate efficient
water-usage. Under an early drought stress, the WUE of P.
euphratica increased by a reduced stomatal opening resulting in a decrease of nitrogen-use efficiency. When
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the nitrogen in short supply, the stomata of P. euphratica
leaves might open further to increase nitrogen-use efficiency [39]. Moreover, water uptake of P. euphratica could
become difficult with declining water availability, and
improving water uptake only by osmotic adjustment may
be insufficient. A higher gs and E could further improve
water uptake through negative-pressure caused by transpiration. This would inevitable result in an increased transpiration, while the photosynthetic rate is reduced due to
drought stress. This would result in a water-usage strategy
of high water-consumption associated with a low WUE. It
is unclear that the increased gs with increasing groundwater
depth are due to the increasing number of stomata per leaf
area or only opening of stomata.
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OF SOILS IN AMIK PLAIN, SOUTHERN TURKEY
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ABSTRACT

spatial dependence. Land use and management strategies
also affect the soil properties [4].

This study was aimed to determine spatial variability
of boron (B) contents and some physical and chemical
properties of the soils and to assess their spatial distribution patterns in Amik Plain. A total of 264 samples from
surface and subsurface soil were collected from 132 sites
in the study area. Soil samples were analyzed for B, pH,
total soluble salt, CaCO3, particle size distribution, and
organic matter (only in the topsoil). Boron content was
found to vary between 0.13 and 5.29 mg/kg. Except for
one, none of the soil samples contained more than 5 mg/kg
which is a widely accepted critical concentration value for
B toxicity in plants. Soil pH had the minimum variability
and soluble salt had the maximum variability at the depths
of 0-20 and 20-40 cm. The soil properties indicated a
strong spatial dependence except for pH at 0-20 cm depth
and sand content at 0-20 cm and 20-40 cm depths which
showed moderate spatial dependence (nugget ratio ranging from 0.317 to 0.468).

KEYWORDS: Spatial variability, Block kriging, Amik Plain, Soil
Boron, Soil properties

1. INTRODUCTION
Soil as a landscape body contains wide ranges of physical, chemical, morphological, and mineralogical properties,
both laterally and vertically [1]. Understanding the distributions of soil properties at the field scale is important for
refining agricultural management practices and assessing
the effects of agriculture on environmental quality [2]. Properties and element contents of the soils may vary greatly
depending on soil types, topography, climate, vegetation
and anthropogenic acitivities, all of which affect the spatial distribution patterns of soils [3] and generally show

* Corresponding author

Boron is essential trace element needed in small
amounts for crop growth. Like other micronutrients, there
are wide ranging problems with B nutrition as deficiency
and toxicity [5]. Soil B concentrations with just a few ppm,
whether naturally occurring in the soil or added in irrigation water can cause B toxicity to the plant [6]. B toxicity
is an important nutritional constraint also in Turkey, particularly in Central Anatolia [7].
The last decade has witnessed an increasing awareness of the importance of assessing uncertainty about the
value of soil properties at unsampled locations, and of the
need to incorporate this assessment in subsequent decision-making processes, such as delineation of contaminated areas or identification of zones that are suitable for
crop growth [8].
Geostatistical techniques are often used to characterize
the spatial patterns of spatially dependent soil properties,
both isotropically and anisotropically [9]. The main application of geostatistics in soil science has been the estimation
and mapping of soil properties in unsampled areas [10].
Currently, there is no study about B content of Amik
Plain soils and there is a little information about spatial
variability of soil properties in Amik Plain. The purposes
of this study were to examine spatial variability of B content and some physical and chemical properties of the soils
in Amik plain and to assess spatial distribution patterns of
these properties within the study region.
2. MATERIALS AND METHODS
Amik Plain has an area about 75000 ha located in the
province of Hatay in the southern Turkey (35° 47'-36° 24'
E; 35° 48'-36° 37' N). The study region which is one of the
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most important agricultural areas of Turkey is bordering
Syria and Reyhanlı, Kırıkhan and Antakya city and Serinyol town (Figure 1). The climate regime in the study area is
typical Mediterranean climate with 1124 mm annual precipitation and 18°C annual average temperature [11].
The study region was divided into 2.5 x 2.5 km grid
squares. A total of 132 grid points were obtained and soil
samples were collected from these points from two depths
(0-20 and 20-40 cm). The geographic coordinates of each
sampling location in Universal Transverse Mercator System (UTM) were recorded using global positioning system (GPS) with ± 5 m accuracy (Figure 1). Soil samples
were air-dried, passed through a 2 mm polyethylene sieve
and analyzed for Boron (B) content, pH, total soluble salt,
CaCO3, particle size distribution, and organic matter (only
at the topsoil).
Soil Boron analysis was carried out according to the
Azomethin-H method developed by Bingham [12]. Boron
extraction of soils was performed with 0.01 M CaCl2 ve
0.01 M mannitol solutions. Soil pH was measured with
glass pH electrode in a saturated soil paste [13]. The par-

ticle-size distribution (sand, silt and clay contents) was determined by hydrometer method [14]. Soil organic matter
(SOM) content was measured using modified version of
Lichterfelder method [15]. Total soluble salts were determined by Wheatstone bridge method [16]. CaCO3 equivalent of the soils was determined with a Scheibler calcimeter [17].
Descriptive statistics including mean, minimum, maximum, median, standard deviation (SD), coefficients of
variation (CV), skewness and kurtosis were calculated for
each variable. Distribution of those variables was tested
for normality using the Kolmogrov-Smirnov test. The
skewness and kurtosis values were also used to assess the
soil property distributions [18]. The differences between
soil depths for all the properties were also performed using
a t-test at a significance level of 0.05. In addition, relationships between the soil properties were investigated
using Pearson’s correlation coefficients. All the statistical
analysis was performed with SPSS 11.5 for Windows.
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FIGURE 1 - Study area and observed locations.

The geostatistical parameters were calculated for each
variable as a result of corresponding semivariogram analysis. A semivariogram was calculated with the following
equation for each soil properties to determine its spatial
dependence [19]:
γ(h) = 1/2N(h) ∑[Z(xi) – Z(xi+h)]2
Where γ(h) is the semivariance; N(h) is the number of
experimental pairs separated by a distance h; Z(xi) is the
measured sample value at point i, and Z(xi+h) is observed
sample value at point i+h. The model selected to represent
the semivariogram values (nugget, sill effects, and range of
spatial dependence) was based on coefficient of determination (r2) and reduced sums of squares (RSS). Then, the
fitted models were used to estimate the values of soil properties at unsampled locations using block krignig interpolation method. Prior to interpolations, point data were assessed to determine whether or not the assumption of spa-

tial autocorrelation is met by creating semi-variograms. All
of the geostatistical analyses were carried out using GS+ 7
geostatistical software for windows.
Selection for semivariogram models was based on the
coefficient of determination (r2). The nugget/sill ratio (C0/
(C0+C) can be regarded as a criterion to classify the spatial dependency of soil properties. If the ratio was less than
or equal to 0.25, the variable was considered strongly spatially dependent (S); if the ratio was between 0.25-0.75, the
variable was considered moderately spatially dependent
(M); and if the ratio was greater than 0.75 the variable
was considered weakly spatially dependent (W) [2, 20].
3. RESULTS AND DISCUSSION
Descriptive statistics for B concentration and the
measured soil properties are given in Table 1. B content
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was found to vary between 0.13-5.29 mg/kg. Except one,
none of the soil samples contained more than 5 mg extractable B per kg soil which is widely accepted critical
concentration value for B toxicity for plants [21]. Two
third of samples had higher levels of extractable B in the
topsoil than in the subsoil. This can be explained by the
organic matter content of top soil. However, five subsoil
samples had extractable B concentration under deficiency
level (0.5 ppm).
The soil was slightly acid and alkaline, with pH ranging from 6.75-7.86. The mean soluble salt, CaCO3, and
organic matter contents were 0.07%, 23.52%, and 2.11%,
respectively. These findings are similar with the findings
of the research carried out in the same region by Kilic et
al. [22]. CV is the most important factor in describing the
variability of a soil property. The lower CV values indicate
a homogeneous distribution of soil properties throughout
the study area, while the high values of CV indicate a nonhomogeneous distribution of data throughout the collection sites. CV values lower than 10% indicates low variability while CV values higher than 90% indicates great

variability [22]. Soil pH had the lowest variability (CV =
2.29%), while total soluble salt content had the highest
variability (CV = 100%) ranged from 0.01% to 0.42% in
the study area (Table 1). CV for pH and salt content are in
agreement with these parameters determined by [23-26].
Since pH values are on log scale of proton concentration
in soil solution, it shows the lowest CV. There would be a
much higher variability if soil acidity is expressed in terms
of proton concentration directly [26]. The other properties
had moderate variability. The descriptive statistics suggest
that all the soil properties except for B, salt content and
SOM are normally distributed according to the KolmogrovSmirnov test (P>0.05).
Skewness values also confirmed this situation. The
skewness values of normally distributed data were lower
than 1 (Table 1). Therefore, the semivariograms for pH,
CaCO3, sand, silt and clay contents were estimated by raw
data. The distributions of B and salt contents at two depths
and SOM values at topsoil were non-normal and therefore
were transformed by ln (z +1) as the transformation factor

TABLE 1 - Descriptive statistics of soil properties in the study area.
Soil
Property
B (mg/kg)

Depth
Minimum
Maximum
Mean
Median
Standard
CV * Skewness
(cm)
deviation
(%)
0-20
0.13
5.29
1.26
1.14
0.68
53.97
2.33
20-40
0.13
3.27
1.18
1.00
0.60
50.85
1.13
pH
0-20
6.75
7.86
7.42
7.46
0.19
2.56
-0.55
20-40
6.81
7.70
7.42
7.44
0.17
2.29
-0.86
Salt (%)
0-20
0.02
0.39
0.07
0.04
0.07
100.00
2.95
20-40
0.01
0.42
0.06
0.04
0.06
100.00
3.12
CaCO3 (%)
0-20
0.27
56.05
23.43
23.36
11.93
50.90
0.10
20-40
0.53
57.07
23.61
23.50
12.27
51.96
0.23
Sand (%)
0-20
2.40
59.60
20.97
17.35
13.48
64.28
0.74
20-40
2.60
62.70
20.90
17.15
13.48
64.49
0.80
Silt (%)
0-20
8.80
58.50
27.05
26.00
8.55
31.60
0.54
20-40
10.40
47.50
26.23
24.85
8.11
30.92
0.26
Clay (%)
0-20
15.30
85.50
51.98
52.25
16.77
32.09
0.05
20-40
18.00
86.80
52.86
54.80
16.54
31.29
0.02
SOM (%)
0-20
0.57
13.44
2.11
1.79
1.46
69.19
4.63
*CV: Coefficient of variation
TABLE 2 - Geostatistical analiysis of soil properties for each soil depth
Soil
Property
B (mg/kg)

Depth (cm)

0-20
20-40
pH
0-20
20-40
Salt (%)
0-20
20-40
CaCO3 (%)
0-20
20-40
Sand (%)
0-20
20-40
Silt (%)
0-20
20-40
Clay (%)
0-20
20-40
SOM (%)
0-20
* Nugget Ratio= Nugget/Sill

Model
Spherical
Spherical
Exponential
Exponential
Spherical
Exponential
Exponential
Exponential
Exponential
Exponential
Exponential
Exponential
Exponential
Exponential
Exponential

Range (m)

Nugget (C0)

6110
6110
83300
5970
3930
5550
16980
28530
83300
83300
3690
3240
4110
3690
6960

0.094
0.107
0.026
0.003
0.001
0.032
8.800
32.500
145.00
138.70
7.00
7.30
29.2000
30.100
0.0149
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Sill
(C0+C)
0.565
0.580
0.082
0.028
0.444
0.450
162.30
192.90
309.80
345.30
65.83
66.24
271.400
247.800
0.196

Kurtosis

PK-S*

9.71
1.37
0.62
1.09
9.62
11.74
-0.15
-0.09
-0.07
0.03
0.69
-0.45
-0.99
-1.07
29.27

0.02
0.01
0.48
0.25
0.00
0.00
0.45
0.35
0.07
0.08
0.08
0.11
0.37
0.36
0.00

*Nugget Ratio
0.166
0.185
0.317
0.107
0.002
0.071
0.054
0.168
0.468
0.402
0.106
0.110
0.108
0.121
0.076

t value
Pt
1.07
0.29
0.23
0.82
0.78
0.44
-0.12
0.90
-0.13
0.89
0.10
0.92
0.05
0.96
----

r2
0.926
0.960
0.793
0.619
0.061
0.130
0.959
0.966
0.716
0.760
0.368
0.347
0.423
0.345
0.480
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FIGURE 2 - Experimental semivariograms of B, pH, salt, CaCO3 and sand in the study area
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FIGURE 2 – continued.

FIGURE 3 - Experimental semivariograms of silt, clay and SOM in the study area.
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FIGURE 4 - Contour maps of B, pH, salt and CaCO3 in the study area
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FIGURE 5 - Contour maps of sand, silt, clay and SOM in the study area.

prior to the calculation of semivariance. In addition, results of t-tests (t value and Pt) showed that there were not

statistically significant differences in these properties among
the soil depths (Table 1).
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The summary semivariogram models of the soil properties are presented in Table 2 and Figures 2 and 3. The
variograms indicated that all the data used were spatially
autocorrelated. The geostatistical analyses (Table 2) showed
that all the variables were spatially dependent. No anisotropy
was evident in the directional semivariograms of all the
soil properties; thus, isotropic semivariogram models were
applied to data. The semivariograms of all soil properties
were best fitted by exponential models except for the salt
content at 0-20 cm depth, which conformed to a spherical
model. The nugget ratio showed all the variables were
strongly spatial dependent (ratio ranging from 0.002 to
0.185), except for pH at 0-20 cm depth, for sand at 0-20
cm and 20-40 cm depth, which showed moderate spatial
dependence (ratio ranging from 0.317 to 0.468). The
spatial variability of soil properties may be affected by intrinsic factors (natural factors such as soil parent materials). Usually, strong spatial dependence of soil properties
can be attributed to intrinsic factors [2].
The range of semivariograms represents the average
minimum distance to which two samples are related. At
this distance less than the range, measured properties of
two samples became similar to decreasing distance between
the two points. Thus, the range presents an estimate of areas
of similarity. The zone of influence for pH at 20-40 cm, B,
salt, silt, clay and SOM contents were approximately from
3 to 7 km; however, for pH at 0-20 cm, CaCO3 and sand
contents at two depths, the distances were much higher,
ranging from 17 to 83 km.
In order to understand the distribution patterns of the
soil characteristics, block kriging interpolation was used
to obtain the filled contour maps and was given in Figures 4
and 5. B content in the northeast part of the study area was
bigger than in the southwest. The highest total salt and
SOM content were obtained in the centre parts of the area.
CaCO3 values were the highest in the west and the north
and the lowest in the south and the east of the study region. The lowest clay content was observed in the west
and the north; however the lowest sand values were in the
southeast. The northeast parts of the region showed lower
silt levels than the other parts of the area. In general, this
trend was observed at the two soil depths (Figures 4 and 5).

km and optimum number of soil samples may be lower
than those of this work in further research in the same
area. However, the ranges of semivariograms for pH at
20-40 cm, salt, silt, clay and SOM contents were not large
distance (ranged from 3 to 7 km). Therefore, sampling
distance (2.5 km) is enough to prepare the distribution
maps of these variables. But, sampling distance should not
be larger than 3.0 km in the further research in the same
area.
Assessment of a spatial structure of soil properties
could help to solve the problems associated with the agriculture, environmental protection and ecosystem conservation. Organic matter content of the study region is generally low except for the former Amik Lake. Therefore, agricultural practices should be carried out to increase SOM
content such as the applications of farmyard manure, compost, and plant restudied. Although Amik Lake has a 6700 ha
area that was channeled into Orontes River to increase the
amount of croplands for food production in Amik Plain in
the past, food production did not increase because of high
water table and salt content in the soils of Amik Lake.
In the study area, the soils generally have clay texture
which makes argicultural production difficult. Most of the
soils in the study area have a high CaCO3 content because
of very high CaCO3 contents of parent materials of the
soils. Therefore, uptake of micronutrients, especially, zinc
by plants may be decreased. On the other hand, it was
concluded that there is no B deficiency and B toxicity in
Amik Plain Soils.

ACKNOWLEDGEMENTS
This research was supported by Mustafa Kemal University Scientific Research Foundation (Project Number:
MKÜ BAP 03 B 0801).

4. CONCLUSIONS
The ranges of semivariograms which indicate the
maximum distances of spatial variability for pH (at 0-20
cm), CaCO3, and sand contents were very large distances
(ranged from 17 to 83 km). Therefore, sampling distance
(2.5 km) is adequately suitable to prepare the distribution
maps of these variables at this study. Therefore, the distribution maps in this research may be used confidently
for the environmental and agricultural purposes. The large
distances of the range of influence may show the importance of sampling the whole study area in a future research. In fact, sampling distance may be larger than 2.5
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ABSTRACT

1. INTRODUCTION

In this study, a novel oxadiazole derivative multi-wall
carbon nanotubes modified carbon paste electrode (ODMWCNT-CPE) was fabricated and its electrochemical
characteristics as well as its efficiency for electrocatalytic
oxidation of hydrazine are described. Parameters related to
electron transfer between OD as modifier and MWCNTCPE including the apparent charge transfer rate constant,
ks, and the charge transfer coefficient, α, were calculated.
The results show that the peak potential of hydrazine oxidation at OD-MWCNT-CPE dramatically shifted toward negative values compared with that at an MWCNT-CPE. Also,
the sensitivity of the determination of hydrazine remarkably improvement at the OD-MWCNT-CPE. The kinetic
parameters, such as the electron transfer coefficient, α, the
standard heterogeneous rate constant, kʹ′, for oxidation of
hydrazine at the OD-MWCNT-CPE were determined by
cyclic voltammetry. The detection limit of 0.16 µM and
three linear calibration ranges of 0.8-20.0 µM, 20.0-800.0
µM and 800.0-4850.0 µM were obtained for hydrazine
determination at OD-MWCNT-CPE surface using a differential pulse voltammetric method. The modified electrode was shown to have good electrocatalytic activity, reproducibility, stability and excellent sensitivity and it has
been satisfactory used for the determination of hydrazine
in two water samples.

KEYWORDS: Hydrazine; Multi-wall carbon nanotubes; Oxadiazole derivatives; Differential pulse voltammetry

* Corresponding author

Hydrazine and its derivatives are widely used in different areas such as insecticides, explosives, rocket propellants, textile dyes, corrosion inhibitor and fuel cell [1,
2]. It has been reported that hydrazine and its derivatives
have adverse health effects [3]. Therefore, it is highly desirable to fabricate a sensitive and reliable method for the
determination of hydrazine. Several methods have been developed for the determination of hydrazine such as flow
injection analysis [4], chemiluminescence [5] and spectrophotometry [6]. These methods have limitations such as
high cost, hard operation, relatively low precision and
narrow linear range. Since electrochemical techniques offer
the opportunity for portable, cheap and rapid methodologies, have an increasing demand for the determination of
different species [7,8] such as hydrazine [9, 10]. Unfortunately, hydrazine with a large overpotential for oxidation at
ordinary electrodes and sluggish kinetic of electrochemical
oxidation is not a suitable analyte for electrochemical measurement techniques. In order to overcome to this problem,
many attempts were performed. One promising approach
for minimizing over-voltage effects is the use of chemically
modified electrodes (CMEs) containing specifically selected
redox mediators. In recent years, various CMEs have been
prepared and applied for the determination of hydrazine
[11, 12]. In continuation of our studies concerning the
preparation of modified electrodes [13, 14], in this study
we report the electrochemical characteristics and electrocatalytic activity of an oxadiazol derivative (see scheme 1
for structure) multi-wall carbon nanotubes modified
carbon paste electrode (OD-MWCNT-CPE) toward the
electrocatalytic oxidation of hydrazine. The results
show that the sensitivity of hydrazine determination at
OD-MWCNT−CPE is remarkably improved and also its
overpotential is reduced comparing to MWCNT-CPE.
Also, the introduced modified electrode has excellent
sensitivity, relatively wide linear dynamic range and high
charge transfer rate constant.
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SCHEME 1 - Molecular structure of S-4,5-dihydroxy-2-methylphenyl O-imino(pyridin-4-yl)methyl carbonimidothioate which is an oxadiazole derivative.

2. MATERIAL AND METHODS
2.1. Electrochemical apparatus

An Autolab potentiostat-golvanostat PGSTAT 30
(Eco Chemie, Ultrecht, the Netherlands) equipped with
GPES 4.9 software, in conjunction with a three-electrode
system and a personal computer was used for electrochemical measurements. A saturated calomel electrode (SCE) was
used as reference and a graphite electrode was used as the
counter one. Also the working electrode was an oxadiazol
derivative multi-wall carbon nanotubes modified carbon
paste electrode (OD-MWCNT-CPE). The pH was measured with a Metrohm model 691 pH/mV meter.
2.2. Chemicals

The multi-wall carbon nanotubes with a diameter of
10-20 nm, a length of 5-20 µm, and a purity of >95%
were purchased from Nanolab Inc. (Brighton, MA). Hydrazine, the chemicals used for preparation of buffer solutions and other reagents had analytical grades from Merck
and were used as received. The oxadiazole derivative (S4,5-dihydroxy-2-methylphenyl O-imino(pyridin-4-yl)methyl
carbonimidothioate), (see Scheme 1 for structure), was
synthesized and purified according to the procedure described recently [15]. Doubly distilled water was used to
prepare all the solutions. Buffer solutions (0.15 M) were
prepared from H3PO4 and the pH was adjusted with NaOH
solution. Hydrazine solution was freshly prepared just
prior to use and all the experiments were carried out at a
room temperature.
2.3. Preparation of electrode

OD-MWCNT-CPE was prepared by mixing 100.0 mg
of graphite powder, 0.5 mg of oxadiazole derivative (OD)
and 1.0 mg of MWCNT in a mortar with a pestle. Then,
paraffin was added to the above mixture using a syringe
and mixed thoroughly to obtain a uniform wetted paste
(OD-MWCNT-CP). The prepared paste was packed into the
end of a Teflon rod with a hole (2 mm diameter and 5 mm
deep) and leveled off with a spatula. The electrical contact
was provided by inserting a copper wire into the carbon
paste. Prior to experiment, the surface of the carbon paste
was polished with fine paper. Unmodified carbon paste
(CP) was prepared in the same way without adding OD and

MWCNT to the mixture. Also, OD modified CPE (ODCPE) and MWCNT modified CPE (MWCNT-CPE) were
made in the same procedure without adding MWCNT and
OD to the carbon paste respectively.
3. RESULTS AND DISCUSSIONS
3.1. Electrochemical behavior of OD-MWCNT-CPE

Cyclic voltammetry was applied for studying of the
electrochemical behavior of OD-MWCNT-CPE. Fig. 1
illustrates the cyclic voltammograms of the OD-MWCNTCPE in 0.l5 M phosphate buffer solution (pH 7.0) at various
scan rates (5 – 100 mV s-1). As it can be seen, the voltammograms demonstrate the anodic and cathodic peaks which
are related oxidation of OD to OD oxidized form (ODox)
and vice versa. Fig. 1, inset A, shows the anodic and the
cathodic peak currents (Ip.a and Ip.c) values versus the potential scan rates. As it can be seen, the anodic and cathodic
peak currents increase linearly over tha range 5 – 100 mV
s-1. The linearity dependence indicates that the nature of the
redox process is diffusionless controlled. Moreover, formal potential that was obtained from the equation of E0' =
Ep.a – α(Ep.a – Ep.c) [16] and taking α as 0.50 (see below) is
about 257 mV. The formal potential is almost independent
of potential scan rate for scan rates ranging from 5 mV to
500 mV s−1. Fig. 1, inset B, shows the plot of peak potential
values (Ep) versus log of potential scan rate (log v). As it
can be seen, the peak-to-peak potential separation (∆Ep =
Ep.a – Ep.c) is small, and about 75 mV for scan rates below
1000 mV s–1. However, at higher potential scan rates (>
1000 mV s-1), a wider splitting appears including the
limitation arising from the charge transfer kinetics [16].
At high potential scan rates that values of n∆Ep > 0.2,
Laviron theory [17] can be used for the determination of
surface charge transfer rate constant, ks, and charge transfer coefficient, α, for electron transfer between the
MWCNT-CPE and OD. According to Laviron procedure,
charge transfer coefficient, α, can be determined using the
slope of the straight lines of variation of Ep upon log v.
Also, surface charge transfer rate constant, ks, can be estimated by following equation:
Log ks = α log(1- α) + (1 – α)logα – log(RT / nFv) αnαF∆Ep(1 – α) / 2.3RT
(1)
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FIGURE 1 - Cyclic voltammograms of OD-MWCNT-CPE in a 0.15 M phosphate buffer solution (pH 7.0) at different potential scan rates.
The numbers of 1 – 20 correspond to scan rates of 5 – 100 mV s-1 with scan rate interval of 5 mV s-1. Insets: (A) Variation of peak current vs.
potential scan rate and (B) variation of Ep vs. logarithm of the potential scan rate

In the above equation, n is the number of electrons
involved in the overall redox reaction of the modifier, v is
the potential scan rate, and all the other symbols have
their conventional meanings. We found that for potential
scan rates above 5000 mV s-1 the value of Ep were propor-

tional to log v (Fig. 1, inset B). Considering the values of
∆Ep in the range of potential scan rate 5000 – 12000 mV
s-1, an average value of ks was found to be 103.8 ± 4.0 s−1
at pH 7.0. Additionally, 0.50 was obtained as the value of
α. The obtained value for ks is significantly higher than
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those previously reported for electrodes modified by some
other compounds with catechole ring [1, 11, 12, 18]. The
high electron transfer rate constant for OD makes it an
excellent modifier on electrocatalytic processes.
3.2. Electrocatalysis properties of OD-MWCNT-CPE for oxidation of hydrazine

One of the objectives of this study was the development of a modified electrode capable of the electrocatalytic
oxidation of hydrazine. In order to test the potential electrocatalytic oxidation of different modified electrodes, the
cyclic voltammetric response of OD-MWCNT-CPE, ODCPE and MWCNT-CPE were obtained in the absence and
presence of 0.04 mM of hydrazine. The recorded voltammograms are presented in Fig. 2. Increasing the anodic
peak current of OD-MWCNT-CPE and the shift of oxidation peak potential to less positive potentials shows the
capability of the modified electrode to electrooxidation of
hydrazine. The electrocatalytic activity discussed as below:
Curves of b, d and f show the cyclic voltammograms
of OD-MWCNT-CPE, OD-CPE and MWCNT-CPE in
0.15 M phosphate buffer solution pH 7.0 containing
0.04 mM of hydrazine at scan rate 25 mV s-1 respectively. Curves a, c and e are cyclic voltammograms of the
same electrodes that recorded in absence of hydrazine. As
it can be seen, the oxidation of hydrazine at the ODMWCNT-CPE (curve b), gave rise to a typical electrocatalytic response at about 260 mV, with an anodic peak
current that was greatly enhanced over that observed for
the OD-CPE (curve d) and with almost a very weak peak
current on the cathodic scan. The peak potential value of
260 mV is very close to that of the surface confined mediator anodic peak potential in the absence of hydrazine
(curve a). Moreover, a great increase in the anodic current
compared to the cyclic voltammogram recorded in a buffer
solution without hydrazine (curve a) may be is due to this
fact that along with the anodic scan of potential, hydrazine
in surface of electrode reduces oxidized form of oxadiazole, OD(ox), to oxadiazole, OD, which causes an increase
in the anodic current. For the same reason, the cathodic
current of the modified electrode almost disappeared in
the presence of hydrazine. Under the same experimental
conditions, the oxidation of hydrazine at a OD-CPE and
MWCNT-CPE showed irreversible waves with peak potentials at approximately 260 mV (curve d) and 730 mV
(curve e) respectively. However, as can be seen, ODMWCNT-CPE and OD-CPE showed an anodic peak at
less positive potentials and with high peak currents, with
respect to MWCNT-CPE.
Cyclic voltammograms of the 0.15 M phosphate buffer
solution (pH 7.0) containing 0.05 mM of hydrazine at various scan rates (Fig. not shown) were used to get information about the rate determining step. The plot of the
catalytic peak current versus the square root of the scan
rate (Fig. 3A, curve a) is linear, suggesting that at sufficient overpotential, the reaction is diffusion limited. From
the slope of this plot, an approximate total number of

electrons in the overall oxidation of hydrazine, n, can be
calculated using the following equation [16]:
Ip = 3.01 × 105 n[(1 – α) nα ]1/2ACsD1/2v1/2
(2)
considering (1 – α) nα = 0.8, geometric area (A) of
0.0314 cm2 and D = 7.51 × 10−6 cm2 s−1 it was estimated
that the total number of electrons involved the anodic
oxidation of hydrazine was n = 1.89 ≈ 2.0. The obtained
value was reported previously for electrooxidation of
hydrazine [12, 19, 20]. However, this value was different
from 4 which is frequently reported in literature [13,21].
Therefore, the electrooxidation mechanism of hydrazine
was as follows [20]:
N2H4 → N2H4o+ + e
(3)
o+
o
+
N 2H 4 → N 2H 3 + H
(4)
o
+
N 2H 3 → N 2H 3 + e
(5)
N 2H 3+ → N 2H 2 + H +
(6)
N2H2 +2H2O → 2NH2OH
(7)
The overall reaction is shown as follows:
N2H4 +2H2O → 2NH2OH + 2H+ + 2e

(8)

Based on the proposed mechanism, at first, cation
radical of N2H4o+ was produced by one-electron oxidizing

0.26

(b)

(d)

I / µA
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(f)
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(c)
(a)

-0.1
-0.02
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FIGURE 2 - Cyclic voltamograms of (a) OD-MWCNT-CPE, (c) ODCPE and (e) MWCNT-CPE in a 0.15 M phosphate buffer (pH 7.0)
solution. (b) as (a), (d) as (c) and (f) as (e) in persence of 0.04 mM
hydrazine. In all cases, the scan rate was 25 mV s-1
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irreversibly (Eq. (3)) which was followed by the deprotonation to produce a neutral hydrazine radical N2H3o
(Eq. (4)). Rapid oxidation of N2H3o at surface electrode
(Eq. (5)) and following de-protonation of it resulted in the
formation of diazine, N2H2, (Eq. (6)). Hydroxylamine as
final product occurred via Eq. (7). The plot of the scan
rate normalized current (Ip v−1/2) versus the scan rate (Fig.
3A, curve b) exhibited a characteristic shape typical of an
EC catalytic (EC  )׳mechanism [16]. Andrieux and Saveant
[22] developed a theoretical model for such a mechanism
and derived a relationship between the peak current and
the concentration of the substrate for a case of a slow scan
rate, v, and a large catalytic rate constant, k':
Icat = 0.496nFACsD1/2v1/2(RT/nF)1/2

(9)
2

where D and Cs are the diffusion coefficient (cm s−1)
and the bulk concentration (mol cm−3) of the substrate
(hydrazine here) respectively. The values of heterogeneous rate constant, k', result in values of coefficient lower
than 0.496. For low scan rates, the value of this coefficient was found 0.3 for OD-MWCNT-CPE with a geometric area (A) of 0.0314 cm2, considering D = 7.51×10−6
cm2 s−1 (obtained by chronoampromety as below) in the
presence of 0.05 mM of hydrazine. Using this value as
well as Fig. 1 in the theoretical paper by Andrieux and
Saveant [22], an average value of k' = (2.84 ± 0.49) × 10−3

cm s−1 was obtained that confirms the catalytic oxidation
of hydrazine at the surface of OD-MWCNT-CPE has
good featured.
Tafel region is the rising part of cyclic voltammogram that affected by electron transfer kinetic between
analyte (in this case hydrazine) and OD-MWCNT-CPE
which can be used for estimating of kinetic parameters.
Fig. 3B shows a Tafel plot that was drawn from data of
the rising part of the current-voltage recorded at a scan
rate of 5 mV s-1. Considering the value of Tafel slope at
scan rate 5 mV s-1 (13.574 V-1) and equation (b = 2.3RT /
(1 − α)nαF), electron transfer coefficient, α, calculated as
0.2, assuming the rate limiting step including one-electron
transfer process. Additionally, the exchange current density, j0, which calculated from intercept of the Tafel plot
[16] is about 8.0 × 10−3 µA cm-2. The above results confirmed the catalytic oxidation mechanism of hydrazine at
OD-MWCNT-CPE is an EiC′i mechanism in equations of
(10) and (11).
OD → OD(OX) + 2H+ + 2e (Ei)
(10)
OD(OX) + N2H4 +H2O → OD + 2NH2OH (C′i)

(11)

The symbols of (E) and (C) imply the electrochemical
and chemical reactions.
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FIGURE 3 - (A) Curve a, variation of the electrocatalytic current derived from cyclic voltamograms of OD-MWCNT-CPE in a 0.15 M phosphate buffer (pH 7.0) containing 0.05 mM hydrazine vs. the square root of scan rate and curve b, variation of the scan rate normalized current (Ip v -1/2) vs. scan rate. (B) Tafel plot derived from the current-potential curves recorded at scan rate 5 mV s-1.
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FIGURE 4 - Chronoamperometric current responses at OD-MWCNT-CPE in a 0.15 M phosphate buffer (pH 7.0), at a step potential of 220
mV, for different concentrations of hydrazine. The numbers of 1 – 10 correspond to 0.001, 0.002, 0.003, 0.004, 0.006, 0.008, 0.012, 0.016, 0.024
and 0.036 mM of hydrazine. Insets: (A) Plots of I vs. t-1/2 obtained from chronoamperograms and (B) plot of the slopes of the straight lines
against the hydrazine concentrations.

3.3. Chronoamperometric studies

Chronoamperometry was also employed for measurement of the diffusion coefficient of hydrazine at ODMWCNT-CPE. Chronoamperometric measurements of
different concentrations of hydrazine at OD-MWCNTCPE were done by setting the working electrode potential
at 220 mV (Fig. 4). Inset A of Fig. 3 shows the experimental plots of I versus t−1/2 with the best fits for different
concentration of hydrazine. The slopes of the resulting
straight lines were then plotted versus the hydrazine concentration (Fig. 4, inset B), from whose slope and using
the Cottrell equation [16] we calculated a diffusion coefficient of 7.51×10−6 cm2 s−1 for hydrazine. The calculated
value of diffusion coefficient is in good agreement with,
1.6×10−6 cm2 s−1 [11] and 3.8 ×10−6 cm2 s−1 [13], which

were previously reported for hydrazine. However, it is
lower than 4×10−5 cm2 s−1 [23,24] that reported in literature.
3.4. Differential pulse voltammetry technique for the determination of hydrazine

Differential pulse voltammetry (DPV) technique was
used for estimating linear range, detection limit and quantification of hydrazine in different samples. The DPV gave
a peak at 177 mV. Fig. 5 shows the DPVs of hydrazine in
concentration range 0.8 – 20.0 µM. The plot of the corrected peak current (corrected peak current defined as difference between peak current and background current) versus
concentration of hydrazine was shown as insets A (in concentration range 0.8 – 20.0 µM with slope 0.0086µA µM-1)
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FIGURE 5 - Differential pulse voltammograms of OD-MWCNT-CPE in a 0.15 M phosphate buffer solution (pH 7.0) containing different
concentrations of hydrazine. The numbers of 1 – 11 correspond to 0.8, 1.0, 1.5, 2.0, 3.0 5.0, 7.0, 8.0, 10.0, 15.0 and 20.0 µM of hydrazine.
Insets show the plot of the electrocatalytic peak current as a function of hydrazine concentration in the ranges of (A) 0.8 – 20.0 µM and (B)
20.0 – 800.0 µM and 800.0 – 4850.0 µM.

TABLE 1 - Comparison some of the analytical parameters of different carbon paste modified electrodes for the determination of hydrazine.

a

Modifier

Method

4-Hydroxy-2-(triphenyl phosphonio)phenolate

Differential pulse voltametry

Copper-cobalt hexacyanoferrat
Ni(II)-baicalein complex
Ferroenedicarboxylic acid
cobalt(II) bis (benzoylacetone) ethylenediimino

Amperometry
Amperometry
Differential pulse voltametry
Square wave voltametry

b

Differential pulse voltametry

OD

Linear range
(µM)
1.0 – 20.0,
20.0- 1000.0,
1000.0- 6000.0
100.0 – 12000.0
2.5 - 200
0.07 – 900.0
0.3 – 70.0

Detection limit
(µM)
0.13

Ref.

NA
0.8
0.4
0.1

Sensitivity
(µA µM-1)
0.0122,
0.0042,
0.002
NA
0.0699
0.142
0.8604

0.8 – 20.0,
20.0 – 800.0,
800.0- 4850.0

0.16

0.0086

This
work

a

13
25
26
27
28

NA: Not available
S-4,5-dihydroxy-2-methylphenyl O-imino(pyridin-4-yl)methyl carbonimidothioate: an oxadiazole derivative.

b

and B (in two concentration ranges of 20.0 – 800.0 µM
and 800.0 – 4850 µM with slopes 0.0005 and 0.0003 µA
µM-1). Considering the first linear range and equation Cm
= 3 sb / m, where sb is the standard deviation of the blank
response and m is the slope of the calibration curve
(0.0086 µA µM -1) the detection limit was found to be

0.16 µM. Repeatability of the designed electrode was evaluated by repeated measurements (n = 12) of 10.0 µM of hydrazine. The average voltammetric peak current and precision were obtained to (0.100 ± 0.0036) µA and 4.0% respectively. The coefficient of variation confirms the stability
of the modified electrode and repeatability of the results.
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The analytical characteristics of OD-MWCNT-CPE were
compared with other carbon paste electrodes reported in the
literature as given in Table 1. As it can be seen, the ODMWCNT-CPE is superior in some cases.
3.5. Interference study

The selectivity of the proposed method on the determination of hydrazine was studied by evaluating the influence of various common species in real samples. The
tolerance limit was defined as the concentrations of interfering species that caused an error less than ± 5.0% for the
determination of 50.0 µM of hydrazine. The results are
given in Table 2 and proved that the proposed method has
acceptable selectivity.
TABLE 2 - Results of interference study for the determination of
50.0 µM of hydrazine under optimized conditions at OD-MWCNTCPE.
Species
Na+, K+, CO32–, HCO3–, SO42–, Cl–,
Br–, NO3–
Ca2+, Mg2+
Fe3+
NH4+, Fe2+
NO2–
NH2OH

Maximum tolerable concentration ratio
1000

trode exhibits excellent electrocatalytic behavior toward
hydrazine oxidation in a phosphate buffer solution pH 7.0.
The combination of unique properties of MWCNT and
efficiency of OD resulted to the improvement of the electrochemical responses. Overpotential of the modified electrode was about 470 mV less than that of at a MWCNTCPE. Mechanistic studies of the oxidation of hydrazine
showed a two electron process. The kinetic parameters
including catalytic rate constant, ks, transfer coefficient, α,
the number of electrons involved in the rate determining
step, nα, and the overall number of electrons, n, involved in
the catalytic oxidation of hydrazine at the OD-MWCNTCPE are also determined using cyclic voltammetry. Dependence of catalytic peak current and hydrazine concentration was obtained including three linear segments over
the range 0.8 – 4850.0 µM using DPV technique. Chronoamperometry was applied for the determination of diffusion coefficient. Sensitivity, good repeatability and reproducibility make the proposed method as an alternative for
the de-termination of hydrazine in real samples.

950
900
750
600
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ABSTRACT
Nan’ao Island is one of Guangdong’s largest mariculture bases in south China. The speciation of heavy metals
(Cr, Ni, Cu, Zn, Cd, Pb) in surface sediments (φ ≤ 63 µm)
were studied with the 3-stage sequential extraction procedure proposed by the European Community Bureau of
Reference (BCR). The total heavy metals and residual
fraction were undertaken by microwave-assisted acid digestion. Cadmium (Cd) and Pb exhibited greatest labile fractions (acid soluble fraction+reducible fraction+oxidizable
fraction), indicating anthropogenic origin. Chromium (Cr)
and Ni were mainly present in residual fraction, and thus
considered an indicator of natural sources; while Cu and
Zn had comparable amount of labile fractions and residual
fraction, implying a combination of anthropogenic and
natural sources. Cadmium was associated with acid soluble fraction and Pb with the reducible fraction. A Principal component analysis (PCA) revealed three groupings
(Cd; Cr, Ni and Cu; Pb and Zn) that mainly result from
different distributions of the metals in the various fractions. Enrichment factor (EF) analysis indicated that heavy
metals were minor contaminants, though metals appeared
more enriched in the fish cage culture areas than other
mariculture types due to closer vicinity to human residences. Risk assessment code analysis indicated that Cd
was in high/very high risk category, while Pb, Ni and Cu
in low risk category; Cr was in no risk category and Zn
posed medium risk to aquatic environment.
KEYWORDS: Heavy metal, speciation, sediments, assessment,
principal component analysis.

1. INTRODUCTION
Many coastal systems are regions of active land–ocean
interaction, responding sensitively to heavy metals origi* Corresponding authors

nated from anthropogenic activities [1, 2]. Heavy metals are
usually incorporated into complexes and ultimately accumulate in sediments [3-5]. However, this process can be reversed when the equilibrium between sediments and the
overlying water body is broken, under which condition
sediments progressively contribute toxic elements to the
food web and may cause fundamental alterations of the
ecosystems harmful to human health [6].
Total concentrations of heavy metals in sediments
can provide valuable information on the overall pollution
levels. However, such information alone is insufficient to
evaluate the anthropogenic impact of contaminated sediments, since the environmental behaviour of metals depends largely on their specific chemical forms and binding states [7, 8]. As a matter of fact, changes in environmental condition, such as pH, redox potential, or the presence of organic chelators, can result in metal remobilisation from solid to liquid phases, as well as transformation
of contaminants into more bioavailabe or toxic forms [7, 9,
10]. Therefore, it is essential to distinguish and quantify
metal species in sediments to predict its mobility, bioavailability, and potential toxicity.
Sequential extraction is an important and widely used
tool in studying the environmental behavior of potentially
toxic elements [10, 11]. A number of sequential extraction procedures have been developed based on the Tessier
protocols [10, 11]. Following this protocol, European
Commission has made the greatest advance by developing
harmonizing extraction procedures called BCR. Although
time consuming to follow, BCR provides detailed information on the origin, mode of occurrence, biological and
physico-chemical availabilities, mobilization and transport
of trace metals. This protocol has been widely adopted and
applied to many types of solid samples, including fresh
water sediments, salt water sediments, soil, sewage
sludge, and particulate matter [10-12].
China has the world's largest mariculture industry
[13], which serves as an important source of protein. However, these activities can degrade sediment quality. Considering the environmental impact of mariculture, there is
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rising concern about its sustainability [14, 15]. Many countries, such as the European Union Member States and Japan, have established strict policies and regulations and
voluntary guidelines for the management and control of the
environmental impact of aquaculture, but criterion on
heavy metal speciation is lacking. In China, there is little
aquaculture management, especially mariculture management. In some mariculture areas, the majority of the cultivated species are fed with formulated diets and/or trash fish
that contain heavy metals [15-17]. Mineral pre-mixes may
be over enriched due to a shortage of information about
nutritional requirements of farmed animals. Additionally,
other heavy metal sources, such as CuSO4 and CuCl2,
have been extensively used as medicines [16, 18]. If undigested, heavy metals in aquatic environment would enter
and accumulate in marine sediments, possibly becoming
toxic when high levels are reached.
The Baisha Bay mariculture industry has been developed since the 1980s. The mariculture zone is located in a
relatively sheltered, shallow (mean depth < 3 m) sea area.
More than one thousand of 3X3 m cages have been floating on the sea for over 30 years [19]. The predominant
cultured species are fish, (Epinephelus akaara Temminck
and Schlegel, E. awoara Temminck and Schlegel), shellfish (Crassostrea gigas Thunberg and Perna viridis Linnaeus), and seaweed (Gracilaria lemaneiformis). Qiao et
al. [20] measured the total heavy metal levels in the sediments but did not investigate speciation of heavy metals,
thus offering little substantial information on the potential
risk of mariculture sediments.
This study was designed to: (1) survey heavy metal
speciation in surface sediments at various mariculture areas; (2) explore the sources and behaviour of heavy metals;
and (3) assess heavy metal contamination.
2. MATERIALS AND METHODS

temperature ranges from 17.8 ℃ (winter) to 30.8℃ (summer) [21].
2.2 Sampling and sample preparation

On September 15-16, 2010, surface sediment samples
were collected at 16 sites (Fig 1) with a Peterson grab,
and the top 0-3 cm of surface sediments were taken with a
polyethylene spatula, and then placed in sealing-off polyethylene bags. Sediment sample was refrigerated at -20℃
immediately, and transported to laboratory. Frozen sediment samples were dried in an oven at 50℃ until constant
weight, then ground lightly with agate pestle and mortar,
and sieved with 250 mesh sieve (＜63 µm) for homogenization and stored in plastic sealing-off bags.
2.3 Water content

Wet sediment samples were placed in an oven at 5060℃ and heated to a constant weight, and the water content (WC) of sediments equals to the weight loss.
2.4 Total organic carbon and total nitrogen

The pretreatment protocols for total organic carbon
(TOC) and total nitrogen (TN) followed the Chinese national standards (GB/T12763.8-2007) [22]. Three grams of
dried and homogenized samples were put into a 10 ml
polypropyiene centrifuge tube, into which 5 ml of 1 mol/L
hydrochloric acid (HCl) and 5 ml ultrapure water were
added slowly. The tube was then sonicated for 15 min
at 42KHZ, and centrifuged for 10 min at 4000 rpm. After
the supernatants were removed, the leftover was dried at
50 ℃ for 48 hr to constant weight. Residues were ground
into homogenous powder and analyzed by a CHNS/O analyzer (Perkin-Elmer 2400 SeriesⅡ CHNS/O Analyzer,
USA) for TOC and TN at the Analytical and Testing Center
of Jinan University, Guangzhou.
2.5 Total phosphorus

2.1 Study area

Nan’ao Island (23°23.5'-23°29.5' N; 116°56'-117°09'
E (Google Earth 4.3, Google Inc., US), is located on the
Tropic of Cancer and 3.22-8.05 kilometers off coast of
Shantou City, Guangdong Province. It is a typical mariculture ecosystem. As the main entity of Nan’ao County
(108 km2 in area with a population of 90,000), it lies between the coastlines of Fujian and Guangdong Provinces
(http://www.nanao.gov.cn and Google earth 4.3). The annual mean rainfall is 1383 mm in Baisha Bay (included in
the study area). This semi-enclosed bay, with an 8.34-kmlong coastline and an area of 6.84 km2, lies in the northeast of Nan’ao Island (Global mapper 11, Global mapper
LLC, US). The water depth ranges from 1 to 10 m, with
an average of 4.3 m and greater depth in east than in west.
No large rivers or seasonal streams flow into this bay. The
tidal current is affected by an irregular semidiurnal tide
with an average tidal day of ~24.7 h. The mean tidal range
is 1.01 m with a maximum of ~1.94 m. The annual water

0.2 g of dried and homogenized sediment samples
were calcinated at 450 °C for 3 h, and then 20 mL of 3.5
mol L–1 HCl 20 added and soaked for 16 h at room temperature [23]. The extraction was measured by fluorospectro photometer (DR 5000 UV-Vis Spectrophotometer, Hach
Company, USA)
2.6 Particle size

The pretreatment process for grain size followed the
Chinese national standards (GB/T12763.8-2007) [22]. Five
grams of frozen sediments were placed in a 100 ml beaker
with ultrapure water and 5 ml 0.05 N sodium hexametaphosphate ((NaPO3)6), ultrasonicated for 15 min at 42KHZ,
then immediately analyzed with a Laser Granulometer
(Mastersizer 2000, Malvern Instruments, UK).
2.7 Pseudototal heavy metals

A microwave pseudototal-digestion procedure was
adopted according to the EPA Methods 3050B and 3051A.
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FIGURE 1 - Study Area showing sampling sites

Note: ① : Nan’ao Bridge under construction

For extraction, 0.5 g of dried, homogenous sample
was put into a PTFE vessel with 8 ml concentrated nitric
acid and 2 ml 30% hydrogen peroxide. For digestion, a
blank and a Chinese national standard material (Offshore
Marine Sediment, GBW 07314) were prepared with the
same amount of acid. The digestion was performed on the
microwave system (Ehos plus microwave labstation,
Mileston Inc., Italy) at 200℃ for 15 min. After digestion
and cooling under the extractor hood, the mixture was
filtered and the leachates were transferred and diluted to 10
ml with ultrapure water.

TABLE 1. Metals concentration (mg/kg dry weight) and recovery in
certified marine sediment (GBW 07314)

The accuracy and precision of the analytical procedures was assessed through analyzing a Chinese national
standard material (Offshore Marine Sediment, GBW 07314).
Analytical results demonstrated a good agreement between
the certified and found values, and that heavy metal recovery is very close to total for most metals (Table 1).

2.8 Sequential extraction of heavy metals

Element
Cd
Pb
Cr
Ni
Cu
Zn
Fe

Certified
value
0.17
23
46
34
31
77
37068

Certified
range
0.17±0.04
23±4
46±8
34±4
31±4
77±6
37068±306

Found
value
0.18
21.42
40.03
31.57
34.22
68.11
34844

Recovery
(%)
106
93
88
93
110
88
94

Sequential extraction was performed following the
modified BCR procedure [24, 25] as detailed below.
Step 1 (acid soluble/exchangeable fraction): 40 ml of
mol L-1 acetic acid was added to a 50-ml centrifuge tube
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loaded with 1.00 g of homogenized dry sample. The mixture was shaken for 16 h at 22±5℃ (over night) at 400 rpm.
The extract was separated from the solid residue by centrifugation at 3000 rpm for 20 min. The supernatant was decanted into a polyethylene container. The container was
stoppered and the extract was analyzed immediately, or
stored in a refrigerator at about 4℃ prior to analysis. The
residue was washed by adding 20 ml ultrapure water,
shaken for 15 min on a shaker and centrifuged for 20 min
at 3000 rpm. The second supernatant was discarded without any loss of residue.
Step 2 (reducible fraction): 40 ml of freshly prepared
0.5 mol L-1 hydroxylammonium chloride (adjusted to pH=2
with 2 mol·L-1 nitric acid) was added to the residue from
step 1 in the centrifuge tube, and the residue resuspended
manually. After 16 h of shaking at 22±5℃, the mixture was
centrifuged for 20 min at 3000 rpm, and then the supernatant decanted into a centrifuge tube. The residue was
washed by adding 20 ml ultrapure water, centrifuged, and
the supernatant discarded.
Step 3 (oxidizable fraction): 10 ml of 8.8 mol L-1 hydrogen peroxide (adjusted to pH=2-3 with nitric acid) was
added to the residue in the centrifuge tube in small aliquots
to avoid any loss from possible violent reaction. The tube
was covered loosely and digested at room temperature for
1 h with occasional manual shaking. The procedure continued for 1 h at 85±2℃ in a water bath, and then the volume was reduced to less than 3 ml by further heating the
uncovered tube. A second dose of 10 ml 8.8 mol L-1 hydrogen peroxide was added. The covered tube was heated
again to 85±2℃ and digested for 1 h. Removed the cover
and reduced the volume of liquid to about 1 ml. 50 ml of

64

WC (%)

56

1.0 mol L-1 ammonium acetate (adjusted to pH 2 with nitric
acid) was added to the cool moist residue and shaken for
16 h at 22±5℃ (overnight). The extract was separated from
the solid residue by centrifugation and decantation as in
step 1.
Residual fraction (R):
The residue from step 3 was digested with aqua regia,
following the ISO 11466. This step was recommended for
an internal check on the above analytical procedures [24].	
 
Such	
 a	
 quality	
 control was performed on the sequential extraction procedure by comparing the sum of the
four fractions (step 1+step 2+step 3+ R) with the
pseudototal concentrations [25]. There was a good agreement between the sums of the fractions and the pseudototal concentrations, with recovery in the range of 80–
118%.	
 
The four steps of heavy metal were measured by an
atomic absorption spectrophotometer (Hitachi Z2000,
AAS, Hitachi High-Technologies Corporation, Japan).
3. RESULTS AND DISCUSSION
3.1 Sediment characteristics

Previous studies have shown that the distributions of
granulometry and total organic carbon (TOC) were two important factors influencing metal distribution in sediments
[26-28].	
 Anthropogenic pollutants, such as TOC, TN and
TOC, may also correlate with metal distribution in sediments. Data of WC, TOC, total nitrogen (TN), and total
phosphorus (TP) were presented in Fig.2.
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FIGURE 2 - Physical parameters of surface sediments from different sampling locations in Nan'ao Island
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The results show that TOC, TN, and TP had similar
spatial distribution patterns. TOC, TN, and TP range from
0.61 to 0.89%, 645.82 to 1427.91 mg/kg, and 380.20 to
995.34 mg/kg, respectively, with the highest values occurring in open or close fish cage culture area. About 100 fish
farmers live on the cages to manage the cultures. Such
anthropogenic activities related to intensive animal mariculture create a great amount of organic and inorganic litters
from uneaten food and animal and human wastes. The
particle size of sediments (Table 2) showed no significant
variations in fine grains (<63µm) among different types of
mariculture areas (p＞0.05, Duncan method). In general,
silt (2-63 µm) was the main component of most sediment
samples, ranging from 62.53 to 82.69%. As an exception,
sediments consist of sands (63~2000µm) at F2, F3, L1
and M3 locations.
TABLE 2 - Grain size distribution in selected samples of sediments
from Baisha Bay, Nan’ao Island
Location
Clay (%)
Silt (%)
Sand (%)
Gravel (%)
F1
18.27
69.60
12.15
0.00
F2
1.80
19.76
56.72
21.49
F3
3.13
28.20
58.01
10.69
S1
14.70
62.53
17.62
0.00
S2
15.96
77.14
6.91
0.00
S3
15.16
81.05
7.58
0.00
L1
4.32
35.37
56.54
3.76
L2
16.24
79.89
3.89
0.00
L3
17.06
80.74
2.19
0.00
M1
15.23
78.27
6.45
0.00
M2
15.23
78.27
6.51
0.00
M3
2.35
26.40
63.45
7.81
M4
12.94
72.50
29.10
0.00
A1
16.74
81.61
1.65
0.00
A2
17.24
81.60
2.32
0.00
A3
14.52
82.69
2.78
0.00
Note: Clay :< 2 µm; Silt: 2~63µm; Sand: 63~2000µm; Gravel: >2000µm
based on the Wentworth Scale.
3.2 Concentrations heavy metal species in sediments

The sequential extraction procedure in the modified
BCR protocol reflects the how the metals are related to
sediment. Heavy metals extracted in the acid soluble fraction are adsorbed weakly to sediments or associated with
carbonates. The reducible fraction is usually bound with
Fe-Mn oxides while the oxidizable fraction with sulfides
and organic matter. The residual fraction contains primary
and secondary minerals originated from natural geological
formations, which contain trace metals within their crystalline structures [8, 29]. Under natural conditions, heavy
metals in mineral crystal grids are fairly stable and unlikely
to release into environment.
The data in Table 3 are concentrations of Cd, Pb, Cr,
Ni, Cu, and Zn from each stage of sequential extraction,
together with the sum of the four fractions (step 1+step
2+step 3+R) and the recovery percentages (%) of six
heavy metals extracted.
The acid soluble/exchangeable fraction (step 1) was
generally the smallest for Pb, Cr, Ni, Cu, and Zn, but the
largest for Cd. The reducible (step2), oxidizable (step 3)

and residual (R) fractions also showed significant variation
among different maricultures. Especially, the reducible
fraction of Pb is dominant in all areas (Table 3, Fig. 3).
Cadmium made up the greatest portion in step 1 fraction (more than 34% of the total content) in study area,
especially in abandoned culture area. Step 1 fraction is present at the interface between sea water and sediments, and
readily enters water column when sea water condition
changes (e.g., pH, salinity). Additional, Cd, albeit without bio-function, can accumulate inside organisms and
enrich along the food chain, and become toxic at elevated
levels. Therefore, this metal poses potential hazard to
human consumption of sea food. However, so far there is
no reported information on Cd speciation in study area,
calling for investigation concerning the behaviors of Cd
including source, speciation and transformation to ensure
sea food safety.
Association with hydroxides of Fe and Mn can dissipate heavy metals, especially Pb, due to large adsorption
surface. Under reducing conditions, decomposition of Fe
and Mn oxides occurred in the subsequent remobilization
of Fe3+ and Mn4+ in the mariculture system. Substantial
associations between heavy metals and Fe and Mn oxides
in sediments had been detected in study areas that receive
discharges of combustion of leaded gasoline [10, 29, 30].
In the residual fraction, where the metals are bound to
silicates and are therefore insulated from the aquatic system [6, 8, 29, 30]. This fraction mainly consisted of Cr,
Ni, Cu, and Zn, with overall average greater than 45%.
Hence these four metals were less available to aquatic
fauna, and less likely to enter the food chain than the
other metals. The relative content of a metal in the residual phase can be used as a measure of the contribution of
natural sources, and also of the degree of contamination
of the fluvial system, with a higher percentage indicative
of lower levels of pollution [7]. Our results are in agreement with those reported in the literature [20], where Cr
was also mainly found in the residual fraction.
3.3 Heavy metal sources

Heavy metal fraction was extensively applied to identify the source of metals [7, 30]. Concentrations of metals
in the residual fraction indicate that sediments are relatively unpolluted and that the elements originate from
lithogenic/natural source [7, 10]. Anthropogenic metals
are dominantly found in the most labile sediment fractions
(step 1+step 2+step 3 fraction), which are sensitive to
slight changes in environmental conditions, such as those
caused by human activities. In this study area where there
were heavy human inputs, substantial proportions of
heavy metals have been found in the first three extraction
fractions (step 1, step 2, step 3), demonstrating that the
sediments were polluted. Meanwhile, different relative
behaviors of the metals in the various associations (e.g.,
carbonates, Fe and Mn oxides, OM and sulfides, and
aluminosilicates) are probably reflective of different origins of pollution.
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Considering the percentage of heavy metals extracted
in the most labile fractions (step 1+step 2+step 3), the
order of mobility (in descending bioavailability) was: Pb
(88.07%) > Cd (67.09%) > Zn (54.52) > Cu (51.04%) >
Ni (36.35%) > Cr (29.89%) (Table 3, Fig.3). Cadmium
and Pb demonstrated the greatest amounts in the step 1 and
2 fractions, summing up to 47.65% and 78.72%, respectively. Chromium, Ni, Cu and Zn showed lower percentages in the bioavailable fractions. Previous studies found
that Cd is slightly adsorbed onto sediment surface via weak
electrostatic interaction, that the oxides of Fe and Mn are
important scavenger of Pb, and that Zn, Cu, Ni and Cr are
little available to the aquatic system [7, 31, 32].
3.4 Principal component analysis

Heavy metal speciation studies are usually performed
on a univariate or bivariate basis (element to element, or
sample to sample), but multivariate methods such as principal component analysis (PCA) can provide an integrated
interpretation of results [7, 33]. PCA is a dimension reduction method, which aims to provide an easily visualized,
low-dimensional representation of the relationship amongst
the variables and samples in the initial large or complex
datasets, such as those obtained in fractionation studies
[7, 8].

residual fraction

Two principal components were extracted, together explaining approximately 66.3% (PC1: 39.8%; PC2: 26.5%)
of the total variance (information) contained in the initial
dataset. On PC1, Step 2 has a high, negative loading in
contrast with the residual fraction; while on PC2, Step 1
has the highest, positive loading but other fractions negative loadings.
According to variable loading and sample score, each
heavy metal and sample were placed in the new twodimension space formed by PC1 and PC2 (Fig.4). This
low-dimensional ordination allowed a clear visualization
of clusters. Accordingly, the heavy metals were split into
three groups, with Cd in Group I, Pb and Zn in Group II,
and Cr, Ni and Cu in Group III (Fig.4).

oxidizable fraction

Cd

100 %

PCA was used to the collection of data listed in Table
4 to explore possible behavior associations of the metals.
The dataset used was the metals measured as objects (total
of 6). To ensure that the different variables on the model
are independent of the units used, the columns of the data
matrix were automatically scaled such that each variable
had an average of zero unit variance. To associate a group
of variables with a particular factor during interpretation,
significant loadings were considered with priority (Table 5).
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FIGURE 3 - Speciation of heavy metals in surface sediments from five mariculture areas. F: Fish culture; S: Shellfish culture; L: Large
seaweed culture; M: Mixed culture; A: Abandoned culture

3367

© by PSP Volume 20 – No 12a. 2011

Fresenius Environmental Bulletin

TABLE 3 - The recovery of the speciation contents from BCR procedures and the total content of heavy metal in sediments from different
mariculture (mg/kg, dry)
Element
Cd

Speciation
F
S
L
Step1
0.055
0.025
0.025
Step2
0.055
0.025
0.025
Step3
0.038
0.001
0.003
Residual
0.009
0.002
0.001
Pseudototal content
0.012
0.022
0.030
Recovery (%)
83.55
90.17
113.08
Pb
Step1
0.02
1.61
2.50
Step2
28.76
26.66
24.84
Step3
1.44
1.34
1.37
Residual
3.64
4.17
0.23
Pseudototal content
37.56
36.87
35.97
Recovery (%)
90.11
91.63
80.47
Cr
Step1
0.01
0.02
0.01
Step2
4.17
3.58
3.71
Step3
4.99
5.25
5.48
Residual
30.13
18.69
15.53
Pseudototal content
36.16
34.34
30.38
Recovery (%)
108.70
80.22
81.43
Ni
Step1
1.36
1.10
1.10
Step2
2.45
2.21
2.21
Step3
2.33
2.30
2.51
Residual
14.45
10.78
7.86
Pseudototal content
17.53
18.04
16.62
Recovery (%)
117.40
90.83
82.31
Cu
Step1
0.33
0.66
0.42
Step2
8.50
4.20
4.33
Step3
7.68
4.05
3.92
Residual
8.97
9.12
7.78
Pseudototal content
29.17
21.96
18.69
Recovery (%)
87.33
82.14
88.04
Zn
Step1
17.95
9.41
13.95
Step2
46.44
29.95
35.87
Step3
29.52
16.03
16.38
Residual
61.91
41.76
51.70
Pseudototal content
101.90
74.79
82.87
Recovery (%)
91.47
80.52
89.01
Recovery = [(step 1 + step 2 + step 3 + residual)/pseudototal]×100; for mariculture abbreviation see Figure 3.

M
0.012
0.012
0.003
0.006
0.014
80.91
1.13
22.92
1.94
10.96
34.39
107.43
0.06
3.03
4.18
26.62
28.86
117.40
1.10
1.94
2.00
8.15
16.39
80.51
0.67
4.28
3.23
7.87
19.77
81.13
18.11
43.64
21.54
90.52
102.62
115.27

A
0.022
0.022
0.002
0.004
0.007
81.07
1.98
23.96
1.54
1.79
36.58
80.03
0.21
3.36
4.65
15.07
29.07
80.12
1.24
2.03
2.17
9.30
16.92
87.15
0.54
4.33
3.80
14.53
19.65
118.06
10.17
30.75
14.73
52.99
76.71
93.26

TABLE 4 - Results obtained for average concentrations of Cd, Pb, Cr, Ni, Cu and Zn in each fraction, ∑(step 1+step 2+step 3) and total
heavy metal (mg/kg).
Metal
Cd
Pb
Cr
Ni
Cu
Zn

Step 1
0.026±0.023
1.43±0.93
0.06±0.15
1.18±0.20
0.53±0.19
14.18±7.18

Step 2
0.009±0.018
25.27±3.52
3.54±0.59
2.15±0.31
5.08±2.30
37.72±12.65

Step 3
0.004±0.007
1.55±0.72
4.86±0.84
2.25±0.32
4.45±2.01
19.76±8.48

R
0.024±0.012
8.10±1.90
23.12±3.89
11.48±1.55
11.66±1.97
17.56±7.50

∑(step 1+step 2+step 3)
0.040±0.041
28.25±3.76
8.47±1.25
5.58±0.71
10.06±4.09
71.66±23.91

TABLE 5 - Principal component (PC) loading in the different fractions.
Variable
%Step 1
%Step 2
%Step 3
%R
Total variance%
Cumulative variance %

PC1
-0.038
-0.651
0.169
0.617
39.8
39.8
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PC2
0.805
-0.203
-0.491
-0.166
26.5
66.3

Total heavy metal
0.064±0.046
36.16±3.71
31.58±4.30
17.06±2.01
21.72±5.36
88.71±22.85
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FIGURE 4 - Results of principal component analysis on average Cd,
Pb, Cr, Ni, Cu and Zn concentrations in each fraction of Baisha Bay
sediments. Groupings identified by the analysis are circled.

Heavy metals have different distribution patterns in
the sediment fractions (Fig. 4). Cadmium is preferentially
associated with Step 1 fraction, and therefore readily
available to aquatic organisms. Lead and Zn mainly occur
in the reducible fraction, which is strongly associated with
Fe and Mn oxides that act as natural accumulators of the
metal in sediments. Chromium, Cu and Ni are more associated with inert fraction and have low solubility, rendering them immobile under natural conditions.
3.5 Heavy metal enrichment and potential risk

As a cogent tool to identify heavy metal sources [26,
28, 34], enrichment factor (EF) is used here to evaluate
sediment quality and discern metal pollution in study area.
Generally, geochemical normalization of the data to a conservative element (e.g., Fe) is adopted to identify anomalous concentrations. In our study, Fe was employed as a
normalizer because it is one of the most abundant elements on the earth usually with no pollution concern, and
has been widely used to study the sources and pollution of
trace metals in aquatic environment [9, 35, 36]. Meanwhile, EF can be used to measure the sedimentary pollution degree [26, 37, 38]. According to Ergin et al [39], the
metal enrichment factor (EF) is defined as follows when
using Fe as a reference element:

EF =

(Metal / Fe )sample
(Metal / Fe )crust

where (Metal/Fe)sample is the metal to Fe ratio in a
sample, and (Metal/Fe)crust is the natural background/crust
values. We followed Wedepohl [40], who used values
from the upper continental crust in mg kg-1: 0.102 for Cd,

17 for Pb, 35 for Cr, 18.6 for Ni, 14.3 for Cu, and 52 for
Zn. The background values measured by Wedepohl are
lower than the corresponding guidelines values by Long
et al [41], the latter which are considered to be threshold
values for metals to become toxic to biota, known as effects
range-low (ERL). Therefore, the heavy metal enrichment
factor values computed using the background values from
crust material in this study can reflect whether the heavy
metal is from natural or human sources, as well as the
status of environmental pollution [28, 42]. This approach
has been widely used to determine the sources and degree
of heavy metal pollution in riverine, estuarine and coastal
environments [43, 44]. When the EF value of a metal is
below 0.5 (namely, EF<0.5), it suggests the metal is from
Earth’s crust. If the EF value falls between 0.5 and 1.5
(namely, 0.5≤EF≤1.5), the metal may be entirely from
crust or natural weathering processes [28]. However, if
the value is greater than 1.5 (namely, EF>1.5), it suggests
that the metal mainly originates from other sources, such
as point and non-point pollution and biota [28]. Birch [45]
divided pollution into different categories based on EF
values: no enrichment (EF<1), minor enrichment (EF<3),
moderate enrichment (3<EF<5), moderately severe enrichment (5<EF<10), severe enrichment (10<EF<25), very severe enrichment (25<EF<50), and extremely severe enrichment (EF＞50).
In our study, pseudototal heavy metals were employed
to evaluate the heavy metal pollution. As shown in Fig.5,
the overall average EF values were greater than 1.5 for Pb,
Cu and Zn in Baisha Bay, indicating severe pollution by
these metals mainly from human activities. In contrast,
the EF values for Cd, Cr and Ni generally fall between 0.5
and 1.5, except in fish mairculture area for Cd. These
metals may be entirely from crustal materials and/or natural weathering processes. The overall average EF values
of Cd, Cr, and Ni are lower or slightly greater than 1,
therefore not a major concern of pollution. These observations are consistent with Qiao et al [20]. However, the
overage EF values of Pb, Cu, and Zn are between 1 and
3, suggesting minor pollution often present in different
areas. In the fish cage culture areas, the EF values of Cd,
Pb, Cr, Cu, and Zn were greater than in the other four
mariculture areas. The reason may be that fish cage culture is in close vicinity to human residences, which receive sewage discharge, uneaten fish bait, and boat gasoline combustion [20].
Enrichment factor reflects metal accumulation in sediments relative to background values, but offer little information on the potential toxicity because only mobile heavy
metals are ecologically hazardous at high levels. In this
sense, heavy metal speciation is of critical significance to
the potential toxicity and mobility of metals released into
the aquatic environment [30]. The metals in acid soluble
fraction (Step 1) are considered weakest bonded to sediments and may equilibrate with aquatic environment, and
thus are highly bioavailable. Risk Assessment Code (RAC)
has been used to evaluate the potential mobility and hazard
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of a metal based on its content in acid soluble fraction.
When the percentage is less than 1%, the sediment is of
no risk to the aquatic environment. Percentages of 1-10%
reflect low risk, 11-30% medium risk, and 31-35% high
risk. Above 50%, the sediment poses a very high risk, and
is considered hazardous because the metals are easily able
to enter the food chain [46, 47]. This study showed that
Cd poses a very high risk to abandoned culture area,
while high risk to fish culture, shellfish culture and large
seaweed culture areas. Zinc posed medium risk to the
environment. However, Pb, Ni and Cu are of low risk, and
Cr of no risk to all types of sea-farming sediments (Fig. 6)

4. CONCLUSION
The results showed that Cd has the greatest percentage in the acid soluble fraction in study area. Lead is associated with reducible fraction and the major composition in
various culture areas. Chromium, Ni, Cu, and Zn are dominant in residual fraction, with overall average greater than
45%.
Heavy metals in the most bioavailable fractions (step 1+
step 2+step 3) varied in mobility as follows: Pb (88.07%) >
Cd (67.09%)>Zn (54.52)>Cu (51.04%)>Ni (36.35%)>Cr
(29.89%). Cadmium and Pb, preferentially associated with
the more bioavailable fractions, could be used as indicator
of anthropogenic inputs. Chromium and Ni were associated
to a great extent with the residual fraction, indicative of
nature source; while Cu and Zn were found similar be-
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tween bioavailab fractions and residual fraction, demonstrating combination of anthropogenic and natural sources.
Cadmium was preferentially associated with Step 1
fraction. Lead and Zn mainly occurred in the reducible
fraction. Chromium, Cu and Ni were associated with inert
(Step 3 and residual fractions) fraction, which have low
solubility and are immobile under natural conditions.
These findings are consistent with the PCA results.
The EF values demonstrated that Cd, Pb, Cr, Cu, and
Zn were enriched in the fish cage culture areas due to close
vicinity to human residences. However, RAC evaluation
shows that the abandoned culture area is in very high risk
relative to Cd, and other farming areas in high risk. All
types of sea-farming sediments are in medium risk relative to Zn, low risk relative to Pb, Ni and Cu, and no risk
relative to Cr.
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BIOREMEDIATION OF POLYCYCLIC AROMATIC
HYDROCARBONS-CONTAMINATED SEWAGE
SLUDGE BY BAG-TYPE COMPOSTING PROCESS
Fei Pan, Ai-hua Xu, Hong-gao Chen and Qing-fu Zeng*
Engineering Research Center for Clean Production of Textile Dyeing and Printing,
Ministry of Education, Wuhan Textile University, Wuhan 430073, China

ABSTRACT
In this paper a new technology for rapid and efficient
treatment of sewage sludge by mixing sewage sludge and
rapeseed meal and composting in PP woven bags was
developed; and the fate of 16 polycyclic aromatic hydrocarbons (PAHs) during 94 days of composting was studied. Removal of total PAHs calculated from sum of the
amounts of 16 PAHs mainly occurred in the stabilization
phase, decreasing to 0.153 mg•kg-1 at the final composting from 1.792 mg•kg-1 in the initial mixture, The PAHs
with three or fewer aromatic rings (N ≤ 3) except phenanthrene continuously decreased in the whole process, while
the PAHs with those with four or more (N ≥ 4) and phenanthrene showed increases during the 31 - 46 days. The
high molecular weight PAHs showed a greater reduction
of bioavailability than those with low molecular weight,
in agreement with the increase of their hydrophobicity.

KEY WORDS: PAHs; sewage sludge; bioremediation; rapeseed
meal; composting.

1. INTRODUCTION
Land application of sewage sludge is the most sustainable treatment and lowest cost option compared to
landfilling and incineration [1]. However, sewage sludge
derived from wastewater treatment plants may contain
various organic contaminants including polycyclic aromatic
hydrocarbons (PAHs) [2-6]. PAHs are aromatic hydrocarbons with two or more fused benzene rings. They are ubiquitously present contaminants which are toxic, mutagenic
and carcinogenic [7]. Thus, in some countries, maximum
acceptable concentration has been set for certain PAHs in
sludge. The European Union has drafted a “Working
document on sludge”, to improve sewage sludge man* Corresponding author

agement and has imposed limit values of 6.0 mg•kg-1 on
the total concentration of 11 PAHs in sewage sludge for
agricultural use [8].
The soil concentration of a sludge-borne pollutant after spiking is not only influenced by the concentration of
contaminant in sewage sludge, but also by the amount of
sludge applied [9-11]. Composting, an ex situ biotreatment
technology, can decrease the contents of organic contaminants in sewage sludge [1, 5, 12].
We have developed a bag-type composting process
(Chinese patent CN101429069 [13]), a new technology for
rapid and efficient treatment of sewage sludge. In the
process, sewage sludge and Rapeseed meal was firstly
mixed in accordance with the mass ratio of 4:1. Then 50 kg
of the mixture as a unit was packed in a PP woven bag for
sealing micro-aerobic composting fermentation. The product of composting was maturity after 21 d, which was loose
and odorless. And almost mature output could meet the
land application control standard of China State Standard
[14]. The bag-type compost was flexible, easy to control
size. Composting apparatus was its bag, reusable and low
cost.
Rapeseed meal is a major byproduct from biodiesel
production [15], which is one of oil-rich solid wastes. The
goal of this work was to determine the level of PAHs in
the initial mixture of municipal sewage sludge and rapeseed meal to be composted and to follow their fate in the
course of bag-type composting. The main PAHs studied
were the 16 unsubstituted PAHs included in the priority
list of pollutants by the US Environmental Protection
Agency (EPA) [16].
2. MATERIALS AND METHODS
2.1. Composting

The composting experiment was conducted in Wuhan
Textile University, China. The pile with a C/N ratio of
30:1 was prepared by mixing thoroughly 40 kg municipal
sewage sludge, 10 kg rapeseed meal (Table 1), 252 g urea
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TABLE 1 - Selected chemical properties of municipal sewage sludge and rapeseed meal compost
Municipal Sewage sludge
163.9±4.9
24.63±0.79
80.58±2.42
6.77±0.21

Organic carbon (g·kg-1)
Total N (g·kg-1)
Moisture content (%)
pH (sample/water =1/10)

Rapeseed meal
492.7±14.7
59.27±1.78
5.92±0.19
5.28±0.14

TABLE 2 - Number of rings and molecular weight of the 16 PAHs and
their levels during municipal sewage sludge and rapeseed meal composting
PAHs (mg·kg-1)

N

Retention time
(min)
7.66
13.18
13.94
15.84
19.17
19.36
23.53
24.24
28.69
28.81
31.94
32.00
32.64
Nd
35.45
35.82

MW

Ci(µg·kg-1)

Cf(µg·kg-1)

D.g.%

Naphthalene (Nap)
2
128
42.0
16.0
62
Acenaphthylene (Acy)
3
154
35.0
6.30
82
Acenaphthene (Ace)
3
156
11.0
2.42
78
Fluorene (Fl)
3
166
42
5.67
86.5
Phenanthrene (Phe)
3
178
81.0
0.89
98.9
Anthracene (Ant)
3
178
65.0
15.6
76
Fluoranthene (Fla)
4
202
562
39.3
93
Pyrene (Pyr)
4
202
171
13.7
92
Benzo[a]anthracene (BaA)
4
228
205
5.74
97.2
Chrysene (Chr)
4
228
342
28.0
91.8
Benzo[b]fluoranthene (BbF)
5
252
156
11.5
92.6
Benzo[k]fluoranthene (BkF)
5
252
5.00
1.56
68.8
Benzo[a]pyrene (BaP)
5
252
59.0
5.37
90.9
Indeno[1,2,3-cd]pyrene (DahA)
6
278
Nd
Nd
Nd
Dibenzo[a,h]anthracene (InP)
5
276
1.00
Nd
100
Benzo[ghi]perylene (BghiP)
6
276
15.0
1.21
98.6
∑ PAHs
1792
153.26
91.5
PAHs: polycyclic aromatic hydrocarbons; N: number of aromatic rings; MW: molecular weight.; Retention time: retention time of 16 PAHs;
Nd: No data; Ci: Initial content at start of composting; Cf: final content at the end of composting; %D.g.: global of PAHs content decrease during
composting = [( Ci - Cf)/ Ci]×100; ∑ PAHs: total of 16 PAHs

and 0.1% complex microbial community. Tap water was
added into the initial mixture to maintain its moisture
content of 60% (w/w) [14]. The mixture was loaded into
twelve PP woven bags (90 cm×52 cm), and then checkered stacked with three-layer in indoor. The pile was blasted
for 0.5 h by air-blower at fixed time in the morning and
evening. The whole bag-type composting time was 94 days.
Temperature was recorded daily at a depth of 25 cm below
the seal of PP woven bag (Fig.1). Samples were collected
at day 0 (after mixing municipal sewage sludge with
rapeseed meal) for determining the initial concentration
of PAHs (Table 2). Subsamples were air-dried, ground
to 1 mm, and refrigerated in closed alumina containers
until analysis. All the samples were admixtures which
were collected from five parts of the pile (four corner and
middle).
2.2 Physico-chemical analysis

The following chemical and physical analyses were
made on aliquots of the samples: Organic carbon was
derived as suggested by Haug [14]. Total nitrogen was
determined by Kjeldhal method. Moisture content was
determined by differences between wet and dry weights
after drying at 105 ºC for 24 h [17]. pH was determined
by ISO 10390 method [18], after the suspension of substrate in KCl (1M) solution.

2.3 PAH extraction

Sample extraction and cleanup were performed according to USEPA methods 3550C [19] and 3630C [20]
with modifications, respectively. Compost samples (approximately 20g, dried) were weighed onto Whatman
cellulose extraction thimbles (pre-extracted with n-hexane/
dichloromethane for 24h) and extracted in a Soxhletextractor for 24 h with 100 mL ether and a mixture of
acetone/ dichloromethane (1:1, v/v) in a water bath at 73℃.
Sulfur was removed from the extracts by adding activated
copper (activated with 10% hydrochloric acid) into dichloromethane before extraction. The extracts were concentrated, cleaned-up and further processed as described by
Cai et al. [21].
2.4 GC-MS analysis

Analysis of individual compounds was performed by
GC-MS according to the method of EPA 8270C [22] with
modification. GC-MS analysis was carried out with gas
chromatography (GC, Hewlett-Packard 6890 Series II,
Agilent Technology). A HP-1 25 m × 0.20 mm I.D., 0.11
µm film (Agilent Technology) fused silica capillary column
was used. The GC oven temperature was programmed as
follows: 45 °C hold for 1 min, raised at 6.0 °C /min to
200 °C, then at 8.0 °C/min to 300 °C (held for 1 min).
Helium was the carrier gas, at a flow of 0.615 mL/min.
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The injection was set on a splitless mode at 250 °C.
The injection volume was 1.0 µL. The solvent delay
was 3.00 min and total run time was 39.33 min.
Detection was conducted by a mass selective detector
with electron impact ionization in selected ion monitoring
mode. MS transfer line temperature was at 280 °C. The
MS was operated in full scan in electron ionization mode
with an electron multiplier voltage of 2200V. The mass
scanning ranged from m/z 50 to 550. Before analysis; the
instrument was tuned with decafluorotriphenylphosphine.
Mass spectra were compared to reference compounds in
mass spectral libraries (Pripol. L and Nbs75k.L). Identification of individual compounds was based on the comparison of retention time data between samples and the
standard solution containing 16 PAHs.
2.5 QA/QC measures and performances

The instruments were calibrated daily with calibration
standards and the relative percent difference between the
five-point calibration and the daily calibrations were <20%
for all of target analyses. Method blanks (solvent), spiked
blanks (standards spiked into solvent), matrix spiked duplicates, sample duplicates were routinely analyzed with
compost samples. In addition, surrogate standards were
added to the samples to monitor matrix effects and quality
control of the sample preparation and analysis procedures.
Recoveries of nitrobenzene-d5 and p-terphenyl-d14 varied
from 75.0% to 88.7% and from 81.4% to 88.6%, respectively. None of the PAH compounds were detected in
blank experiments.
2.6 Statistical analysis

The results are expressed on a dry weight basis. Data
were subjected to analysis including the analysis of variance (ANOVA) and mean values were compared by Duncan’s multiple range (P < 0.05) test performed using the
Statistical Analysis (SAS, version 8.0) for Windows software package.
3. RESULTS AND DISCUSSION
The concentrations of PAHs in the initial mixture of
the municipal sewage sludge and rapeseed meal and in the
final composts (day0 and day 94, Fig.1) are summarized in
Table 2. The total PAHs calculated from sum of the amounts
of 16 PAHs in the initial mixture was 1.792 mg·kg-1 and
then decreased to 0.1512 mg·kg-1 after 94 days This value
is below the accepted European Union cut-off limit for
sludge to be considered safe for agricultural application
(set at 6 mg·kg-1).
In Fig. 2 it can be observed that the biodegradation of
total PAHs mainly occurred from the day 16 to day 31,
and the content of total PAHs decreased to a very low
value during the process. However, it began to increase
from the day 32 to day 47, and then decreased again from
the day 48 to the final of composting. In the period of the

content of total PAHs fluctuated, there were two separated peaks in the variation of temperature. The first was the
peak value of microorganism using composting-material
and the second was the peak value of degrading bacteria
using PAHs.
Guerin [23] suggested that the increase in concentration of certain PAHs might be due to the heterogeneous
nature of the compost. In general, light PAHs (2-3 rings) are
expected to be removed in high rates, because of their high
solubility and volatility, whereas heavy PAHs (5-6 rings)
could be strongly bound to the composting organic matrix,
due to their strong lipophilic character (Table 2). These
facts can only be distinguished with labeled substances
[24]. The 4-ring PAHs should normally have an intermediate behavior between 2-3 rings and 5-6 rings.
In fact, the greatest decrease in PAHs with N ≥ 4
and phenanthrene (P < 0.05) was noted among all PAHs
during the stabilization phase (Table 2). Carlstrom and
Tuovinen [25] showed that when 14C-bound phenanthrene
was added to a compost matrix, a significant proportion of
the 14C could not be removed by standard extraction methods. These authors explained the low extraction yield and
relatively low maximum mineralization (< 40%) by the fact
that residual phenanthrene was sorbed and bound within
the compost matrix.
During the composting process, organic substances
were oxidated into CO2 and H2O. On the other hand, vast
heats were produced during the biological reaction of
microorganism and water was vaporized as vapors through
aeration and stirring. The water content was the result
colligated the two aspects. The result (Fig. 3) showed that
the change curve of moisture content of composting and
the moisture content of composting decreased form initial
60% to final 37%. The decreased was obvious and the
effect of quantitative reduction was significant.
In the composting process, too high or too low pH
value could influence the effect of composting and when
pH value was between 6 and 9, the microorganism in
reaction system could play its role effectively and the composition of effective nitrogen lost less synchronously [26].
We could find that the change of pH (Fig.3) was between
6.5 and 7.5. That showed the process of composting was
well-balanced.
In our study, correlations were noted among the PAHs
according to the number of aromatic rings, their molecular
structure and the ways in which their levels varied during
the course of composting. Although the composting treatment led to a significant decrease of all PAHs (P < 0.05)
mainly in the stabilization phase, some differences were
observed between PAHs three or fewer aromatic rings (N
≤ 3) and those with four or more (N ≥ 4). The former
(except phenanthrene) exhibited a continuous decrease (P <
0.05) (Fig.4). While the latter and phenanthrene, decreased
in the course of composting with some increases observed
in the intermediate stages (31-61 days) between the stabilization and maturation phases (Fig.4). This contributed to
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2
FIGURE 1 - PAHs in sewage sludge analysis by GC-MS (1 was initial mixture and 2 was final composting)
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FIGURE 2 - Temperature evolution and change in the total content of 16 polycyclic aromatic hydrocarbons (PAHs) versus time of composting of municipal sewage sludge with rapeseed meal.
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FIGURE 3 Moisture content and pH dynamic during the process of composting.
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FIGURE 4 - Individual levels of polycyclic aromatic hydrocarbons (PAHs)
versus time of composting of municipal sewage sludge with rapeseed meal.

an increase in the total PAHs content in this period of about
16.1% (P < 0.05) (Fig.2). These findings are similar to those
reported by Lazzari [27], Hafidi [8] and Amir [28].
In some cases, the increases of high molecular weight
PAHs or low molecular weight PAHs have been reported
by other authors in the past [29,30]. This enrichment could
be attributed to the mass reduction that takes place during
composting (around 40-60 % [24]) and to the very low degradation/ volatilization rates of the high molecular weight
contaminants during composting due to their physicochemical properties

4. CONCLUSIONS
The goal of this study was to determine the fate of 16
polycyclic aromatic hydrocarbons (PAHs) during 94 days
of bag-type composting, a new technology for rapid and
efficient treatment of sewage sludge. Sewage sludge and
Rapeseed meal was firstly mixed in accordance with the
mass ratio of 4:1.Then 50 kg of the mixture as a unit was
packed in a PP woven bag for sealing micro-aerobic composting fermentation. The total PAHs calculated from
sum of the amounts of 16 PAHs was 1.792 mg·kg-1 in the
initial mixture, and it decreased to 0.153 mg·kg-1 at the
final composting. The removal of all PAHs mainly occurred
in the stabilization phase, but some differences could be observed between PAHs with three or fewer aromatic rings
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(N ≤ 3) and those with four or more (N ≥ 4). The PAHs
with N ≤ 3 except phenanthrene continuous decreased in
the whole process, while the PAHs with N ≥ 4 and phenanthrene showed increases during the 31 - 46 days. The
high molecular weight PAHs showed a greater reduction
of their bioavailability than those with low molecular
weight. This is in agreement with the fact that the adsorption is less reversible with increased numbers of fused
aromatic rings or an increase of their hydrophobicity.
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ABSTRACT
The stress induced by Cr(III), Cr(VI) and Ni(II) was
determined, by using Sinapis alba plant, as root and shoot
growth inhibition, dry and fresh mass production, water
translocation to upper plant parts, photosynthetic pigments
production and metal accumulation and translocation
through the plant. For growth inhibition the following
ranks orders were arranged: for roots Cr(VI) ≥ Ni(II) >>
Cr(III); for shoots Ni(II) > Cr(VI) >> Cr(III). When the
relationship between dry (DM) and fresh (FM) mass was
determined, the DM fraction was increased parallel with
increased metal concentrations in order Cr(VI) > Ni(II) >
Cr(III). This indicates a reduction in water uptake. Water
content was reduced in all cases very rapidly, mainly in
the roots and obtained results indicated that Cr and Ni inhibited water absorption by the roots, but not water translocation into the upper plant parts. The strongest unfavorable effect on the production of photosynthetic pigments
had again Cr(VI) and the lowest Cr(III). Metals reduced
more Chl a than Chl b production and their effect on carotenoids was mostly stimulative. Accumulation of all tested
metals was higher in the roots and because transfer factor
(TF) was lowers than 1, the transport of Cr and Ni from
roots to shoots was restricted.

KEYWORDS: Chromium; nickel; growth inhibition; biomass and
pigments production; water content; metal accumulation and
translocation; Sinapis alba.

1. INTRODUCTION
Over the last few years heavy metals had received considerable attention as a consequence of the increased environmental pollution from industrial, agricultural, energetic
and municipal sources. They function in the soil as stress
factors causing in plants physiological disorders after having been absorbed by the root system which results in
decreased vigor of a plant and retardation of its growth.
* Corresponding author

Physiological responses of plants to a toxic metals treatment are not only growth inhibition, but also changes in
various biochemical and physiological characteristics [13]. Long-term exposure of whole plant to enhanced metal
concentrations may affect chlorophyll synthesis and thus
have an important role in both the chloroplast development
in young leaves and in the inhibition of photosynthesis [3,
4]. Decrease in production of photosynthetic pigments is
an early symptom of metal toxicity [5]. The chlorophyll
content is one of the most investigated physiological (but
not specific) characteristics used for identification of physiological disturbance owing to the consequence of emission
impact. Vascular plants have been found to be highly effective for recognizing and predicting metal stress in the environment (growth inhibition, reduction of biomass production, changes in water absorption and translocation) [6-11].
By their ability to accumulate toxic substances, they indicate metal presence in the environment even in very low
concentration [12,13].
2. MATERIAL AND METHODS
2.1. Experimental design – growth inhibition

Mustard (Sinapis alba L.) seeds were germinated in
Petri dishes with a 17-cm diameter lined with filter paper
and a plastic net on the bottom. All Petri dishes contained
50 seeds and 50 mL of tested metal samples and covered
were situated in the dark thermostat (t = 25 oC; air humidity 80%). After 72 h roots and shoots length was measured. Tested samples were used in ten various concentrations (Cr(III) 50-250 mg L-1; Cr(VI) 1-75 mg L-1; Ni(II)
1-50 mg L-1) and for their dilution tap water (80 mg L-1
Ca, 27 mg L-1 Mg; pH = 7.3 ± 0.05) was used. Tap water
was also used as solution medium for control.
All experiments were set up in a completely randomized design with three replicates. Phytotoxicity was assessed as inhibition of roots and shoots growth and results
were evaluated by Gryck-Haustein method and IC25, IC50
and IC75 concentrations and their 95% confidence intervals (CI) were determined. Quality control data were considered acceptable to control charts and other established
criteria.
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2.2. Determination of biomass production and water content

Basically the same procedure utilized for growth inhibition was used to determine the dry and fresh biomass
production and water content. After 72 h, Petri dishes
with germinated seeds were transferred from the thermostat into the laboratory box with a day-light cycle and a
constant temperature of 23 ± 1 oC. The dishes were shielded
from direct sunlight and cultivation lasted for the next
7 days. After 10 days growth (3 + 7) the plants were divided into roots and shoots and the fresh mass was immediately weighed. The plant material was then dried in a
drying-plant (t = 80 oC) to a constant weight. The water
content of the plants was determined on the basis of fresh
and dry mass using Drazic and Mihailovic‘s equation [14]:

(WC – water content; FM – fresh mass, DM – dry
mass; in g g-1 DM).
Metals were for these experiments used in concentrations equal to calculated IC25, IC50 and IC75 values.
2.3. Photosynthetic pigments determination

Pigment contents (chlorophyll a, b and total carotenoids)
were determined in 1 g of fresh shoot mass after extraction
with 96% ethanol, and measured spectrophotometrically at
665, 649 and 470 nm. The amounts were calculated using
the following equations [15]:
Chl a = 13.95 (A665) – 6.88 (A649)
Chl b = 24.96 (A649) – 7.32 (A665)
Car = [1000 (A470) – 2.05(Chl a) – 114.8 (Chl b)]/245
(Chl a – chlorophyll a, Chl b – chlorophyll b, Car – carotenoids; in µg mg-1 DM).
Metals were for these experiments used in concentrations equal to calculated IC25, IC50 and IC75 values. Plants
for these experiments grew 10 days (3 + 7) as was described thereinbefore.
2.4. Metal accumulation and translocation

For determination of Cr and Ni uptake by plants both
metals were used only in concentration equal to calculated
IC50 values. Plant samples (including control plants) were
taken after 10 days (3 + 7) of exposure. The seedlings were
removed from tested solutions and washed with acidified
deionized water (at pH 4 with HCl) and then with deionized water to remove excess metals at the surface of plants.
Different plant parts (roots, shoots) were separated manually and dried at 80 oC for 24 h. Metals were extracted
from plant tissue using a modified method described by
Szárazová et al. [11]. The total concentration of Cr and Ni
in the extracts of both plant parts were analyzed by ETAAS (Cr) and F-AAS (Ni) (AAS; Varian, spectr. AA,
Australia, GTA 110, with Zeeman 220 background correction). The instrument was zeroed with 1% HNO3 blanks.
High level fortified standard for trace elements (NWRI
Canada) was used as a certified stock solution. Cr and Ni
solutions were prepared from 1 g L-1 stock solutions

(MERCK, Darmstadt, Germany). All the concentrations
were reported on a dry mass basis for both plant tissues.
Analytical data quality were ensured through repeated
analysis (n = 3) of EPA quality control samples in water
and the results were found to be within ±3.15% of certified value. For plants, recoveries of metal from the plant
tissues were found to be 99% as determined by digesting
four samples each from untreated plant with known amount
of metal. The blanks were run all the time. The concentrations reported are mean values from triplicate analyses of
each sample after reduction of control.
The Cr and Ni uptake in different parts of the plants
was calculated using the bioaccumulation factor (BAF).
The BAF provides an index of plant ability to accumulate
a particular metal with respect to its concentration in the
medium [16] and is calculated as follows:

(M – metal; DM – dry mass)
Translocation factor (TF), the ratio of element concentration in shoot tissue to element concentration in root
tissue, which estimates the translocation efficiency of a
plant, was determined according to Tappero et al. [17]:

(M – metal; DM – dry mass)
2.5. Metal samples

For samples of tested metals NiCl2.6H2O, Cr(NO3)3.9H2O
and CrCO3 compounds of analytical grade p.a., were obtained from Lachema, Brno, Czech Republic.
2.6. Statistical analysis and analytical quality control

All phytotoxicity tests were carried out in triplicate
and included a control. Quality control data were considered acceptable to control charts and other established criteria. STATISTICA 8.1 software was used for statistical
evaluation. The Student's t-test was used to assess the
significant difference between control and other treatments
(P≤ 0.05). Data were expressed as the average ± standard
deviation (SD).
An analysis of regression between metal tissues concentrations and the dry weights of plants (shoots and roots)
was also carried out. Analytical precision of the method
was improved by including triplicate samples. Reproducibility was within ± 5%.
3. RESULTS AND DISCUSSION
3.1. Growth inhibition

The deleterious effect of chromium and nickel to S.
alba seedlings was expressed as root and shoot growth
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inhibition couched in regression analysis calculated IC25,
IC50 and IC75 values and their 95% confidence intervals
(CI) (Tab. 1.). On the basis of these values, and their statistical evaluation, metals can be arranged in the following
rank orders of inhibition: for roots: Cr(VI) ≥ Ni(II) >>
Cr(III); for shoots: Ni(II) > Cr(VI) >> Cr(III). Both roots
and shoots prolongation was most inhibited by Cr(VI) and
Ni(II). All metals tested reduced more root than shoot
growth.
TABLE 1 - IC25, IC50 and IC75 values and their 95% confidence
intervals (CI) (mg L-1) for S. alba L. after 72 h application of tested
metals.

Cr(VI)
Cr(III)
Ni(II)

Cr(VI)
Cr(III)

IC25±95% CI
(mg L-1)
4.09
3.51-4.97
81.62
69.83-93.41
5.7
5.18-6.21
IC25±95% CI
(mg L-1)
8.21
7.74-8.79
90.16
72.62-107.70
8.26
7.82-8.70

ROOTS
IC50±95% CI
(mg L-1)
9.82
8.39-10.24
115.4
98.73-132.07
12.52
12.05-13.48
SHOOTS
IC50±95% CI
(mg L-1)
20.89
19.68-22.10
136.21
109.71-162.71
16.55
15.67-17.43

IC75±95% CI
(mg L-1)
23.57
21.55-26.58
163.16
139.60-186.73
28.01
26.97-29.06
IC75±95% CI
(mg L-1)
53.15
50.08-56.23
205.78
165.75-245.81
33.18
31.41-34.94

adverse effect on S. alba root growth was equal to that of
Hg and stronger than that of Cd and Pb, while Ni reduced
root length less than Cr [5]. In accordance with our results
Burd et al. [6] and Chatterjee and Chaterjee [7] also reported that root growth was as a more sensitive indicator
of metal toxicity than shoot growth. Here-in, this was significantly confirmed mainly for chromium. The general response of decreased root growth due to Cr and other metal
toxicity may be evoked by the inhibition of root cell division/root elongation or by the extension of the cell cycle in
the roots. Under high concentrations of Cr, Ni and many
other heavy metals, the reduction of root growth may be
due to the direct contact of seedlings roots with metal present in the medium, causing collapse, and subsequently the
inability of roots to absorb water from the medium [19].
Adverse effects of Cr, Ni and other metals on plant height
and shoot growth were also published by Rout et al. [20],
Barton et al. [21] and Sharma and Sharma [22]. The significant reduction in plant height of S. alba observed in
this present research was also reported for this plant by
Hanus and Tomas [23] in soil with Cr concentrations of
200 or 400 mg kg-1. The reduction in plant height may be
due mainly to the reduced root growth and consequent
lesser nutrient and water transport to the shoots. Additionally, Cr and Ni transport to the aerial part of plant can have
a direct impact on the cellular metabolism of shoots, thus
contributing to the reduction in plant height [9].
3.2. Determination of biomass production and water content

The presence of Cr and Ni in the external environment
leads to changes in the growth and development pattern of
plants, and both these metals are reported to be very toxic
for root and shoot growth [5,18]. Ni in the presence of up
0.1 µM NiCl2 inhibited root and shoot elongation of canola and tomato seedlings, and the roots appeared more
sensitive than the shoots [6]. Prasad et al. [8] reported that
the root length in Salix viminalis was affected more by Cr
than by Cd and Pb, and Fargašová [18] stated that the Cr

The overall adverse effect of Cr and Ni on growth and
development of plants may be a serious impairment of
mineral nutrients and water uptake, which leads to deficiency in the shoots. Wilting of various crops and plant
species due to Cr toxicity has been reported [24], but little
information is available on the exact effects of Cr and Ni
on water relations in higher plants. When the relationship
between dry and fresh mass was determined herein (Fig. 1),
the dry mass fraction was increased parallel with increased

FIGURE 1 - Relation between dry (DM) and fresh mass (FM) (%) after 10 days growth of S. alba in the presence of tested metals; mean of
three determinations, standard deviation 6% or less (R – roots; S – shoots; Con. – control)
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Cr and Ni concentrations. This indicates a reduction in
water uptake and, possibly, also translocation through the
plant.
Water content was reduced very rapidly in comparison to that in control seedlings (Fig. 2.), and this occurred
mainly in the roots where the water level varied with the
tested concentrations. Water content in the shoots was not
significantly reduced in the presence of tested metals, and
it can be concluded that Cr and Ni levels inhibited water
absorption by the roots, but not water translocation into the
upper seedlings parts. These results agree with the Chatterjee and Chatterjee [7] conclusion, that excess Cr decreases the water potential and transpiration rates and increases diffusive resistance and relative water content
in leaves of cauliflower. However, Barcelo et al. [19] observed a decrease in leaf water potential in a Cr-treated
bean plant. Decreased turgor and plasmolysis was also
observed in the epidermal and cortical cells of bush bean
plants exposed to Cr, because toxic levels of Cr decreased

tracheary diameter in vessel-bearing plants, thereby reducing longitudinal water movement [25].
3.3. Photosynthetic pigments determination

The photosynthetic pigments’ levels in S. alba seedlings shoots for IC25, IC50 and IC75 concentrations of
Ni(II), Cr(III) and Cr(VI) are introduced on Fig. 3. The
strongest inhibitory effect on all photosynthetic pigments
production had Cr(VI) and the weakest Cr(III). The rank
order of inhibition could be arranged as follows: Cr(VI)>
Ni(II)>Cr(III). All tested metals reduced more Chl a than
Chl b and they effects on Car was in previously stimulative. The decrease in the concentration of Chl a and Chl b
also introduced Chatterjee and Chaterjee [7] after exposure to metal pollutants. The decrease in chlorophyll concentration may be the result of an inhibited photosynthetic
electron transport [26] and decomposition of the chloroplast membrane with metal excess [27]. The adverse effects of tested metals on S. alba seed-

FIGURE 2 - Water content (g g-1DM) in roots and shoots of S. alba seedlings after 10 days growth in the presence of Cr and Ni; mean of
three determinations, standard deviation 6% or less (R – roots; S – shoots; Con. – control).

FIGURE 3 - Photosynthetic pigments production (µg mg-1 DM) in S. alba shoots after 10 days growth in the presence of tested metals (Chla –
chlorophyll a; Chlb – chlorophyll b; Car – carotenoids; DM – dry mass; pigments content − mean of 3 determinations with standard deviations)
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TABLE 2 - Chromium and nickel concentrations (mg g-1 DM) in roots and shoot of S. alba and calculated values of BAF and TF
Cr(III)
Root
26.25

Shoot
8.32

BAF
0.299

TF
0.317

Root
3.742

Cr(VI)
Shoot
BAF
0.828
0.465

Ni(II)
TF
0.222

Root
2.192

Shoot
1.694

BCF
0.310

TF
0.773

DM – dry mass

lings may be due to the interference of these metals in the
formation of chlorophyll either through the direct inhibition of an enzymatic step or through the induced Fe deficiency as introduced by Van Assche and Clijsters [28] in
cauliflower. Identical to Brown et al. [29] conclusions
stunting of growth and changes in photosynthetic pigments
production, as two major symptoms of Ni toxicity in plants,
were also confirmed in our study.
In opposite to chlorophylls carotenoids content was in
the presence of tested metals increased and overreached
their content in control or their concentration was on the
same level as in the control. The strongest stimulation of
carotenoids production was observed in the presence of
Cr(VI) when carotenoids content reached in IC25, IC50 and
IC75 116, 122 and 106%, respectively. These results are in
good agreement with those of Singh et al. [30]. Carotenoids, a nonenzymatic antioxidants, are a part of photosynthetic pigments and they play an important role in
protection of chlorophyll pigments under stress conditions
[31]. An increase in carotenoid contents is considered as
defense strategy of the plant to reduce metal stress [32].
Like other heavy metals Cr can in high concentration induce degradation of carotenoids in plants [33]. However,
in Vallisneria spiralis and other aquatic plants an increase
in carotenoids comparable with our study was seen under
Cr treatment [34,35]. The increase in carotenoids content
may act as an antioxidant to scavenge ROS (reactive oxygen species) generated as a result of Cr and Ni toxicity.
3.4. Metal accumulation and translocation

The uptake rate of Cr and Ni in the roots and shoots of
S. alba together with bioaccumulation (BAF) and translocation (TF) factors are introduced in Table 2. While the
accumulation of Cr was higher in the roots and its transfer
to upper plant parts was low, Ni transport to shoots was at
least two times higher than those of Cr. But because all
values of TF factors for Cr and Ni were <1, the transport
of Cr and Ni from roots to shoots is restricted.
As introduced Gheju et al. [36] for Cr(VI) is obvious
that it was slowly translocated within the plant from the
roots to stems, and very slowly further translocated to
leaves and this is in accordance with our observations.
These results are also in accord with other studies which
reported highest chromium accumulation in the roots [37].
According to Shanker et al. [9] the high Cr(VI) concentration in roots is due to Cr(VI) immobilization in the vacuoles of the root cells. Results obtained during our experiments confirmed Cervantes et al. [38] statement that Cr
toxic effects depends primary on its valency which defines uptake, translocation and accumulation of Cr in

plants. Zayed et al. [37] found in agricultural crops higher
accumulation of Cr(VI) than Cr(III) and the same was
confirmed for our crop.
Chromium enters plants by reduction and/or complexation with root exudates, such as organic acids, which
increase the solubility and mobility of Cr through root
xylem [39]. Both Cr(VI) and Cr(III) enter into the root
cells by the symplast pathway where Cr(VI) is reduced and
accumulates in the cortex [9]. Even thought Cr is poorly
translocated to aerial parts, it is mobilized and accumulated
inside tissues depending on its chemical form [40]. Low
translocation factor (TF) was confirmed also for S. alba
when its values for both Cr(III) and Cr(VI) were 0.317
and 0.222, respectively. Bioaccumulation factor was higher
for Cr(VI). Zayed and Terry [41] reported that Cr enters to
plants as Cr(III) by a passive mechanism. Cr(VI) is more
easily transported inside the plant, as it has been reported
to occur by an active mechanism [42].
In opposite to chromium Ni is introduced in very low
concentrations as micronutrient for plants [29], but toxic
amounts of this element can occur in many environments.
Plants containing more than 100 mg L -1 Ni develop
symptoms of toxicity. Ni is transported to underground
plant parts by the oxygen atoms either as metal complexes
of organic acids or as hydrated cations [43]. If the nickel
level remains high, it inevitably binds organic macromolecules and denatures them. Furthermore, nickel can replace
iron, zinc and magnesium due to the chemical affinity with
those elements, interfering with their metabolism. Whereas
Pandey and Sharma [44] observed in Brassica oleracea L.
and Fargašová and Beinrohr [45] in S. alba higher nickel
accumulation in the shoots, Barman et al. [46] reported its
higher accumulation in the roots of Cyperus difformis
L. and Chenopodium ambrosiodes L. and this statement was
also confirmed in this study. However, Wallace et al. [47]
introduced that Ni is equally divided between roots and
shoots here presented results confirmed that although Ni
transfer factor was several time higher than those for Cr, Ni
as well as Cr was accumulated mostly in the roots and its
translocation to the shoots was low.
4. CONCLUSION
Presented results indicate that Cr and Ni significantly
reduced root and shoot growth as well as biomass production and water uptake mainly by the roots. In the shoots
water content was not reduced significantly and that indicates that Cr and Ni inhibit water absorption by the roots,
but not water translocation through the plant. Adverse
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effect of Cr and Ni was also confirmed for photosynthetic
pigments production. While metals effect on chlorophylls
production was adverse, carotenoids content was increased
significantly. Increase of carotenoids content may act as
antioxidant to scavenge ROS (reactive oxygen species)
generated as a result of Cr and Ni toxicity. For all observed
parameters the most toxic were Cr(VI) and Ni and as less
toxic was confirmed Cr(III). All metals were accumulated
in preference in the roots and its transfer to shoots was
low.
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ABSTRACT
Heavy metal pollution in aquatic ecosystem is a matter of serious concern due to its toxicity, persistence, bioaccumulation and biomagnification along the food chain.
Fish, being in the highest trophic level in an aquatic ecosystem, can be used as a bio-indicator of heavy metal contamination and pollution in a reservoir. In the present study,
three popular fish species of India (Labeo rohita, Catla
catla and Cirrhinus mrigala) were used to evaluate the
extent of heavy metal pollution in Halali reservoir of
Madhya Pradesh, a central province of India. The average
metal concentration of Cd, Cr, Cu, Ni, Pb and Zn in different tissues of these fishes varied between 0.02–0.06, 1.865.22, 1.11–11.35, 0.29-0.82, 0.17-0.41 and 43.26-63.72 mg
kg-1, respectively. In the present study, liver and gills, being
the highest metal accumulating tissues, were the target organs, while muscles, the consumable part, accumulated
the lowest quantity of metals. Cr, Zn, Pb and Cu had positive association with fish size, while Cd and Ni had the
negative relation with it. Metal concentration in the muscles of fishes of Halali reservoir was found to be well
within the permitted levels for human consumption, except for Cr, which showed a higher level in muscles too.
Study showed that the concentration of heavy metals in
fishes can vary not only due to their size but also to their
metabolic rate and feeding behaviour.

Some metals are essential for aquatic organism, which must
be taken up from water, food or sediment, although the
non-essential heavy metals also come through the same
route and accumulate in their tissues. Metal persists in the
aquatic environment and become bioconcentrated and biomagnified along the food chain. Hence, fish, which has
the highest trophic level in an aquatic ecosystem, can be
used as a bio-indicator to monitor the extent of heavy metal
pollution in a reservoir.
The concentration of heavy metals in fish tissues depends upon several factors, viz., temperature, pH, salinity,
alkalinity and hardness [1], seasons [2], metabolic rate,
nature of diet [3], exposure concentration and duration,
physiological condition of organisms, and lipid dynamics
of tissues [4]. The size of animals has also played an important role in metal accumulation in tissues. Nevertheless,
the positive relationship could not be consistent for all the
metals [5]. A study was, therefore, undertaken to examine
the size- specific pattern of heavy metals accumulation in
the gills, muscles, liver, kidney and intestine, and to evaluate the extent of heavy metal pollution in Halali reservoir, a
fishery reservoir of Madhya Pradesh, India. Gills, liver,
kidney and intestine were selected as the target organs for
metal accumulation, while the muscles tissues were selected for the determination of potential human risk anticipated due to the consumption of these popular Indian major
carps (C. catla, L. rohita and C. mrigala) of Halali reservoir.

KEYWORDS: Heavy metal toxicity, bio-monitoring, permitted
level, relationship, reservoir

1. INTRODUCTION
Heavy metal pollution in freshwater resources has
become a cause of serious concern in recent times due to
increased population pressure and industrialization. Domestic, industrial and agricultural activities are the main
sources of heavy metal contamination in aquatic ecosystem.
* Corresponding author

2. MATERIALS AND METHODS
The study area was the Halali reservoir situated in
Bhopal-Vidisha-Raisen districts of Madhya Pradesh at a
latitude 23°30’N and longitude 77°30’E. This study was
conducted during October 2006- June 2007. Three fish
species, namely, Catla (C. catla), Rohu (L. rohita) and
Mrigal (C. mrigala) were used for the study. The fishes
were brought to the laboratory as soon as they were caught.
Total fish length and weight of each individual were recorded before the collection of gills, muscles, liver, kidney and intestine by dissecting with clean equipments.
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Tissues were washed with double distilled water and put
in Petri dishes to dry at 120°C until reaching a constant
weight. One gram of each dried tissues (in three replication) was then digested with di-acid (HNO3 and HClO4 in
2:1 ratio) [3] on a hot plate set at 130°C (gradually increased) until all materials were dissolved. Digested samples were diluted with double distilled water approximately
in the range of the standards, which were prepared from the
stock standard solution of the metals (Merck). Metal concentrations in the samples were measured using ICP-OES
(Model-Perkin-Elmer Optima 2100 DV). The instrument
was calibrated with chemical standard solution prepared
from commercially available chemicals (Merck, Germany).
Analytical blanks were run in the solutions prepared in
the same acid matrix. The quality of the data was checked
by analysis of standard reference material (NIST 1640,
National Institute of Standards and Technology, USA).
Linear regression analysis was applied to data to study
the relationship between length and weight of the fishes
and the heavy metal accumulation in different tissues of the
fishes.
3. RESULTS AND DISCUSSION
Mean concentration of the metals in the gills, muscles, liver, kidney and intestine of the fishes is depicted in
Figure 1. Most of the metals were significantly different
in each tissue from different fish species (Table 1) because different fish species contained different metal
levels in their tissues [6]. This may be due to the difference in ecological needs, swimming behaviors, feeding
habit, physiological state of the tissues and metabolic
activities of different fish species. Different tissues of a
species contained different levels of metals (Table 2) due
to the nature of the tissues. Cd and Cu were the highest in
the liver of C. catla, while Cr, Ni, Pb and Zn were the
highest in the liver of L. rohita (Figure 1). Highest concentration of the metals were in the liver (Figure 1) followed by gills, kidney, intestine and muscles for Cd, Cr
and Ni, but it was in the sequence of liver> kidney> gills>
intestine> muscles for Cu, Pb and Zn. Muscles of all the
species contained the minimum amount of heavy metals.
The higher concentrations of metals in liver, gills, kidney
and intestine were due to their capacity to accumulate
these metals brought by blood from other parts of the
body and induce the production of the metal binding protein, metallothionein, which is believed to play a crucial
role against the toxic effects of heavy metals by binding
them [7]. Another reason of high concentration of metals
in these tissues may be due to their higher potential for
metal accumulation [8, 9]. According to Klavercamp et al.
[10], the gills, liver and kidney are the main sites of
metallothionein production and metal retention, which, in
turns, results in higher concentration of metals in these
tissues. Muscles of fishes contained the lowest amount
because it does not come into direct contact with the metal in the environment as it is totally covered externally by

the skin, which in many ways helps the fish to ward off
the penetration of the metal [11]. Secondly, it is not an
active site for detoxification, and therefore, transport of
metal from other tissues to muscle does not arise [12].
This study was also aimed to investigate relationship
between heavy metal concentrations in the tissues and fish
length and weight. Table 3 and Table 4 show the relationship between metal concentration and fish length and
weight. Cadmium is a non-essential heavy metal and have
no biological function but has toxic effects on proteins
and ion channels. It has a strong affinity for sulphydryl
containing ligands, such as the amino acids cysteine and
histidine [13]. No significant relationship was found between the Cd concentration and the length and weight of
the fishes. This finding differed with that of Farkas et al.
[4], who had reported positive relation of Cd in the liver
and the size of the fish.
Copper is an essential element. The concentration of
Cu in gills and muscles of C. mrigala increased with the
increase in length for gills (P<0.01) and muscles (P<0.05)
(Table 3), while the liver of L. rohita accumulated higher
level of Cu with increasing weight (P<0.05) (Table 4). It
was similar with the findings of Farkas et al. [4], but the
tissues of C. catla showed a non-significant relationship
(P>0.05) between length and metal concentration in tissues. Nussey et al. [5] and Canli and Atli [14] reported a
negative relationship between Cr concentration and fish
size but in our study a positive relationship with size was
found for the liver (P< 0.05) of C. mrigala and gills (P<
0.05) for C. catla (Table 3 and 4). Ni concentration in the
gills of L. rohita showed an increased level along with
length. The positive relationship of Ni for L. rohita has
also been documented by Nussey et al. [5].
Food uptake is an important source of heavy metals
in animals. Fish has a tendency to accumulate heavy metals in a manner depending on their position in the food
chain and their feeding habits [15]. Pb had no significant
relationship with fish size, except the positive relation
with the kidney of C. mrigala (P< 0.05), which might be
due to the feeding habit of the fish. In contrary, Widianarko et al. [16] found a negative dependence in Pb concentration with increase in size. For Zn, non-significant
relationships were found but in case of C. mrigala it
showed a good positive relationship with fish size. The
concentrations of Zn in gills, muscles, liver and intestine
of mrigala were significantly increased (P< 0.01, P< 0.05,
P< 0.001 and P< 0.001, respectively) with length (Table
3), whereas, only the liver tissue of C.mrigala showed
positive relationship (P< 0.05) with weight (Table 4).
Mazej et al. [17] also reported significant relation of Zn
with R. rutilus and A. brama danubii, but that was contrary to the study of Farkas et al. [4], who showed a decreasing concentration of Zn with increasing length.
It has been established that metabolic activity of an
animal plays an important role in heavy metal accumulation [18]. The metabolic activity is generally higher in-
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FIGURE 1 - Mean concentrations of heavy metals (Cd, Cr, Cu, Ni, Pb and Zn) in fish tissues (± SD).
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TABLE 1 - ANOVA for metal concentration among the same tissues
of different species.
Tissue
Gills

Muscles

Liver

Kidney

Intestine

Metal
Cd
Cr
Cu
Ni
Pb
Zn
Cd
Cr
Cu
Ni
Pb
Zn
Cd
Cr
Cu
Ni
Pb
Zn
Cd
Cr
Cu
Ni
Pb
Zn
Cd
Cr
Cu
Ni
Pb
Zn

TABLE 2 - ANOVA for significance of metal concentration in
different tissues of same fish species.

Significance level
Not sig. at 5%
Sig. at 1%
Not sig. at 5%
Sig. at 1%
Not sig. at 5%
Sig. at 1%
Not sig. at 5%
Sig. at 5%
Not sig. at 5%
Not sig. at 5%
Sig. at 5%
Sig. at 5%
Sig. at 5%
Sig. at 1%
Not sig. at 5%
Sig. at 5%
Sig. at 5%
Sig. at 1%
Not sig. at 5%
Not sig. at 5%
Not sig. at 5%
Sig. at 5%
Not sig. at 5%
Not sig. at 5%
Not sig. at 5%
Not sig. at 5%
Not sig. at 5%
Not sig. at 5%
Not sig. at 5%
Not sig. at 5%

Tissue
L. rohita

C. catla

C. mrigala

Metal
Cd
Cr
Cu
Ni
Pb
Zn
Cd
Cr
Cu
Ni
Pb
Zn
Cd
Cr
Cu
Ni
Pb
Zn

Significance level
P < 0.001
P < 0.001
P < 0.001
P < 0.001
P < 0.001
P < 0.001
P < 0.001
P < 0.001
P < 0.001
P < 0.001
P < 0.001
P < 0.001
P < 0.001
P < 0.001
P < 0.001
P < 0.001
P < 0.001
P < 0.001

TABLE 3 - Regression of heavy metal concentration with total fish length.
Fishes
L. rohita

C. mrigala

Tissues
gills

Metals
Ni

gills

Cu

Zn

muscles

Cu

Zn

liver

Cr

Zn

kidney

Pb

Intestine

Zn

Df
Equation
Adj R2
p-value
Df
Equation
Adj R2
p-value
Df
Equation
Adj R2
p-value
Df
Equation
Adj R2
p-value
Df
Equation
Adj R2
p-value
Df
Equation
Adj R2
p-value
Df
Equation
Adj R2
p-value
Df
Equation
Adj R2
p-value
Df
Equation
Adj R2
p-value

Data
16
Y=-0.011+0.018X
0.2522
***
15
Y=-0.328+0.116X
0.3595
**
15
Y=27.31+0.617X
0.3409
**
15
Y=-1.19+0.062X
0.2452
*
15
Y=18.06+0.677X
0.2431
*
15
Y=2.45+0.057X
0.3123
*
15
Y=28.95+0.743X
0.5349
***
15
Y=0.087+0.007X
0.3012
*
15
Y=9.82+1.013X
0.6342
***

Y= metal concentration (mg kg-1), X= total fish length (cm.), *** = P< 0.001, ** = P< 0.01, * = P< 0.05
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TABLE 4 - Regression of heavy metal concentration with total fish
weight.
Fishes
L. rohita

Tissues
liver

Metals
Cu

C. catla

gills

Cr

C. mrigala

liver

Zn

Df
Equation
Adj R2
p-value
Df
Equation
Adj R2
p-value
Df
Equation
Adj R2
p-value
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Data
16
Y=2.90+2.39X
0.1723
*
11
Y=1.12+0.778X
0.2866
*
15
Y=34.41+8.03X
0.1817
*

Y= metal concentration (mg kg-1); X= total fish weight (kg); * = P< 0.05

young individuals than in older ones, resulting higher
concentration of metals in young individuals [19, 5, 16].
In this study, non-significant relationship between heavy
metal concentration and fish size (length and weight)
might be due to the different metabolic rate of the different fish species. Douben [19] indicated that after a certain
age the metal accumulation could reach at a constant state.
However, the dilution of tissue metal concentration due
to growth or lower metabolic rate in older individuals may
not be seen if metal concentrations in water are higher than
the capacity of these factors. In that condition, continuous
accumulation of metals may be obtained, which may give
a positive relationship between animal size and metal
concentration in tissues. In the study, positive relation of
Cr and Zn with tissues might be due to the higher concentration of these metals in the Halali reservoir.
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BIOTRANSFORMATION AND BIOSORPTION
OF SE(IV) BY ASPERGILLUS NIGER STRAIN
Martin Urík*, Roman Antoška, Pavol Littera, Katarína Gardošová, Marek Kolenčík and Lucia Kořenková
Comenius University, Faculty of Natural Sciences, Geological Institute, Mlynská dolina, Bratislava, 842 15, Slovak Republic

ABSTRACT
This study evaluates selenite uptake and its transformation into volatile derivatives by Aspergillus niger strain
and its sorption capacity for selenite removal from aqueous
solutions. When compared with control, the presence of
selenite influenced the pH values of culture media, while
the weight of biomass was not changed significantly. The
concentration of selenite in culture media decreased rapidly on the 10th day of cultivation from initial concentration 19 and 27 mg.L-1 to 1.07 and 1.26 mg.L-1, respectively.
However, the concentration of total selenium did not change
during the 25-day cultivation significantly. While the accumulation of selenium on the 25th day of cultivation was
negligible, almost all of uptaken selenium by fungus was
transformed into volatile derivatives (up to 21% of initial
selenite content in culture media). The removal of selenite
from its aqueous solution by fungal biomass of A. niger is
rapid, since the equilibrium was achieved after 20 min.
However, biosorption capacity of fungal biomass for
selenite removal is negligible (0.084 mg.g-1) and not sufficient for possible remediation application.

* Corresponding author

fungi, has received much attention because of its application in bioremediation of selenium contaminated soils or
waters [6]. This process is realized via methylation pathway, where the selenium oxyanions are reduced, process
which also results in detoxification [7]. Biosorption has
been also considered as a promising technology for the
removal of inorganic selenium species from waters [8].
Despite fungal capability to biovolatilize selenium, it
is need to be known how fungi react on elevated concentrations of bioavailable selenium species, especially selenite, which is scavenged from waters to a greater extent
then selenate [9].
The objective of this study was to evaluate selenite uptake and transformation into volatile derivatives by Aspergillus niger and the fungal growth responses to elevated
selenite concentrations during cultivation. The sorption capacity of fungal biomass and its possible application in bioremediation was also evaluated.
2. MATERIALS AND METHODS
The Aspergillus niger strain used in this study was
originally isolated from non-contaminated soil and was
maintained on agar medium under laboratory conditions.
Fungal inocula were prepared from 14-day old cultures of
this strain.

KEYWORDS:
selenite, fungi, biovolatilization, biosorption

1. INTRODUCTION
Selenium is an essential micronutrient in animals. However, its elevated concentrations may result in toxic effects
[1]. Hence, environmental pollution with selenium mobilized from geological sources as a result of industrial or
agricultural activities may be serious threat for ecosystems [2].
Bioremediation technologies, including bioaccumulation and biovolatilization are alternative technologies for
removal of toxic metals from soils and waters [3-5].
Biovolatilization of selenium by microorganisms, including

The stock solutions of selenite were prepared in deionized water from Na2Se03.5H20 (Merck, Germany).
2.1. Biovolatilization and bioaccumulation of selenite

The cultivation system for experimental purposes included 15 mL of Sabouraud culture media (HiMedia, Mumbai, India), 5 mL of prepared fungal inocula and 5 mL of
stock solutions to reach concentration 19.6±0.0 or 27.3±0.1
mg.L-1of Se(IV) in cultivation systems. Selenite-free control was also set up and monitored for 25 day. All uptake
experiments were preformed and measured in triplicate,
except the case, when the total selenium in biomass and
culture medium of the control experiment was measured
in one sample, on the 25th day of cultivation.
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The pH of cultivation media and weight of dried biomass were determined and concentration of Se(IV) in medium after membrane filtration was analyzed electrochemically as described later on 5th, 10th, 15th and 20th
day of cultivation. The concentration of total selenium in
biomass and culture media on the 25th day of cultivation
was determined by hydride generation-atomic absorption
spectrometry (HG-AAS) using the Perkin-Elmer Atomic
Absorption Spectrometer model 1100 (USA) equipped with
a hydride generator Labtech HG-2 (Czech Republic). The
sample pre-treatment for total selenium determination in
fungal biomass (detection limit was 0.0025 mg.kg-1) was
carried out in three steps. In the first step, samples were
digested with 5 mL of concentrated HNO3 in a stainlesssteel coated polytetrafluoroethylene (PTFE) pressure bomb
at 160°C in an electric oven for 6 hours. In the second
step, after cooling the digest was transferred into a 50 mL
volumetric flask and mixed. A 25 mL portion of solution
was transferred into a PTFE beaker, 5 mL of concentrated
H2SO4 was added and covered and digested on the sand
bath for three hours. The solution was then evaporated to
approximately 5 mL. Finally, the samples were transferred to volumetric flasks and made up to a final volume
of 25 ml with distilled water. After those processes, a 5 mL
aliquot of the prepared solutions of culture media, standards
or digested biomass was transferred to a 50 mL volumetric
flask. 25 ml of concentrated HCl and ca. 15 ml of distilled
water was added. The flask was heated 15 min at 90 °C to
reduce Se(VI) to Se(IV). After cooling the flask was made
up to the volume with distilled water. Then the total selenium determination of samples was carried out by HGAAS [10].

tar and sieved using 0.2 mm sieve, washed with distilled
water and dried in incubator at 60 °C. The sawdust particles of Picea abies were sieved using 0.2 mm sieve,
washed with distilled water and dried in an incubator
(60 °C). Each of the biomass (2 g) was transferred into
250 ml beaker and the volume of 50 ml of solution of
Se(IV) with concentration 2 mg.L-1 was added. Afterwards,
the beakers were agitated on rotatory shaker at 140 rpm for
120 min. All the sorption experiments were performed in
triplicate.
After the desired time period, the samples were filtered and the Se(IV) concentration in filtrate was determined
by a flow-through electrochemical analyzer EcaFlow 150
GLP [11], device made by ISTRAN Ltd. (Bratislava, Slovak Republic). According to manufacturer, the inorganic
specie Se(IV) is electrochemically deposited at suitable
constant deposition current from the following sample
solution on the working gold electrode of the type E-CA
(ISTRAN Ltd., Bratislava, Slovak Republic) as Se0. In the
next step, deposition is stripped galvanostatically, whereas
the stripping chronopotentiogram is evaluated. The detection limit for Se(IV) in 5 mL sample volume is 0.3 µg.L-1.
Prior to analysis, each filtered sample from sorption experiments was added to dry 50 mL volumetric flask along
with 5 mL R-003c reagent solution (ISTRAN Ltd., Bratislava, Slovak Republic) and immediately analyzed for
Se(IV). Reagent solution R-003c is an acidic solution prepared from demi-water, hydrochloric and sulfuric acids,
which after dilution with distilled water (1:10) have a
similar composition as the carrier electrolyte solution
(hydrochloric acid < 1 %, sulfuric acid < 1 %).

2.2. Biosorption of selenite

In this study, the biosorption of Se(IV) onto the dried
biomass of A. niger (grown biomass of A. niger was collected after 20-day of cultivation on 40 mL of Sabouraud
culture media, dried at 60°C, grinded in mortar and sieved
using 0.2 mm sieve) was investigated in batch experiments. The effect of pH on the biosorption capacity was
studied in the pH range 4.5 – 10.5. The pH of the 25 mL
solution in 250 beaker with Se(IV) concentration 2.5 mg.L-1
was adjusted with 1M HCl or 1M NaOH at the beginning
of the experiment. The biosorbent (1 g) was then transferred to the prepared medium and agitated on rotatory
shaker at 140 rpm (Unimax 2010, Heidolph, Germany).
The effect of initial Se(IV) concentration and the contact time of biosorbent with solution of Se(IV) on the capacity of the biomass for selenite removal was studied at
pH 9 as described above, except that the concentration
of Se(IV) in medium were 0, 0.14, 0.66, 1.14, 1.87 and
2.51 mg.L-1 and contact time varied between 0 and 80 min
for isotherm and kinetic studies, respectively.
The sorption capacity of fungal biomass was compared with selenite removal efficiency of wood biomass
and natural zeolite - clinoptilolite. The zeolite samples were
obtained from Nižný Hrabovec (Slovakia), grinded in mor-

3. RESULTS
3.1. Effect of Se(IV) on growth of Aspergillus niger strain and
pH of culture medium

Growth of A. niger in absence or presence of selenite
is illustrated in Fig. 1. Linear growth phase was observed
in first 5 days of cultivation, followed by decline phase in
absence of selenite and relative stationary phase in the
presence of selenite. In each case the dry weight of biomass reached its maximum (approximately 0.36 g) on the
5th day. The presence of selenite stimulated growth of A.
niger, however, the sporulation of fungus was reduced
significantly.
The initial pH of the culture media in absence of the
selenite was approximately 5.8 and decreased to 4.03 in
first days of cultivation (Fig. 2), followed by rapid increase to 7.92 on the 10th day of cultivation. The pH
value of the growth medium did not change significantly
afterwards. The pH values of culture media in presence of
selenite (Fig. 2) varied from control significantly. After
initial decrease (from 5.8 to 3.6 and 3.4 for cultivation
systems with initial Se(IV) concentration of 19.6 and 27.3
mg.L-1, respectively), the pH value increased slightly with
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time to approximately 4.6 for both initial concentrations
of selenite.
0,5

weight of dry biomass (g)

0,4

0,3

0,2

0,1

However, the concentration of total selenium in culture media did not change significantly during the cultivation. Table 1 shows the concentrations of total selenium in
media and fungal biomass on the 25th day of cultivation.
The concentration of total selenium in culture media decreased slightly from 19.6 and 27.3 mg.L-1 to 17.8 and
21.4 mg.L-1, respectively (Table 1). The small amount of
selenium detected in culture media and biomass of the
“selenite-free” control on the 25th day of cultivation (Table 1) may have probably originated from culture media
as a nutrition supplement.

control
19.6 mg.L-1 Se(IV)
27.3 mg.L-1 Se(IV)
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FIGURE 1 - The influence of Se(IV) on changes of dry weight of
Aspergillus niger biomass during 25-day cultivation
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FIGURE 3 - Concentration of Se(IV) in culture medium during the
25-day cultivation of Aspergillus niger
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FIGURE 2 - The influence of Se(IV) on changes of pH of culture
media during 25-day cultivation of Aspergillus niger
3.2. Biotransformation of Se(IV) during cultivation of Aspergillus niger strain

During the initial growth phase, the concentration of
Se(IV) in culture medium decreased rapidly by more than
50%. At the end of the 10th day of cultivation, the Se(IV)
content in growth medium decreased from initial concentration 19.6 and 27.3 mg.L-1 to 1.07 and 1.26 mg.L-1, respectively (Fig. 3). Afterward, the concentration of selenite in growth media decreased steadily with time.

According to differences in amount of added Se(IV)
and the sum of selenium content in biomass and medium,
it is evident that the total selenium mass balance has
changed during the cultivation period. The loss of selenium in cultivation system represents approximately 8.9%
and 21.6% for system with initial concentration of Se(IV)
19.6 and 27.3 mg.l-1, respectively. The content of selenium in the biomass on the 25th day of cultivation was
negligible, less than 1% of the initial selenium content in
culture media (Table 1).
3.3. Biosorption of Se(IV) onto fungal biomass

In order to investigate the approximate time to reach
equilibrium of Se(IV) biosorption, the kinetic experiments

TABLE 1 - Biovolatilization of Se(IV) by Aspergillus niger after 25 day of cultivation
Concentration of total
selenium in solution on the
first day of cultivation
(mg.l-1)
0a
19.6±0.0

Concentration of total selenium in solution on the 25th
day of cultivation
(mg.l-1)

Amount of total selenium in
biomass on the 25th day of
cultivation
(µg)

0.09
17.8±0.4

0.006
0.45±0.05
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Amount of biovolatilized selenium on the
25th day of cultivation
(mg)
0b
0.043±0.011

Amount of biovolatilized selenium during cultivation
(%)
0b
8.89
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27.3±0.1
21.4±0.8
0.49±0.03
0.147±0.095
21.58
a
concentration of total selenium in selenium-free culture media (control experiment) on the first day of experiment was not measured; bamount of
volatilized arsenic could not be calculated
TABLE 2 - Kinetic models sand their constants for the biosorption of Se(IV) onto Aspergillus niger (V: 25 mL, C0: 1.85 mg.L-1, sorbent dosage: 1g, agitation speed: 140 rpm, pH 9)
k
0.34±0.01
37.9±9.3

Pseudo-first
Pseudo-second

R2
0.97
0.98

Seq
0.002±0.0004
0.021±0.0004

Akaike weight
0.215
0.785

TABLE 3 - Biosorption isotherm constants for the biosorption of Se(IV) onto Aspergillus niger
Langmuir isotherm
KL
Smax
0.307
0.084

R2
0.69

were conducted. The dynamic equilibrium was reached
within the 20 min. In this study two different kinetic
models were used to adjust the experimental data. These
kinetic models included pseudo first order (1) and pseudo
second order models (2):

S t = S eq (1 − e − k1t )
St =

2
eq

S k 2t

0,0095

0,0090

-1

Seq (mg.g )

0,0085

0,0080

0,0075

0,0070

0,0065
5

6

7

8

9

10

11

pH

Akaike weight
0.999

The apparent sorption capacity of A. niger strain was
examined as a function of initial concentration of Se(IV)
in solution and Se(IV) removal was analyzed using
Freundlich (3) and Langmuir isotherm models (4):

S eq = K F CeqN

(2)

1 + k 2 S eq t

R2
0.88

Aspergillus niger (V: 25 mL, C0: 2.5 mg.L-1, sorbent dosage: 1g,
agitation speed: 140 rpm)

(1)

, where Seq and St are the sorption capacity of the biomass (mg.g-1) at the equilibrium and time t (min), respectively; k1 (min-1) and k2 (g.mg-1.min-1) are pseudo first
and pseudo second order rate constants, respectively. The
calculated Akaike weights, which indicate the probability
that the model is the best among the whole set of candidate models, suggest that the sorption of Se(IV) followed
the pseudo second order kinetic model better (Table 2).
The effect of pH on the biosorption capacity of the
fungal biomass was examined within the pH range 4.5 10.5. The sorption capacity slightly increased with increasing pH and reached its maximum (0.008 mg.g-1) at
pH 10.5 (Fig. 4), which was only 1.12 times higher than
that at pH 4.5.

4

Freundlich isotherm
KF
N
0.023
0.548

Akaike weight
0.001

S eq =

S max bC eq
1 + S max bC eq

(3)
(4)

, where KF (L.g-1) is Freundlich constant, which represents sorption capacity of sorbent, when concentration
of sorbate in medium Ceq (mg.L-1) is unitary; N is a heterogeneity factor, which indicates the degree of nonlinearity between solution concentration and sorption;
Smax (mg.g-1) and b (L.mg−1) are the maximum monolayer
sorption capacity and the Langmuir adsorption constant,
which is related to the free energy of sorption, respectively. From the Freundlich model, the correlation coefficient
on sorption of Se(IV) was 0.877 and that from the Langmuir model was 0.688 (Table 3), which indicates that the
Se(IV) sorption by the fungal biomass fit better to the
Freundlich model than Langmuir model. The Akaike
weights support this conclusion as well. The saturation
state was not reached within the examined concentration
range. The parameter KF of Freundlich isotherm (0.023)
indicates unfavorable sorption of Se(IV) by biomass in
diluted solutions. Theoretical maximum sorption capacity
(Smax) of the biomass calculated from Langmuir model
was 0.084 mg.g-1 (Table 3).
When compared to other sorbents (clinoptilolite and
biomass prepared from sawdust of spruce), the results
indicates higher efficiency of Se(IV) removal by fungal
biomass. The sorption capacity of the fungal biomass was
0.023±0.002 mg.g-1, while the capacity of the other
sorbents for selenite removal was lower, 0.009±0.001
mg.g-1 and 0.005±0.003 mg.g-1 for the biomass of spruce
sawdust and zeolite-clinoptilolite, respectively.

FIGURE 4 - Influence of pH on Se(IV) sorption onto the biomass of
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4. DISCUSSION
Generally, filamentous fungi are resistant to high levels of metals and metalloids, which indicate the potential
of fungi as bioremediation agents [12]. However, previous
studies [13,14] showed that selenite can adversely affect
the microbial or algal growth when present in concentrations greater than 10 mg.L-1. In spite of that, our results
showed that A. niger strain was considerable more resistant to elevated concentration of selenite than algae or
bacteria (Fig.1). The threshold Se(IV) concentration for
this fungus should be higher than 27.3 mg.L-1. Together
with its resistance, this strain is ubiquitous, which makes
studied fungus good candidate for remediation of seleniferous soils.
Metal tolerant microorganisms often exhibit an ability
to prevent metal entry to reduce its cellular concentrations
[7]. Wang et al. [14] studied toxicity and bioaccumulation
of selenite in four microalgae and after 14-day cultivation
on the media with Se(IV) concentration 10 mg.L-1 the algae
Pheodactylum tricornutum, which contained the highest
concentration of selenium, accumulated up to 0.135 mg.g-1.
Similarly, Suhajda et al. [15] found that using a culture medium supplemented with 30 mg.L-1 Se(IV) during the cultivation of S. cerevisiae resulted in selenium accumulation
in the range 1.2–1.4 mg.g-1. The algal and microbial species
used in both studies had greater selenium uptake capacity
but lower tolerance to selenite when compared with A.
niger strain, which accumulated up to 1.351 mg.kg-1 of selenium. According to Gharieb and Gadd [16] proliferation
of vacuolar components is involved in the regulation of selenite uptake, detoxification and tolerance. Because of its
low accumulation efficiency, we have concluded that A.
niger has some other primary detoxification mechanism
which relates to intra- or extracellular selenite biotransformation rather than selenium incorporation into the cell
compartments, including vacuoles.
During the cultivation of A. niger, the concentration
of Se(IV) in growth medium decreased (Fig. 3). However,
the total selenium content in medium did not change significantly after 25 days (Table 1). This should indicate selenite reduction to elemental selenium or volatile organic
selenides, which has been observed during cultivation of
various fungi [17,18]. However, no reddish precipitates,
which indicate formation of elemental selenium [19] were
observed in culture media or on biomass surface. The decrease in selenite concentration should be also contributed
to selenite oxidation. According to Dowdle and Oremland
[20], the oxidation of Se(IV) to Se(VI) appears to involve
heterotrophic bacteria as well as fungi. However, the
mechanism(s) for selenite (bio)oxidation by fungi is not
known.
At least, changes in pH values can influence uptake
of ions in several ways, including the modification of the
overall fungal surface charge, the speciation of ions in
solution and the properties of membrane transport mecha-

nisms. Apparent differences in pH values in the presence
of selenite in medium, when compared with control (Fig. 1)
should indicate some fungal strategy of selenite uptake restriction. However, Riedel and Sanders [21] reported higher
Se(IV) uptake by freshwater phytoplankton at low pH
values. Morlon et al. [22] suggest that the effect of Se(IV)
speciation (influenced by pH) on its bioavailability is less
significant than other effects of pH on the physiology or metabolism of the alga Chlamydomonas reinhardtii. Therefore,
the production of acidic metabolites and subsequent decrease of pH value of culture medium should be contributed to presence of the selenite oxyanion in culture medium rather than regulation of its uptake.
Still, the loss of total selenium in cultivation system
(Table 1) indicates that other mechanisms of selenite tolerance were employed, such as biomethylation of selenite
to less toxic, volatile derivatives, e.g. organic selenides
(Table 1). Fungal volatilization of selenite should not be
of greater significance than reduction or accumulation/
assimilation, as was previously reported by Brady et al.
[23]. This is not consistent with our findings, as we concluded that biovolatilization is probably the main mechanism of detoxification of selenite accumulated by A. niger
strain. However, the intracellular transformation to nonvolatile organic selenides via biomethylation pathway and
their subsequent efflux to culture media must be taken
under consideration as a possible detoxifying process.
Furthermore, the results indicating selenium volatilization
in Table 1 may be contributed to abiotic reactions. Thus
the results should be interpreted carefully, in spite of the
fact that Thompson-Eagle et al. [24] confirmed that the selenium transformation to volatile derivatives is solely biological reaction.
Other possible detoxifying mechanism should be immobilization of selenium in cell wall due to chemical interactions of selenium oxyanions with cell wall surface
containing functional groups such as amino, hydroxyl,
carboxyl and sulfate, which can act as binding sites for
metal(loid)s. This process is often referred to as biosorption and is commonly applied in water treatment. Especially seaweeds have been reported to have high binding
capacities for selenite removal [8]. However, the sorption
capacity of the fungal biomass (Table 3) is several hundred times smaller than that of the other reported biosorbent applied for selenite removal, e.g. of rice husk
[25], peanut shell [26] or algae Cladophora hutchinsiae
[8]. Hence, application of biomass of A. niger in remediation of water contaminated with selenite is not perspective
enough, despite the fact that its sorption capacity is higher
than other non-modified sorbents used in this study.
As mentioned previously, selenite sorption was not
greatly affected by pH values of media (Fig. 4). Minimal
influence of pH in range of 4 to 8 on sorption behavior of
selenite was also reported by Blaylock et al. [27]. From a
thermodynamic standpoint, selenite remains stable over a
pe+pH range of 7.5–14.5 in soil solutions [28]. Addition-
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ally, according to Ganther and Kraus [29] only a little or no
reduction of selenite to elemental selenium occurred over a
24 hour period in parenteral solutions in near-neutral and
alkali pH (in the presence of low concentration of ascorbic
acid). Therefore, the slight increase in sorption capacity
with increasing pH (Fig. 4) may be attributed to lower
stability of Se(IV) in acidic region.
5. CONCLUSIONS
- The weight of dry biomass treated with Se(IV) (19 or
27 mg.L-1) was not significantly different from control.
- When comparing to control, the pH value of cultivation media in presence of selenite maintained in acidic
region of pH (around 4), while the pH value of media
in absence of selenite rapidly increased up to pH 8.
- The concentration of Se(IV) decreased rapidly within
10 days of cultivation. However, the concentration of
total selenium decreased only slightly suggesting transformation of Se(IV) into different chemical species.
- While the accumulation of selenium after 25-day
cultivation was negligible, almost all of uptaken selenium was transformed into volatile derivatives (up to
21%) or chemical species other than selenite (according to previous statement). This indicates that biovolatilization is probably the main mechanism of detoxification of selenite by A. niger strain.
- The removal of selenite from its aqueous solutions is
rapid, since the equilibrium was achieved after 20
min. However, biosorption capacity of fungal biomass
for selenite removal is negligible (0.084 mg.g-1) and
not sufficient for possible remediation application.
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EFFECTS OF LABORATORY HEATING ON
WATER REPELLENT FOREST SOILS OF THE WHITE
CARPATHIAN MTS. AND MYJAVSKÁ PAHORKATINA UPLAND
Lucia Kořenková*, Peter Matúš and Martin Urík
Geological Institute, Faculty of Natural Sciences, Comenius University, Mlynská dolina G, 842 15 Bratislava, Slovak Republic

ABSTRACT
This study investigates the relationship between soil
water repellency (SWR), soil temperature and some physical and chemical characteristics of soils belonging to five
reference soil groups in the area of White Carpathian Mts.
and Myjavská pahorkatina Upland. Samples (0-20 cm) were
collected from forest soils exhibiting some degree of water repellency. Persistence of SWR was measured by commonly used water drop penetration time (WDPT) test and the
severity of SWR by molarity of an ethanol droplet (MED)
test. A heating experiment was designed in order to simulate conditions that normally occur in nature and are favourable for the change of SWR in soils. From the results
it follows that heating at 50 °C for the first three days
caused in most soils a gradual decrease in MED values.
Initial MED values were re-established only after soil heating at 150 °C. This means that input of thermal energy was
necessary to re-organize organic molecules causing SWR.
In terms of comparison the MED values measured on airdried and heated soils, the samples of rendzic Leptosols
and Cambisol calcaric showed a decrease or no change in
SWR, while SWR increased or exerted no change in samples of cambic Leptosols, whereas it solely intensified in
haplic Leptosols and stagnic Cambisols. Luvisols and haplic Cambisols had a comparable portion of samples with
increased and decreased final MED values.

KEYWORDS:
soil water repellency, temperature, wildfire, MED, WDPT.

1. INTRODUCTION
Soil characteristics are an important factor determining how much water can flow in. Some of them including
soil water repellency (SWR) can be influenced by soil
moisture and temperature, and possibly also atmospheric
* Corresponding author

humidity [1]. The effect of temperature on the degree of
water repellency in soils has been already discussed by
many authors. By burning plant litter and heating sand
and soil in laboratory experiments, DeBano and Krammes
[2], DeBano et al. [3] and Savage [4] observed that fire
could induce water repellency in previously wettable soil,
and either enhance or reduce the surface repellency in an
already water repellent soil, depending on fire temperature, the amount and type of litter consumed and pre-fire
soil moisture level [5, 6]. The general relationships between SWR and soil temperature have been summarized
and showed that SWR changes very little when soil temperatures are <175 °C [7, 8], intense SWR is formed when
soils are heated between 176 and 204 °C [7-9], eventually
up to 220 °C [10], and the substances responsible for SWR
are destroyed when heated over 288 °C [4, 11-13]. These
thresholds can vary depending on such factors as residence time temperatures, but also on soil properties [14].
For the purpose of this research, the temperature and
time of exposure were chosen to simulate conditions that
normally occur in nature. Although the daily range of soil
surface temperature is approximately the same as that of
the air temperature [15], the soil surface can reach easily
50 °C during the hottest hours of day in summer in which
the soil surface temperature exceeds that of the air for a
considerable part of the day. Nevertheless, the major heat
stress on soil comes with fire. During a wildfire, temperatures in the canopy of burning chaparral brush can reach
over 1100 °C [16] and maximum forest wildfire temperatures are believed to be as high as 2227 ºC [17]. At the soillitter interface, temperatures can reach about 850 °C. But,
temperatures at 5 cm in the mineral soil probably do not
exceed 150 °C because dry soil is a good insulator [18].
Drooger [19] measured soil temperature under experimental fire at 57 sites and the average soil temperatures
were even lower: 104 °C at soil surface, 27 °C at 1 cm and
13 °C at 3 cm depth, while average flame temperature was
735 °C. High intensity wildfire did not increase soil temperatures more than low intensity wildfire. Temperature at
the soil surface was affected by the wildfire, but at 1 cm
depth it was no higher than as can be expected on a hot
day, and at 3 cm depth wildfire effects on soil heating
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were even smaller. Still, the degree of soil heating during
any fire is highly variable, depending on fuel characteristics, weather conditions and fire behaviour [8]. Soil moisture also affects heat transfer; temperature and duration of
heating are much lower for moist soils than for those that
are dry [20].
Since the large wildfires are not common in focused
area (it is classified in B-category of moderate forest wildfire risk [21]), the assessment whether SWR can be intensified or diminished by soil heating was carried out under
temperature conditions that in fact may occur in the area.
2. MATERIALS AND METHODS
From the area of the White Carpathian Mts. and
Myjavská pahorkatina Upland (Slovakia), disturbed soil

samples of approximate weight 1-3 kg were collected from
the depth of 0-20 cm. All soils had ochric epipedons, except for samples LP-04 and LP-11, LP-12, and LP-13
with mollic surface horizons. Due to the diverse geomorpho-logical character of the White Carpathian Mts. the
sampling could not be carried out in an absolutely regular grid; approx. sample spacing was 1 soil pit/5 km2. The
boundary of the studied area with soil pits localization
(determined using the GPS) along with the measured
WDPT is shown in Fig.1. For the purpose of this study,
only samples previously found to be water repellent on
the base of the WDPT test were selected; all of these
samples were collected under forest conditions with prevalence of hornbeam, beech and oak. According to WRB
[22], soils were classified into five reference soil groups;
Cambisols ( 22 samples), Leptosols (13), Luvisols (7),
Regosols (3), and Fluvisols (1).

Slovakia

FIGURE 1 - Study area, White Carpathian Mts. and Myjavská pahorkatina Upland (Slovakia). The location of soil pits is marked and the
degree of soil water repellency is indicated (WDTP classes).
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All samples were dried at room temperature (22.5 ±
2.5 °C) for one week in order to achieve constant weight,
then grinded, carefully sieved through a 2-mm mesh, the
gravel and large plant debris was discarded and the remaining fine-earth fraction gently mixed until it appeared to be
homogeneous. This homogenized fine soil was stored in
dark polyethylene bags at room temperature until utilized.
Soil texture was determined by mechanical analysis
(by Novak´s pipette method) [23]. Contents of sand (20.05 mm), silt (0.05-0.002 mm) and clay (<0.002 mm) fractions were measured and results were classified according
to USDA-FAO texture triangle [24]. Soil pH was measured potentiometrically in 1M KCl with a soil:solution
ratio of 1:2.5 [25]; CaCO3 content using a Janko´s calcimeter [23], soil organic carbon (SOC) content by rapid oxidation of SOC with KCr2O7 - H2SO4 and titration of nonreduced dichromate [26] (Table 1).
The persistence of SWR was determined using the
WDPT (water drop penetration time) test which involves
placing three drops of distilled water from a standard medicine dropper on the smoothed surface of a soil sample, and
recording the time taken for its complete penetration [27].
The mean of three WDPT values was used to classify a
sample into five repellency classes: wettable soil for WDPT
< 5 s, slightly water repellent soil for WDPT= 5-60 s,
strongly water repellent soil for WDPT= 60-600 s, severely
water repellent soil for WDPT= 600-3600 s, extremely
water repellent soil for WDPT >3600 s [28]. The degree of
SWR was determined by MED (molarity of an ethanol droplet) test which uses the known surface tensions of standardized solutions of ethanol in water, where the surface tension of solution increases with the decreasing concentration (molarity) of ethanol (completely wettable soil will
be readily wet at zero molarity of ethanol). Drops of those
dilutions were applied onto a smoothed soil surface using
medical droppers (similarly to WDPT procedure) and their
instant or short-term infiltration behavior was observed [29].
A droplet with a lower surface tension (higher ethanol concentration) infiltrated into the soil more rapidly than a droplet with a higher surface tension (lower ethanol concentration) which remained on the soil surface for some time.
Droplets were applied in increasing surface tension order
until droplet resisted infiltration. Ethanol concentrations
used were 0.5, 1, 2, 3, ... 32 % by volume. In both tests,
the volume of solution in a droplet was 0.05 ml.
At the beginning of experiment, 10 g of each soil
sample was placed in an open Petri dish, WDPT tested
and according to the results classified into repellency
classes. After the initial repellency degree was measured,
all 46 samples were inserted into the oven (manufacturer
Binder ED 115) pre-heated to selected temperature. After
each drying cycle, samples were removed from the oven,
allowed to cool and MED tested (Table 2).
The frequency distribution of values in each data set
was tested against a normal distribution by the ShapiroWilk test. Because not all data sets were normally distrib-

uted, nonparametric correlation analyses were applied.
The Spearman’s rank correlation test was used to evaluate
correlations between the values of soil water repellency
and other soil parameters. The Wilcoxon signed rank test
was applied to show whether the MED values of soils
before and after heat treatment changed significantly.
3. RESULTS AND DISCUSSION
The investigated area was large and rather diverse,
and hence comprised of texturally different soils. Most
soils belonged to the sandy loam textural class (68%) followed by loam (24%) and only a few could be grouped
within the silt loam (4%) and loamy sand (4%) categories.
The carbon content varied widely from 1.13 to 20.94% and
there was not any obvious relationship with the degree
of SWR. This was in accordance with Doerr et al. [30]
who claim that the repellency degree cannot be predicted
reliably from soil organic matter content. Most of the soils
(27 samples of Cambisols, Leptosols and Luvisols) were
characterized by acidity of near 4 and less. Eleven samples
showed pH between 4 and 5.5 so that significant amounts
of aluminum could be expected in the solution. All soils
with pH >7 (6 samples) had calcium carbonates and were
marked by slight to extreme repellency, although calcareous soils seem to be less prone to develop SWR than
acidic ones [31, 32]. The statistical analysis performed on
whole set of soil samples showed a statistically significant
(p<0.001) correlation between WDPT and SOC. Regarding Cambisols, WDPT correlated positively with SOC
(p<0.001) and negatively with the content of silt (p<0.05),
while Leptosols and Luvisols showed no significant correlations. Regosols and Fluvisols were not tested because
the sample size was too low.
Previously to heat treatments, soils were showing different repellency levels according to WDPT; 29 samples
were found slightly, 6 samples strongly, 5 samples severely and 6 samples extremely water repellent (Fig.1).
WDPT values ranged between 5-78 756 s. The sample
CM-10 with 60.7% of sand, SOC content of 9.05%, zero
CaCO3 content and very strongly acid soil reaction (pH
2.9) was marked by the highest SWR. A close relationship between the WDPT and MED tests was not found,
particularly not for moderately water repellent soils.
In order to observe the changes in SWR, samples
were heated to 50 °C for a 24 h period. This is an excessively low temperature for SWR destruction, however,
78% of soils (36 samples) exhibited the decrease in water
repellency, 20% of soils (9 samples) showed no change,
in 2% of soils (1 sample) an increase in water repellency
was observed. The decrease in SWR with increasing temperature may be caused by the reduction in surface tension. In addition, it might be that an amphiphilic molecule
coating on soil particles has a generally enhanced ‘reactivity’ in warmer conditions and thus becomes detached
more readily during water contact [33]. After another 24 h
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TABLE 1 - Characteristics of soils used in this study (SOC - organic carbon content, WDPT - Water Drop Penetration Time, CM - Cambisols, FL - Fluvisols, LP - Leptosols, LV - Luvisols, RG – Regosols, ab - albic, ca - calcaric, ct - cutanic, cm - cambic, ha - haplic, rz - rendzic, st
– stagnic).
Sample No.
Cambisols
CM-01
CM-02
CM-03
CM-04
CM-05
CM-06
CM-07
CM-08
CM-09
CM-10
CM-11
CM-12
CM-13
CM-14
CM-15
CM-16
CM-17
CM-18
CM-19
CM-20
CM-21
CM-22

Soil

Texture

Sand %*

Silt %*

Clay %*

SOC %*

CaCO3 %*

pH

WDPT (s)

haCM
st CM
st CM
ha CM
ha CM
ha CM
ha CM
ha CM
ha CM ca
ha CM
ha CM
ha CM
ha CM
ha CM
ha CM
ha CM
ha CM ca
ha CM ca
ha CM
ha CM
CM ca
CM ca

Sandy loam
Sandy loam
Sandy loam
Sandy loam
Sandy loam
Sandy loam
Sandy loam
Sandy loam
Loam
Sandy loam
Sandy loam
Sandy loam
Loam
Sandy loam
Loam
Sandy loam
Loam
Sandy loam
Sandy loam
Loam
Loamy sand
Sandy loam

52.9
58.7
58.3
52.3
62.6
73.9
63.7
56.0
41.9
60.7
67.0
68.0
38.0
52.8
42.2
63.6
50.2
53.9
53.7
41.4
83.2
74.7

39.8
26.0
37.4
31.4
31.4
19.5
29.7
36.0
41.4
24.5
23.5
23.5
48.4
37.9
42.1
25.8
33.8
29.6
36.8
43.3
15.3
17.3

7.3
15.3
4.3
16.3
6.0
6.6
6.6
8.0
16.7
14.8
9.5
8.5
13.6
9.3
15.7
10.6
16.0
16.5
9.5
15.3
1.5
8.0

3.63
4.19
5.91
5.30
5.44
3.84
4.06
6.46
4.33
9.05
6.00
5.56
4.16
2.97
4.38
5.99
19.76
10.77
7.21
4.08
6.57
6.35

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
19.8
51.0

3.8
3.4
3.9
3.3
3.4
4.1
3.6
3.3
5.3
2.9
3.0
4.2
3.5
3.7
3.5
3.5
4.3
5.7
3.2
3.9
7.0
7.2

5
8
28
9
8
8
9
187
8
78756
44148
8661
9
15
20
33
38
42
17
20
27036
45

Leptosols
LP-01
LP-02
LP-03
LP-04
LP-05
LP-06
LP-07
LP-08
LP-09
LP-10
LP-11
LP-12
LP-13
Luvisols
LV-01
LV-02
LV-03

cm LP
cm LP
cm LP
rz LP
cm LP
cm LP
cm LP
cm LP
cm LP
ha LP
rz LP
rz LP
rz LP

Silt loam
Sandy loam
Sandy loam
Loam
Sandy loam
Loam
Loam
Sandy loam
Sandy loam
Sandy loam
Sandy loam
Sandy loam
Sandy loam

33.0
74.5
60.7
50.8
61.8
44.7
42.0
57.6
53.5
52.1
67.7
59.1
61.5

56.0
14.9
30.7
30.7
27.7
33.2
45.7
31.5
26.8
39.7
23.3
31.6
30.7

11.0
10.6
8.6
18.5
10.5
22.1
12.3
10.9
19.7
8.2
9.0
9.3
7.8

4.58
3.12
4.53
6.04
4.63
15.03
3.96
11.75
20.94
12.87
7.40
9.16
7.45

0.0
0.0
0.0
0.2
0.0
0.0
0.0
0.0
0.0
0.0
16.0
21.0
1.2

3.1
3.7
4.4
5.2
3.7
3.0
3.8
3.8
3.1
3.7
7.3
7.2
6.7

6
642
7
6
531
5346
11
993
1674
367
30
7
1306

ct ab st LV
ct ab LV
ct LV

Sandy loam
Sandy loam
Sandy loam

67.7
55.6
52.6

9.4
15.6
19.1

7.84
5.79
3.12

0.0
0.0
0.0

4.3
4.0
3.6

6
9
8

LV-04

ct ab st LV

Loam

46.6

22.9
28.8
28.3
35.3

18.1

7.10

0.0

3.7

6134

LV-05
LV-06
LV-07

ct ab st LV
ct ab LV
ct ab st LV

Silt loam
Sandy loam
Sandy loam

35.8
57.5
57.9

52.5
31.8
31.3

11.7
10.7
10.8

5.29
5.47
8.74

0.0
0.0
0.0

5.1
4.5
3.6

5
46
1603

4.16
7.1
4.3

210
79
274

7.8

7

Regosols
RG-01
ha RG
Loam
34.8
48.1
17.1
6.21
0.0
RG-02
ha RG
Loam
51.4
36.8
11.8
5.41
0.5
RG-03
ha RG
Sandy loam
65.8
30.2
4.0
5.46
0.0
Fluvisols
FL-01
ha FL
Loamy sand
78.6
19.7
1.7
1.13
11.8
*
Data were taken from the final report summarizing the results obtained during soil mapping (Dlapa et al. [37]).
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TABLE 2 - Ethanol concentrations (%) for short-term infiltration (determined by the MED test) after different temperatures and different
time intervals for soil samples of the White Carpathian Mts. and Myjavská pahorkatina Upland (CM - Cambisols, FL - Fluvisols, LP - Leptosols, LV - Luvisols, RG - Regosols).

Day
Sample No.
CM-01
CM-02
CM-03
CM-04
CM-05
CM-06
CM-07
CM-08
CM-09
CM-10
CM-11
CM-12
CM-13
CM-14
CM-15
CM-16
CM-17
CM-18
CM-19
CM-20
CM-21
CM-22
LP-01
LP-02
LP-03
LP-04
LP-05
LP-06
LP-07
LP-08
LP-09
LP-10
LP-11
LP-12
LP-13
LV-01
LV-02
LV-03
LV-04
LV-05
LV-06
LV-07
RG-01
RG-02
RG-03
FL-01

1
22.5 ± 2.5 °C
0.5
0.5
8
3
4
4
2
12
2
23
15
22
2
5
2
2
8
11
5
6
26
8
1
16
1
0.5
16
19
1
18
18
14
8
2
32
0.5
4
4
17
1
8
20
12
10
12
0.5

2
50 °C 24h
wettable
wettable
6
1
2
4
1
10
1
22
14
20
0.5
4
1
1
4
4
4
4
26
3
0.5
16
1
wettable
12
16
0.5
16
18
14
4
0.5
26
wettable
4
3
16
0.5
6
17
13
10
12
wettable

3
50 °C 24h
wettable
wettable
6
1
2
2
1
8
0.5
20
14
19
wettable
4
1
1
4
4
4
4
26
4
0.5
16
1
wettable
12
16
0.5
16
18
12
2
wettable
26
wettable
2
3
14
0.5
6
17
13
11
12
wettable

Ethanol concentration %
4
5
50 °C 24h
50 °C 24h
wettable
wettable
0.5
0.5
6
8
0.5
0.5
1
2
2
4
0.5
2
10
10
0.5
0.5
22
20
14
14
18
18
wettable
0.5
4
6
0.5
1
1
4
4
6
4
6
4
4
2
4
26
26
4
6
0.5
0.5
16
16
1
2
wettable
0.5
14
14
14
17
0.5
2
16
16
18
18
12
12
2
4
wettable
0.5
24
26
wettable
wettable
2
4
4
4
14
16
0.5
0.5
6
8
16
18
13
14
12
13
12
13
wettable
wettable

at the same temperature, another three soils showed the
decrease in water repellency. After next 24 h, the number
of samples exhibiting repellency decrease remained unchanged, one more sample showed an increase in SWR.
More significant changes occurred within last 24 h at the
temperature of 50 °C, when SWR started to rise. This was
in accordance with DeBano and Krammes [2] who found
that SWR increases at lower temperatures if longer heating times are sustained. This could be caused by the
change of orientation of amphiphilic compounds.
Heating at 50 °C for four days (4x24 h) should represent the effect of heat stress on soil during hot summer

6
105 °C 24h
0.5
1
10
2
4
4
4
12
0.5
22
16
18
1
6
1
8
6
6
8
4
26
6
4
17
4
wettable
16
22
0.5
19
20
12
4
wettable
22
0.5
4
5
16
0.5
8
19
15
14
13
wettable

7
150 °C 1hr
0.5
3
10
2
10
6
4
16
2
22
18
19
3
6
6
12
6
6
10
6
25
8
4
19
8
0.5
16
22
2
19
24
17
4
wettable
19
2
4
8
18
0.5
10
20
16
15
14
wettable

150 °C 6h
wettable
4
10
0.5
6
8
2
14
0.5
20
17
16
4
4
6
10
4
6
10
4
25
8
6
18
10
0.5
16
24
1
18
22
17
4
wettable
19
3
1
8
16
0.5
8
22
17
15
15
wettable

days. Within another 24 h of exposing the soil to the temperature of 105 °C (the hygroscopic water was removed)
SWR increased in 52% of samples (in comparison to last
measured MED values); this procedure gave the potential
repellency value [34]. Dekker and Ritsema [35] came to
similar results when heating water repellent samples at
different temperatures. They showed that the potential repellency increased with the drying temperature in the oven.
The soil became more repellent under a drying temperature
of 65 °C than under 25 °C. However, drying at high temperatures may lead to higher SWR than may be achieved
in the field [36].
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In the next step a heating impulse at 150 °C was applied to all samples with a duration of 1 hr in order to simulate the impact of wildfire, after which the MED values
increased in another 26% of samples. Such a short heating
durations were experienced in soil surface horizons during
wild- or prescribed fires [8]. This experimental approach
was chosen to elucidate fundamental processes affecting
SOM, whilst leaving the mineral phase unaffected.
After another 6 h of exposing the soil to the same temperature (150 °C), by which the experiment was completed,
a further increase of MED values was observed in 24% of
samples, in 46% of samples MED values decreased and
30% of samples showed no further changes in repellency.
In the end of experiment, 52% of final values characterizing the severity of SWR were close to the initial MED
values, i.e. equal ± 2 concentration units (= equal ± 0.4
molar units) and thus the difference between the initial and
final MED values was not statistically significant. The
greatest difference in the MED values at different drying
temperatures was for the sample LP-13 where the MED
value for the air-dried sample was 10 concentration units
(1.9 molar units) greater than the value measured after heating to 105 °C and 13 concentration units (2.5 molar units)
greater than the value measured after heating to 150 °C.
Regosols were the only soils where the SWR had increasing tendency from the very beginning of heating experiment. The sample of haFL became wettable with the first
temperature increase and repellency was not re-established
even after successive drying cycles. After increase in temperature to 105 °C, repellency was destroyed in sample
LP-12, too. MED values of LP-04 and CM-01 varied
between repellency and wettability throughout the experiment. Nevertheless, it can be concluded that selected
temperatures and heating durations did not exceed the
threshold needed for significant SWR change.

ing of soil samples prior to MED measurement did not in
52% consistently changed MED values above those measured on air-dried soils. Throughout the first drying cycle,
SWR disappeared in sample of ha FL. However, before
heating, this sample had a boundary MED value between
wettability and repellency. In this experiment, Regosols
were the only reference soil group with only increasing
tendency of SWR with heating. The results indicate that in
most soils neither long-lasting sunny weather nor the wildfire may not affect SWR in significant way.
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KINETIC SORPTION STUDY OF ARSENIC, ANTIMONY
AND PHOSPHORUS ONTO SYNTHETIC IRON OXIDES
Lucia Čanecká*, Marek Bujdoš, Peter Matúš and Ingrid Hagarová
Comenius University Bratislava, Faculty of Natural Sciences, 842 15 Bratislava, Slovakia

ABSTRACT
Land pollution by As, Sb and P increases, thus there
is an increase in demand for their removal from the environment. Goethite and hematite are the most widespread
iron oxides and oxyhydroxides in soils and sediments. They
may contribute to the control of the mobility and bioavailability of many elements in the environment via adsorption
and desorption processes. Hematite was prepared by the
thermal dehydration of goethite. During the thermal
transformation at different temperatures, change of the
specific surface area was studied, which were 32.5 m2.g-1
for goethite and 82.3 m2.g-1 for hematite prepared at temperature 250 ºC. The specific surface area increases more
than 200 % with increasing temperature of transformation
(150-250 ºC), this is followed by reduction of surface area
at T > 250 °C. The study of adsorption isoterms for As(V),
Sb(V) and P(V) oxyanions revealed that hematite has higher
sorption capacity than goethite and antimony has higher
affinity for both sorbents compared to arsenic and phosphorus. Adsorption kinetics onto goethite and hematite were
studied to evaluate the time required to reach the equilibrium. The kinetics of sorption onto goethite and hematite
follows the pseudo-second order mechanism. The results
show fast sorption between t = 0 and 5 min, and slower
adsorption at longer times.
KEYWORDS: sorption kinetics, goethite, hematite, arsenic, antimony, phosphorus

1. INTRODUCTION
Iron is the fourth most abundant element of the Earth’s
crust. Once exposed to aerobic weathering, Fe2+ will be
readily oxidized to Fe3+ which, in the common pH range
of soils and sediments (4.5 – 8.0), will immediately hydrolyze and form sparingly soluble FeIII oxides. The overall weathering reaction is schematically represented by
equation (1):

Si − O − Fe II − + H 2O = − Fe III − OH + HO − Si − + e−
* Corresponding author

(1)

The Fe-oxides consist of layers of the (large) O and
OH ions which are hexagonally close packed (hcp) in
goethite (α-FeOOH) and hematite (α-Fe2O3). The small
FeIII cations (r = 0.067 nm) occupy the interstices between
the O anions (r = 0.14 nm), thus forming an octahedron
having as immediate neighbours either 6O i.e., –[FeO6]–
as in hematite, or 3O and 3OH i.e., –[FeO3(OH)3]– as in
goethite [1]. A characteristic of the iron oxide system is
the variety of possible interconversions between the different phases. Under the appropriate conditions, almost
every iron oxide can be converted into at least two others
[2]. The transformation from goethite to hematite can be
under the influence of either heat (transformation temperature usually between 260 and 300 ºC) or mechanical
stress (eq. (2)) [3]:

2α − FeOOH → α − Fe2O3 + H 2O

(2)

Hematite obtained at low temperature retains the
acicular morphology of the goethite precursor crystals,
but at temperatures > 600 ºC, a sintering process leads to
irregular particles of hematite [2]. The extent of adsorption depends on the affinity of the ions for the surface, the
relative concentration of ions, pH, temperature and sorbent
properties, such as pore volume, specific surface area, pHzpc
[4].
Iron oxides provide an excellent material for construction of an undesirable elements removal system for
waste waters and soils [5], because they have strong chemical affinities and large specific surface areas [6]. Adsorption
of simple inorganic anions, oxyanions and organic ions on
iron oxides has been widely investigated [2]. Arsenic,
antimony and phosphorus have very similar structure and
chemical properties, but their biochemical behaviours
contrast in many respects [7]. As and Sb are nonessential
elements and both are considered to be priority pollutants
with high level of acute toxicity for living organisms.
Phosphorus is an essential nutrient in aquatic environments,
but excessive phosphorus input may lead to eutrophification. Pollution by these elements increases, and therefore,
there is an increasing demand for their removal from
wastewaters, soils and sediments. The use of adsorbents
for arsenic removal from waters and wastewaters was
recently reviewed [8].
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The aim of the paper is to study and compare the kinetics of the adsorption of As(V), Sb(V) and P(V) oxyanions on two important iron (hydr)oxides, goethite and
hematite.
2. MATERIALS AND METHODS
Goethite was prepared following the method of Böhm
[9]: 180 ml of 5 mol.l-1 KOH (p.a., Lachema) was thoroughly mixed with 100 mL of 1 mol.l-1 Fe(NO3)3·9H2O (p.a.,
Alfa Aesar). The suspension was diluted to 2 l and aged
for 120 h at 70 °C. After being centrifuged and washed
repeatedly with redistilled water the suspension was air
dried and ground with an agate mortar. Hematite was prepared by thermal dehydration of goethite at 250 °C. Stock
solutions of anions were prepared from As2O5 (p.a.,
Lachema), KSb(OH)6 (p.a., Fluka) and KH2PO4 (p.a.,
Lachema) using redistilled water. pH was adjusted to
3.0 using 1 mol.l-1 HNO3 for kinetic studies. The initial
con-centrations of As(V), Sb(V) and P(V) were 200, 150
and 200 µmol.g-1, respectively for 0.5 g goethite and 220
µmol.g-1 of As(V), Sb(V) and P(V) for 0.5 g hematite. 0.1
mol.l-1 KNO3 was used as background electrolyte. Solutions were mixed at room temperature at shaking speed
200 shakings/min. 20 ml aliquots of sample were withdrawn and underpressure filtered (membrane filter
Pragopor 10, 0.12 µm) at selected sorption times for
kinetic studies. The sorption was followed for 200 min.
Analyte concentrations in solutions were determined by ICPOES (ICP spectrometer Jobin-Yvon 70 Plus) at wavelengths
of 193.690 nm, 206.833 nm and 213.618 nm for As, Sb and
P, respectively. The specific surface area of adsorbents
were determined by using ASAP-2400 (Micromeritics)
BET Surface Analyzer.

compared in this study. The specific surface area has the
value of 32.5 m2.g-1 for goethite and 82.3 m2.g-1 for hematite prepared at 250 ºC. Sorption capacity, or sorption
process were studied for goethite and hematites prepared
at different temperatures. Fig.1 shows effect of preparation temperature on the specific surface area. The results
indicate that with increase of temperature between 200250 ºC the specific surface area increased and the quantities of immobilized ions also increased by more than 200%.
There is an initial development of microporosity due to the
expulsion of water. This is followed by the coalescence of
these micropores to mesopores. The pore formation is accompanied by the rise in sample surface area. Decrease of
sorption capacity of hematite was observed during the next
increase of temperature (250-450 ºC) because the product
has been sintered. Hydroxo-bonds are replaced by oxo-bonds
and face sharing between octahedra develops and leads to a
denser structure during dehydroxylation. As only one half
of the interstices are filled with cations, some movement
of Fe atoms during the transformation is required to achieve
the two thirds occupancy found in hematite [2].

FIGURE 1 - Sorption of analytes onto goethite and hematite prepared at different temperatures.

3. RESULTS AND DISCUSSION
3.2. Adsorption kinetics
3.1. Characterization of sythetized goethite and hematite

Sorption properties of the most frequent iron oxyhydroxide and oxide in the nature - goethite and hematite are

Hematite used for kinetic studies was prepared by the
thermal dehydration of goethite at 250 ºC. The sorption
kinetics onto goethite and hematite is affected by the sur-

FIGURE 2 – a. Sorption kinetics on synthetic goethite with curves fitted according to the sorption mechanism of pseudo-second order. b. Plot
of sorbed capacity versus time for goethite.
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FIGURE 3 – a. Sorption kinetics on synthetic hematite with curves fitted according to the sorption mechanism of pseudo-second order. b.
Plot of sorbed capacity versus time for hematite.

face properties and mineralogical composition of the sorbents. Figs. 2a, 3a show the adsorption kinetics at pH =
3.0. All curves have similar characteristics, showing the
fast adsorption between t = 0 and 5 min, and slower adsorption at longer times. Although adsorption seems to
reach completion at around 120 min, some long-term kinetic
experiments showed that adsorption continues after several days, but very slowly. Adsorption takes place in at least
two interconnected processes: a very fast initial process,
which seems to take place in 5 min or less, followed by
a slower process tahat takes place in hours or even days
[10]. Figs. 2a, 3a also show that antimony is adsorbed in
the highest extent by both sorbents. Hematite has higher
sorption capacity than goethite.
The model of the kinetic data has been carried out using a pseudo-second order rate equation [11], which has
been widely used to describe metal sorption on different
sorbents [12,13]. The pseudo-second order kinetic rate
equation (3) is:

t
1
1
= 2+ t
qt kqe qe

(3)

where k is the rate constant of sorption, qe is the
amount of ion sorbed at equilibrium, qt is amount of ion
on the surface of the sorbent at any time t. The constants
can be determined experimentally by plotting of t/qt
against t.
Straight lines were constructed by plotting t/qt against
t, indicating that the process follows the pseudo-second
order rate mechanism (Figs. 2b, 3b). The parameters k, qe
and h calculated from the equations of the straight lines
are presented in Tables 1, 2. These parameters were introduced into the Equation 3 and the resulting curves are
fitted through the data points in Figs. 2a, 3a.
TABLE 1 - Kinetic dataa of the sorption analytes onto goethite.
analyte

r2

k
qe
h
(g.µmol-1.min-1) (µmol.g-1) (µmol.g-1.min-1)
-3
As(V)
0.9991
5.77.10
79.4
36.4
Sb(V)
0.9998
4.45.10-3
108.7
52.6
P(V)
0.9999
5.46.10-3
96.2
50.2
a 2
r : correlation coefficient; k: rate constant ; qe: ion removal capacity at
equilibrium; h: initial sorption rate

TABLE 2 - Kinetic dataa of the sorption analytes onto hematite.
analyte

r2

k
qe
h
(g.µmol-1.min-1) µmol.g-1)
(µmol.g-1.min-1)
As(V)
0.9991
2.53.10-3
163.9
68.1
Sb(V)
0.9997
2.03.10-3
212.8
91.7
P(V)
0.9986
4.14.10-3
103.1
44.1
a 2
r : correlation coefficient; k: rate constant ; qe: ion removal capacity at
equilibrium; h: initial sorption rate

The correlation coefficient, r2, for the linear plots is
better than 0.998 and it shows well used pseudo-second
order equation. The values of the initial sorption rates, h,
are generally higher for hematite, however this is related
to higher values of qe obtained for this sorbent. Although
the qe increased by factor of 2 for As(V) and Sb(V), the
increase of h is less than 2. Furthermore, qe for P(V) is
similar for both sorbents but h value is lower for hematite.
These results indicate relatively slower sorption of all studied anions onto hematite compared to goethite. Ion removal
capacity at equilibrium, qe, is much higher for hematite
(212.8 µmol.g-1 for Sb(V), 163.9 µmol.g-1 for As(V) and
103.1 µmol.g-1 for P(V) respectively), than for goethite
(108.7 µmol.g-1 for Sb(V), 96.2 µmol.g -1 for P(V) and
79.4 µmol.g-1 for As(V) respectively).
4. CONCLUSION
This study has demonstrated that one aspect of sorption of ions onto goethite and hematite is the structure of
the adsorbent surface. Specific surface area was changed
during the transformation of goethite to hematite at different temperatures from 32.5 m2.g-1 to 82.3 m2.g-1. This increase is followed by the reduction of surface area at temperatures higher than 250 °C due to the structural changes
in hematite. The sorption kinetics for As(V), Sb(V) and
P(V) oxyanions onto goethite and hematite has been studied, the results show that the sorption follows the pseudosecond order model. The sorption of studied oxyanions
is fast, adsorption seems to reach completion at around
120 min. The results also indicate relatively slower sorption of all studied anions onto hematite compared to goethite. Ion removal capacity at equilibrium, qe, is much
higher for hematite than for goethite.
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