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Abstract

In order to determine the distribution variation of groundwater quality in the reclaimed water irrigation
area of Beijing, the geostatistics method and ArcGIS9.3 module were used. Based on the normal distribution
testing and global trends, the optimal geostatistical interpolation and optimal variogram models for each
index were sampled, and the effects of artificial factors and space structure on the water quality index in the
reclaimed water irrigation area were determined. The influence of human activities and structural factors
on the water quality indicators of groundwater were determined using variability intensity and the nugget
effect. The results showed that nitrate content was the water quality indicator in the groundwater that was
most sensitive to human activities and could be used as an indicating factor to study groundwater pollution
in the study area. In combination with the temporal and spatial variation of groundwater nitrate nitrogen in
the study area, it was discovered that the amplification of nitrate nitrogen in the reclaimed water core irriga-
tion area was far less than that in the non-core area. The reasons for such characteristics were vadose zone
structure and human activity. The proposed results for groundwater Nitrate-nitrogen distribution can be used

to quantify groundwater pollution risk and promote the utilization of wastewater.
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Introduction

With the increasing population throughout the world,
the water resource shortage is becoming more and more
serious [1]. Moreover, actions such as living sewage
disposal, industrial pollution, fertilizer application, and
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reclaimed water irrigation may all affect the quality of
surface and groundwater [2, 3]. In particular, water cri-
ses caused by man-made pollution is becoming the most
prominent in arid and semi-arid regions [1]. Compared
to the monitoring method of surface water, the monitor-
ing method of groundwater quality heavily relies on the
combination of monitoring equipment and mathematical
statistics [4, 5]. The development of GIS technology-the
geostatistics-has played an especially important role in the
evaluation of groundwater quality [6-10].
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Geostatistics was founded in 1962 by Prof. G. Math-
eron of the French Paris National Superior Institute of
Mining. Originally it was used to solve such problems as
calculation and estimating error of reserves in ore depos-
its. After 60 years of development, geostatistics has been
used in various fields, including edaphology, agriculture,
hydrology, meteorology, ecology, oceanography, sylvicul-
ture and environmental control [11, 12]. In recent years
the application of geostatistics methods in the research
field of groundwater is becoming broader, mainly includ-
ing the following aspects: a) A geostatistical interpolation
model is applied to draw the distribution variation diagram
of groundwater volume and water quality, which makes it
possible to accurately predict water level [3, 13, 14] and
water quality [15] in those places where there are no mon-
itoring points; b) Combinated error analysis of a geosta-
tistics model [16, 17] with distribution characteristics of
monitoring points in the study area, the most suitable geo-
statistical interpolation model, is selected for correspond-
ing index factors; c) The defects of groundwater monitor-
ing networks are explored by the spatial variation analysis
of a geostatistical model [18], then the optimal monitoring
network setting plan of groundwater is determined [19];
d) The causes of groundwater pollution are analyzed
and the risk of pollution is predicted by the geostatistics
method, combining fertilizer with irrigation and land-use
type in the study area [20-22]; and e) The source and
major influence factors of typical pollution indices are
discussed by geostatistics spatial variation analysis and
hydrochemistry analysis methods such as isotope tracer
method [23].

Beijing is a typical city that suffers from water short-
age, and various measures have been taken to mitigate its
water resource crisis. Reclaimed water irrigation has de-
veloped rapidly [24] since 2002. Beijing’s irrigation area

L
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Fig. 1. Location of the study area.

of reclaimed water reached 400 km? and the annual us-
age of reclaimed water reached 300 million m* in 2010.
At the same time, the pollution risk of groundwater in the
reclaimed water usage area has also attracted much atten-
tion. In this paper, the spatial variation characteristics and
causes of various index factors of groundwater in the Bei-
jing reclaimed water irrigation area are studied with the
aid of the geostatistics method and the ArcGIS 9.3 module.

Study Area and Methods
Study Area

The irrigation areas of reclaimed water in Beijing are
mostly located in the southeast suburbs. As for the core ir-
rigation area of reclaimed water, the length is 30 km long
from north to south, and 37.9 km wide from east to west
(as shown in the dashed line section of Fig. 1, which cov-
ers a total area of 103 1km?). The annual average tempera-
ture is 11.6°C. The inter-annual variation of precipitation
is large and the seasonal distribution is uneven. Usually
it rains from June to September, and the average rainfall
from 1951 to 2010 is 554.9 mm. Traditional crops are corn
and wheat. The average available yield of groundwater is
184.8 million m3 [25].

Method
Water Quality Monitoring of Groundwater
There are 196 monitoring wells for groundwater in
the study area (Fig. 1) and the exploitation depth of the

monitoring well ranges from 80 to 120 m (groundwater in
the shallow layer of reclaimed water irrigation area). This

ot

. Observation wells
®4& River and Cangal

" Reclaimed water
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Table 2. Statistical characteristic values of pH value distribution of groundwater in the study area.
Transformation form Order Ca}ﬁgiﬁ on ME RMSE ASE MSE RMSSE | Total error
Spherical 0.01093 1.41 10.82 0.03238 0.3216 0.806
none Exponential | 0.02523 1.408 9.481 0.04492 0.4063 0.880
Ga‘t‘;i)séa“ 0.008520 | 1.441 3236 | 002704 | 02943 0516
Spherical 0.02781 1.425 3.229 0.1549 1.53 1.060
log Ist-order Exponential | 0.04764 1.421 3.523 0.1507 1.492 1.179
Gaussian 0.02414 1.428 3.248 0.1382 1.471 0.998
Spherical 0.04779 1.463 3.762 0.1508 1.523 1.200
2nd-order Exponential | 0.06486 1.468 4.084 0.1389 1.314 1.260
Gaussian 0.03386 1.47 3.652 0.1481 1.492 1.101

ME (mean) refers to the mean of error; the closer its absolute value is to 0, the better the predicted model is. RMSE (root-mean-
square) refers to root mean square error; the smaller, the better. ASE (average standard error) refers to standard error of mean; it
approximates the RMSE; if it is larger than the RMSE, then the predicted value will be overestimated; otherwise, the predicted value
is underestimated. MSE refers to standard mean error; the closer it is to 0, the better. RMSSE (root-mean-square standardized) refers
to standard root mean square error. The closer it is to 1, the better; if it is larger than 1, then the predicted value will be overestimated;
otherwise the predicted value is underestimated.

depth has been the main exploitation layer of groundwater
since the 1980s. The monitoring indexes of groundwater
quality include pH value, chloride, ammonium nitrogen,
nitrite nitrogen, nitrate nitrogen, total hardness, cyanide,
fluoride, sulfate, dissolved solids, iron, manganese, and

oxygen consumption.

Analysis Method

The spatial variation characteristics and causes of
groundwater quality index are analyzed in the following

Table 3. Optimal variograms of groundwater quality factor cal-

culation.
Evaluation index Mean Optimal variogram
(mg/L)

pH value 7.9 2-order exponential model

Ammonia nitrogen 0.18 2-order exponential model
Iron 0.37 0-order Gaussian model
Nitrate nitrogen 0.96 0-order Gaussian model
Manganese 0.079 1-order Gaussian model
COI(l)S)I(l}III%;gOH 0.13 1-order Gaussian model
Chloride 38.22 1-order Gaussian model

sutve | au1o | o meren e

Total solids 458.5 1-order Gaussian model
Fluoride 0.13mg/L 2-order spherical model
Total hardness 284mg/L 1-order Gaussian model

Nitrite nitrogen | 0.005mg/L | 1-order exponential model

steps. The first step is to obtain the location data and at-
tribute data of monitoring wells, and store them in the ba-
sic information database as the basic data for the geosta-
tistical model calculations. The second step is to conduct
a normal distribution test for the data using ArcGIS, and
determine whether the data obey normal distribution af-
ter logarithm or power transformation. The third step is to
compare the calculation errors using different interpola-
tion calculation models, and select the most suitable geo-
statistical interpolation calculation model. The final step is
to calculate the spatial variation parameters for the most
suitable geostatistical model of groundwater quality fac-
tors, and analyze its range, nugget, sill, and nugget effects,
and then find their spatial correlations, thereby exploring
the pollution influence factors and factors vulnerable to
pollution.

Results and Discussion

Spatial distribution of water quality is conducted with
various water quality data acquired from groundwater
monitoring wells. The coefficients of variation, skewness,
and kurtosis of spatial data are calculated for further study
of groundwater spatial distribution. The coefficients of
skewness and kurtosis of the evaluation factors are counted
to determine whether they obey normal distribution. The
data approaches normal distribution characteristics if the
coefficient of skewness approaches 0 and the coefficient
of kurtosis approaches 3 [3]. Table 1 showed that the pH
value, total hardness, oxygen consumption, nitrite nitrogen,
total solids, and cyanide of groundwater are in normal dis-
tribution, and nitrate nitrogen, iron, manganese, chloride,
and ammonia nitrogen obey lognormal distribution, while
the spatial variation of sulfate in the groundwater is large
and does not obey normal distribution.
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Table 4. Semi-variogram models and parameters of different factors.
Evaluation factor Z}fgﬁ Nt[}?sjl Anirsatzg)op Y Nugget Sill I\il;fgegcczt
pH value 2-order Exponential 2.01 0.026571 0.04187 0.63
Nitrate nitrogen 1-order Gaussian 1.96 1.3624 1.70214 0.80
Nitrite nitrogen 1-order Exponential 1.28 1.337 2.4906 0.53
Ammonia nitrogen 2-order Spherical 2.62 0.85921 1.09938 0.78
Fluoride 2-order Spherical 2.36 0.13213 0.293 0.45
Oxygen consumption 1-order Gaussian 2.63 0.073522 0.106557 0.69
Sulfate 0-order Gaussian 1.17 787.3 1637.7 0.48
Chloride 1-order Gaussian 1.16 0.33213 0.5659 0.59
Manganese content 1-order Gaussian 1.45 0.80608 1.86828 0.43
Total solids 1-order Gaussian 1.66 16869 249727 0.67
Iron content 0-order Gaussian 1.37 1.008 2.8242 0.36
Total hardness 1-order Gaussian 1.03 8407 11300 0.74

During the process of applying geostatistics, the selec-
tion of interpolation models is directly associated with cal-
culation errors and the model’s predictive accuracy [26].
Until now, many studies have not considered the applica-
bility of statistical models and have instead used ordinary
Kriging, which has led to poor prediction accuracy [26]. It
is particularly important to select the appropriate interpola-
tion models based on the distribution characteristics of data
and on the applicable conditions of the models. A previous
study indicated that the disjunctive Kriging interpolation
method was more suitable for analyzing the risk assess-
ment of groundwater pollution [15]. In addition, for non-
simple normal distribution data, universal Kriging should
be used for interpolation instead of ordinary Kriging [27].

Based on the interpolation model selected for each
index, calculus of interpolation is respectively conduct-
ed for groundwater quality with 0-order, 1st-order, and
2nd-order of spherical variogram, as well as exponential
spherical variogram and Gaussian variogram. Adhikary et
al. proposed that variogram models are suitable for differ-
ent groundwater quality indicators according to examin-
ing the errors between the predicted fitted values gener-
ated by various theoretical models and the measured data
[26]. A platform is built for comparison and analysis of
the forecast error of each model. Therefore an optimal
variogram for groundwater quality index can be selected
by forecast error calculation [28]. Taking the spatial in-
terpolation model of the pH value of groundwater as an
example, the non-converted 2nd-order exponential var-
iogram is the most suitable for the pH value distribution
of groundwater in the reclaimed water irrigation area (as
shown in Table 2). Using same analytical method, optimal
variograms of other groundwater quality indexes are given
as shown in Table 3.

Spatial interpolation is conducted for groundwater
quality indexes with the selected optimal variograms and

four important parameters including nugget, range, sill,
and partial sill, which are calculated (as shown in Table 4).
The nugget effect for each indicator was obtained through
an analysis of the optimal variogram; when this informa-
tion was combined with spatial variability, the degree of
influence of human and structural factors on each water
quality parameter was obtained and, therefore, the pollu-
tion vulnerability factors of groundwater in the study area
were determined. The value of the nugget effect of the var-
iogram was between 0 and 1; a value below 0.25 indicated
that it was mainly influenced by external factors of human
activities, a value above 0.75 indicated that it was main-
ly affected by intrinsic structural factors, and a value be-
tween 0.25 and 0.75 indicated that it was affected both by
structural factors and human activities [29]. It can be seen
from Table 4 that the nugget effects of nitrate nitrogen and
ammonia nitrogen are 0.80 and 0.78 respectively, and the
spatial correlation is weak and is greatly affected by ran-
dom factors. The nugget effects of total harness, nitrite ni-
trogen, chloride, total solids, and pH are 0.53, 0.59, 0.67,
and 0.63 respectively, which indicates that the spatial cor-
relation is moderate and is prone to the effects of artificial
factors and spatial structure. The nugget effects of fluo-
ride, sulfate manganese, and iron are 0.45, 0.48, 0.43, and
0.36, respectively, which reveals that the spatial correla-
tion is strong and those indices may be affected by spatial
structural factors.

As shown in Table 4, the spatial variation of nitrate ni-
trogen and ammonia nitrogen in the aquifer of the study
area is strong, and is greatly affected by random factors. In
addition, the content of nitrate nitrogen in the groundwater
is far greater than the other existent forms of nitrogen and
ammonia nitrogen under the effects of the oxidation envi-
ronment of the vadose zone [30]; therefore, nitrate nitrogen
can be regarded as an indicating factor and it can be used
for the pollution analysis of groundwater in the study area.
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Fig. 2. The spatial distribution of nitrate nitrogen content of
groundwater in 2004.
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Fig. 3. The spatial distribution of nitrate nitrogen content of
groundwater in 2010.

Here Kriging is applied for those factors based on
Ist-order Gaussian models to acquire the spatial distri-
bution diagram of nitrate nitrogen concentration in 2004
and 2010 in the study area. As shown in Figs 3 and 4,
in 2004 the nitrate nitrogen content of groundwater in
the study area was between 0.08 and 39.6 mg/L — with
an average of 2.0 mg/L. In 2010 the nitrate nitrogen con-
tent of groundwater was between 0.009 and 24.9 mg/L —
with an average of 3.2 mg/L. These levels do not meet the
main standard limits all over the world; for WHO [31] and
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Fig. 4. Concentration differences of nitrate nitrogen in
groundwater between 2004 and 2010.

EC [8], the limit of nitrate is given to be 50 mg/L, with
44.27 mg/L from the EPA [32] for drinking water. But in
the northwest section of the study area the nitrate nitrogen
content of groundwater in 2004 was 25 mg/L over the stan-
dards limit for groundwater in China [33]. As seen from
the spatial variation diagram, nitrate nitrogen concentra-
tion of groundwater tends to decrease from west to east, as
well as from north to south. This is due to the fact that the
northwest section of the study area is located on the allu-
vial-proluvial fan of the Yongding River, and the vadose
zone has strong permeability. In addition, the population
in the northwest section of the area is dense, and pollu-
tion also led to the dramatic increase of the nitrate nitrogen
concentration, making it higher than that in other areas.
The concentration difference of nitrate nitrogen in
groundwater between 2004 and 2010 was shown in Fig.
4, which shows that the nitrate nitrogen level in ground-
water in 2010 showed variations between -29.8 and 23.4
mg/L compared with 2004, which represents an average
increase of 1.2 mg/L. Over the years this has indicated
the concentration variation of nitrate nitrogen in the re-
claimed water core irrigation area (the dashed line sec-
tion in Fig. 4) is small and far less than that in the re-
claimed water non-core irrigation area. Therefore, it can
be inferred that the reclaimed water irrigation is not the
major factor influencing the spatial variation of nitrate ni-
trogen. Compared with a similar study in this area, there
are some important results. For example, Chen Liang-qing
and Feng Shaoyuan et al. applied the method of fuzzy
clustering to analyze dynamic changes of nitrate nitrogen
content in Beijing, and considered that the increasing of
nitrate nitrogen content was caused by perennial fertiliza-
tion and emission of high-concentrated effluent generat-
ed by industrial pollution and living [34]. Xu found that
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the recycled water spreading on both sides of the river or
channel is limited [35]. Those discoveries in Beijing con-
firm our result from different perspectives.

Conclusions

This study of an alluvial fan area utilized a geostatis-
tical method and the geostatistical analysis module in the
ArcGIS 9.3 to perform a normal distribution test that was
combined with an overall trend analysis and used to se-
lect the optimal geostatistical interpolation model for vari-
ous groundwater indicators. The optimal variogram model
of each indicator was determined through a prediction er-
ror analysis; combined with variability strength and nug-
get effects, the water quality indicators of groundwater
in the study area were classified based on human factors
and spatial structural factors. The results show that nitrate
nitrogen in the study area is one of the groundwater qual-
ity indicators that was most sensitive to human activities
and that this parameter might be used as an indicating fac-
tor to study groundwater pollution in the study area.

Our investigation showed that in the reclaimed wa-
ter core irrigation area (the dashed line section) the ni-
trate nitration level is small and far less than that in the
reclaimed water non-core irrigation area, it can be inferred
that the reclaimed water irrigation is not the major fac-
tor influencing the spatial variation of nitrate nitrogen. In
addition, the nitrate nitrogen level groundwater in 2010
represents an average increase of 1.2 mg/L. Therefore, on
one hand the over-extraction of groundwater in urban and
industrial areas in the study area should be strictly con-
trolled on the other hand, wastewater treatment should
be strengthened to reduce the input of pollutants into the
groundwater and to promote the improvement of ground-
water quality in the area.
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