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Abstract

Groundwater quality varies not only in space but also in time. In order to analyze the spatio-
temporal variety of ground water quality, the concentration of ammonium nitrogen (NH4N), ni-
trate nitrogen (NO3N), total nitrogen (TN) and total phosphorus (TP) in very shallow groundwater
were investigated in a red-soil catchment in subtropical central China, based on a three-dimen-
sional kriging method. The spatio-temporal analysis demonstrated that NH4N, NO3;N and TP pre-
sented strong spatio-temporal autocorrelation (with a nugget-to-sill ratio of <25%) and that TN
presented a moderate spatio-temporal autocorrelation (with a nugget-to-sill ratio between 25%
and 75%). According to the Chinese Groundwater Quality Standards, the ratio of areas contami-
nated by NH4N, NOsN, TN and TP to the whole catchment was 20.05%, 1.46%, 5.07%, 5.98%, re-
spectively. The 3D delineation of continuously dynamic variation of contaminated area indicated
that the catchment’s very shallow groundwater had a moderate contamination by NH4N, slight by
TN and TP, and almost non by NOsN. Although the contaminated area was very small, only occur-
ring in small dispersed patches, a close attention should be paid to the shallow groundwater qual-
ity because local farmers obtain their domestic drinking water directly from this shallow ground-
water without any treatment prior to consuming and the potential health hazard is considerable.
The findings from this study highlight the importance of surveillance of the contaminated area
over time for decision making to protect public health and maintain sustainable development of
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the catchment.
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1. Introduction

In rural areas of China, the shallow groundwater is the source of drinking water for local farmers. The quality of
the groundwater may be affected by the use of agrochemicals [1], especially the nitrogen (N) and phosphorus (P)
fertilizers. High N and P concentrations in groundwater could pose risks to environmental quality and have
potential hazards to human health including methemoglobinemia, gastric cancer, and non-Hodgkin’s lym-
phoma [2]. The threshold of the nitrate-N (NO3zN) concentration in drinking water for safe drinking was rec-
ommended as 11 mg/L by the World Health Organization and as 10 mg/L by the US Environmental Protec-
tion Agency. In the UK, the groundwater P concentration is frequently monitored against the EU drinking water
standard of 2.2 mg/L [3]. According to the Chinese Groundwater Quality Standards, thresholds of 1.0 mg/L for
NH;N, 10 mg/L for NO3N and 0.2 mg/L for TP in potable water were set, respectively. Assessing the groundwa-
ter quality and identifying contaminated areas play a vital role in protecting public health. However, water qual-
ity varies over both space and time [4]. Spatially, numerous studies have documented the distribution of NO5-N
in groundwater and relationship between NOs-N in groundwater and agricultural activities [5] [6], land use [7],
hydraulic conditions [8], topographic characteristics [9]. Temporally, historical records showed that NOs-N in-
creased from about 2 mg/L in the early 1940s to about 15 mg/L in 2002 in the US [10]. According to [11], the
concentrations of N and P during the rainy season were higher than in other months in the Taihu Lake region of
China. NOs-N has already been reported as high as 67 mg/L in northern china [12]. Relatively high concentra-
tions of P have been reported for some groundwater bodies [3] [13]. There were also studies in both spatial and
temporal variations of nutrients (NO;, POY, NHZ) in groundwater quality [4]. However, these studies sepa-
rated space from time, only focusing on geostatistical analysis on spatial characteristics or conventional analysis
on temporal trends solely. N and P in the groundwater often follow complex hydrological pathways [14] [15]
and have impacts over the catchment scale. Moreover, the concentration of N and P are also affected by the
weather condition such as precipitation and agricultural activities such as fertilizing which occurred chronologi-
cally, and the current status of N and P have impacts on their succedent status. Therefore, it is essential to inte-
grate spatial characteristics and temporal trends of groundwater quality with respect to both N and P at catch-
ment scale. In the last decades, several efforts have been made for the spatio-temporal modeling [16]. Reference
[17] derived a spectral approach that allowed one to obtain many classes of non-separable, spatio-temporal sta-
tionary covariance functions, and [18] worked a natural generalization by using completely monotone functions
and functions whose first derivative was completely monotone [16]. References [19] and [20] introduced a
product-sum model. A Bayesian maximum entropy (BME) method was used for the space/time estimation of
Petrachloroethylene in New Jersey [21]. Reference [22] applied three fully spatio-temporal methods to interpo-
late PM10 measurements in Europe: a metric model (3D kriging), a separable covariance function and a prod-
uct-sum covariance function, and found that the 3D kriging approach performed best based on the statistical
analysis. The 3D kriging assumes time to be a third orthogonal dimension with identical correlation structure for
spatial, temporal and spatio-temporal distances. Thus, the space-time variable of interest is treated as a sum of
independent stationary spatial, temporal, and spatio-temporal components, which leads to a sum-metric
space-time semivariogram model.

The Jinjing River, which is located in southern subtropical China, is a headwater tributary of the middle reach
of the Yangtze River. The Jinjing catchment, which is a hilly red-soil agricultural catchment, is at risk of pollu-
tion due to excessive nutrient inputs from point and nonpoint sources. Therefore, it is important to investigate
the variability of groundwater quality to identify when, where and how severe the groundwater is contaminated
in this catchment. In this study, the 3D spatio-temporal analysis was performed to evaluate the spatio-temporal
variability of very shallow groundwater quality throughout the Jinjing catchment.
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2. Materials and Methods
2.1. Study Area

This study was carried out in the Jinjing catchment in Changsha County, Hunan province (Figure 1) which cov-
ers an area of 135 km? The climate is characterized as subtropical moist monsoon. The annual precipitation was
1330 mm (1955-2010), 66.5% of which fell during the warm and rainy season from May to August. The annual
mean air temperature was 17.5°C (1955-2010). The topography of the area is hilly with elevation ranging from
52 to 494 m above sea level. The two dominant soil types are Ultisols (USDA soil classification), or Kastano-
zems (FAO/UNESCO soil classification) or red soils (Chinese soil classification) (57%), which was mainly de-
rived from slate shale and granite, and Inceptisols (USDA soil classification) or Anthrosols (FAO/UNESCO soil
classification) or paddy soils (Chinese soil classification) (42%), which was derived from alluvial deposit of riv-
ers. The average soil pH is 4.5 [23]. The average groundwater depth below the soil surface is 0.5 m to 5.0 m
across the entire catchment. Woodland (65%) and paddy fields (27%) are the primary land-use types in the re-
gion. The study area has been dominated by a double rice cropping management.

2.2. Groundwater Sampling

A total of 199 Polyvinyl chloride (PVC) pipes with inside diameters of 5 cm were installed throughout the cat-
chment in April 2010 for groundwater sampling. These PVC pipes reached various depths (100 to 130 cm) de-
pending on soil character. The bottom of the pipes was designed for clay soil to allow the penetration of
groundwater into the pipe. A hand vacuum pump was used to sample the accumulated shallow groundwater in
the pipes. Each pipe was sampled monthly in 2011. The locations of the pipes were determined by a hand-held
Global Positioning System (GPS) receiver and are shown in Figure 1. All the water samples were collected in
pre-cleaned polythene bottles (500 ml), stored in the insultation box and transported to the laboratory in two
hours. Samples were then stored in a freezer at —20°C and subsequently the analyses for NH;N, NO3N, TN and
TP were carried out within two weeks using a FOSS FlAstar 5000 Flow Injection Analyzer. Once the samples
were taken out of the freezer, their chemical analyses were finished in 12 hours.

e Sampling point [l Woodland

Tea field I Road
I Residential area [l Pond 0 2 4
Paddy field I River — km

Figure 1. Sampling points and land use type in Jinjing catchment.

©



Q.Luoetal.

2.3. Data Preprocessing

Summary statistics of the data are shown in Table 1. The mean concentration of NH;N, NOsN, TN and TP was
1.192, 1.112, 2.836 and 0.071 mg/L, respectively. The skewnesses revealed asymmetry and the kurtosises
showed a stretching of the distribution of the data. The logit-transformation normalized the data and reduced this
asymmetry.

2.4. Three Dimensional Kriging

For analyzing the spatio-temporal variability of ground water quality, we considered time as the third orthogonal
dimension leading to a natural spatio-temporal 3-dimensional kriging (3D kriging) extension of spatial 2-di-
mensional kriging (2D kriging). Considering that the unit of distance in time was not the same as the unit of dis-
tance in space, one month was assumed to correspond to a distance of 500 meters [22]. Such an assumption
enabled the researchers to generate a single spatio-temporal semivariogram and predict any point in the space-
time cube. Under the intrinsic stationarity assumption, the spatio-temporal logit-transformed semivariograms in
three dimensions were then calculated as the following:

)= [2N ] 3 [200) 205 )] ®

where h, is the spatio-temporal lags, N (h,) is the number of pairs of observations with the same distance h,,
Z(x) and Z(x +hy) is the spatio-temporal observations at point x and x; +h,, respectively. To predict
the value of Z at any unobserved points, the 3D kriging yields the best unbiased linear predictor of Z (xo)
as:

2 (%)= 2 AZ(X) @
with

n

A4 =1 3)
i=1
where Z~ (xo) is the estimated value of Z at the unobserved point x,,and 4 isthe n weights assigned to
the observation points Z (xi) located in the neighborhood with the sum of 4, equals to 1.

Five parameters, including three angles (angl, ang2, and ang3) and two ratios (k1 and k2), should be given in
3D kriging when geometric anisotropy was considered. angl refers to the principal direction of continuity
(measured in degrees, clockwise from Y, in direction of X), ang2 is the dip angle for the principal direction of
continuity (measured in positive degrees up from horizontal), and ang3 is the third rotation angle which rotates

Table 1. Statistical summary of original and logit transformed NH;N, NO3;N, TN and TP.

Original Logit Transformed

NH,N NO;N TN TP Logit-NH;N  Logit-NOsN Logit-TN Logit-TP

Number of Points 1850 1850 1849 1849 1850 1850 1849 1849
Minimum 0.000 0.000 0.000 0.000 -11.170 -10.650 -11.510 -9.306
1% Qu. 0.026 0.174 0.710 0.016 —7.874 —5.476 —4.939 —6.471
Median 0.068 0.483 1.385 0.029 —6.935 —4.453 —4.265 -5.902
Mean 1.192 1.112 2.836 0.071 —6.440 —4.789 —4.190 -5.841
3" Qu. 0.619 1.109 2.803 0.052 —4.732 -3.607 —-3.546 -5.331

Maximum 70.877 40.170 98.200 9.513 6.357 3.089 4.002 1.856

Kurtosis 121.667 78.276 93.815 693.037 3.328 4.855 6.284 6.064

Skewness 9.399 7.337 7.727 22.990 0.299 —1.048 0.593 0.259
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the two minor directions around the principal direction defined by angl and ang2. Anisotropy k1 and k2 are the
ratios between the major range and each of the two minor ranges. By introducing a coordinate transformation
matrix, anisotropy can be reduced to isotropy [24].

These approaches were implemented in R [25] and heavily rely on the R package gstat.

2.5. Evaluation Standards of Groundwater Quality

There were three evaluation standards in terms of groundwater or drinking water quality in China, which were
environmental quality standards for surface water, quality standards for ground water and drinking water. Qual-
ity standards for ground water and drinking water were not adopted because there were no criteria for TN and
TP in both of them. According to environmental quality standards for surface water for criterion Il which is le-
gislated for drinking water, the thresholds of the safe level for NH4-N, NOs-N, TN and TP are 1.0, 10, 1.0 and
0.2 mg/L, respectively. However, it is surprising that the threshold of the safe level for TN (1.0 mg/L) was much
lower than that of NOs-N (10 mg/L). The threshold of the safe level for NOs-N in drinking water is recom-
mended as 10 mg/L by the USA, which is consistent with that recommended by GB 3838-2002. Therefore, the
safe level for TN was set to 10 mg/L in this study. Therefore, the thresholds of the safe level for NH4-N, NOs-N,
TN and TP are 1.0, 10, 10 and 0.2 mg/L, respectively.

3. Results and Discussion
3.1. Spatio-Temporal Statistics

The logit-transformed spatio-temporal semivariograms of the four groundwater quality variables are shown in
Figure 2. The range of NH4N, NO3N, TN and TP was 828 m, 836 m, 1079 m and 811 m, respectively (Figure 2).
The computed model parameters are presented in Table 2. The fitted semivariogram models for the four va-
riables are all Stein’s parameterized Matern (ste). The spatio-temporal semivariogram may be affected by intrin-
sic and/or extrinsic factors and can be classified into three categories according to a nugget-to-sill ratio (%), with
a ratio of <25% indicating a strong spatio-temporal dependence, a ratio of 25% - 75% indicating a moderate
spatio-temporal dependence and a ratio of >75% indicating a weak spatio-temporal dependence [26]. In this
study, it is noteworthy that all the ratios of nugget-to-sill for NH;N, NO3N, and TP equal to zero as well, which
showed a strong spatio-temporal dependence which might be completely attributed to intrinsic factors (e.g.,
physical, chemical, and biological characteristics of the landscape, and hydraulic and geographic conditions). In
addition, the ratio of nugget-to-sill for TN is 35%, showing a moderate spatio-temporal dependence, which
might be both determined by extrinsic factors (e.g., fertilizer application and animal wastes) and intrinsic factors.
Anisotropy parameters are also shown in Table 2. It is noteworthy that the distribution of TP was isotropic.

Leave-One-Out cross-validation analysis was performed to evaluate the accuracy of the interpolation of the
3D kriging. The mean prediction error (ME) and the root mean squared error (RMSE) were then used to eva-
luate the performance of the interpolation, as well as the correlation coefficient (r). Ideally, ME should be
close to zero, RMSE should be as small as possible, and r should be close to 1. The result of leave-one-out
cross validation analysis was shown in Table 2. It was found that the ME was close to 0 (between —0.019 and
—0.00005), the RMSE ranged from 0.867 to 1.843 and r ranged from 0.38 to 0.64, indicating an accuracy of pre-
dictions.

3.2. Spatio-Temporal Distributions

NH4N. As shown in Figure 3, the concentration of NH4;N was high (up to 70 mg/L) which occurred in April,
exceeding the safety threshold of 1.0 mg/L by 70 times. 20.05% of the data collected from January to December
exceeded the safety threshold. The concentration of NH,4N is less than 0.15 mg/L for most area of the catchment.
It is noteworthy that there is always a high ammonium concentration center in the northeast of the catchment,
especially in May, June and July, which is shown as red in Figure 3.

NOsN. As shown in Figure 4, the highest concentration of NOsN reached 40 mg/L, exceeding the safety
threshold of 10 mg/L by 4 times, although only 1.46% of the observations exceeded the safety threshold. The
maximum nitrate concentration just occurred in January as a point, standing till April. Most areas of the catch-
ment remain uncontaminated by NO3N with concentrations between 0.2 and 0.5 mg/L.

TN. As shown in Figure 5, the highest concentration of TN reached 55 mg/L, exceeding the safety threshold

&
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Figure 2. Three dimensional semivariance of the logit-transformed ammonium nitrogen (NH;N), ni-
trate nitrogen (NO3N), total nitrogen (TN) and total phosphorus (TP) concentrations. Distance corres-
ponds to meters, where a temporal difference of 1 month equals 500 m. The semivariance in X-Y
planes, Z plane, and X-Y-Z planes represented spatial, temporal, and spatio-temporal semivariance re-
spectively.

Table 2. Model parameters for 3D semivariograms of logit-transformed NH;N, NO3;N, TN and TP concentrations.

) Semivariogram model parameter Anisotropy parameter Leave-one-out cross validation
varable Range (m) Model Nugget Psill Angl (degree) Ang2 (degree) Ang3 (degree) Ratiol Ratio2  ME RMSE r
NH:N 828 ste 0 5.065 90 90 0 051 049 -0.015 1.843 0.62
NO;N 836 ste 0 3.88 95 100 102 0.5 0415 -0.00005 1.552 0.62

TN 1079 ste  0.437 0.806 84 82 0 0.469 0.509 -—0.019 0.867 0.64

TP 811 ste 0 1.35 - - - - - 0.009 1.071 0.38

of 10 mg/L 5.5 by times, and 5.07% of the observations exceeded the safety threshold. Compared with spatio-
temporal variability of NH;N in Figure 3, the high TN concentration center appeared in May, June and July,
which was consistent with that of NH,4N in the northeast of the catchment. While compared with spatio-temporal
variability of NO3N in Figure 4, the high TN concentration center appeared in January, February, March and
April was also demonstrated in Figure 5. Except for the high TN concentration centers, most areas of the cat-
chment remain uncontaminated by TN with concentrations between 1.0 and 2.0 mg/L.
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Figure 3. Estimated NH,4N over Jinjing catchment from January to
December in 2011 monthly, mg/L.
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Figure 4. Estimated NOsN over Jinjing catchment from January to
December in 2011 monthly, mg/L.
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Figure 5. Estimated TN over Jinjing catchment from January to
December in 2011 monthly, mg/L.

TP. As shown in Figure 6, the highest concentration of TP reached 10 mg/L, exceeding the safety threshold
of 0.2 mg/L by 50 times, and 5.98% of the observations exceeded the safety threshold. Most of the area in the
catchment remains uncontaminated by TP with concentrations between 0.02 and 0.1 mg/L. The high TP concen-
tration centers flashed in the center of the Jinjing catchment in April and in December. In addition, there were
two hot-spots in northeast and south of the area in May and June, suggesting the existence of the potential anth-
ropogenic point sources.

Figure 7 portrays the continuously dynamic variation of contaminated area of NH;N, NOsN, TN and TP.
Comparing numbers and volume of spatio-temporal cube in Figures 7(a)-(d), the catchment was more seriously
polluted by NH4-N, moderately polluted by TP and TN, and lowest polluted by NOs-N. Contamination of
NH,-N mainly occurred in May, June, July and August, which was during the period of rice growth and fertilizer
application, indicating that rice agriculture had a negative effect on the shallow groundwater quality. The higher
contamination level of NH4-N than that of NOs-N might be attributed to the low nitrification rate. For one thing,
red soil (Ultisols and Oxisols in US Soil Taxonomy) is the dominant soil type in this catchment with a low pH of
4.5 [23] resulting in a low nitrification potential. For another, the short distance between top soil and shallow
groundwater, which was only 100 to 130 cm, restrict the nitrification time, resulting in small rates of nitrification.
Further investigation of soil and deep groundwater NH;N and NOsN concentration is needed to clarify this
problem.

Most of the area in the catchment was not contaminated by TP, due to the fact that phosphorus can be ad-
sorbed by natural sediments and pure minerals in soil, resulting in small rates of phosphorus transport to
groundwater [11]. Generally, transport of phosphorus to groundwater is assumed to be not important because of
the high potential for mobile phosphorus to be retained in the upper soil horizons by adsorption or metal com-
plex formation [27].

4. Conclusions

This study investigated the potential of 3D kriging approach for spatio-temporal variability of groundwater qual-
ity with NH;N, NOsN, TN and TP concentrations which were measured monthly in the Jinjing catchment for the
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Figure 7. Three dimensional display for spatio-temporal dynamic variation of contaminated area of ammonium ni-
trogen (a), nitrate nitrogen (b), total nitrogen (c) and total phosphorus (d).
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year 2011. According to the spatio-temporal variability of NH4;N, NOsN, TN and TP, the contaminated area was
small, only appeared in small dispersed patches, however, close attention should be paid to the shallow ground
water quality because local farmers obtain their drinking water directly from domestic wells without any treat-
ment and potential harmful effects on human health are considerable. Moreover, closer attention should be paid
to the scientific explanation and fundamental understanding of other variables governing spatial variation and
temporal processes which are related to these four variables addressed in this study.

Highlighting the contaminated area over time plays a significant role for decision makers to protect public
health and maintain sustainable development of the catchment. Modeling the spatio-temporal variability can im-
prove our ability to characterize and predict the contaminated area. In this study, 3D kriging was used to inves-
tigate the spatio-temporal variability of shallow groundwater quality based on the Leave-One-Out cross-valida-
tion analysis for the year of 2011. However, limitations should be pointed out because of the small density of
sampling locations in the northeast of the catchment, which is mainly dominated by woodland. As it is hilly and
there are few residents in this area, there are less observational points.
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