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Hebei Plain plays an important role in China, where municipal, agricultural and industrial water supplies are highly
dependent on groundwater resources. It is crucial to investigate hydrochemical characteristics in shallow aquifer for
sustainable utilization of groundwater resources. Major components of groundwater samples showed obvious zonation
patterns from the piedmont area, the central area to the coastal area, the hydrochemical types changed from HCO3-SOs-
Ca-Mg and HCO3-CI-Ca-Mg types to HCO3-SO4-Na-Ca, SO.-Cl-Na-Ca and SO4-Cl-Na types. A study using stable
deuterium and oxygen isotopes was performed to elucidate groundwater flow and occurrence. Groundwater is of meteoric
origin, and a large proportion is subject to evaporation. In the area, the aquifer system is recharged from irrigation return
flow and seawater intrusion, which significantly affects groundwater chemistry. But data show that excessive nitrate
nitrogen seriously polluted the groundwater environment in Hebei plain. This paper determined and monitored the
composition characteristics of stable nitrogen and oxygen isotopes to trace the source of nitrogen pollutionfrom 2009 to
2015. The results indicated that the average concentrations of nitrate nitrogen were 0.00 to 121.50 mg-L, the total average
over the seven-year monitoring period was 17.64+1.55 mg-L™. Each area displayed various concentrations of nitrate
nitrogen. The largest value of nitrate nitrogen, 29.49 mg-L™*, was found in the coastal area, which exceeded the Standard
for Drinking Water Quality of China(SDWQC) by a factor of 2.95; followed by the value in the piedmont area, 15.78
mg- L, exceeding the Standard by a factor of 1.58 and the lowest value was found in the central area, 3.88 mg-L*, below
the Standard. According to isotope signatures, the source of groundwater nitrate is dominated by manure and waste in the
coastal area and the central area, whereas in the piedmont area it is dominated by agricultural fertilizers.
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the Nitrates Directive 91/676/EEC and the

INTRODUCTION Groundwater Directive 2006/118/EC  prohibits

Groundwater is the main source of drinking water
for many arid and semi-arid regions of the world and
is endangered by many kinds of contaminations[1-
3]. Although groundwater is considered to be
available close to the point of use and always clean
and safe, its quality is uncertain due to the natural
processes and significant land use changes that do
not take into account impacts on the underlying
aquifers [4]. This calls for determination of
groundwater quality and identification of the
contamination sources so as to understand the actual
cause of water quality deterioration and coming up
with water quality remediation and control
mechanisms [4]. The nitrate pollution in
groundwater is one of the most prevalent water
environmental problems worldwide [5-9] increasing
the risk of many cancers including colon cancer,
esophageal cancer, etc. [10]. In response to these
problems, environmental policies have been
implemented in many countries [11]. In the
European Union for instance, legislation including
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nitrate concentrations in aquifers to exceed the
mandatory limit of 50 mg L™ NOs™ and requires that
actions be taken in order to reverse or prevent any
infringement[12]. NOs~ has several sources
including atmospheric deposition, nitrogenous
fertilizers, soil organicnitrogen (SON), animal
manure and discharge of domestic sewage [13]. In
addition, nitrogen loss in vulnerable environments
with thin soil is a serious problem for vegetation
because nitrate is an important nutrient for plant
growth [14, 15].The effective management of NO3~
to preserve water quality requires identification of
actual N sources and an understanding of the
processes affecting local NOs~ concentrations [16].
However, the determination of N concentrations
cannot be solely used in order to detect the specific
N sources and biogeochemical processes [16].
Accurate source identification is critical for
reasonable protection and prevention of water from
nitrate contamination [17]. However, the interlacing
of various sources and biogeochemical processes
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along the nitrogen cycle determining sources of
NO;s7is difficult. The presence of fecal coliform
jointly with NOs™ in groundwater may indicate
recent NOs~ contamination by human sewage or
animal droppings provided this is confirmed by
another reliable technique [1]. Stable nitrogen
isotope techniques enable the identification of
sources based on the characteristic or distinctive
nitrogen isotope compositions and are valuable tools
for the detection of the origin. Different sources of
stable isotope characteristic values are not affected
by changes in concentrations within water; therefore,
the isotope forms of NO;™ in water are relatively
stable [18].

Dual isotope analysis of nitrate (3°N-NOs~ and
5180-NOs3") has been frequently used to differentiate
NO;~ sources because of the distinct isotopic
characteristics of themain NOs;~ sources, such as
rain, chemical fertilizers, and NO3~ derived from
nitrification [19, 20]. Sacchi et al.[21] used the
isotopes to trace the nitrate-N in the groundwater of
the central Po plains in Italy and they discovered that
in the higher plains, groundwater pollution mainly
originated from four sources: (1) a high osmotic
pressure aquifer in the vadose zone of the region; (2)
a higher underground water level; (3) an intensive
cattle industry that produces a large amount of fecal
matter; and (4) a large amount of irrigation water.
Kelleyet al. [20] used nitrogen and oxygen isotope
ratios to identify nitrate sources and dominant
nitrogen cycle processes in a tile-drained dryland
agricultural field. Liu et al. [22] tracked sources of
groundwater nitrate contamination using nitrogen-
oxygen dual isotopes around Beijing, China.
Nitrogen-oxygen dual isotope analysis has been
established as a tool in providing important
information regarding the origin of nitrate
contamination in groundwater, the contribution of
different sources to a multi-source plume, and the
rate and mechanisms of the contamination, as well
as in evaluating the success of contaminated site
remediation. Zhang et al. [23] used the °N isotope
to analyze groundwater nitrate pollution and sources
in Beijing’s Fangshan district, and the results
suggested that NOs-N in groundwater mainly
originated from animal waste, wastewater, and
organic soil nitrogen. Westover et
al.[24]investigated water quality and sources and
processes influencing NOs~in the Kettle River basin
using a combination of chemical and isotopic
techniques. Based on 8'°N values and concentration
data, NOgsin  surface  waters  originates
primarily
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from natural soil nitrification processes, with
additional influences from anthropogenic activities,
such as waste water effluents at sampling locations
downstream from population centres.

This study aims to define the NOs™-N sources and
understand the contamination of groundwater in
Hebei plain (HP) and provide a scientific basis for
controlling NOs-N pollution in the groundwater of
HP and utilization of groundwater. We first
investigated data from 21 wells in the shallow
groundwater of HP, evaluated the NO3-N pollution
concentrations in the groundwater, compared the
NOs-N pollution concentrations of groundwater in
different areas, and traced the sources of NO3z-N.

STUDY SITE

Hebei Plain is south of Beijing and Tianjin, and
spans to Bohai in the east and abuts the Taihang
Mountains in the west. The study region is situated
between a latitude 36°03' to 40°02' and a longitude
114°15't0 119'50", and is one of the alluvial fan plain
zones(Figure 1). The area has a continental, semi-
arid climate with a mean annual temperature of 12-
13°C, and summer maximum and winter minimum
of 45.8 and -28.2 °C, respectively and with annual
precipitation of 400-800 mm. The precipitation is
dominated by the Asia summer monsoon during July
and August, which accounts for about 70% of the
annual precipitation. There is usually only 40-60 mm
of rainfall, or even no rainfall, for more than 100
days in spring. The variation of seasonal
precipitation is so large that it is the common case to
have dry spring and flooding summer. Mean
potential evaporation ranges from 1,100 to 1,800
mm. Based on landforms, HP can be divided into
three areas: the piedmont area, the central area, and
the coastal area [25, 26].

The HP accessible groundwater mainly occurred
in the Quarternary sediment aquifers. The regional
Quaternary aquifers consist of fluvial fans, alluvial
fans and lacustrine deposits [27]. Vertical
distribution of the aquifer has been described in
detail. A thick sedimentary sequence has been
deposited in the HP, with a depth of 500-600 m in
depressions, 350-450 m in uplift areas, and 150-300
m around the alluvial fan. From the top to the
bottom, sediments can be divided into four aquifer
groups according to the lithologic properties,
geological age, the distribution of aquifers and
aquicludes, and hydrodynamic conditions (Figure 1)
[28].
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Fig.1. Baoding-Cangzhou hydrogeologic profile in Hebei Plain

The depth of the first aquifer group (shallow
unconfined aquifer) ranged between 10 and 50 m,
with coarse-grained sand in the piedmont area to
fine-grained sand in the littoral plain. The second
aquifer group was a series of shallow semi-confined
aquifers with buried depths of 120-210 m, with
sandy gravel, medium to fine sand. The second
group was the major aquifer for groundwater
exploitation for agricultural irrigation. The third
aquifer group, underlying the second aquifer group,
had lower boundary between 170 and 3 350 m. This
formation consists of sandy gravel in the piedmont
area and medium to fine sand in the central and
littoral plain.

The fourth aquifer group lays below 350 m with
a thickness of 50-60 m, which consists of cemented
sandy gravel and thin layers of weathered sand
[29].According to groundwater exploitation and
aquifer distribution, groundwater can be divided into
shallow groundwater mainly occurring in the first
aquifer group (shallow aquifers), while deep
groundwater occurs in the latter three groups (deep
aquifers).

EXPERIMENTAL
Groudwater sampling and analytical methods

Groundwater samples, including 21 wells of the
National hydrological monitoring network, were
collected from three areas of Hebei plain in May and
September from 2009 to 2015, representing 10.09 %
of the Monitoring network in HP. The well depths of
the quaternary groundwater ranged from 4.5 to 50 m.
Eight samples (numbers 1-8) were taken from the
piedmont area of Shijiazhuang, six samples
(numbers 9-14) were taken from the central area
ofHengshui and seven samples (numbers 15-21)
were taken from the coastal area of
Cangzhou(Figure2). Water samples were collected
from active pumping wells used either for domestic
or agricultural purposes, and were initially preserved
in a cold box and later transferred to a refrigerator in
the laboratory. Samples were filtered with 0.45um

membrane filters for measurement of ion

concentrations and isotopic compositions. The
concentrations of major cations and anions were
measured by inductively coupled plasma-optical
(ICP-OES) and ion
charge

emission  spectrometry
chromatography(IC), respectively. lon
imbalances were within £5%.

Fig. 2. Location of the shallow groundwater sampling
sites in the study area.

Eight samples (numbers 1-8) were collected from
Shijiazhuang to represent the Piedmont Plain. Six
samples (numbers 9-14) were collected from
Hengshui to represent the Central Plain. Seven
samples (numbers 15-21) were collected from
Cangzhou to represent the Eastern Coastal Plain.
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Stable isotope ratios were reported in parts per
thousand (%o) using the conventional delta notation:
85ample=[(Rsample_ Rstandard)/Rstandard] 1000%0, Where R
represents the 30/1°0, or 2H/*H ratios of the samples
and standards, respectively. 8 Opzo and SDwere
determined at the Key Laboratory of Groundwater
Sciences and Engineering, Ministry of Land and
Resources, Chinese Academy of Geological
Sciences (CAGS), using online thermal conversion
elemental analysis isotope ratio mass spectrometry
(TC/EA-IRMS). The precision of measurements was
+0.1%0 and +1%o, respectively, and results were
reported relative to V-SMOW. In the field, 3-5 L
samples were collected to ensure 60—80 mg of
nitrate on the cation exchange resin. After removing
SO.% by addition of BaCl, to 300 mL of water, the
water was passed through the cation exchange resin
and became acidity, with a flow rate of 2-5 mL-min
! by adjusting the stopcock on the separatory funnel.
The KNO; and KCI solutions were produced by
adding 1 mol-L"* KOH solution eluent to neutral, and
were dried at 90°C. 8™Nnos and 8'Onos Were
determined at the same time in one sample input
using online high-temperature pyrolysis of 500 ug
KNOs. Nz and CO generated by KNOs; and C
reaction were separated through a chromatographic
column at 60°C coupled with ConFlolV and IRMS,
and the precision of 8°N and §'®0 was 0.25%. and
0.6%o, respectively, compared with that of 0.1%o. and
0.5%o0 abroad. All experiments were performed in
duplicate and thedata were populated in Excel and
plotted with Origin 9.0.

RESULTS
Chemical concentrations of groundwater

The chemical and isotopic compositions of the
groundwater are listed in Tablel and Figure3,
respectively. Chemical elements of shallow

groundwater were analyzed to derive the statistical
analysis of anion and cation concentrations in the
study areas. The average cation concentrations in
Shijiazhuang ranked as follows:
Ca**>Na*>Mg?*>K"*; anion concentrations ranked as
follows:  HCO3>S0,2>CI>NO3>COz>.  The
average cation concentrations in Hengshui ranked as
follows: Na*>Mg?*>Ca?">K*; anion concentrations
ranked as follows: SO,2>HCO5;>CI>NO;3;>CO3*.
The average cation concentrations in Cangzhou
ranked as follows: Na*>Ca?*>Mg?>K*; anion
concentrations ranked as follows: CI>HCO3>S0,*
>NO;>CO3%. Both Table 1 and Fig. 3 show that the
sum of SO,# and Cl averagely accounted for
between 40% and 60% of total anions in the
piedmont area, around 70% in the central area, and
90% in the coastal area. Besides, the sum of Ca?* and
Mg?* averagely accounted for 80% of total cations in
the piedmont area, 50% in the central area, and 40%
in the coastal area.

The order of the average of the anion
concentrations was HCO3>S0,*>CI>NO3>CO37;
greater than 25 Meq% were HCOs™ and SO.Z, and
that of the cation concentrations was
Ca**>Na*>Mg?*>K" in the piedmont area. The order
of the average of the anion concentrations was SO*
>HCO;>CI>NO3>COs%; greater than 25 Meq%
were Cl-, SO4%, and that of the cation concentrations
was Na™>Mg?*>Ca?*>K" in the central area. The
order of the average of the anion concentrations was
CI>HCO5;>S0,#>N03>CO3%; greater than 25
Meq% were CI, and that of the cation concentrations
was Na"™>Ca?>Mg?*>K* in the coastal area.
According to Shoka Lev’s classification method, the
main hydrochemical types from the piedmont area,
the central area to the coastal area changed from
HCO;-Ca-Mg, through HCO;-SOs-Na-Ca and
S04-ClI-Na-Ca, to SO4-Cl-Na.

Tablel.Results for hydrochemistry and isotopes in shallow groundwater, a-rural, town; b-farmland.

Sampling Point

Depth (m) NOs (mg-L?) Cl-(mg-L1) SO4? (mg-L %) &N (%) 620 (%) &°H (%o) 520 (%o)

1. Sanhepu? 15.0 17.95 23.60

2. Hantai® 30.0 14.49 41.23

3. Licun® 30.0 15.14 54.46

4. Ciyu? 17.0 15.21 44.97

5. Shanyincun® 12.0 17.73 56.75

6.Luquanchengguan® 16.2 16.99 54.52

7. Yongbi? 34.0 10.76 109.21
8. Luquanshiqu? 30.0 17.95 205.03
9. Balizhuang? 10.0 2.34 547.58
10. Nanjili® 13.0 1.56 167.81
11. Zhangguan® 20.0 5.47 1448.25
12. Wanglou® 38.0 6.28 377.02
13.Donganzhuang® 36.0 4.73 565.67
14. Xiaoying® 29.0 2.89 1857.80
15. Mengcun® 30.0 9.72 1088.23
16. Xiasanbao® 4.5 61.14 514.16
17.Yangerzhuang? 5.8 78.64 773.71
18. Hechengjie® 50.0 16.05 323.10
19. Jiaohe® 12.0 7.61 521.68
20. West of Cangzhou? 12.0 9.78 578.64
21. Xinji® 6.2 23.48 1728.98

105.21 2.62 -3.36 -54 -8.7
112.92 5.08 -5.47 -62 -8.4
144.76 8.43 -4.86 -57 -7.6
118.20 — — -61 -8.2
165.95 13.31 -1.31 -60 -8.4
178.95 8.78 -4.14 -62 -8.4
123.75 10.7 -3.95 -63 -8.6
145.37 8.24 -5.24 -63 -8.7
596.75 —_ —_ -61 -7.6
210.24 —_ —_ -64 -8.7
562.73 18 6.64 -56 -1.3
359.47 11.96 -1.53 -62 -8.5
902.91 13.04 -1.78 -59 -7.8
1457.49 — — -58 -7.9
531.72 14.06 4.34 -62 -8.4
390.79 18.06 -4.86 -57 -7.9
346.83 20.46 -2.13 -65 -8.9
412.01 —_ —_ -63 -8.7
507.95 17.09 0.77 -69 -9.2
494.47 30.99 9.94 -50 -6.4
487.00 — — -51 -6.4
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Fig.4. Piper figure of water chemistry of Shijiazhuang, Hengshui and Cangzhou.
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As seen from Piper diagram of water
chemistry(Figure 4), anion and cation distribution
was again more scattered from the piedmont area to
the coastal area, and the hydrochemical type
changed from bicarbonate-type to sulfate-chloride
type and chloride-type, and salinity gradually
increased.It confirmed that in the piedmont area and
the central area, the chloride-type area decreased,
while the bicarbonate-type and sulfate-chloride type
areas increased, as shallow groundwater constantly
gained riverside-leakage and recharged from water
sources and precipitation. The coastal area
experienced larger salinity due to seawater intrusion,
in addition to evaporation.

In the Piedmont Plain and the Central Plain, the
chloride-type area was small, while the bicarbonate-
type and sulfate-chloride type areas were larger, as
shallow groundwater constantly gained riverside-
leakage and recharged from water sources and
precipitation. The Eastern Coastal Plain experienced
larger salinity due to seawater intrusion, in addition
to evaporation.

Isotope compositions ofwater

Tablel and Figure 5 illustrate the 21 stable
deuterium and oxygen isotopes determining results
of the shallow groundwater samples. In the piedmont
area, 62H and 6180 values ranged from -63%o tO -
54%o, and -8.7%o t0 -7.6%o, respectively, and mean
values were -60.25%0 and -8.38%o, respectively. In
the central area, 62H and 8180 values ranged from -
64%o to -56%o, and -8.7%o to -7.3%o, respectively,
and mean values were -60%. and -7.97%,
respectively. In the coastal area, 62H and 5180
values ranged from -69%o to -50%., and -9.2%o to -
6.4%o, respectively, mean values were -59.57%o and
-7.99%o., respectively. Based on the comparison, the
02H and 8180 wvalues of groundwater in the
piedmont area are relatively small while the values
in the central area are relatively large.

Because most of the world’s precipitation is
derived from evaporation of seawater, the 52H and
0180 compositions of precipitation throughout the
world are linearly correlated. In Figure 5, all data
were close to the LMWL(62H=7.02341
8180+1.72339, R2=0.95) [23], and shifted to the
right of the global meteoric water line(GMWL) [30].
It suggests that groundwater was mainly derived
from local meteoric water. Most of samples were
enriched in 8180 isotope and were located to the
right of the LMWL, which indicates that the
meteoric water experienced different extents of
evaporation before the precipitation recharged. From
the relationship shown in Figure 5, the linear
relationship is approximately parallel to the RMWL,
showing that aquifer of the study area has been
recharged by precipitation.
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DISCUSSION
Distribution of nitrate-N

The range of NOs-N concentrations was 1.56-
78.64 mg-Ltin shallow groundwater of HP. The
lowest level was collected in Balizhuang in the
central area, and the highest level was in
Yang’erzhuang in the coastal area. The mean
concentration of NOs-N was 15.78 mg-L? in the
piedmont area, 3.88 mg-L* in the central area, and
29.49 mg-L?, the largest concentration, in the
coastal area.

Figure 6 illustrates the trends of NOs-N and
chloride in HP. Chloride ranged from 27.98 to
2086.75 mg-L!, with a mean value of 518.16 mg-L-
1 NOs-N ranged from 3.08 to 92.59 mg-L™, with a
mean value of 17.96 mg-L*; and sulfate ranged from
57.04 to 1324.21 mg-L%, with a mean value of
416.78 mg-L*. The lowest concentrations of NOz-N
were in the central area, the largest changes in NOs’
-N concentrations were in the coastal area, and the
lowest concentrations of chloride were in the
piedmont area.
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Fig.6.Contents of chloride and nitrate ions atthe
sample points of the study area.
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Table2.NOs-N content from 2009 to 2015

. Average of May Average of September 10mg-L*

Year :\:r;[ritse -N tstandard error +standard error ,:\\/r;r;gaés Exceeding

g (mg-L?) (mg-L?) g factor (%)
2009 0.00~108.45 16.09+6.22 16.33+6.10 16.21 33.33
2010 0.00~87.30 18.74+4.57 15.66+4.43 17.20 54.76
2011 0.00~102.74 17.51+5.31 17.2445.23 17.37 52.38
2012 0.00~121.50 21.97+5.92 21.29+5.78 21.63 59.52
2013 0.30~103.00 20.74+4.91 21.63+5.04 21.18 71.43
2014 0.44~58.53 18.09+3.63 13.32+3.27 15.70 46.34
2015 0.00~56.20 16.22+3.62 12.08+2.46 14.15 50.00

Average concentrations of chloride and nitrate at
the Piedmont Plain, the Central Plain, and the
Eastern Coastal Plainsampling points are along the
abscissa and the content of the sampling points along
the vertical axis.

The mean concentrations of chloride in the
piedmont area, the central area, and the coastal area
were 73.72, 827.36, and 789.79 mg-L, respectively.
SO,Z/CI- ratios were 1.86, 0.82, and 0.57,
respectively, and SO42/CI- ratios of the three areas
were quite different. This significant variation
indicates that the chloride and sulfate in the
groundwater have different sources. Unlike SO4*/CI-
, NO3/CI ratios differed slightly between the three
areas. The NO3/CI ratio of the piedmont area ranged
from 0.09 to 0.76, with a mean value of 0.32; the
central area ratio ranged from 0.00 to 0.12, with a
mean value of 0.01; and the coastal area ratio ranged
from 0.01 to 0.12, with a mean value of 0.05. The
narrow range of the NO3;/CI ratios suggests that the
input of NO3-N and chloride reached a steady state
[31].

General chardcteristics of nitrate

Table2 shows the overall state of NOs-N in
groundwater of HP from 2009 to 2015. An obvious
upward trend in NO3s-N levels appeared. The NOs-
N concentrations escalated from 16.21 mg-L* in
2009 to 21.18 mg-L?! in 2013. However, NO3-N
concentrations differed between sampling sites;
areas of low concentration were mainly located in
Nanjili and Xiaoying in the central area, and areas of
high concentration were mainly in Yang’erzhuang
and Xiasanbao in the coastal area.According to the
SDWQC (10 mg-L1), the concentrations of NOz-N
in groundwater of HP from 2009 to 2015 exceeded
the standard. Analyzing the NOs-N in samples
determined a large range of NOs-N concentrations
in groundwater of HP was found, 0.00-121.50 mg-L
! and the mean value was 17.64 mg-L* during the
seven-year monitoring period, exceeding the
SDWQC (10 mg- L™ )by a factor of 1.76.

According to Muller’s established groundwater
geochemistry background value of 2.0 mg-L?! of
NOs-N [32], the influence of human activity on
NOs-N concentrations in  groundwater had
increased.

The maximum concentration occurred between
2009 and 2010, rising from 33.33% to 54.76%, an
increase of 21.43%. There were 25 valuesexceeding
10 mg-L?, accounting for 59.52% of all samples in
2012; 30 values exceeding 10 mg-L, accounting for
71.43% of all values in 2013; and the values
exceeding the SDWQC reached 46.34% in 2014, and
50.00% in 2015. Nitrate concentration was higher in
May than in September except in 2009 and 2013 due
to heavier rainfall in July and August, it may have
resulted from relatively abundant rainfall, and
enhanced the link between a saturated zone and an
unsaturated zone [33].The soil of unsaturated zone
exhibits strong adsorption of ammonia-nitrogen.
Ammonia-nitrogen was prone to nitrification by
oxidation in alkaline groundwater, resulting in
nitrate, nitrite, and nitrate-nitrogen produced by
nitrite due to its instability, thus increasing NOs;-N
concentrations in groundwater [34].

Regional changes of nitrate-N

Figure 7 shows the trend of NOs;-N
concentrations in the three main sub-plains of HP
from 2009 to 2015. Changing concentrations of NOs’
-N are evident in three areas, while the coastal area
had the highest concentrations of NOs-N, followed
by the piedmont area, and then the central area,
which was the lowest one, although it, too, showed
an increasing trend.

. =— the Piedmont Plain
36 |- #— the Eastern Coastal Plain
® 4 the Central Plain

a2+
28 |-

24 |-

the concentration of NO,-N

A A e
1 1 1 1 1 1 1
2009 2010 2011 2012 2013 2014 2016

Year

Fig.7.Variation of shallow groundwater nitrate-N
concentration in sub-plain of Hebei plain.
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Trend of NO3z™-N concentrations in the three
main sub-plains of Hebei Plain from 2009 to 2015.

There were evident changes in NO3z-N
concentrations in each sub-plain, with the highest
concentrations of NO3z-N recorded in the Eastern
Coastal Plain, followed by the Piedmont Plain and
the Central Plain, which, while lowest, still exhibited
an increasing trend.

The coastal area, with the highest NOs-N
concentrations, had an annual mean value of 29.49
mg-L?, exceeding the SDWQC (10 mg-L™?) by a
factor of 2.95. The value of NOs-N in this area
remained greater than 25 mg-L? during the study
period, with peak value reached in May 2012 about
37.42 mg-L1, exceeding the SDWQC by a factor of
3.74. The lowest value was 19.41 mg-L?! in
September 2014, exceeding the standard by a factor
of 1.95. The high NOs-N concentrations in the
coastal area from 2009 to 2015 may be related to
manure and waste emissions, as well as the structure
and composition of the unsaturated zone, which
greatly influences the infiltration of pollutants,
resulting in contamination of shallow groundwater.

The mean concentration of NOs-N in the
piedmont area was 15.78 mg-L?, exceeding
SDWQC by a factor of 1.58. The minimum level,
9.71 mg-L?, was recorded in May 2011, and the next
lowest level, 9.34 mg-L?, was recorded in
September 2011; hence, the measurements taken in
2011 were the only two during the study period in
this area that did not exceed the SDWQC. The
maximum concentration, 23.71 mg-L?%, was
recorded in May 2012, which could have resulted
from the larger solids of that vadose zone. The wider
the granules in a vadose zone, the stronger
permeability it offered, and thus easier nitrification.
Due to this characteristic, coupled with an
accumulation of NOs-N from excessive fertilization
carried through rainfall or irrigation, NO3-N leached
through the vadose zone to shallow groundwater,
resulting in a generally higher nitrate concentration
in the area.

The mean concentration of NO3-N in the central
area was 3.88 mg-L™. It was, therefore, the least
polluted of the three areas. Low concentration
mainly result because the central area had fine rock
particles in the unsaturated zone, and more clay
interlayer [35], which are conducive to
denitrification. Still, NOs-N concentrations in this
area demonstrated a rising trend overall. The
minimum value occurred in May 2009, 1.67 mg-L7?,
and the highest concentration was recorded in May
2014, 11.34 mg-L*. From 2009 to 2013, the NO3-N
concentration levels did not exceed the SDWQC.
However, the 2014 levels exceeded the standard by
a factor of 1.13, which may have resulted from the
topography of the central area. Within this area,
sources of pooling along the groundwater
flow
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coming water after entering the contaminated area,
which increases its NOs-N concentration.

Sources of NOz-N

The 3N and &8O results of the shallow
groundwater are shown in Tablel. In the three areas,
nitrogen and oxygen isotopes demonstrated
significant changes. In the piedmont area, 5*°N and
5180 values ranged from 2.62%o to 13.31%o, from -
5.47%o to -1.31%., respectively, with mean values of
8.17%0 and -4.05%., respectively. Changes of
nitrogen and oxygen isotope values of the central
area were small compared to the piedmont area. 5°N
and 880 values ranged from 11.96%o to 18.00%o,
from -1.78%0 t0 6.64%0, respectively, with mean
values of 14.33%. and 1.11%e., respectively. Oxygen
and nitrogen isotopes of the coastal area showed the
greatest changes in the three areas. 8'°N and 20
values ranged from 14.06%. to 30.99%., from -
4.86%0 t0 9.94%o., respectively, with mean values of
20.13%0 and 1.61%o, respectively.

Different values of *°N can be used to determine
different sources of NOs-N in water. Generally, we
can use 8'°N as a tracer of NOs™ sources; however,
there is an overlapping phenomenon in some sources
of 8'°N, such as sewage and manure. Therefore, in
this study, 80O was combined with 8N to
determine nitrate contamination.

Research byFenech et al. [30]indicated that §°N
compositions of most terrestrial material fall
between -10%o to +25%o, and, as a result, isotope
values of N and O can be useful in identifying the
origin of groundwater NOs. The &N from
atmospheric nitrogen deposition is about 0%. to
+13%0 and from manure about +5%o to +25%.
Fertilizers generally have 8'°N values between 0%o
+ 4%o, and organic soil N is characterized by 6°N
values between 4% and 9%.. The &80 from
atmospheric deposition isfrom +25%o to +70%. The
580 wvalues of atmospheric precipitation range
between +20%. to +70%.. Generally, synthetic
fertilizers have 520 values between 22%o + 3% [36]

Figure 8 shows the sources of NO3™-N in HP. The
main sources of NOs-N in shallow groundwater
were from manure and waste. NOs™-N contamination
in the piedmont area came from fertilizers, whereas
NH4* came from rainfall and soil nitrogen. The main
forms of agriculture crop consisted of wheat and
corn in which no manure was applied. Additionally,
atmospheric-N deposition and soil nitrogen cannot
significantly elevate the NOs-N concentrations.
Therefore, it was demonstrated that fertilizers were
a major source of NOz-N. Contamination of NO3s-N
in the central area and the coastal area was mainly
derived from manureand waste.Sources of NOs-N
of the Piedmont Plain originated mostly from
fertilizers, while NOs™-N of the Central Plain and the
Eastern Coastal Plain was mainly derived from
septic tank waste.
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Fig.8.Sources of NO3-N in shallow groundwater of
the study area.

CONCLUSIONS

(1) In the study area, the average chloride
concentration was 527.73 mg-L?; the NOz-N mean
concentrations were 16.95 mg-L?; and the sulfate
mean concentrations were 397.88 mg-L1.The SO,
[CI' ratios of the three areas differed significantly and
NO;/Cl- ratios were only slightly different,
indicating that chloride, NOs-N, and sulfate in
groundwater had different sources.

(2) From 2009 to 2015, the NOs;-N
concentrations in groundwater ranged from 0.00-
121.5 mg-L™*, and the mean values was 17.64 mg-L-
1 exceeding the SDWQC by a factor of 1.76.
Different areas had different concentrations of NOs™
-N.

The coastal area displayed the highest
concentration, 29.49 mg-L?, which exceeds the
SDWQC by a factor of 2.95. The piedmont area
maximum concentration was 15.78 mg-L?,
exceeding by a factor of 1.58. The concentration of
NOs-N in the central area was the lowest one,
averaging 3.88 mg-L™, and did not exceed SDWQC.

(3) Hydrochemical types in the study area
displayed obvious differences. The hydrochemical
type changes from bicarbonate-type to sulfate-
chloride type and then to chloride-type, as shallow
groundwater in the areas follows a migration pattern
from the piedmont area to the coastal area and
salinity gradually increased. The coastal area, with
the largest salt content, experiences seawater
intrusion. Groundwater was of meteoric origin, and
a large proportion was subject to evaporation. In the
area, the aquifer system was recharged from
irrigation return flow and seawater intrusion.

(4) The isotope analysis of 8°N and 80 in
shallow groundwater of the three areas indicated that
the NO3z-N was mainly due to manure and waste,
NH,*- to fertilizers. NO3-N of the coastal area and
the central area was mainly due to manure and waste;
and NH.*- mainly to fertilizers in the piedmont area.
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N30TOITHA MAEHTUOUKALIA U XUJIPOXUMUSA KATO MHCTPYMEHTH 3A OLIEHKA
HA N3TOYHUINUTE HA HUTPATU B IVIMTKMA BOJOHOCEH XOPU30OHT HA

PABHUHATA XEBE, KUTAU
X. Hanr?, [Ix. ®anr?, U. Jny?, X an®,®. JTuy*, T. Tao'"

YVuunue no nayka sa oxonnama cpeda u undicenepcmso u 1a60pamopus no HGUOIOSUYHA MEXHON02US 3A
npedomepamsAsane Ha asapuu 8 nposunyus Xebeti, Xebelicku ynusepcumem no Hayka u mexuonoaus, LLuosxcuascyane,

050018, Kumau

2lenapmamenm no unsicenepua 2eono2us, Ipoghecuonanen xonesxc no semnu pecypcu na Xebeii, Yxan 430090, Kumaii
$Vuunuwe no oxornama cpeoa u 1abopamopus no 6u02e0102us U 2e0102Us HA OKOIHAMA cpeda, YHueepcument no
eeonayxu, Yxan 430074, Kumaii

41/IHcmumym no xudpozeono2us u 2eonocus Ha okoanama cpeoa, CAGS, Lluoacuascyane, 050061, Kumati
[ocreruna Ha 18 daexemspupu 2017, npuera va 31 sayapu 2018
(Pesrome)

PaBuunara XeOeil urpae Baxna posist B Kutalf, KbeTO IpagcKuTe, 3eMEJECICKUTE U IPOMHUIUICHUTE BOAN CHIIHO
3aBUCAT OT IOJIOYBEHUTE BOAHU PECYpPCH. 3a YCTOMYHMBO M3IOJI3BaHE HA OATIOYBEHNUTE BOJHH PECYPCH € HEOOX0IUMO
Jla ce M3clenBaT XMIPOXMMHYHHTE XapaKTCPHCTHKH Ha IUIMTKaTa BOJOHOCHAa 30HAa. OCHOBHUTE KOMIIOHEHTH Ha
TIOJIIIOYBCHUTE BOJIM CBHIETEIICTBAT 3a SCHO 30HMPAHE OT MpEAIUIAHMHCKaTa o0JacT Mpe3 IEeHTpajHaTa o0nacT 1o
KpaiibpexHara 061act, Kato XUapOXUMu4HUsIT Ul ce npomers ot HCO3-SO4-Ca-MguHCO;-Cl-Ca-MgtypesaoHCO3-
S04-Na-Ca, SO4-Cl-Na-CauSO4-Cl-Na. IMpoBeaeHo e u3ciienBaHe ¢ MOMOIITA HA JEyTepUid U CTAOMIHU H30TOIH HA
KHCJIOPOZA 32 U3SICHSABAHE Ha IMOTOLUTE OT MOANOYBEHU BoAH. [loAmoYBeHNTE BOIM MMAT Bajle)eH MPOU3X0Jl U rojsiMa
YacT OT TSX € IOAJIOKEHa Ha u3napsiBaHe. B n3cieaBanara o6act, BOJOHOCHATAa CHCTEMA CE Bb3CTAHOBSIBA OT HATIOSIBAHE
U HaBIM3aHE Ha MOpCKa BOJia, KOETO BiMsAC BBPXY XMMHYHHS ChCTaB Ha Bojara. l3cieaBaHusTa IOKas3Bar, 4e
MOJNIOYBCHATa BOJa B paBHMHAaTa XeOed € 3HAuYMTEeTHO 3aMbpCeHAa C HUTpPAaTeH a3oT. YUpe3 u3MepBaHe Ha
XapaKTepPUCTUKUTE Ha CTAOMITHUTE M30TOIH Ha a30Ta U KHCIOPOJia ca ONpeIeNIeHd M3TOYHHIINTE HA 3aMbpPCSIBAaHE C a30T
3a nepuoaa ot 2009 1o 2015 r. CpegHute KOHIEHTpAUUUTE HA HUTpaTHUS a30T ca Mexay 0.00 u 121.50 mg- L1, cpenHara
CTOMHOCT 3a 7-romuiuHus nepuon e 17.64+1.55 mg-L . KoHienTpanuuTe Ha HUTpaTeH a30T B Pa3sdHYHUTE PaiiloHM ca
pasmmunn. Half-BHCOKa CTOWHOCT Ha HHTpaTeH a3oT, 29.49 mg-L™?, e ycTaHoBeHa B KpalibpexHHS paifoH, KOSATO
HajBuIIaBa 2.95 MbTH cTaHAAPTA 33 KAUECTBO Ha NMUTeitHaTa Boaa B KuTal, cienBana oT CTOMHOCTTA B MPEAIUIAaHUHCKHUS
paiton, 15.78 mg-L™, magsmmasama crangapra 1.58 nbTn. Hali-Hucka CTOMHOCT € M3MepeHa B IIEHTpalHus paiion, 3.88
mg-L?, kosto € mox crammapra. ChriacHo WAEHTH(UIMPAHUTE HM3OTONH, B KPaiOPEXHUS W UEHTPAIHUS pPaloH
W3TOYHUIINTE HA HUTPATH B MOJIOYBEHUTE BOJM Ca OCHOBHO OOOPCKU TOP M OTHAIBIM, a B IPEIINIAHNHCKHS paiioH —
3eMEeJICJICKH TOPOBE.
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