* water

Article

Delineation of Hydrochemical Characteristics and Tracing
Nitrate Contamination of Groundwater Based on
Hydrochemical Methods and Isotope Techniques in the
Northern Huangqihai Basin, China

Jing Jin 1'2*, Zihe Wang 2, Yiping Zhao 2, Huijun Ding  and Jing Zhang 2

check for
updates

Citation: Jin, J.; Wang, Z.; Zhao, Y.;
Ding, H.; Zhang, J. Delineation of
Hydrochemical Characteristics and
Tracing Nitrate Contamination of
Groundwater Based on
Hydrochemical Methods and Isotope
Techniques in the Northern
Huanggqihai Basin, China. Water 2022,
14, 3168. https://doi.org/10.3390/
w14193168

Academic Editor: Andrea
G. Capodaglio

Received: 1 September 2022
Accepted: 2 October 2022
Published: 8 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Yinshanbeilu Grassland Eco-Hydrology National Field Observation and Research Station,
Beijing 100038, China

2 Institute of Water Resources for Pastoral Area, MWR, Hohhot 010020, China

Geological Environment Monitoring Institute of Inner Mongolia, Hohhot 010020, China

*  Correspondence: jinjingmwr@163.com; Tel.: +86-1535-4829-832

Abstract: Hydrochemical research and identification of nitrate contamination are of great significant
for the endorheic basin, and the Northern Huangqihai Basin (a typical endorheic basin) was compre-
hensively researched. The results showed that the main hydrochemical facies were HCO3-Mg-Ca and
HCO3-Ca-Mg. Spatial variation coefficients of most indices were greater than 60%, which was proba-
bly caused by human activities. The hydrochemical evolution was mainly affected by rock weathering
and also by cation exchange. The D-'80 relationship of groundwater was 5D = 5.935'80 — 19.18,
and the d—excess range was —1.60—+6.01 %o, indicating that groundwater was mainly derived from
precipitation and that contaminants were very likely to enter groundwater along with precipitation
infiltration. The NO3(N) contents in groundwater exceeded the standard. Hydrochemical anal-
yses indicated that precipitation, industrial activities and synthetic NO3 were unlikely to be the
main sources of nitrate contamination in the study area. No obvious denitrification occurred in
the transformation process of nitrate. The S315N(NO3) values ranged from +0.29%o to +14.39 %o, and
the §1830(NO3) values ranged from —6.47 %o to +1.24%o.. Based on the S1PN(NO3) — 8180(NO3) dual
isotope technique and hydrochemical methods, manure, sewage and NHy fertilizers were identified
to be the main sources of nitrate contamination. This study highlights the effectiveness of the integra-
tion of hydrochemical and isotopic data for nitrate source identification, and is significant for fully
understanding groundwater hydrochemistry in endorheic basins and scientifically managing and
protecting groundwater.
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1. Introduction

Water quantity affects the extent of water exploitation, while water quality deter-
mines the value of water use [1]. In the natural environment, the specific hydrochemical
characteristics of groundwater are formed over time in response to the comprehensive
influence of climate, topography, aquifer lithology and other factors. The groundwater
in some areas is low salinity freshwater and is rich in trace elements that are good for
human health (such as Sr, Li and H»SiO3). This kind of water has very high value for
use. However, in some areas, the groundwater is naturally inferior, characterized by high
levels of salinity, fluorine and arsenic [2,3], which may aggravate water shortages due
to poor water quality, especially for the endorheic basins that water resources are rare.
Due to the intensification of human activities, the hydraulic head field and hydrochemical
evolution process have been disturbed to a certain extent [4,5]. Variation in the vadose zone
thickness changes the oxidation-reduction environment of the dissolved minerals during

Water 2022, 14, 3168. https:/ /doi.org/10.3390/w14193168

https://www.mdpi.com/journal /water


https://doi.org/10.3390/w14193168
https://doi.org/10.3390/w14193168
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://doi.org/10.3390/w14193168
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w14193168?type=check_update&version=2

Water 2022, 14, 3168

2 of 25

the leaching process. Coupled with the input of artificial contaminants, the hydrochemical
characteristics may change. Some activities may improve groundwater quality, while others
cause groundwater pollution, such as nitrate contamination [6-9]. A high content of nitrate
in water leads to eutrophication of water bodies and degradation of ecosystems. Drinking
groundwater with a high nitrate content for a long time can cause serious diseases, such as
methemoglobinemia, blue babies and gastric cancer [9]. At present, nitrogen contamination
in water has become an international problem and needs to be solved in order to ensure
the safety of drinking water and sustain the ecological health.

Approximately 20% of the Earth’s land is covered by endorheic basins, but the basins
account for only 2.3% of the total worldwide annual river runoff, and the hydrochemical
research on them has not received enough attention [10]. Dowling et al. [11] studied the
arsenic releasing mechanisms in the Bengal Basin based on the statistical methods and
correlation analysis. Kawawa et al. [12] used the hydrochemical methods and isotopic
techniques to study the mechanism of salinity changes and hydrochemical evolution of
groundwater in the Machile-Zambezi Basin, and concluded that high groundwater salinity
was associated with pre-Holocene environmental changes and was restricted to a stagnant
saline zone. Nipada et al. [13] took the Western Lampang Basin as the study area and
researched the arsenic contamination in groundwater based on the PHREEQC software.
Endorheic basins are widely distributed in China and nitrate contamination occurs. Many
studies have been performed by domestic scholars [5,14,15], but these studies were mainly
focused on special indices, such as arsenic and fluorine [16,17]. As regards nitrate concentra-
tion, some scholars [6,8,18] pointed out that the nitrate concentrations in their studied basin
increased due to the human activities. Mukherjee et al. [19] indicated that the ingestion
of untreated nitrate contaminated groundwater in the lower Ganga Basin caused a risk of
methemoglobinemia. Avilés et al. [20] concluded that the nitrate content in the Titicaca
Basin was influenced by manure piles, synthetic N fertilizers, and sewage collector pipes
based on the §°N(NO3)-56'80O(NO3) isotopic technique. One major limitation of these
studies is that the hydrochemical characteristics and identification of nitrate sources were
separately researched in general. In fact, the comprehensive analysis of hydrochemical
characteristics is conducive to revealing the variability of nitrate and identifying its source,
and the two parts should be combined and comprehensively researched.

The northern Huanggqihai Basin, located in the northern China, is a typical endorheic
basin and plays an important role in the Beijing-Tianjin-Hebei region. Huangqihai Lake is
one of the eight well-known lakes in Inner Mongolia, but its area shrank in the past two
decades [21]. The groundwater level obviously declines [22]. Nitrate and other indices
in the groundwater in some areas exceed the standard and are not suitable for drinking.
Excessive exploitation and groundwater quality deterioration aggravate the contradiction
between the supply and demand of groundwater resources. What was worse, the ecosystem
reliant on groundwater resources has become increasingly fragile. Previous research on the
northern Huanggihai Basin mainly focused on ecology [23-25], and pointed out that the
wetland degeneration and the ecological deterioration were mainly controlled by a series of
human activities, such as the unreasonable exploitation of groundwater, river closure and
the increase of the building land. Regarding water quality, a few scholars [26,27] evaluated
the trophic level of the surface water. However, few studies on the hydrochemistry and
nitrate source of groundwater in the Huanggqihai Basin have been reported. The northern
Huanggqihai Basin is an endorheic basin typical in arid and semiarid regions, and the
hydrochemical research on it is expected to well develop the research system of endorheic
basin. The study objective was the Quaternary phreatic water which often constitutes the
most important source of drinking water in semiarid and arid regions but easily influenced
by external factors, human health is closely associated with its hydrochemical evolution. In
addition, the Huanggqihai Basin plays an ecological significant role in the Beijing—Tianjin—
Hebei region. Therefore, research on the hydrochemistry and tracing nitrate contamination
in the northern Huangqihai Basin is not only significant for developing the theoretical
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research on endorheic basin, but also has great practical meanings of the sustainable
utilization of regional groundwater and ecological protection.

Currently, there are few reports that have systematically and comprehensively an-
alyzed the hydrochemical characteristics and nitrate contamination of groundwater, es-
pecially in endorheic basins. This paper intends to comprehensively analyze the hydro-
chemical characteristics and seeks to highlight the effectiveness of the combined use of
hydrochemical and isotopic data for tracing nitrate source. Therefore, the main objectives
of this study are: (1) to analyze the hydrochemical characteristics of groundwater and
the spatial distributions of the main indices; (2) to reveal the hydrochemical evolution of
groundwater; (3) to identify the source of groundwater and the way through which artificial
contamination may enter groundwater; and (4) to integrate the dual isotope technique and
hydrochemical analyses to identify nitrate contamination. It is expected that this research
can enrich hydrogeochemical research on endorheic basins in arid and semiarid regions
and provide an effective way to identify the nitrate source.

2. Materials and Methods
2.1. Study Area

The northern Huangqihai Basin (113°2'-113°28' E, 40°43'-41°3' N), is located in Right
Chahaer County and the Jinning District of Wulanchabu city in Inner Mongolia, China
(Figure 1a). The study area has a continental monsoon climate with an annual average
temperature of 5.23 °C. The annual average rainfall is 359.30 mm and mainly concentrated
in summer. The basin is surrounded by mountains on three sides; the terrain is generally
high in the north and low in the south. Surface water resource is rare, the main rivers have
dried up in their middle and downstream regions in recent years, and the other rivers
are seasonal. The development of the regional social economy is highly dependent on
groundwater, especially for agriculture.

The entire study area is covered by the unconsolidated Quaternary sediments and
the main aquifer is the Quaternary phreatic aquifer. Based on the lithologic characteris-
tics, the phreatic aquifer is further divided into two aquifers: the Quaternary Holocene
lacustrine aquifer (Q4') and the Quaternary Upper Pleistocene alluvial-diluvial aquifer
(Q3"M+#") (Figure 1b). The Q4 aquifer is distributed around Huangqihai Lake and consists
of medium and fine sand, while the Q3! aquifer is distributed around the Q. aquifer
and mainly composed of sandy gravel, pebbles and coarse sand. According to previous
research [22], the dynamic type of the groundwater level is the rainfall infiltration—artificial
exploitation type. In summer, rainfall is abundant, but the groundwater level does not
immediately rise and even declines due to the high consumption of irrigation. After irriga-
tion, the groundwater level recovers due to the hysteresis recharge of rainfall and reaches
a high level in spring. The groundwater levels and depths may change over time, but
the overall flow direction of the Quaternary phreatic water does not obviously change
during a hydrological year, that is, the groundwater generally flows from the north to
the south following the topography. As for the Quaternary phreatic water (Figure 1b),
the Q3"*#! aquifer is located upstream of the hydraulic head field and the Q' aquifer is
located downstream of that. Influenced by the terrain, geomorphic type and hydrological
conditions, the hydraulic gradient upstream is steeper than that downstream. As seen
from Figure 1c, the groundwater depth changes from deep to shallow from north to south.
The groundwater depths near Huangqihai Lake and rivers are usually shallower than 5
m, and the depths in other areas are deeper than 5 m. According to previous studies [22],
the extreme evaporation depth of the groundwater is 5 m, in other words, the depths of
groundwater in most areas exceed the extreme evaporation depth.
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Figure 1. Location of the study area and water samples (a), hydraulic head field (b) and the burial
depth of groundwater (c).

2.2. Data Preparation and Methods
2.2.1. Data Preparation

The groundwater level and depth data were measured in late September 2021. Thirty—
eight groundwater samples were collected according to the Groundwater Quality Standard
(GB/T 14848-2017) [28]. Before sampling, the wells were pumped for thirty minutes to
obtain fresh groundwater. All groundwater samples were collected from the Quaternary
phreatic aquifer and evenly distributed in different hydrogeological units (Figure 1a).
Groundwater samples were sealed and stored in 5 L PVC bottles that were carefully
cleaned before sampling. After collection, the samples were kept at 4 °C and later sent
to the Inner Mongolia Mineral Resources Experimental Research Institute for analyzing.
Hydrochemical indices were analyzed by using the standard methods as suggested by
Analysis Methods of Groundwater quality (DZ/T 0064.1-2021) [29]. pH was analyzed
by an ion meter (PXJ-1B, Jiangsu Electric Analysis Instrument Factory, Jiangyan, China).
The concentrations of cations (Mg?*, Ca®*, Na* and K*) and some trace elements (Fe,
Mn, Cu, Pb, Cd, etc.) were analyzed by a PerkinElmer Optima 8300 with a detection
accuracy of 0.001 mg/L. The concentrations of anions (SO4%~, C1~, F~ and NO3 ™) were
measured by ion chromatography (IC850). The concentrations of NH4*, NO, ™ and H;,SiO3
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were analyzed by a visible spectrophotometer (7200, Tianmei Scientific Instument Co.,
LTD, Shanghai, China). The concentrations of HCO3~, total hardness (TH) and chemical
oxygen demand of manganese (CODyn) were analyzed by the titration method. The
total dissolved solids (TDS) were determined by the weighing method (Electronica scales
JA31001). The accuracy of the testing results was checked using an ionic error equilibrium,
and the relative error was controlled below 3%, which meant that the analyzing results
were reliable [30]. Twenty—five chemical indices of the groundwater samples were analyzed.
The concentrations of some indices, such as Cu, Cd, Hg, and Cr®*, were low, even below
the detection limit. Based on the previous study and the real conditions of the study area,
the analysis was focused on the main ions and the overstandard indices.

The samples for testing 6D, 5180, §1°N(NO3) and 5'80(NO3) were collected in late
September 2021 and early May 2022 based on the Handbook of Hydrogeology [30], and
twelve D-180 isotope samples and twelve °N-180(NO3) isotope samples were collected
in each phase. These samples were collected form the Quaternary phreatic aquifer, and
numbered H1-H6 and H8-H13. D-80 isotope samples were sealed in 10 mL EP plastic
tubes, and 1®N-180(NO;) isotope samples were sealed in 50 mL EP plastic tubes after
filtering with a 0.45 um filter, and then stored at a low temperature. All isotope samples
were analyzed by the LICA United Technology Limited. The D-!80 isotope test machine
was a Liquid water isotope analyzer (912-0050, Los Gatos Research, Inc., San Jose, CA, USA),
and the >N-180(NO3) isotope test machine was a Thermo Fisher MT253 and Flash 2000HT.
Three parallel samples (H10’, H11’ and H12') for analyzing those isotopes were collected
and sent to another testing organization (Institute of Hydrogeology and Environmental
Geology, Chinese Academy of Geological Sciences), and the relative errors between the
results testing from the two testing organizations were all less than 3%.

The main ions (Mg2+, Ca%*, Na*, K*, HCO;~, SO42~, C17) and other indices (NO3;~,
NO,~, NH4*, TDS, TH, CODyp,, and H;SiO3) were used to reflect the hydrochemical
characteristics, reveal the hydrochemical evolution and evaluate groundwater quality. The
D and !80 isotopes were conducted to analyze the source of groundwater. The relationship
analysis among NO3;~, SO,4%~, CI~, Na* and K* and the 1’N(NO3) and '®*O(NO3) isotopes
were combined to accurately identify nitrate contamination.

2.2.2. Methods

In this study, the hydrochemical characteristics of groundwater were analyzed from
four aspects: the concentration characteristics of hydrochemical indices, spatial distribution,
hydrochemical facies and correlation analysis among hydrochemical indices. Second, the
hydrochemical evolution mechanisms were further studied by applying hydrochemical
methods. Then, the main source of groundwater was recognized by using the D-180
isotope technique. Based on the evaluation of groundwater quality, the main sources of
nitrate in groundwater were identified by integrating the hydrochemical and isotopic data.
The methodology flowchart (Figure 2) is shown below.

(1) Mole fraction

The mole fraction is the ratio of the amount of substance in a solution to the sum of
the amounts of substance in each component, and the equation is listed below [31]. The
mole fraction can reflect the relative amount of a substance in a solution and is the basis of
the classification of hydrochemical facies and ion proportional coefficient method.
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Figure 2. Methodology flowchart. At present, many methods are used to proceed the hydrochemcial
research, such as Piper diagram, correlation analysis, Gibbs diagram, ion proportional coefficients,
cluster-based methods [14,31-37]. According to previous studies and the study objectives, we used
Excel to complete the statistical analysis. Statistics of the minimum, maximum, average and medium
were used to reflect the concentration characteristics of the indices. The standard deviation (SD)
was applied to reflect the variation degree between the average value and the actual value, and the
coefficient of variation (C,) was used to indicate the dispersion degree [38]. Based on the geostatistical
methods, the spatial distributions of the main hydrochemical indices were obtained by using the
Kriging interpolation with the help of ArcGIS 10.3. The Piper diagram drawn by Aquachem 4.0
and the iso-ionic-salinity (TIS) diagram were applied to classify the hydrochemical facies and the
salinity distribution. Pearson correlation was undertaken to analyze the relationships among the
hydrochemical indices via IBM SPSS Statistics 22. Gibbs diagram, ion proportional coefficients were
conducted to reveal the hydrochemical evolution mechanism. Based on the binary phase diagram and
chloro — alkaline indices, the cation exchange was judged. Integration of the S15N(NO3) - 5180(NO3)
dual isotope technique and hydrochemical analyses was designed to trace the nitrate contamination.
Origin 2020 was used to plot Gibbs diagram, TIS diagram, binary phase diagrams, and isotope
distribution figures. The details of the methods are listed below.
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ci= —Pi/Mi 000 1)

Yimq i/ Myi
where C; is the mole fraction of the i ion, %; p; is the mass concentration, mg/L; and M,; is
the relative molecular mass, 1.

(2) Shukalev classification

Shukalev classification is a common method of classifying hydrochemical facies and
mainly based on the mole fractions of the main ions (Ca?t, Mg2+, Na* + K*, HCO;~, SO42~
and CI7). Ions with a mole fraction greater than 25% should participate in the classification
of the hydrochemical facies. Based on this, there are 49 hydrochemical facies [30].

Noticeably, the NO3; ™ ion is not considered according to the Shukalev classification.
This is mainly because the NO3 ™ content is lower than 25% in the natural groundwater
environment. However, due to the disturbance of human activities, the content of NO3; ™~
may increase and influence the hydrochemical evolution. Kpaiinos et al. [39] pointed out
that the new hydrochemical types (NO3-Ca and NO3-Na type) were widely found in
many agricultural areas of the former Soviet Union and the United States. Huang et al. [40]
improved the Shukalev classification and took NO3; ™ into consideration when determining
the hydrochemical facies. Due to this, the NO3; ™~ ion was taken into consideration in this
study to indicate nitrate contamination.

(8) Cation exchange

Through cation exchange, Ca?* and Mg?* in groundwater were replaced by Na*,
which may affect the cation concentrations and hydrochemical facies [16]. The binary phase
diagram of (Na* — Cl~) vs. (Ca®* + Mg?* - SO4%2~ — HCO; ™) can indicate whether cation
exchange occurs [16] based solely on the milligram equivalent ratios, this method is simple
and not explained in detail here. Chlor—alkali indices can reflect the direction of cation
exchange analysis based on the two indices (CAl; and CAl), and the equations were listed
below [41].

CAIL; = [CI” — (Na® +K™)]/Cl™ )

CAL = [CI” — (Na' +K")]/(SO3~ +HCO; +CO3~ +NO3) 3)

where the units of the ions involved in the equations are meq/L. When the values of
both CAI; and CAI, were negative, the forward reaction of cation exchange occurred in
groundwater; when the values of both CAl; and CAI, were positive, the backward reaction
occurred in groundwater.

(4) Isotope values
The isotope concentration analyses are usually expressed as the sample deviations

from the standard [42]. The calculated equation is shown below.

5 — Rsample — Rstandard

< x 1000 %o 4)
sample

where R is the isotope ratio, such as D/ 1H, 130 /160 and >N /N, the H and O isotopes
take Vienna Standard mean ocean water (V-SMOW) as the reference standard, the N
isotope takes the atmospheric N; as the reference standard; ¢ is the sample deviation from
the standard, such as 8§D, 8130 and 51°N, and its unit is %o.

(5) Evaluation of groundwater quality

According to the Groundwater Quality Standard (GB/T 14848-2017) [28], groundwater
quality is divided into five levels (I~V). Groundwater at levels I~III can be used for domestic
drinking, groundwater at level IV can be used for drinking after proper treatment, and
groundwater at level V is not suitable for drinking. Taking level III as the standard (Table 1),
if the concentration of the evaluated index is inferior to level III, it means that the index
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is over the standard. When comprehensively evaluating the groundwater sample, the

determination of the evaluated level obeys the inferior principle [28].

Table 1. Evaluated standard of the main indices of groundwater.

Index Level III Index Level III
pH 8.5 F- 1
TH 450 CODpn 3
TDS 1000 Fe 0.3

SO, 250 Mn 0.1
Cl- 250 I 0.08
Na* 200 Hg 0.001

NO3(N) 20 As 0.01
NO,(N) 1 Cré* 0.05
NH,(N) 0.5 cd 0.005

Level III: Level III of Standard for Groundwater Quality (GB/T 14848-2017); Units: pH is unitless, the other indices
have units of mg/L; the nitrogen species were expressed as N to be consistent with the Groundwater Quality

Standard; Fe represents the total iron; Mn represents the total manganese.

(6) Denitrification and nitrification

Due to denitrification, nitrate and nitrite are reduced to gaseous nitrides and nitro-
gen in an anaerobic environment, which may change the composition of §°N(NO3) and
1BO(NO;) of different nitrogen sources. Therefore, an important prerequisite for using
§1°N(NO3) and 5'80(NO3) isotopic values to identify the nitrogen source is that no signifi-
cant denitrification occurs [43]. If denitrification occurs, the residual NO3~ would enrich
I5N(NO3), and the content of NO3;~ decreases [44]. The occurrence of denitrification can
also be judged by the enrichment coefficient (¢éN/eO). According to the research results of
Bottcher et al. [45] and Fukada et al. [46], the enrichment coefficient (¢€N/eO) should range

between 1.3-2.1.
(7) §N(NO3) - 6'80O(NO3) dual isotope technique

When using the '’N(NO3) alone, the §!°N value ranges between different sources over-
lap, which leads to multiple solutions. The 1®N(NO3) - 'O(NO3) dual isotope technique
provides a useful and powerful tool to identify nitrate contaminations by using the stable
isotopes 1N and 80 of nitrate together [8]. Combined with hydrochemical methods, the
source of nitrate can be accurately identified, which is of great significance to the prevention

and control of nitrogen contamination.

Nitrate in groundwater may come from atmospheric deposition, inorganic fertil-
izer, soil, manure and sewage, and different nitrate sources have specific §1°N(NO3)
and 5'80(NOj3) value ranges [18,47]. Based on previous research [47-49], the ranges
of 81°N(NO3) and 5'80O(NO;3) originating from different sources were classified and are
shown in Table 2. Then, the sources of nitrate can be identified by using the §!°N(NO3) —

§180O(NO3) dual isotope technique.

Table 2. Ranges of 31°N(NO3) and §18O(NO3) originating from different sources (unit: %o).

Synthetic NO3

NH,4

Soil Organic

Precipitation Fertilizer Fertilizer Nitrogen Manure Sewage
31PN(NO3) —13~+13 —6~+6 —7~+5 0~+8 +5~425 +4~+19
318O(NO3) +23~+75 +17~425 +15~425 —5~+14 —5~+10

3. Results

3.1. Hydrochemical Characteristics Analysis

The groundwater in the study area was weakly alkaline with low salinity overall. The
pH values ranged from 7.38 to 8.50, with an average value of 7.82. The TDS values ranged
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from 287.03 to 3426.54 mg/L, with an average of 744.56 mg/L. The SD value of TDS was
545.50 mg/L, and the C, value was 73.22%, meaning that the spatial dispersion degree of
TDS was high. The concentrations of TH were higher, ranging from 362.83 to 1851.67 mg/L,
with an average of 451.54 mg/L. The SD value of TH was as high as 1170.65 mg/L, and
the C, value was 63.22%. Among the main anions in groundwater, the content of HCO3 ™
was the highest, followed by Cl1~, SO42~ and NO3;~. Among the main cations, Mg?* and
Ca?* were the dominant ions, while the concentrations of Na* and K* were relatively lower.
The concentrations of F~ ranged from 0.31 to 2.39 mg/L, with an average of 0.91 mg/L.
The NO®~ concentrations fluctuated widely, ranging from 0.43 to 419.71 mg/L, with an
average of 79.77 mg/L. The concentrations of CODyy, ranged from 0.12 to 5.07 mg/L, with
an average of 1.44 mg/L. According to Table 3, the SD values of Mg2+, Nat, HCO3~,SO42 ™,
Cl~, NO;~, TDS, TH and CODy, were high, and their C, values were correspondingly
high, which indicated that the dispersion degrees of them were high. The probable reasons
for the high C, values are discussed below.

Table 3. Statistics of hydrochemical parameters of groundwater (n = 38).

Index Maximum  Minimum Average Median SD Cy
pH 8.58 7.38 7.82 7.81 0.24 3.03
Ca%t 160.32 39.08 80.33 69.14 30.46 37.92
Mg?* 413.27 13.37 60.95 43.51 64.39 105.64
Na* 577.60 16.66 91.51 53.35 98.86 108.03
HCO3~ 1677.97 213.56 386.78 340.17 237.28 61.35
SO42~ 392.20 14.41 102.75 56.90 94.21 91.69
Cl- 744.51 14.18 114.69 74.10 129.57 112.97
NO3~ 419.71 0.43 79.77 53.87 94.27 118.18
NO,~ 1.35 0.00 0.04 0.00 0.22 561.36
F~ 2.39 0.31 0.91 0.80 0.48 53.02
H,5i03 50.00 16.67 26.67 26.04 5.86 21.97
TDS 3426.54 287.03 744.56 568.66 545.20 73.22
TH 451.54 362.83 1851.67 152.64 1170.65 63.22
CODwn 5.07 0.12 1.44 1.01 1.11 77.23

The units of all groundwater quality indices, except pH, are in mg/L. SD: mg/L. Cy: %.

Hydrochemical characteristics of groundwater may be influenced by natural factors
and human activities. Some natural factors, such as earthquakes and volcanic eruptions,
may lead to the remarkable increase in the ion contents (K*, Na*, HCO?~, and SO4%7), and
the influence areas of these factors are large [50,51], while the influences caused by other
natural factors are relatively slight. Loose Quaternary sediment is widely distributed in
the study area without obvious changes in lithology, no obvious tectonic movement has
occurred in recent years, and the extreme values of the analytic indices are distributed
discontinuously. Hence, it was inferred that natural factors were not the main cause of the
high dispersion and high C, values. According to previous studies [52], the hydrochemical
indices, influenced by human activities, were characterized by high dispersion and high
fluctuation, and their C, values were correspondingly high. Thus, the C, value can reflect
the influence of human activities to some extent, and the disturbance of human activities
can also lead to a high value of C,. In general, there is a variation if the C, value is higher
than 30%, and there is a great variation if the C, value is higher than 60%. The greater
Cy is, the greater the difference, and the greater the influence of external factors on the
groundwater index. As shown in Table 3, the C, values of pH and H,SiO3 were low,
meaning that the distributions of the two indices were spatially steady, while the C, values
of other indices were high, the C, values of Mg2+, Na*, CI~ and NO3~ were even greater
than 100%. The spatial variations were also reflected in Figure 3, the concentrations of
these indices in some areas were much higher than those in other areas. In summary, the
intensive variations were mainly influenced by human activities.
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Figure 3. Spatial distribution of hydrochemical indices (a—j). The unit of TDS is g/L and the units of
other indices are mg/L.

As shown in Figure 3, the concentrations of TDS, CaZt, Mg2+, Cl~ and SO,%™ in
groundwater were generally high in the central region of the study area, low in the east
and west, low in the north and high in the south. The terrain of the study area gently
slopes toward Huanggqihai Lake, and the groundwater runs off slowly; the water — rock
interactions were fully reacted, and groundwater ions accumulated from upstream to
downstream. Furthermore, the groundwater depths in most areas downstream were
shallower than the extreme evaporation depth, and the evaporation of groundwater was
intensive. Due to the above factors, the contents of TDS, CaZ™, Mg2+, Cl™ and 8042’ were
generally high in the downstream area. The concentration of F~ was low in the middle and
relatively high in the periphery. The concentrations of NO3~ and COD\y, were relatively
low in most areas but high in area nearby the Huangqihai Lake.

Based on the Piper diagram (Figure 4a), the anions were mainly distributed closer
to the HCO3 ™~ side for the groundwater samples of the upstream aquifer (Q3%* '), while
the cations were mainly distributed close to the Mg?* and Ca?" sides, indicating that the
chemical facies upstream were mainly HCO3;-Mg-Ca or HCO3-Ca-Mg. For the ground-
water samples of the downstream aquifer(Qy'), the cations were obviously biased toward
the side of Na*, and the concentrations of anions (C1~ and SO,4%™) increased. Therefore,
the anion types gradually transitioned from HCOj3; upstream to HCOj3-CI (C1-HCO3) and
Cl-50O4 downstream, and the types of cations changed from Mg-Ca (Ca-Mg) to Mg-Ca-Na
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(Ca-Mg-Na), and even Na-Mg-Ca (Na-Mg-Ca) and Na type. Noticeably, the NO3z™ mole
fractions of the C29 and C30 samples were 36.25% and 33.18%, respectively. To reflect
nitrate contamination [39,40], the NO3;~ ion was taken into account when determining
the hydrochemical facies. Therefore, two new hydrochemical types, except the 49 types,
appeared in the C29 and C30 samples, namely, the NO3-HCO3;—Ca-Mg and HCO3-NO3-Cl-
Ca-Mg facies. According to studies by Apollaro et al. [53], the iso-ionic-salinity (TIS) lines
were added in the correlation plot of (Na* + K*) vs. (Ca?" + Mg?*) to reflect the ionic
salinity. As shown in Figure 4b, the content of Ca?* and Mg?* was higher than that of Na*
+ K* on the whole, and the groundwater had low ionic salinity which ranged from 10.43
to 56.21 meq/L. The TDS values were comparatively low with an average of 744.56 mg/L
which were in the range of fresh water (TDS < 1000 mg/L).

Legend ¢ Upstream aquifer( Q§’+“') + Downstream aquifer( Q;)
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Figure 4. Piper diagram of groundwater (a) and correlation plot of (Na* + K*) vs. (Ca?* + Mg
also showing TIS salinity diagram for reference (b).

In this study, the Pearson correlations of groundwater indices were analyzed to reflect
the possible sources and chemical reactions related to the hydrochemical indices (Table 4).

Table 4. Correlation matrices of hydrochemical indices (n = 38).

pH Ca* Mg Na* HCO3~ SO42— Cl- F- H,Si0O; TDS TH CODwin
pH 1
Ca** —0.114 1
Mg?* —0.225 0.135 1
Na* —0.204 0.185 0.908 ** 1
HCO;~ —0.226 0.040 0.968 ** 0.915 ** 1
S04%~ —0.105 0.564 ** 0.666 ** 0.816 ** 0.639 ** 1
Cl~ —0.294 0.308 0.912 ** 0.951 ** 0.869 ** 0.794 ** 1
F- 0.290 —0.229 0.550 ** 0.487 ** 0.563 ** 0.267 0.359 * 1
H,Si03 —0.188 0.000 0.596 ** 0.477 ** 0.528 ** 0.205 0.565 ** 0.079 1
TDS —0.224 0.352* 0.949 ** 0.962 ** 0.917 ** 0.825 ** 0.961 ** 0.455 ** 0.524 ** 1
TH —0.239 0.392 * 0.965 ** 0.892 ** 0.910 ** 0.768 ** 0.929 ** 0.450 ** 0.553 ** 0.976 ** 1
CODpn —0.040 0.086 0.671 ** 0.711 ** 0.708 ** 0.584 ** 0.679 ** 0.331* 0.345 * 0.699 ** 0.646 ** 1

* and ** represent significant levels of 0.05 and 0.01, respectively.

According to Table 4, the correlation coefficient (r) of TDS and TH was 0.976, indicating
that there was a good positive correlation between them. The two indices had good positive
correlations with Mg2+, Na*, Ca?*, C1-, HCO;~ and SO4%~, reflecting the significant
contribution of these elements in mineralization of groundwater. r (Ca®* vs' Mg2") did not
reach a significance level of 0.05, meaning that there is no obvious relationship between
Ca?* and Mg?*. This was mainly because the sources of Ca** and Mg?* or the reactions
related to the two ions in groundwater were different. Both Ca?* and Mg?* had a positive
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relationship with SO42~, which indicated that sulfates rich in calcium and magnesium were
dissolved in groundwater. r (Mg?* vs. HCO3 ™) was as high as 0.968; that is, the dissolution
of carbonate rich in Mg?* in groundwater, such as dolomite, was the main source of Mg?*.
Meanwhile, r (Ca?* vs. HCO3 ™) was small and did not reach the significance level of 0.05,
indicating that the dissolution of carbonate was not the main source of Ca?* in groundwater
or that the relationship between Ca?* and HCO3 ~ was weaker due to other reactions, such
as cation exchange and crystallization. » (Na* vs. C17) was as high as 0.951, indicating
that the dissolution of salt rocks in groundwater was the main source of Na* and Cl™.
According to r (Na* vs. HCO3 ™) and r (Na™* vs. S0427), both of which were higher than 0.8,
it was inferred that there were other sources of Na* in addition to the dissolution of salt
rock. HySiO; was positively correlated with Mg?* and Na*, illustrating the dissolution of
silicate containing Mg?* and Na* in groundwater. F~ had a relatively good correlation with
pH, HCO;~, Na* and C17, that is, high F~ groundwater was generally accompanied by a
distinctive hydrochemical characteristic: Ca—poor and Na-rich with alkaline conditions and
high HCO3;™ concentration. These results were consistent with previous studies [16,54,55].
The dissolution of fluorite and some silicate minerals, such as micas, was the main source
of F~ in groundwater [3].

3.2. Hydrochemical Evolution Mechanism
3.2.1. Hydrochemical Process

According to the Gibbs diagram, the main evolution mechanism of groundwater
was classified into three types: evaporation, rock weathering and atmospheric precipita-
tion [5,33,41]. As shown in Figure 5, the ratio of Na*/(Na* + Ca?) ranged from 0.14 to
0.59, and the ratio of C1~ /(Cl~ + HCO3 ™) ranged between 0.05 and 0.59, indicating that
the ions’ concentrations of groundwater in the study area were mainly affected by rock
weathering. The Na*/(Na* + Ca?*) and ClI~/(Cl~ + HCO3 ™) ratios of the downstream
aquifer (Q4') were larger than those of the upstream aquifer (Q3?"*#!). The burial depth
of groundwater gradually became shallow from upstream to downstream, evaporation
strengthened, some Ca®* ions were precipitated as CaCO3, and the contents of Na* and
Cl~ were further concentrated.
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Figure 5. Gibbs diagram of groundwater.

3.2.2. Analysis of the Main Dissolution and Migration

Based on the above analysis, the probable dissolutions and migrations were further
judged by using the ion proportional coefficients method [16,56].

(1) (Ca®* +Mg?")/(HCO3~ +S0427)

In general, Ca®* and Mg?* in groundwater mainly come from the dissolution of
carbonate, silicate and evaporite, so the (Ca?* + Mg?*)/(HCO3~ + SO42") ratio was used
to determine the main sources of Ca?* and Mngr [16]. As shown in Figure 6a, the samples
were mostly located above the 1:1 line, led by the groundwater samples in the upstream
aquifer (Q3%*""). Combined with Table 4, r (Ca2* vs. SO4%~) and r (Mg?* vs. SO42~) were
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high, which indicated that Ca** and Mg?* in the groundwater were derived not only from
the dissolution of carbonate and silicate minerals, but also from the dissolution of sulfate
minerals. The ratios of (Ca?* + Mg?*)/(HCO;~ + SO42~) in some groundwater samples
were less than 1:1, which may be caused by carbonate precipitation and cation exchange.
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Figure 6. Ion proportional coefficient diagrams: (Ca?* + Mg?*) vs. (HCO3~ + SO427) (a), Ca®* vs.
Mg?* (b), Na* vs. CI~ (c), Na* vs. HCO3~ (d), and (SO42~ + Cl7) vs. HCO3 ™ (e).

(2) Ca2+ /Mg2+

The ratio of Ca®* to Mg2+ was used to reflect the dissolution of calcite and dolomite [41].
As shown in Figure 6b, the samples were generally distributed near the 1:1 line. The samples
in the upstream aquifer (Q3**7') were mostly distributed above the 1:1 line; that is, the Ca?*
content was higher than the Mg?* content, indicating that the main dissolved carbonate
in the groundwater was calcite. Meanwhile, the samples in the downstream aquifer (Q4')
were mostly distributed below 1:1; that is, the CaZ* content was lower than the Mg2+
content in the downstream aquifer (Qq'). Dolomite dissolution produces 1:1 Ca®* /Mg>*,
and calcite only produces Ca?*. If calcite or dolomite was dissolved in groundwater, the
content of Ca2* should be higher than that of Mg?*. In fact, the Ca?* contents were lower
than the Mg?* contents, indicating that cation exchange may occur and that the Ca?* ions
in groundwater were adsorbed on the surface particles of the aquifer.

(3) Na*/Cl™ and Na*/HCO3;~

The Na*/Cl™ ratio can indicate the dissolution of salt rocks and silicates in ground-
water [16]. Most of the samples were located above the 1:1 line (Figure 6¢). In the process
of hydrochemical evolution, the content of CI~ was steady and participated less in the
reaction, and its main source was the dissolution of the salt rocks. The Na* content was
higher than the CI™ content, which may be due to silicate dissolution as well as salt rock
dissolution during the flow process of groundwater [57].

Plagioclase exists in the study area [22]. Plagioclase minerals generally include albite,
labradorite (intermediate), anorthite and so on. Groundwater in the study area was in a
slightly alkaline environment, in which plagioclase dissolved. The dissolution reactions are
listed below. According to (5) and (6), the albite released 1:1 Na* /HCO; "and 1:3 Na* /SiO,,
and the labradorite produced 1:3 Na*/HCO3 ™~ and 1:3 Na* /SiO; [4]. Figure 6d shows that
the ratio of Na*/HCO3 ™ mostly ranged between 1:3 and 1:1, which meant that the content
of HCO3™ was higher than that of Na*. Combined with Table 4, r (Na* vs. HCO3; ™) and
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r (Na* vs. H,SiO3) were positive, indicating the dissolution of albites and labradorites
in groundwater. If the dissolution degrees of albite and labradorite were the same, both
would release 1:3 Na*/SiO,. However, v (Na* vs. HCO3 ™) was higher than r (Na* vs.
H,Si0O3), meaning that the reaction degree of labradorites was more intensive than that of
albites. Furthermore, cation exchange also affected the content of Na*.

Albite: NaAlSizO3 + CO; + 2H,O = Na* + 3SiO; + AI(OH); + HCO3 ™~ (5)

Labradorites: 2NaCaA13Si5O16 + 3C02 + 9H20 =2Na't +2 Ca2+ + 25102 + 3A125i205(OH)4 +6HCO37 (6)

4) (S04 +Cl7)/HCO;5~

The dissolution of carbonate and silicate was the main source of HCO3 ™ in the study
area, while the weathering and dissolution of salt rocks and the oxidation of sulfide minerals
were the main sources of C1~ and SO42~. Most of the samples were distributed below
the 1:1 line (Figure 6e), which meant that the content of HCO3;~ was higher than that of
SO42~ and Cl~. This result indicated that the dissolution of carbonate and silicate minerals
played a dominant role in the hydrochemical process, while the dissolution of salt rock and
oxidation of sulfur minerals was relatively weak.

3.2.3. Cation Exchange

Cation exchange influenced the main cations concentration, and it was judged by
using the binary phase diagram of (Na* — Cl~) vs. (Ca?* + Mg?* — SO42~ — HCO3 ™) and
Chlor-Alkali indices [4,16].

(1) (Na* —Cl7)vs. (Ca?* + Mg?* — SO4>~ —HCO3™)

If cation exchange was the dominant process influencing the contents of Na*, Ca?*
and Mg?*, the relationship between the two parameters was negative linear, with a slope
of —1.0. As shown in Figure 7a, there was a certain linear relationship between (Na* - C1™)
and (Ca?* + Mg?* — SO4%~ — HCO; ™) in groundwater, but the correlation coefficient was
low. It was indicated that cation exchange existed in the hydrogeochemical process, but it
did not play a dominant role in the changes in the contents of Na*, Ca** and Mg?*.

(2) Chloro—alkaline indices

According to Figure 7b, the CAl; and CAI, values of most groundwater samples were
smaller than 0, indicating that Ca** and Mg?* in groundwater were replaced by Na*, and
the reactions occurred: Ca?* + 2NaX = 2Na* + CaX; Mg?* + 2NaX = 2Na* + MgX. This
was mainly because the sorptive abilities of Ca?* and Mg?* are higher than that of Na* [31].
The CAI; and CAI, values of a few samples were greater than 0, which indicated that
the Na* ions in groundwater in some areas were exchanged by Ca?* or Mg?* ions, and
the reactions might occur: 2Na* + CaX 2 Ca?* + 2NaX; 2Na* + MgX = Mg?* + 2NaX.
Previous studies [31,58,59] have shown that cation exchange is also influenced by other
factors, such as the sediment granularity in the aquifer, pH and concentrations of the ions.
Taking C1 and C7 as examples, the Na* contents of the two samples were much higher than
the average content, and the high Na* content might cause the Na* ions in groundwater to
be exchanged with the Ca?* or Mg?* ions in aquifer media.
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Figure 7. Coefficient diagrams of (Na* — C17) vs. (Ca®* + Mg?* — SO42~ — HCO; ™) for analyzing
cation exchange reaction (a) and distribution diagram of Chloro-alkaline indices (b).

3.3. Groundwater Source

The global meteoric water line (GMWL) was 8D = 86180 + 10 [60]. Due to the lack of
the precipitation isotopic data of the study area, the local meteoric water line (LMWL) of
Hohhot, which was located in the same climate zone as the study area and near the study
area, was chosen to reflect the D-80 isotopic composition of precipitation in the study
area, and the LMWL equation was 6D = 7.685180 — 0.72 (R% = 0.8964) [61]. The study area
is situated inland with less precipitation and intensive evaporation, and is comprehensively
influenced by the East Asian summer monsoon and westerly circulation. The water vapor
of the precipitation, which was caused by westerly circulation, originates from the North
Atlantic and is transported from Xinjiang to inland China. It is characterized by low
humidity and obvious secondary evaporation, which causes the temperature effect [61,62].
The water vapor brought by the East Asian summer monsoon has a high humidity and is
slightly influenced by evaporation; along with transportation inland, the heavy isotopes are
preferentially condensed, and 5D and §'80 values in precipitation decrease with increasing
of precipitation, which was called the rainfall effect [61,62]. For the above reasons, the slope
of the LMWL was less than that of the GMWL (Figure 8).
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Figure 8. Relationship between §D and §'80 of groundwater in the study area. Sampling sites:
Upstream aquifer (Q3%*7') and downstream aquifer (Qy4'); sampling times: September 2021 and
May 2022.

The 6D values of groundwater ranged from —74.93 to —61.01%o, the 5'80 values of
groundwater ranged from —10.08 to —7.39%., and the averages of 5D and 880 were 69.14
and 9.07 %o, respectively. Samples were mostly distributed near the LMWL (Figure 8),
and the linear equation of 5D and §'80 of groundwater was 8D = 5.935'80 — 19.18 (R?
= 0.9067), indicating that local atmospheric precipitation was the main source of ground-
water. Contaminants were very likely to enter groundwater along with the precipitation
infiltration. The linear slope of 8D and §'30 of groundwater was lower than that of GMWL
(8) and LMWL (7.68), which meant that heavy isotopes were further enriched by evapora-
tion during the runoff process of groundwater. The isotopic composition (5D and §'80)
was influenced to some extent by the regional climate and local processes (evaporation,
vegetation distribution, anthropogenic activities) [48]; thus, the D and §'80 values of
groundwater may be different in different areas and different times. According to Table 5,
the averages of 8D and §'80 downstream were higher than those upstream which was
caused by the intensification of evaporation in the shallow groundwater depth area. Com-
paring the 5D and 8'80 values in different seasons (Table 5), the §!80 averages in May 2022
were slightly higher than those in September 2021 regardless of whether the groundwater
samples were distributed upstream and downstream; the 5D average downstream in May
2022 was just 0.30%o higher than that in September 2021, and the average upstream in
May 2022 was —0.55%0 lower than that in September 2021. The reasons for the difference
between different times need further research based on monthly isotopic data over years,
and measurement uncertainty should be taken into consideration.
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Table 5. Statistics of 5D, §!80 and d-excess in different seasons (Unit: %.).

September 2021 May 2022
Sample Sampling Site
5D 5180 d—Excess §D 8180 d—Excess

H1 —69.51 —8.99 2.38 —69.06 —9.31 5.43
H2 —67.41 —8.65 1.79 —67.61 —8.64 1.50
H5 —74.58 —-9.91 4.70 —74.93 —10.08 5.73
He6 Upstream —70.97 —9.54 5.35 —62.86 —8.56 5.65
HS8 aquifer —68.60 —-9.33 6.01 —67.74 —8.97 3.98
H9 Q57+l —71.20 -9.33 3.40 —70.95 —9.29 3.36
H12 —68.89 —8.89 2.23 —68.32 —8.92 3.04
H13 —73.68 —9.70 3.95 —73.57 —-9.76 4.52

Average —70.60 —-9.29 3.73 —69.38 -9.19 4.15
H3 —66.19 —8.63 2.84 —66.01 —8.50 2.02
H4 Downstream —74.31 —9.85 4.49 —74.89 —9.96 4.82
H10 aquifer —61.01 —7.53 —0.81 —60.68 —-7.39 —1.60
H11 Q4) —67.53 —891 3.74 —68.94 ~8.95 2.68

Average —67.26 —8.73 2.57 —67.63 —8.70 1.98

The deuterium excess values (d—excess = 5D — 85'80) were used to analyze the intensity
of groundwater evaporation. The stronger the evaporation was, the more negative the
d—excess value was [63]. The d—excess values of groundwater ranged from —1.60 to 6.01 %o,
with an average value of 3.38%.. The average of d—excess in the study area was positive but
smaller than the d—excess average of the global meteoric water (10%o) [60]. It was indicated
that the ion contents of groundwater in the study area were controlled by water-rock
interactions and influenced by evaporation. Due to intensive evaporation, the contents of
ions are generally concentrated in the groundwater. The solubilities of some salts (such as
NaCl) are high, and the contents of their ions in groundwater (such as Na* and C17) can
increase to a high level. On the other hand, the solubilities of some salts (such as CaCOs3)
are low. Taking CaCOj3 as an example, the content of Ca* increases due to evaporation,
but once its content is saturated, the Ca?" ion in groundwater precipitates in the form of
CaCOj3, Ca?* + CO3~ = CaCOs/, and the Ca2* content in the groundwater decreases. This
may change the ion compositions of groundwater, and further influence the hydrochemical
facies. In general, intensive evaporation in the shallow aquifer can cause an increase in the
TDS and TH contents [64].

By comparing the d—excess values of groundwater in different seasons (Table 5), the
d—excess average in May (3.42%o0) was slightly higher than that in September (3.40%.). Due
to the lack of time series data of isotopes, the possible reasons were preliminarily inferred
based on previous studies [61,65]: (1) the difference in the isotopic composition of precip-
itation (the main source of groundwater) between different seasons and (2) the different
influences of evaporation on groundwater between different seasons. The measurement
uncertainty should be considered. Continuous measurements of stable isotopes both in pre-
cipitation and groundwater and further research are needed. From the spatial distribution,
the d—excess values decreased from the upstream aquifer Q37! to the downstream aquifer
(Q4'). The main reason was that the water-rock interactions continuously proceeded along
the direction of groundwater runoff, and an oxygen shift occurred. The burial depth of
groundwater became shallow from north to south, and evaporation intensified; thus, the
heavy isotopes were enriched. From the time perspective, the content of C1~ would be
enriched due to evaporation. According to the Pearson correlation analysis, 7 (C1~ vs. §'80)
was 0.611, but it did not reach the significance level of 0.05, indicating that evaporation
slightly affected the isotopic compositions.

3.4. Evaluation of Groundwater Quality

According to the Groundwater Quality Standard (GB/T 14848-2017), the comprehen-
sive overstandard rate of groundwater in the study area was 60.53% by following the
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inferior principle, and the overstandard indices were TH, F, NO3(N), TDS, CODpp, S0,42-,
Na*, C17, NO,(N) and As. The statistical data of the overstandard indices are shown in
Table 6 and Figure 9.

Table 6. Statistics of the overstandard indices.

Index Na* Cl— SO42~ NO3(N) NO>(N) NH;(N)
Level 111 200 250 250 20 1.00 0.50
Rover 7.89 5.26 10.53 23.68 2.63 0.00
M 2.89 2.98 1.57 4.74 1.35 /
Index F~ TDS TH As CODwmn
Level IIT 1 1000 450 0.01 3
Rover 28.95 21.05 36.84 2.63 10.53
M 2.39 3.43 411 1.24 1.69

Rover: Overstandard ratio based on the level III standard, %; M: Multiple of the maximum concentration to a
multiple of the level III standard; Level III: Level III of Standard for Groundwater Quality (GB/T 14848-2017),
mg/L.
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Figure 9. Evaluated results of groundwater, the division of the I~V levels was based on the Standard
for Groundwater Quality (GB/T 14848-2017) [28].

The indices (TH, TDS, F~, Na* and Cl7) in groundwater exceeded the standard,
mainly due to natural factors. The climate in the study area is arid, evaporation is intensive,
the groundwater flows slowly due to the gentle terrain, and the background contents of
F~ in some areas are high. All these factors led to the overstandard of these indices. The
concentrations of NO3(IN) and NO,(N) in some areas exceeded the standard. According
to Table 6, the highest concentration of NO3(IN) was 4.74 times that of Level III, and the
concentration of NO,(N) was 1.35 times that of Level III. Combining Table 3 and Figure 3,
the spatial variations in NO3(IN) and NO,(N) in the study area were strong, indicating that
the contents of NO3(N) and NO;(N) were influenced by human activities. CODy, is a
common index to reflect the pollution of organic oxidizable substances in groundwater [66].
CODp in the study area had a strong spatial variability. Concentrations of CODyyy, in
some zones were higher than 3 mg/L, indicating that the synthetic organic compounds
caused the deterioration of the groundwater environment by human factors.

3.5. Identification of Nitrogen Contamination

Based on the evaluated groundwater quality results, the NO3(N) concentrations in
some parts of the study area were overstandard, and the highest concentration far ex-
ceeded the level III standard. Thus, the main source of nitrate contaminations should be
scientifically identified.
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3.5.1. Relationship between NO3;~ and Other Ions (C1~, SO4%>~, Na* and K*)

As shown in Figure 10a, the C1~ /Na* ratios of most samples were close to 1, indi-
cating that the CI~ /Na™ ratios were mainly affected by salt rock dissolution [16]. The
NO3;~ /Na* ratios ranged from 0.00 to 3.69 with an average of 0.49, and the C, was 1.34
(>1), indicating that there was a strong spatial variation. Combined with Figure 10b, the
ratios of SO42’ /Na* were smaller than those of NO3;~ /Na®* overall, and the groundwa-
ter samples were located near the agricultural side, meaning that the nitrate content of
groundwater was mainly affected by agricultural activities. The distribution of the points
in Figure 10a was scattered and the C, of NO3~/Na* was higher than 1, meaning that agri-
cultural activities in different zones had different impacts on groundwater. The discussed
results were consistent with the field survey results. The farmland in the study area was
widely distributed, and the main crops were potatoes, oats and vegetables. Fertilizers and
pesticides were very likely to enter groundwater along with the water from irrigation and
precipitation, resulting in excessive nitrogen in groundwater.
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Figure 10. Relationships of (NO3~/Na*) vs. (Cl~/Na™*) (a), (SO4%~ /Na*) vs. (NO3~/Na*) (b),
(NO3~ /Cl7) vs. CI™ (c), and NO3~ /K* (d).

Contaminations coming from manure and sewage would show a higher CI™ content
and a lower NO3~ /Cl™~ ratio. The C1™ molar concentration should usually be greater than
1 mmol/L, while the NO3~ /Cl~ molar concentration ratio should range between 0.001 and
0.1 [44,67]. The contaminations originating from synthetic NOj fertilizer via agricultural
activities should show characteristics of low C1~ concentrations and high NO3; ™ /CI™ ratios,
the C1~ content should be less than 0.1 mmol/L, and the NO3~ /Cl~ molar concentration
ratio should range between 0.1 and 10 [18]. As shown in Figure 10c, the C1~ contents were
generally more than 1 mmol/L, and the molar concentration ratios of NO3;~ /Cl~ ranged
between 0.1 and 10, with an average value of 0.58. The points were mostly distributed
in the upper-right of Figure 10c, indicating that the nitrate content in groundwater was
affected by a variety of factors such as manure, sewage and fertilizers. To further explore
the probability of synthetic NOj fertilizer as a probable source of nitrate, the bivariate
relationship between NO;~ and K* was examined. There will be a strong correlation
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between NO3~ and K* if NO; originates from synthetic NO; fertilizer [7]. In fact, there
was a weak correlation between NO; ~ and K* (Figure 10d), indicating that synthetic NO;
fertilizer is not the dominant source of NO3~ in the study area.

3.5.2. Denitrification and Nitrification

As shown in Figure 11a, the relationship between NO3~ and §'°N(NOs) was not
negative, indicating that denitrification in groundwater was not obvious. Previous stud-
ies [45,46] have shown that the enrichment coefficient (eN/eO) should range between
1.3-2.1 if intensive denitrification occurs in groundwater, in other words, the slope of
§1°N(NO3) and 580(NO;3) should range from 0.48 to 0.77. As shown in Figure 11c, the
slope of 31°N(NO3) and 5'80(NO;3) was —0.09, far lower than 0.48 and 0.77, respectively. It
was indicated that no obvious denitrification occurred during the transforming process of
nitrate in the study area.
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Figure 11. Relationships of NO3~ vs. §!°N(NO3) (a), NO3~ vs. 8'8O(NO3) (b) and 5'°N(NO3) vs.
5180O(NO3) (c).

Under an oxidative environment, NH;* is transformed into NO3;~ by Nitrobacter,
which is called nitrification. According to the experimental research of Kendall [68], one
O atom of NO3 comes from the atmosphere, and the other two O atoms come from H,O
in environment, i.e., 3'8O(NO3) = 2/35'80(H,0) + 1/35'80(0,). The §'80(H,0) average
of groundwater in the study area was —9.07 %o, and the 5180(0,) value was +23.5%0 [69].
Based on this, the §'8O(NO3) theoretical value was calculated as 1.79%o. The actual values
of 5'80O(NO;) in the study area ranged from —6.47 to +1.24%o, and the average was —2.40%o.
There was a difference between the actual values and theoretical value, the main possible
reasons were: (1) the real conditions were different from the laboratory cultures; (2) the
§180(0,) value was cited from previous study not from actual measurement. According
to the previous research, the §'80(NO;) value produced by microbial nitrification ranged
from —10 to +10%. in general [47,68,70]. As shown in Figure 11b, the §'80O(NO3) values
all fell within the above range and indicated that nitrification was the main process of
nitrogen transformation.
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3.5.3. 815. N(NO3) - §'80O(NO3) Dual Isotope Technique

As shown in Figure 11a,b, the distribution of samples was an irregular plane, indi-
cating that NO? contamination was a mixture of point sources and nonpoint sources. The
§15N(NO;3) values were within the overlap range of multiple sources (Figure 11a), such
as precipitation, soil organic nitrogen, manure and sewage, while the §'0O(NO3) values
were in the range of soil organic nitrogen (Figure 11b). The results based on single isotope
to identify the source of nitrogen were not accurate enough due to the overlaps of the
§1°N(NO;) values among multiple sources.

To overcome this problem, the 5N(NO3) -180(NO3) dual isotopes technique has been
proposed [8] (Figure 11c). The §1°N(NO3) values ranged from +0.29 to +14.39 %0, and the
§180(NO;) values ranged from —6.47 to +1.24%o. 50% of the groundwater samples were in
the range of manure and sewage, 41.67% of the groundwater samples were in the overlap
area of soil organic nitrogen and manure and sewage, and 8.33% of the samples were located
below the range of manure and sewage. High concentration of nitrate in groundwater
indicated that soil organic nitrogen was not the main source of nitrate contamination. The
mixed contamination of manure, sewage and NHy fertilizers increased the nitrate contents
in groundwater, and the contribution of manure and sewage was greater than that of
NHy fertilizers. The §'°N(NOj3) and §'®O(NO;) data further affirmed the hydrochemical
interpretation that precipitation, industrial activities and synthetic NO3; were unlikely to be
the main sources of NOj in the study area.

4. Conclusions

Hydrochemical characteristics and evolution process of groundwater in the northern
Huanggihai Basin were comprehensively analyzed by using multiple hydrochemical meth-
ods. The groundwater in the study area was generally weakly alkaline with low salinity.
The relative anionic abundance of groundwater samples was in the order of HCO3™> C1~
>S042~ > NO;3 ™, whereas the cationic abundance was Mg?* > Ca?* > Na* > K*. The distri-
butions of Mg2+, Na*, CI™ and NO3~ showed significant spatial variations (C, > 100%),
indicating the influence of human activities on groundwater. The main chemical facies of
groundwater were HCO3-Mg-Ca and HCO3;-Ca-Mg. The mole fractions of NO; ™~ in C29
and C30 samples were higher than 25%, and two new hydrochemical facies (NO3-HCO3-
Ca-Mg and HCO3-NOj3-Cl-Ca-Mg) appeared based on the improved Shukalev classification
method. The hydrochemical evolution of groundwater was predominantly affected by rock
weathering and also by cation exchange.

The main source of groundwater was precipitation by means of the D-!80 isotope
technique, and the relationship between 8D and §'80 of groundwater was 8D = 5.935'80
— 19.18 (R? = 0.9067). The d—excess range was —1.60 to +6.01%. with an average value of
3.38%o0 (<10%o), indicated that groundwater was controlled by water—rock interactions and
influenced by evaporation. Contaminants were very likely to enter groundwater along
with precipitation infiltration, resulting in excessive nitrogen in groundwater.

The NO3(N) contents in some parts of the study area were far exceeded the level II
standard. The NO3~ /Na* ratios ranged from 0.00 to 3.69 with an average of 0.49, and the
C, was 1.34 (>1). The ratios of SO42~ /Na* were smaller than those of NO3;~ /Na* overall,
indicating that the nitrate content of groundwater was mainly affected by agricultural
activities. The CI™ contents were generally more than 1 mmol/L, and the NO3;~ /CI™
ratios ranged between 0.1 and 10 with an average value of 0.58. The correlation between
NO;~ and K" was weak. The hydrochemical analysis showed that precipitation, industrial
activities and synthetic NO3; were unlikely to be the main sources of nitrate contamination.

The relationship between NO3~ and §'°N(NOs) was not negative, and the slope
of 31°N(NO3) vs. §80(NO3) in groundwater was —0.09, far lower than 0.48 and 0.77,
respectively. The §'®O(NO3) values fell within the range (—10 to +10%0). These analyses
indicated that no obvious denitrification occurred, and that nitrification was the main
process during nitrogen transformation in the study area. The §!°N(NO;) values ranged
from +0.29 to +14.39%., and the §'®O(NOj3) values ranged from —6.47 to +1.24%.. The
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§1°N(NO;3) and §'80O(NO3) data further affirmed the hydrochemical interpretation that
precipitation, industrial sewage and synthetic NO3 were unlikely sources of NO3, and the
main sources were manure, sewage and NHjy fertilizers.

The integration of hydrochemical analysis and dual isotope technique provides a
further insight into the identification of nitrate contamination from multiple perspectives:
hydrochemical characteristics, evolution mechanism, probable pathway of contaminants
entering groundwater, bivariate relationships between NO3; ™ and other indices, and isotope
composition. It is recommended that extensive and sustained monitoring of the D-80
isotopes in groundwater and the 15N(NO;3) and O(NO3) isotopes in the potential nitrate
sources (fertilizers, manure and sewage) should be performed in further studies.
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