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Abstract: Groundwater is the main water source for humans and plays an important role in health
and food production. To understand the hydrogeochemical characteristics and quality of shallow
groundwater in rural areas of Suzhou, Anhui Province, China, 32 groups of shallow groundwater
samples were collected. The results of the study showed that the nature of the groundwater is slightly
alkaline. The order of abundance of cations is Ca?* > K* + Na* > Mg2+, whereas that of anions is
HCO;~ > Cl~ > SO4%~. The main hydrochemical types are HCO3-Ca, HCO3-Mg, and HCO;3-Na.
Hydrogen and oxygen isotope abundances indicated that shallow groundwater recharge in the study
area is due to precipitation and is affected by evaporation. The ion ratio analysis suggested that the
ions in the shallow groundwater originate from the weathering of silicate minerals and the dissolution
of carbonate and sulphate minerals, accompanied by different degrees of ion exchange. Water quality
evaluation indicated that the water is good and can be used directly as agricultural irrigation water.

Keywords: shallow groundwater; hydrogeochemistry; water isotopes; source of ions; water quality
evaluation

1. Introduction

The hydrogeochemical connection between and the quality of groundwater and sur-
face water are key issues related to the hydrologic cycle and water-resource management,
which plays an important role in maintaining renewable water capacity and ecosystem
stability [1]. In recent years, various methods have been used to estimate and evaluate
the discharge of domestic sewage and its impact on groundwater. However, regional
groundwater pollution has become a very common problem in arid—semiarid areas with
the growth of population and the development of industry and agriculture [2—4]. The
chemical composition of groundwater is the result of long-term interactions between differ-
ent water bodies and the surrounding environment (e.g., climate, hydrology, topography,
rocks, and human activities) during circulation at different scales [5]. As urbanization and
industrialization continue to grow, the total amount of available water is decreasing [6].
Contamination of the aquatic environment through the loads produced by municipal,
industrial, and agricultural activities is a topical concern globally, and surface waters are
particularly vulnerable to these impacts [7-10], especially in semi-humid and arid, water-
scarce areas [11,12]. Systematic research on groundwater chemistry and water quality is
beneficial for grasping the chemical characteristics of groundwater with respect to the
renewable character of water resources so as to manage and utilize groundwater resources
scientifically as well as effectively, protecting and improving groundwater quality [13].
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China is facing the same problems as the rest of the world [14]. The average multi-
year water resources in North China account for only 4% of the national average, and
the per capita water resources are only 1/7 of the national average [15]. At the same
time, the population and arable land in Northern Anhui account for 45.4% and 50.3% of
the province, respectively, while the total water resources only account for 13.7% of the
province [16]. The problems of water shortage, unequal distribution of water resources, and
water pollution are becoming increasingly prominent. Therefore, the scientific investigation
of water resources is particularly important. Research on water-resource utilization focuses
on two aspects: water quantity and water quality [17,18]. China’s use of groundwater
resources is extensive, but the management base for the groundwater environment is
weak. The study of the groundwater chemical types and their influencing factors as
well as their analysis are important elements in the evaluation of water quality, which is
significant for the development, management, and utilization of groundwater resources
and environmental protection.

Suzhou is one of the most important cities in the country, where both agriculture and
industry are developed. The city has a large population and an uneven distribution of water
resources. Groundwater resources have become the main source of water for residential,
industrial, and agricultural activities in most areas. Therefore, Suzhou provides widespread
access to groundwater for our research. Additionally, support from the National Technical
Center for Coal Mine Control provides essential experimental conditions and a basis for
our research. Groundwater resources are also receiving increasing attention from residents
as the social economy develops and people’s living standards improve. The chemical
characteristics of groundwater, the source of ions in groundwater, the types and extent of
water—rock interactions, and the characteristics and types of aquifer water chemistry are
closely related to the regional hydrogeological environment, human activities, and climate
change. The main considerations regarding the use of shallow groundwater are the source
of conventional ion contents, whether the conventional ion contents exceed the standards,
and whether the groundwater meets the national health standards for use.

The aim of this study was to comprehensively understand groundwater safety and
provide a scientific basis for water-resource protection and management in rural areas.
Shallow groundwater samples from rural areas of Suzhou City were collected for conven-
tional ion content and water isotope analysis. Data were used for ion source analysis and
water quality evaluation to understand the status of shallow groundwater quality in rural
areas and determine the main factors influencing water quality.

2. Materials and Methods
2.1. Study Area

The research area is located in the rural area of Yongqiao District, Yonggiao Town and
Erpu Village, Suzhou City, Anhui Province (Figure 1). The research area borders Sugian
City to the east; Xuzhou City to the northeast; Bengbu City to the south; and Huaibei
City, Shanggqiu City, Henan Province, and Heze City, Shandong Province, to the west
and northwest. The geographical coordinates are 117°3/8”-117°9'38"” E and 33°35'58"-
33°45'14" N, and the total area is ~67 km?. The area has a temperate monsoon climate,
with dry and cold winters, hot summers, moderate sunshine, and four distinct seasons.
According to the meteorological data for Suzhou City, the multi-year average temperature
of the study area is 14.3 °C, the extreme maximum temperature is 40.3 °C, the multi-year
average precipitation is 820 mm, the evaporation is 1124 mm, the average drought index is
1.37, and the overall drought status is partial [19].
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Figure 1. Regional geographic locations and distribution of sampling points. (a) China. (b) Suzhou.
(c) The locations of the sampling sites.

2.2. Sample Collection and Processing

Collection of the water samples was performed in April 2022. A total of 32 sets of
groundwater samples were collected in 2.5 L polyethylene bottles. Prior to sampling,
the bottles were rinsed with sample water 2-3 times then filled, capped, sealed with
film, and labelled. After the samples were collected, they were sent to the university
laboratory on the same day, filtered with 0.45 um filter paper within 24 h, and stored in
a refrigerator. Water temperature, pH, electrical conductivity (EC), and total dissolved
solids (TDS) were measured at the sampling site using portable equipment (ST20R, ST20,
and ST20T-B, OHAUS, Shanghai, China). The GPS position was also logged for each
sampling site. Carbonate ions (both CO3%2~ and HCO;3~) were determined by acid solution
titration. Major cations (K*, Na*, Ca®*, and Mg?*) and anions (SO,?>~ and Cl~) were
determined by ion chromatography (Dionex, ICS-900, Beverly, MA, USA). Error analysis
of ion measurements was carried out using the anion and cation concentration balance
method, and the measurement error was within & 10%. The hydrogen and oxygen stable
isotope composition of the water (5D and §'80) was measured by laser spectroscopy (LWIA-
45EP, LGR, Los Angeles, CA, USA), with a precision of 1.0%. and 0.2%. for 6D and 5180,
respectively. To ensure the accuracy of the results, 15% of the samples were kept as blind
samples. Moreover, every analysis was carried out in triplicate. Each valid datum was the
average of three test results, with a relative standard deviation below 10%. Additionally, the
analytical precision of the ion content measurements was further verified by ionic balance
error. The calculated ionic balance errors of the samples were all below 5%. Finally, 20% of
the samples were re-measured, and the errors between two results were less than 15%.

2.3. Data Analysis Methods

Analytical processing and mathematical/statistical examination of the water chemistry
data were performed using Microsoft Excel 2019. Water chemistry analysis and water
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quality evaluation were carried out by the integrated use of mathematical statistics and
multivariate statistical analysis (involving the creation of a Piper diagram, a Gibbs diagram,
a USSL diagram, and a Wilcox diagram). The Piper, Gibbs, USSL, and Wilcox plots were
created with the Origin 2018 and CorelDraw 2018 software packages. Piper and Gibbs
plots are useful in showing the type of groundwater chemistry and the main controlling
factors. Descriptive statistics included the maximum, minimum, average, and coefficient
of variation of each metal ion concentration in the groundwater so as to determine the
dominant ions in the research area. Ion relationship and ratio analysis plots (Mg?* /Na*
and Ca%* /Na* and HCO;~ /Na* and Ca%* /Na*) and 5D, §'80, and d-excess relationship
plots were all created with Origin 2018 and CorelDraw 2018.

Soil adsorption ratio (abbreviated as SAR) is an important indicator used to indicate
the sodium ion content in irrigation water or a soil solution and to measure the degree of
soil alkalization caused by irrigation water. The higher the SAR value, the stronger the
ability of soil to adsorb Na*, which will lead to the destruction of soil aggregate structure,
poor permeability, and hydraulic conductivity [20]. The calculation formula is as follows:

Nat
SAR = 1
V/(CaZt +Mg2t) /2 M

%Na is used to represent the risk of alkali damage caused by irrigation water. The
higher the value for %Na, the greater the risk of alkali damage. Assuming that groundwater
with a high %Na value is used for irrigation, cation exchange may occur on the surface of
the soil. As a result, Na* is adsorbed by the soil, and Ca?* and Mg?* are released, which
reduces the soil permeability and leads to poor drainage of the soil [21]. The calculation
formula is as follows:

Na*

%Na = 100% 2
a Ca2t + Mg2t + Nat + K" 8 @)

where the unit for all ions is meq/L.

3. Results
Descriptive Statistical Analysis

Our results are shown in Table 1. In general, the shallow groundwater in the study
area was weakly alkaline, with pH values varying from 6.83 to 7.76 and an average of 7.25.
The total dissolved solids (TDS) in the shallow groundwater samples had a minimum of
285 mg/L, a maximum of 943 mg/L, and an average of 531.16 mg/L. The overall water
hardness was high. The hydrogen isotope (§*H) values varied from —61.83 to —44.65%,
with a mean value of —58.78%.. The oxygen isotope (5'80) values varied from —9.77 to
—5.90%0, with a mean value of —8.51%.. Among the cations, the content of Na* + K* varied
between 24.36 and 179.35 mg/L, with an average value of 63.37 mg/L. The Ca?* content
was higher, varying between 30.88 and 164.74 mg/L, with an average value of 80.10 mg/L,
and the Mg?* content varied between 18.12 and 172.93 mg/L, with an average value of
54.79 mg/L. Among the anions, the HCO3™ content was high, varying from 124.66 to
840.35 mg/L, with an average value of 465.28 mg/L. The contents of CI~ and SO42~ were
relatively low, with average values of 130.11 mg/L and 55.22 mg/L, respectively. Regarding
cation abundance, the order was: Ca?* > Na* + K* > Mg?*; regarding anion abundance,
the order was: HCO;~ > Cl~ > SO,42~. If the groundwater recharge, runoff, burial, and
discharge conditions vary, the water chemistry type will change accordingly [22]. Therefore,
the classification of shallow groundwater water-chemistry types is of great importance.
From our experimental data, it could be determined that the ion contents in each sample
were different. The dominant ions were compared according to the magnitudes of the
milligram equivalent percentages of each ion in the samples, which values were used to
determine the type of water chemistry for each sample. Eventually, our research showed
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that the types of water chemistry in the study area were: CI-Mg (3), HCO3-Mg (7), HCO3-Na
(6), and HCO3-Ca (16) (Table 1).

Table 1. Statistical analysis of the main ions in the shallow groundwater samples and the water

chemistry types.
Sample Na* + K* Ca+ Mg2+ Cl- SO42~ HCO3— 52H 8180 TDS EC H Water Type
P lmg/L)  /(mg/L) /(mg/L) /(mg/L) /mg/L) /mg/L) /(%) /(%)  /mg/L) [uslcm) P yp
1 30.48 10071 4736 15568 5563 45062 —5878 —851 622 1277 73  Ca-HCOjs
2 42.95 118.56 47.19 228.34 33.73 328.83 —57.5 —-7.92 631 1295 7.35 Ca-HCO3
3 58.63 76.66 46.64 98.68 5343 43844  —5558 —746 471 1072 733  Ca-HCOjs
4 57.51 128.78 45.46 129.95 99.63 414.09 —61.83 —8.62 626 1342 7.03 Ca-HCOg3
5 73.88 10045 6579 18606 5575 62113  —5555  —8.2 797 1760 715  Ca-HCOs
6 41 77.93 60.83 75.18 54.54 47498 —60.6 —8.32 529 1105 7.24 Mg-HCO3
7 35.16 51.35 34.64 37.11 46.04 377.55 —57.7 —7.82 330 684 7.41 Ca-HCO3
8 39.78 64.01 36.92 57.5 4342 43844  —5687 —856 449 928 722  Ca-HCO;
9 46.83 11305 4641 75.48 57.03 46280 —55.83 —8.79 528 1095 708  Ca-HCO;
10 48.18 51.68 49.17 74.64 6384 35319  —5482 —7.92 390 805 757  Mg-HCO;
11 45.72 46.28 42.42 18.76 54.51 365.37 —59.06 —8.26 343 699 7.76 Mg-HCO3
12 48.42 60.45 56.81 58.28 37.77 45062  —6151 861 503 1032 735 Mg-HCO;s
13 64.19 94.53 98.12 147.12 88.82 450.62 —58.51 —8.43 738 1505 7.25 Mg-HCO3
14 86.91 129.89 114.77 437.78 73.14 267.94 —49.66 —7.52 524 748 7.36 Mg-Cl
15 43.94 64.53 59.77 183.29 29.99 322.74 —45.48 —6.13 604 1258 7.38 Mg-HCO3
16 41.94 61.63 62.92 151.43 29.05 414.09 —44.65 —-5.9 527 1089 7.4 Mg-HCO3
17 69.09 10819 14353 46557 4302 24358 5241 —7.33 717 1062 7.35 Mg-Cl
18 164.19 83.64 95.06 86.58 162.14 840.35 —53.61 —8.09 917 1902 7.02 Na-HCO3
19 1137 63.74 63.9 64.25 8656 80381  —57  —846 943 1930 686  Na-HCO;
20 102.16 91.32 35.97 78.06 106.96 462.80 —52.13 —-7.2 612 1260 7.05 Na-HCO3
21 102.85 34.72 28.69 37.78 50.12 535.88 —50.81 —-7.93 472 965 7.34 Na-HCO3
22 179.35 40.31 41.56 19.92 49.42 499.34 —56.28 —8.68 554 1135 7.28 Na-HCOj3
23 40.41 82.57 38.41 68.4 40.81 487.16 —54.6 —8.91 490 1000 7.2 Ca-HCO3
24 50.25 10172 39.69 99.84 7716 54806  —5601 —843 617 1280 725  Ca-HCOs
25 76.7 30.88 28.61 18.2 35.93 517.61 —61.26 —-9.77 411 850 7.25 Na-HCO3
26 26.08 41.97 18.46 13.02 1362 40191  —5333 —7.04 285 576 748  Ca-HCO;
27 129.05 164.74 172.93 591.96 83.84 499.34 —53.65 —7.24 384 686 6.97 Mg-Cl
28 45.77 160.29 53.72 367.58 71.07 548.06 —54.12 —7.42 364 727 6.83 Ca-HCO3
29 24.36 48.66 19.76 21.71 12.59 47498 —56.06 —-7.76 355 740 7.26 Ca-HCOg3
30 36.28 4235 18.12 55.48 1989 36537 —5573 —8.06 380 785 743  Ca-HCO;
31 3111 61.12 21.24 34.43 2186 58459  —5334 —801 486 998  7.02  Ca-HCO;
32 30.81 66.42 18.52 25.45 15.67 444 .53 —49.72 —7.47 398 820 7.1 Ca-HCO3
Min 24.36 30.88 18.12 13.02 12.59 124.66 —61.83 —-9.77 285 576 6.83 /
Max 179.35 164.74 172.93 591.96 162.14 840.35 —44.65 —-5.9 943 1930 7.76 /
Mean 63.37 80.1 54.79 130.11 55.22 465.28 —58.78 —8.51 531.16 1075.31 7.25 /
CV (%) 0.61 0.43 0.64 1.08 0.56 0.27 —0.07 —0.09 0.31 0.32 0.03 /

4. Discussion
4.1. Water Chemistry Type and Water—Rock Action Analysis

Researchers, when performing traditional water chemistry studies, are generally keen
to analyze the changes in water chemistry data in specific areas under the influence of
natural or anthropogenic factors and thus reveal the water chemistry characteristics under
different cycles in these areas [23,24]. Piper trilinear plots are often applied to characterize
regional water geochemistry [25]. A Piper trilinear diagram of the study area is shown
in Figure 2. The shallow groundwater chemistry types are mainly HCOj3-Ca type (~75%),
Cl-Mg-Ca type (~19%), and HCO3-Na-Ca type (~6%). Combining the cation and anion
triangle diagrams, it is shown that Ca?*, Mg?*, and HCO; ~ are the main cations and anions
in shallow groundwater in the study area.

Gibbs diagrams allow the visualization of water chemistry and are often used to iden-
tify the main influences on river water chemistry (i.e., precipitation, rock weathering, and
evaporation) [26]. Using TDS, Na*/(Na* + Ca2*), and Cl~ /(Cl~ + HCO3 "), a Gibbs plot
of the study area (Figure 3) indicated that the hydrochemical fraction of the groundwater
is mainly controlled by water-rock interaction processes, such as rock weathering, and
is weakly controlled by evaporative precipitation and almost not at all by atmospheric
precipitation [27]. Meanwhile, among the 32 groups of samples in Figure 3, we could also
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clearly find that a few sample points were located in the TDS range of 100-1000 mg/L,
with values for Na*/(Na* + Ca?*) and C1~ /(Cl~ + HCO3 ™) above 0.5, which indicated
that there were other factors, such as ion-exchange interactions and human factors, that
exerted effects.

I Ca—Cl type

L;geg‘li II Mixed Ca-Mg—Cl type
> B2 IIT Ca—HCO3 type
> B3 IV Na-C1-S0, type
¢ Eg V Mixed Ca-Mg-HCO; type
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® R7
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< BI10 B No dominant type
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e BI3 D Sodium type
. E}g E Bicarbonate type
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B17 .
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- BI19
v B20
® B21
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® B23
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< B?)l N¢ ‘-‘ X
X B32 VA id
X \ - » & " 4 & 4
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—Ca*- ClI'—
Figure 2. Piper diagram of groundwater samples.
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Figure 3. Gibbs diagrams. (a) TDS versus Na*/(Na* + Ca?*). (b) TDS versus Cl~/(Cl~ + HCO3 ™).
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Determination of the relationship between Mngr /Na* versus Ca2* /Na* and HCO;~ /Na*
versus Ca2* /Na* allows researchers to investigate important source processes (e.g., carbon-
ate and silicate weathering and evaporite dissolution). All samples in the study area fall in
the silicate weathering zone (Figure 4a), indicating the major role played by silicate weath-
ering in the hydrogeochemical processes. Furthermore, all samples in the study area fall in
the evaporative dissolution zone (Figure 4b), indicating the dominance of evaporation in
the research area.

100 100
(a) ,
Carbonate (b) Carbonate
Weatherin Weathering
10 1 10 -
' ! s Silicate
£ 14 Y Qilicate T 14 Weathering
] y . =}
= /I. Weathering g /
0.1 0.1+
) . Evaporite
Evaporite Dissolution Y
Dissolution
0.01 ; r . 0. 01 . s :
0.01 0.1 1 10 100 0.01 0.1 1 10 100
Ca*/Na* CaZt/Na®

Figure 4. Normalized diagrams. (a) Mg?*/Na* versus Ca?*/Na*. (b) HCO;~ /Na* versus
Ca%* /Na®.

4.2. Ion Ratio Analysis

Ion ratio analysis can be used to reveal the composition of groundwater chemistry
and the origin of ions [28]. The C1™ in shallow groundwater generally remains relatively
stable, with the concentration (p) ratio of Na* and Cl~ produced by the dissolution of salt
rock being 1. Therefore, p(Na*)/p(Cl™) is often used to reveal the source of Na* in shallow
groundwater. The majority of the 32 sets of water samples in the study area were close to
or slightly below the p(Na*)/p(Cl™) = 1 baseline (Figure 5a), and a small number of water
samples were above or below the baseline. This suggests that the Na* in sampled water
does not only originate from the dissolution of salt rocks, but also from other sources [29].
Considering the presence of more silicate minerals in the study area, one of the other
sources for high-Na* samples is likely the weathering dissolution of silicates. In contrast,
some of the samples having relatively low Na* contents may be related to the enrichment
of Mg?* and Ca?* in the subsurface aquifers and the resulting ion exchange of Na* with
Mg?* and Ca®*, which, in shallow groundwater, is usually associated with the dissolution
of carbonates or silicates. The values for the vast majority of water samples from the study
area were located on both sides of p(Mg?*)/p(Ca?*) = 1 (Figure 5b), which suggests that the
Mg?* and Ca?* are predominately due to the dissolution of silicate and carbonate minerals.

p(Mg?* + Ca?*)/p(HCO3 ") is often used to reveal the source of Mg?* and Ca?* in
shallow groundwater. If p(Mg?* + Ca?*)/p(HCO3 ) = 1, Mg?* and Ca?* in groundwater
originate from the dissolution of carbonate. As seen in Figure 5c, the contents of Mg?* and
Ca?* in some water samples were less than those of HCO3~, indicating that the contents of
Mg?* and Ca?* in shallow groundwater in the study area originate from the weathering
dissolution of silicate minerals (weathering dissolution of silicates is accompanied by the
production of HCO3 ™). There were also some water samples for which the ratio of p(Mg?*
+ Ca%")/p(HCO3 ™) was greater than 1, indicating that there are other sources of Mg2+ and
Ca?* in the shallow groundwater of the study area, such as the dissolution of sulphate and
the occurrence of ion exchange in the groundwater.



Water 2023, 15, 2006

8of 13

If p(Mg2Jr +Ca%")/p(SO42~ + HCO3 ) = 1in groundwater, this means that Mgz+ and
Ca?* in the study area mainly originate from the dissolution of carbonate and sulphate. As
can be seen in Figure 5d, almost all water samples lie on both sides of the baseline of p(Mg?*
+Ca?*)/p(SO42~ + HCO; ™) = 1. Samples with a p(Mg?* + Ca?*)/p(SO4%~ + HCO3 ™) ratio
greater than 1 suggest the existence of ion exchange among Na*, Mg?*, and Ca?*. Samples
with a p(Mg2+ + Ca2*)/p(SO42~ + HCO3 ") ratio less than 1 suggest other sources of these

four ion species, such as pyrite oxidation (SO4%~) and weathering dissolution of silicate
minerals (HCO3 ™).
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Figure 5. Analysis of ion ratios in the research area. (a) p(Na*) vs. p(C1™). (b) p(Ca%*) vs. p(Mg2+).
(c) p(Mg?* + Ca?*) vs. p(HCO;7). (d) p(Mg?* + Ca®*) vs. p(SO4>~ + HCO3 ™).

4.3. Hydrogeochemical Processes

To investigate the relationship between hydrogen and oxygen isotopes in shallow
groundwater and atmospheric precipitation in rural areas of Suzhou, water samples col-
lected in the study area were analyzed for hydrogen and oxygen isotope composition. 6D in
the shallow groundwater samples of the study area varied from —61.83 to —44.65 %o, with
a mean value of —58.78%o, and 5180 varied from —9.78 to —5.90%., with a mean value of
—8.51%o (Table 2). Hydrogen and oxygen isotopes are intrinsic components and generally
do not vary with water-rock interactions. Therefore, 6D and 5180 are widely used as
ideal indicators for tracking internal water recharge in water cycle systems. Moreover, a
specific linear relationship between §D and §'80 was first proposed by Craig in 1961—
8D =8 x 880 + 10—and is referred to as the global meteorological water line (GMWL) [30].
In general, when points plot on or near the GMWL, the water sample likely originated
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from atmospheric precipitation, and if the points are farther away from and below the
GMWL, the water in the sample experienced evaporation. In addition, deuterium excess
(d-excess), defined as §D-8 x 5'80, can reflect the degree of imbalance between regional
evaporation and condensation processes. The smaller the value for d-excess, the stronger
the imbalance between regional evaporation and condensation processes. If the value for
d-excess is larger, the imbalance is weaker [31]. Most of the water samples plot on or near
the GMWL, with some deviating from the GMWL (Figure 6a), indicating that the recharge
source of shallow groundwater in the study area is mainly atmospheric precipitation with
the influence of evaporation. The d-excess parameter varied between 2.52 and 16.93 %o,

with a mean value of 8.71%o, indicating that, in general, evaporation in the study area
exceeds condensation.

Table 2. Statistics for the characteristics of hydrogen and oxygen isotopes in the research area.

Groundwater Samples

Parameters
Min (%o) Max (%o) Mean (%o)
oD —61.83 —44.65 —58.78
5180 -9.77 —-5.90 —8.51
d-excess 2.52 16.93 8.71
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Figure 6. 5D and 6180 relationships (a) along with d-excess relationships (b) in the research area.

4.4. Water Quality Assessment
4.4.1. Water Quality for Drinking

Limits represented by the World Health Organization guidelines (WHO 1997) are
used to assess the suitability of drinking water sanitation [32]. The main water quality
evaluation parameters are listed in Table 3. It is clear from the above results that the types of
water chemistry in the study area were: Cl-Mg, HCO3-Mg, HCO3-Na, and HCO;3-Ca. The
concentration levels of all major ions (Table 3) were within the maximum expected range
specified by WHO (1997). Rural areas have a fabulous groundwater environment in Suzhou
City associated with rigorous legislation and water-resource environmental-protection
measures implemented by the local government. At the same time, the groundwater in the
research area is in a rural area away from urban and industrial pollution sources, and the
groundwater in this area has a high ecological and environmental purification capacity. Our
comprehensive research shows that the shallow groundwater in the study area conforms to
the national drinking-water sanitation standards.
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Table 3. Comparison of water quality evaluation parameters in the study area with respect to WHO
guidelines (1997).

) Samples WHO (1997)
Major Ions Unit
Min Max Mean Desirable  Permissible
Na* mg/L 23.48 178.49 62.42 50.00 200
K* mg/L 0.26 1.60 0.95 100.00 200
CaZ* mg/L 30.88 164.74 80.10 75.00 200
Mg2+ mg/L 18.12 172.93 54.79 30.00 150
F~ mg/L 0.11 1.63 0.64 0.6-0.9 15
Cl~ mg/L 13.02 591.96 130.11 250.00 600
SO42 mg/1 12.59 162.14 55.22 200.00 600
HCO3;~ mg/L 124.66 840.35 465.28 200.00 600
pH / 6.83 7.76 7.25 7.0-8.5 6.5-9.2
TDS mg/L 285 943 531.16 500.00 1500
EC mg/L 576 1930 1075.31 750.00 1500

4.4.2. Trrigation-Water Quality Assessment

The degree of salinization of irrigation water in the study area was evaluated accord-
ing to the criteria proposed by the U.S. Geotechnical Engineering Laboratory, based on the
irrigation-water quality classification results obtained according to the U.S. Department
of Agriculture (USDA) evaluation method, considering the effects of sodium adsorption
ratio (SAR; alkali damage) and electrical conductivity (EC; salt damage). High Na* con-
centrations in irrigation water can adversely affect the physical properties of soil, where
large amounts of Na* adsorbed onto soil particles lead to soil particle dispersion [33]. If
the SAR value is less than 10, the water quality is excellent for irrigation. If the SAR is
between 10 and 26, it is suitable for irrigation, and a value higher than 26 indicates that
the water is not suitable for irrigation. As shown in Figure 7a, almost all the groundwater
sample sites in the study area are located between the C251, C252, C351, and C352 regions,
while SAR values calculated from the obtained data range from 3.44 to 27.90, with an
average value of 7.94, indicating that the shallow groundwater in the study area has very
good usability for irrigation.
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Figure 7. USSL (a) and Wilcox (b) diagrams for samples.

Soluble sodium percentage (SSP) determination is also a useful method for assessing
irrigation suitability, and the SSP is an important indicator of sodium hazard. The higher
the SSP value, the higher the risk of alkali damage. A higher sodium content may affect
soil structure, reduce soil permeability, lead to soil compaction, and thus impede gas
exchange between the soil and the atmosphere. A high SSP in irrigation water can reduce
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the permeability of the soil and lead to soil hardening. Safe water will have an SSP <60,
while an SSP >60 is unsafe [34-36]. The groundwater samples collected in the study area
were plotted in a Wilcox diagram. As shown in Figure 7b, almost all the samples were
distributed in the excellent-to-good and good-to-permissible areas, and only one sample
was plotted in the permissible-to-doubtful area, which indicated that the samples of water
in the study area were suitable for agricultural irrigation. Regarding the results shown in
the USSL diagram, the high salt and alkali contents of the water samples collected from the
study area indicate that the groundwater is suitable for irrigating plants with strong salt
tolerance. Reasonable irrigation will not cause harm to the soil or crops.

5. Conclusions

Based on the data obtained on water chemistry, the main hydrochemical processes
and water quality of shallow groundwater in rural areas were analyzed. The test results
are as follows:

(1)  The contents of conventional ions in the study area changed to HCO3~ > ClI~ > Ca®* >
K* + Na* > SO42~ > Mg?*; cations are dominated by K* + Na* and Ca?*, and anions
are dominated by HCO3;™ and CI™. The hydrochemical types in the study area are
mainly HCO;-Ca-type, HCO3-Mg-type, and HCO3-Na-type.

(2) The hydrochemical fraction of shallow groundwater in the study area is mainly
influenced by rock weathering and controlled by the process of water—rock interaction.
Silicate weathering plays a major role in hydrogeochemical processes, while Mg?* and
Ca?* are dominated by the dissolution of silicate minerals and carbonate minerals,
where ion exchange most likely has occurred, with evaporation dominating the
research area.

(8) Our results for the drinking-water quality evaluation showed that the concentrations
of all major ions were within the maximum expected range defined by (WHO 1997)
and conformed to the national drinking-water hygiene standards. Regarding the
results shown in the USSL and Wilcox diagrams, the high salt and alkali contents
of the water samples collected from the study area indicate that the groundwater is
suitable for irrigating plants with strong salt tolerance.
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