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Abstract

Groundwater plays a key role in supplying water for drinking water, irrigation water, and industry water in the northern
China. Recently, the availability and quality of groundwater resources in the eastern Loess Plateau (Shanxi province) have
a serious impact on the agriculture, industry, and domestic sectors. This paper investigates the spatiotemporal variations of
chemical and stable isotope composition of groundwater, and provides important information for the research of controlling
factors of groundwater hydrochemical distribution in Shanxi province during two seasons. About 95 groundwater samples
were collected from two seasons and measured the content of major ions and stable isotope, pH values, and total dissolved
solids (TDS). The results showed that groundwater samples were mildly alkaline. Among all the groundwater samples, the
HCO;™ and Na* dominated the total mass of the anions and cations, respectively. Significant seasonal and spatial variations
can be observed in the TDS, deuterium (5°H), and oxygen (8'%0) in groundwater samples. More pronounced variations
of the groundwater TDS appeared in the quick-flow season with the highest TDS concentration observed at the central
region and lower TDS values appeared in the northern and southern Shanxi. The groundwater samples mainly belong to
the (HCO,™-Ca®*-Na™) type and the (HCO;™-SO,*"-Ca**-Na%) type. Rock weathering is the key controlling factor for the
chemical composition of groundwater. In addition, nitrogen pollution of groundwater caused by human input is more sig-
nificant in river valley basins such as the Yuncheng Basin, Linfen Basin, and Changzhi Basin. The significant influence of
surface water-groundwater interaction for the groundwater can be observed at the valley basin in the central part of the Shanxi
Province. The interaction between surface water and groundwater in the Linfen basin is especially remarkable.
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Introduction

With the global warming intensification and rapid population
growth, the shortage of water resources has become a com-
mon problem for most countries around the world (Li et al.
2011). China is one of the countries with the most serious
water crisis in the world, especially in its arid and semi-arid
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characteristics of groundwater can provide valuable evi-
dence and data for hydrological processes, especially by
studying water routes, connectivity, transit time of water,
transport of water and pollutants (Kattan. 2015, 2018; Sun
et al. 2016a, 2017 and 2018). Geological conditions, quality
of recharge water and input from other sources, chemical
weathering degree of various rock types are considered to
be important factors affection the chemical distribution and
evolution of groundwater chemistry. The interaction among
these controlled factors of groundwater chemical results in
complex groundwater environment. The dissolution of min-
erals (including carbonates and silicates) and the precipita-
tion of secondary minerals usually prevail in the basin scale
(Sung et al. 2012; Xing et al. 2013). In the coastal plain,
the hydrochemistry of groundwater will be affected by the
seawater. Seawater with high salinity often flows backward
into shallow groundwater because of the transitional extrac-
tion and utilization of shallow groundwater in coastal plain
(Han et al. 2011; Liu et al. 2016; Sun et al. 20164, b, ¢). At
present, more and more research methods have been applied
to the study of groundwater hydrochemical processes and
geochemical evolution in the complex system such as: mul-
tivariate statistical analysis, Gibbs graph method, Piper
third-line diagrams, water—rock interaction simulation and
isotope hydrological separation. Using these methods, a lot
of valuable information of groundwater environment around
the world has been obtained (Beaucaire et al. 1995; Kumar
et al. 2013; Stober 2014; Kattan 2015; 2018).

As the main supply center of energy source in China,
Shanxi province has seriously affected its economic devel-
opment and ecological security by the shortage of water
resources. Since 1990s, groundwater has gradually become
the main source of fresh water for agricultural, industrial and
households needs because of the scarcity of precipitation,
dry-up of rivers and the pollution of surface water (Tang
et al. 2013). A large number of wells were built to pump
groundwater from aquifers to cope with the enormous pres-
sure of fresh water in recent years. Additional, groundwater
level in some region which groundwater is excessive exploi-
tation has fallen at alarming rates and appeared numerous
drawdown cones (Xing et al. 2013). And then, the natural
environment of groundwater system (including surface
water-groundwater interaction, runoff and discharge condi-
tions, hydrochemical characteristics and geochemical pro-
cess) has obviously influenced by the decline of groundwater
levels (Wang et al. 2018). The groundwater environment
variation have threatened the sustainable usage of ground-
water resources. Recently, groundwater environment vari-
ation in the northern China has attracted a lot of research-
ers’ attention (Sung et al. 2012; Xing et al. 2013; Sun et al.
2016a, b&2017&2018). As for the Shanxi province, some
researches of groundwater hydrochemical process has been
carried out, but these studies mostly focus on the spatial
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and temporal distribution of groundwater hydrochemical and
isotopic characteristics on the basin scale. There are few
studies try to analysis the controlling abundant elements of
the geochemical process, such as Fluoride (Hu et al. 2013)
and Arsenic. In the eastern Loess Plateau, the geochemistry
of iodine-rich groundwater of the southwest of the Taiyuan
basin has been identified (Tang et al. 2013). As for the Lin-
fen basin, the groundwater vulnerability in shallow aquifers
has been assessed by using DRASTIC Model (Samake et al.
2011). However, Few hydrochemical and isotopic investiga-
tions in the whole eastern Loess Plateau (Shanxi province)
(Wang et al. 2010).

In this study, we use the isotopic and hydrochemical
tracers to assess groundwater chemical characteristic of dif-
ferent regions during a whole year. The specific objectives
of the study were: (1) to analysis the spatial and seasonal
variations of hydrochemical and isotopic characteristics of
groundwater, (2) to determine the main mechanism control-
ling the groundwater geochemistry characteristics, and (3)
to explore the effect of human activities on groundwater in
Shanxi province. The results will help develop more suit-
able utilization strategies for groundwater resources in the
northern China.

Material and methods
Study area

Shanxi Province locates the east of the Yellow River val-
ley (between 34°36'- 40°44' N and 110°15' -114°32"E, the
average altitude is 1, 450 m) and covers an area of 156,000
km? (Fig. 1). It has about 34 million people distribute in
119 counties. The annual air temperature ranges from -1 to
20 °C and the annual average precipitation amount is around
400-650 mm. Shanxi Province has an intricate topography
and made up of higher ground to the west (Ivliang Moun-
tains) and the east (Taihang Mountains). The northern
border is adjacent to Inner Mongolia and the Yellow River
forms the western border of Shanxi with Shaanxi Province.
In the center of the Shanxi Province, there are a series of val-
leys through with the Fen River runs, which include the Tai-
yuan Basin, Linfen Basin, Changzhi Basin, and Yuncheng
Basin (Fig. 1). Drought environment and unreasonable uti-
lization of water resources make the Shanxi province has
severe security problems of water resources.

In order to better present the spatial and temporal dis-
tribution characteristics of groundwater hydrochemistry in
Shanxi Province, we divided the study area into 6 regions,
included the Northern Plateau, the Taiyuan Basin, the Linfen
Basin, the Yuncheng Basin, the Lvliang Mountains, and the
Changzhi Basin.
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Sampling collection and analytical methods

The eastern Chinese Loess Plateau belongs to typical mon-
soon climate region, and regional hydrological processes
presented significant seasonal variation between winter and
summer. In order to reveal the spatiotemporal variation char-
acteristics of groundwater environment in the study area,
investigations were carried out between February 2017 (rep-
resented winter and slowflow season) and August 2017 (rep-
resented summer and quickflow season) and groundwater

112° 0’ 0”E

samples were collected from 11 cities in Shanxi Province. A
total of 95 samples were collected. 42 groundwater samples
were collected in August 2017 and 53 groundwater samples
were collected in February 2017. To clarification of compli-
cated surface water-groundwater interactions, we collected
9 river water samples (3 samples were collected in February
2017 and 6 samples were collected in August 2017) and 9
precipitation samples (6 samples were collected in February
2017 and 3 samples were collected in August 2017) from
Taiyuan basin, Linfen basin and Yuncheng basin during
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two sampling periods (Table 1). Isotope water samples are
preserved in 5-mL glass vials and sealed immediately with
Parafilm to reduce evaporation. Each groundwater sample
is collected at least 500 mL in plastic bottles for measuring
major ion concentration of groundwater. The 8'%0 and 8D
values and major ions values in the groundwater samples
were measured at the State Key Laboratory of Desert and
Oasis Ecology, Xinjiang Institute of Ecology and Geogra-
phy, Chinese Academy of Sciences. The Liquid water Iso-
tope Water Isotope Analyzer (Model DLT-100; Los Gatos
Research Inc.) was used to measure 8'80 and 8D values were
analyzed by a Liquid Water Isotope Analyzer. The preci-
sion levels for §'%0 and 8D were 0.1%o and 0.3%o respec-
tively. Results were reported by the Vienna Standard Mean
Ocean Water (V-SMOW). The major ion concentration of
groundwater was determined by the dual-column instru-
ment (Dionex DX-100), and the analytical errors were:
Ca** (£0.4 mg/L), Mg?* (0.7 mg/L), Na* (+0.1 mg/L),
K* (0.1 mg/L), CI~ (+0.1 mg/L), SO,* (+0.3 mg/L),
HCO;™ (0.3 mg/L), and NO;™ (0.1 mg/L).The analytical
error was less than 1 mg/L. The water temperature, pH, and
the total dissolved solids (TDS) values of all samples were
measured in the field at the time of sampling.

In this study, the spatial and temporal variations of pH,
TDS, major ion, and stable isotope are understood by the
interpolation analysis in ArcGIS. Kriging interpolation

method is used to map the spatial distribution of major
ions in regional groundwater. Interpolation analysis can
help us to make a more accurate analysis of component
changes in groundwater in different seasons. Hydro-
chemical types were identified by the piper diagram. This
method is composed of the percentages of the three main
groups of main cations (Ca>*, Mg?*, Na* + K*) and ani-
ons (C17, SO42_’ HCO;™ +CO;57) (Karmegam et al. 2011).
The Gibbs graph defines the Na*/( Na* 4+ Ca**) or C17/(
ClI” + HCOj5") as the horizontal coordinate, and the TDS is
the ordinate. The hydrochemical control factors are judged
by the position of the scattered points (Gibbs, 1970).

EMMA (End Member Mixing Analysis) method is
a widely used techniques which have been applied in
research to identify the relationship between different
water bodies. Owing to the results of EMMA, the three-
component method was used to calculate the ratios of
interaction between groundwater and various recharging
water sources. The method can be described by following
equations:

0= ZZ=1 Om
QCIb7 = anzl ch,}:,l b: l,...,k

where Q is total groundwater discharge, Om is the dis-
charge of component m, and Cm[7 is the tracer b incorpo-
rated into the component m.

Table 1 Statistical eigenvalues of hydrochemical parameters in Shanxi Province

Water Slowflow season Quickflow season

type Max Min Ave SD Cv Max Min Ave SD Cv

Groundwater  pH 8.66 7.6 8.26 0.21 0.03 857 743  7.89 0.3 0.04
8°H/%o -57.02 -86.26 -69.57 5.66 0.08 -58.35 -86.23  -72 5.31 0.07
8'%0/%o 9.2 -11.52 -8.98 0.7 0.3 -8.39 -11.48  -9.59 0.63 0.07
TDS/ mg-L™! 3040 149.7 915.15  512.8 0.56 2400 40.4 1013.78  508.71 0.5
Na*/ mg-L™! 580.32 2.85 114.93 119.29 1.04  428.88 284  123.82 111.44 0.9
K/ mgL™! 50.29 0.42 3.84 7.14 1.86 188 042 642 28.73  4.47
Mg?*/mg-L™! 335.38 1.02 47.62 50.25 1.06  185.65 0.89  47.65 28.12  0.59
Ca**/mg-L™! 456.27 15.47 83.92 65.59 0.78 23097 5.41 77.32 3823 049
Cl-/mg-L™! 458.39 1.78 79.19 9142 1.15 450.84 0.02 111 109.87  0.99
HCO, /mg-L™"! 848.4 81.01 355.09 129.72 037  625.55 21.02 34523 109.13  0.32
SO, /mg-L~! 802.12 6.69 176.22  169.8 096  708.26 389 161.78 124.86  0.77
NO, /mg-L™! 169.69 1.32 49.93 47.16 094  321.64 0.31 123.95 87.81 0.71

River water 8°H/%o -63.55 -79.85 -70.71 6.78 0.10 -53.44 -62.13  -57.87 435  0.08
5'80/%. -8.52 -11.17 9.73 .04 o011 771 807 -7.84 020  0.03
TDS/ mg-L™! 1280.00  700.00  1030.00 21894  0.21 1300.00  920.00 115433 20493 0.18

Precipitation 8°H/%o -53.16 -62.49 -58.88 5.01 009 457 -4546  -15.52 22.16 143
8'%0/%o -7.34 -8.58 -8.01 0.63 0.08 -0.13 -5.69 -2.34 3.10  1.32
TDS/ mg-L™! 90.00 74.00 80.83 825 0.10 121.00 93.00  105.33 15.82  0.15
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Results

General hydrochemical characteristics of the study
area

pHand TDS

In this study, the ranges of pH value in groundwater sam-
ples were 7.60-8.66 in slowflow season and 7.43-8.57 in
quickflow season, which indicates the alkaline nature in
Shanxi Province. The pH value during the quickflow sea-
son (with a mean of 7.89) is relatively lower than that of the
slowflow season (with a mean of 8.26). The TDS recorded
in the slowflow season and quickflow season ranged from
40.40 to 3,040 mg.L'1 with a coefficient of variation of 56%
(Table 1), reflecting complex geographical environment of
the study area. The relatively higher mean groundwater TDS
value (1013.78 mg.L~") was observed in the quickflow sea-
son (915.15 mg.L™").

Major ion concentrations

The average, maximum, and minimum values of the content
of inorganic ions in all groundwater samples are presented
in Table 1. During the slowflow season, the main ion con-
tent of groundwater samples was in the following descend-
ing order: HCO;™ >S0,2~>Nat > Ca’" > Cl~ > Mg** > K*
(contents are 355.09, 208.29, 114.93, 83.92, 79.19, 47.62,
3.84 mg-L™!). In the quickflow season, the main ion con-
tent of groundwater samples was in the following descend-
ing order: HCO;™ >S0,* > Na* > Cl~> Ca®* > Mg** > K*

(mg/L)

(mg/L)
40 40
0 80 km 0 80 km
L1 3040 I 3040

(contents are 345.23, 161.78, 123.82, 111.00, 77.32, 47.65,
6.42 mg-L™"). Among all the groundwater samples, the
HCO;™ and Na* dominated the total mass of the anions and
cations, respectively. HCO;~ occupies 55.3% of the total
anion gross weight and Na* occupies 87% of the total cation
gross weight. During the slowflow season, Na* dominated
the total mass of the cations, occupying 46% of the total
cations gross weight. Ca>" was the second most substantial
cation, occupying 33.5% of the aggregated total cations.
HCO;~ and SO,*~ are the main anions of the groundwater
samples for the slowflow season, occupying 53% and 26.7%
of the total anion mass. During the quickflow season, Na*
occupied 48.5% of the total cation gross weight. Ca>* was
the second most substantial cation, occupying 30.3% of the
aggregated total cations. HCO,~ and SO,*~ are the main
anions, occupying 46.5% and 21.8% of the total anion mass.

Seasonal and spatial variations of groundwater
hydrochemistry

Figure 2 shows the spatial variations of pH and TDS dur-
ing the two sampling periods. There is a clear difference in
the pH spatial distribution patterns during the two sampling
seasons. In the slowflow season, higher pH values appeared
in the Lvliang Mountains and the lower pH values were
observed in the eastern Shanxi Province. Obviously decrease
trend for the pH values can be observed from west to east
in the study area. During the quickflow season, the highest
pH values with a range from 7.43 to 8.10 were observed
in the northwestern Shanxi. The spatial variation pattern
of groundwater TDS concentration is completely. In the

7.4 7.4

0 &0 km
[I— 8.7

80 km

8.7

Fig.2 Spatial distributions of shallow groundwater pH and TDS in the study area during different seasons. a. Slowflow season TDS; b. Quick-

flow season TDS; c. Slowflow season pH; d. Quickflow season pH
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slowflow season, the spatial variations of the groundwater
TDS are not obvious. On the contrary, pronounced varia-
tions of the groundwater TDS appeared in the quickflow
season, where the highest TDS concentration was observed
on the central region and lower TDS values appeared in the
northern and southern Shanxi Province.

Figure 3 shows the spatial distribution of main ion concentra-
tions during the study period. In the slowflow season, the spatial
variation pattern of average Nat concentration is completely
different from other dissolved cations. The higher Na*t values
were mainly distributed in the Taiyuan Basin, the Yuncheng
Basin, and Lvliang Mountains. Relative lower values were
observed in the northern Shanxi and the Changzhi Basin. The
spatial distribution of K*, Mg?*, and Ca* values were similar
in the slowflow season, where the higher values appeared in the
southern Shanxi. In the quickflow season, the spatial variations
of major cations had remarkable different patterns. Higher Na*
and Mg?* values were mainly distributed in the Taiyuan Basin.
The concentrations of Ca®* and K™ of the southern Shanxi prov-
ince are higher than other regions.

(S: Slowflow season, Q: Quickflow season).

As for the groundwater anions, the significance of spatial
variation during the slowflow season follows descending order:
Cl~>S0,?~>HCO;". In the slowflow season, the higher con-
centration of anionsare mostly concentrated in the southern
part of the study area and the Lvliang Mountains (CI~ values).
In the quickflow season, the spatial variation pattern of anion
concentration is different from the slowflow season. The higher
values of anion concentration (CI~, SO42', and HCO3™) most
concentrated in the middle part. As for major ions, Na* and Mg™*
showed the similar seasonal and spatial distributions with the
CI~ and SO, respectively, which indicates the Na* and Mg*
are associated with the CI~ and SO,*".

In this study, we classified the groundwater samples into
categories according to season in order to better investigate
the seasonal distribution of groundwater major ions. The
higher TDS concentration appeared in the quickflow season
and the lower TDS concentration was observed in the slow-
flow season. The highest concentration of most crustal ions
(Na*, K*, CI7, and NO; ") were observed in the quickflow
season due to the large input of dust accumulated in the sum-
mer monsoon. lon concentrations decreased in the slowflow
season because of the precipitation reduction. The relative
higher concentration in Na* and C1~ mainly due to the salin-
ity input. In the quickflow season a consequence of flushing
of saline soil horizons, reaching the underground aquifer
during summer periods via the infiltration of the aeration
zone. The concentration of some ions (Ca*, HCO;~, and
SO42_) slightly decreased from the slowflow season to the
quickflow season, mostly due to high irrigation rates and
flushing of accumulated silicates (NaCl) developed in soils
and the dissolution of carbonate and sulphate minerals is
inhibited.
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Temporal and spatial variations of groundwater
stable isotope

8”H and 5'30 of groundwater samples ranged from -86.26%o
to -57.02%0 with a mean value of -70.78%o and from
-11.52%0 to -8.39%0 with a mean value of -9.28%o, respec-
tively. For the slowflow season, 8°H values of groundwa-
ter varied from -86.26%o to -57.02%¢ with a mean value of
-69.57%o¢ and from -11.52%o to -9.20%0 with a mean value
of -8.98%o for 8'%0, respectively. For the quickflow season,
the groundwater 5°H ranged from -86.23%o to -58.35%o with
a mean value of -72.00%o and from -11.48%o to -8.39%o
with a mean value of -9.59%. for §'%0, respectively.

The groundwater samples in study area have obviously
spatial variation in stable isotopic composition. As shown
in Fig. 4, the 8°H and 8'%0 values increase gradually from
the middle part to the northern and southern part, where sig-
nificant higher 8°H and 8'30 values appeared in the northern
plateau and Changzhi Basin. Lower values of 8°H and 5'%0
in groundwater appeared in the Taiyuan Basin.

Compare with two sampling seasons, the groundwa-
ter 8°H and 8'%0 in the quickflow season have relatively
lower value than that of the slowflow season. The probabil-
ity reason is that the groundwater in the quickflow season
was affected by the precipitation. In the quickflow season,
the 8”H and 8'®0 enrichment areas (southern part)have
expanded. However, the areas of lower 8*H and §'30 val-
ues appearing in the middle part of study area presented
reduce trend. The relatively significant seasonal variations
of groundwater 8°H and 8'%0 indicate the groundwater has
different composition patterns during the two observation
periods.

Hydrochemical types

Piper ternary diagrams can present the importance of dif-
ferent weathering regimes by providing a way to visualize
the composition and water types of different water (Jiang
et al. 2015). In our study, we projected all the groundwater
samples collected from the Shanxi Province during the study
period in the Piper diagram (Fig. 5).

In the slowflow season, the piper diagram shows that
most samples are carbonate type water, whereas no chlo-
ride-type water samples are identified. In the cation dia-
gram, the samples are mainly located on the lower-left
corner and lower-right corner, and the dominant cations
are Ca’* and Na*. In the anion diagram, two sample data
clusters can be observed. Many water samples locate on
the lower-left corner, and carbonic acid is the dominant
ion. The other sample points locate on the upper-left cor-
ner. SO,*~ (CO;*” +HCO;™=1:1) is on the middle line,
which indicates these samples are dominated by sulfuric
acid. None of the samples are chlorine type. In the slowflow
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Fig.3 Main ion spatial distribu-
tion characteristics of different
seasons in the study area
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Fig.5 Piper diagram of cations and anions in groundwater in Shanxi

season, the groundwater samples mainly belong to the
(HCO;™-Ca**-Na™) type and the (HCO;-SO,*~-Ca®*-Na*)
type, which shows relative HCO;™, S0,%", Ca**, and Na*
enrichments. A few groundwater samples collected from
the Linfen Basin belong to the (SO,2~-Ca*") type. The
(HCO3_—Mg2+) water type can be observed in the ground-
water samples from the Lvliang Mountains (Table 2).

In the slowflow season, the Piper diagram shows that
most samples belong to the carbonate type water, whereas a
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Quickflow season

few water samples collected from the Lvliang Mountains are
the chloride-type. In the cation diagram, majority samples
are located on the lower part, and the dominant cations are
Na™, K*, and Ca®*. There are a large of groundwater sam-
ples distributed at the lower-left corner in the anion diagram
indicating that carbonate acid is the main anion for these
samples (Fig. 5).

In the quickflow season, the groundwater samples also
mainly belong to the (HCO, -Ca®*-Na*) type and the



Earth Science Informatics (2021) 14:2293-2308

2301

Table 2 Geochemical Types of Shallow Groundwater in Shanxi Province

Slowflow season Quickflow season

Slowflow season

Quickflow season

(TDS mg-L™h (TDS mg-L™")

North Plateau 608 698 HCO,™-Ca’* HCO,™-Ca’*
HCO, -Ca’**-Mg**-Na* HCO, -Ca’**-Na*
HCO,~-S0,2-Ca*

Taiyuan Basin 1004 1432 HCO,~-Mg** HCO;*-Na*
HCO,~-S0,*"-Na* HCO,~-S0,*"-Na*
HCO,™-S0,>"-Ca**-Na* HCO,™-S0,>-Ca**-
HCO,~-S0,2"-Ca?*-Mg**-Na* Mg**-Na*

HCO,™-CI™-Na*

Linfen Basin 1298 852 SO, ~-Ca?* HCO,™-Ca’*-Na*
HCO,™-Ca?*-Na* HCO,™-S0,>"-
HCO,™-Mg?*-Na* Ca’*-Na*

Yuncheng Basin 1272 940 HCO;™-Na* HCO; Ca**
HCO,~-S0,*"-Na* HCO,~-S0,*-Ca™
HCO™-SO,*-Mg**-Na*

Lvliang mountains 835 1569 CO,~-Ca?* HCO,™-Ca?*-Na
HCO,~-Mg** HCO,™-Cl~-Na*
HCO,-Ca?*-Na* HCO,~-S0,*"- CI™-Na*
HCO,-S0, 2 Ca?*-Mg**

Changzhi Basin 513 737 HCO,™-Ca** HCO, -Ca**

HCO,™- SO,*~-Ca®*-Na*
HCO,~-S0,*~-Ca*

HCO; -Ca’**-Na*
HCO,~-S0,>~-Ca*

(HCO,;™-SO,*~-Ca’"-Na™) type. Unique groundwater types
are observed in the Taiyuan Basin and the Lvliang Moun-
tains. In the two regions, the groundwater shows the hydro-
chemical evolution from the (HCO,™-Ca**-Na™) type, to the
(HCO,™-SO,*"-Ca’"-Na™) type, to the (HCO; -Cl~-Na™)
type, which depicts a relative Cl enrichment (Table 2).

Factors controlling water geochemistry

The hydrochemical characteristic of groundwater is associated
with the types of recharge sources and their chemical properties
(Pu et al. 2013b; Jiang et al. 2015). Rock dominance, atmos-
pheric precipitation, and evaporation-crystallization processes
are considered to three major end-members which controlled
the chemical processes of groundwater based on the analyses
of numerous water samples with different types to elaborate the
controlling patterns of world water chemistry by Gibbs (1970)
and Yang et al. (2018). The modified Gibbs scheme diagrams
was defined by the variations of ionic Na™/(Na* 4+ Ca®*) and
SO,*/(SO,*+HCO;") ratios as a function of TDS. Ground-
water hydrochemical data in the study area was plotted in the
Gibbs diagram (Fig. 6).

As Fig. 6 shown, most of groundwater samples are located
in the controlling region of rock dominance, and deviated from
the region of atmospheric precipitation, which indicated that
the rock weathering is the main controlling factor for the hydro-
chemical process of groundwater in both seasons.

In the Gibbs diagram (Fig. 6), there are only two ground-
water samples (from the Yuncheng Basin) located in the
transitional band of the rock weathering and the precipitation
dominance, which indicates that the precipitation has a sig-
nificant influence on the groundwater in the southern Shanxi
province. In addition, some groundwater samples from the
Lvliang Mountains and the Linfen Basin are characterized
by high ratios of Na™/(Na* 4+ Ca*") and CI7/(Cl~ +HCO;")
and medium concentration of TDS. These samples are unob-
vious affected by the rock weathering and evaporation crys-
tallization. Human activities such as coal exploitation and
well-developed irrigation agriculture may were the main
reason for this phenomenon.

Discussions
The effect of lithology for the groundwater

According to the results of the Gibbs diagram, the
main controlling factor of hydrochemical character-
istic of groundwater in study area is the rock weath-
ering. Determination of the chemical composition of
groundwater can effectively improve the understand-
ing of tracing the weathering processes of the ground-
water. The source of groundwater ions was applied
to decide by the ratio of Ca?*/Na*, Mg?*/Na™, and
HCO; /Na™ (Gaillardet et al. 1999; Yang et al. 2018).
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In the slowflow season, majority of the groundwa-
ter sample points were mainly derived from the sili-
cate weathering, which had relatively lower ratios of
Ca?*/Na* and Mg*/Na*, Ca®*/Na* and HCO; /Na*t. A
number of samples located on the lower-left corner, so
the evaporation has important effects on the ion con-
tent of groundwater. Few groundwater samples were
influenced by the carbonate weathering. However, in
the quickflow season, the ratios of Ca’>*/Na* and Mg*/
Na*, Ca**/Na* and HCO; /Na* had similar distribution
patterns to the slowflow season. Based on Fig. 7, the
chemical compositions of the groundwater sources in
study area were mainly influenced by the dissolution
of silicates and evaporation.

The influence of human activities
for the groundwater

Pollutants produced by human activities usually spread to
surface water through sewage discharge and then infiltrate

@ Springer
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into groundwater system through surface water-groundwater
interaction (Li et al. 2007a, b; Yang et al. 2018). Residual
fertilizers in the agricultural irrigation and pollution in the
industrial activities are defined as important sources of pol-
lution for groundwater system (Wright et al. 2011; Yang
et al. 2018). In recent years, large-scale cultivation of crops
and sharp decrease of surface water resources in study area
made the agricultural irrigation increasingly relying on
groundwater, which has resulted in serious depletion of
groundwater and nitrate contamination (Xing et al, 2013).
Assessing the sustainability of irrigated systems urgently
need to improve the understanding of the relationship
between groundwater resource and nitrate concentration. In
general, NO;™ and SO,2~ are sensitive ion components for
regional groundwater pollution, which are easily obviously
affected by human activities, can be used to distinguish the
input characteristics of human activities on water quality (Pu
et al. 2013a&b; Han et al. 2014). In agricultural activities,
the NO;™ content increasing usually caused by the appli-
cation of nitrogen fertilizers, whereas the SO,*~ mainly
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Fig.7 Plots of HCO, /Na* versus Ca’**/Na* and Mg>*/Na™ versus Ca?*/Na™ ratios. (a) Slowflow season. (b) Quickflow season

originates from atmospheric deposition and industrial activi-
ties (Han et al. 2014). In this paper, to study the effects of
human activities on the ionic characteristics in groundwater
of the study area, we selected the ratio of NO;~ to SO,*and
of CI” to Na* as indicators for the distinction between rock
weathering and anthropogenic sources to the groundwater
ion sources during study periods (Fig. 8).

The ratio of SO42_ to Na™ in most groundwater samples
was higher than 0.5 (Fig. 8), which indicated that content
of SO,*~ of most groundwater samples were influenced by
human activities during two study periods. This finding was
especially pronounced for the groundwater samples in the
quickflow season, where the ratio reached 1. NO3_/NaJr ratio
was higher than 0.5 for most groundwater samples in the
study area, indicating more anthropogenic inputs to ground-
water. The ratios of NO;~ to Na* for some groundwater
samples collected from the Yuncheng Basin, Linfen Basin,
and Changzhi Basin were greater than 4, which indicated

that NO;™ in the groundwater were influenced by human
activities such as fertilization. In study area, most farmland
distributed in the inner valley with lots of agricultural irri-
gation systems. The higher NO;™ content was observed in
the inner valley such as the Yuncheng Basin, Linfen Basin,
and Changzhi Basin, which may contributed to agriculture
irrigation activities.

The influence of surface water-groundwater
interaction for the groundwater

As important components of the hydrological system, the
interaction between surface water and groundwater appeared
in various topographic and climatic landscapes. It is neces-
sary to understanding the mechanism of interaction between
groundwater and surface water in order to manage water
resources effectively (Sophocleous 2001; Allen et al. 2010;
Klaus and Mcdonnell, 2013; Zhang et al. 2016a, b; Kebede
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Fig. 8 Relationships among some ions in groundwater of Shanxi. Slowflow season a-c; Quickflow season e—f

et al. 2017; Wang et al. 2018). The valley in the central part
of the Shanxi Province is a concentrated region of culti-
vated land, population and cities. The transition exploitation
of groundwater resources in valley basin caused by large-
scale agricultural activities and increasing water demand
of production and living has resulted in the transformation
between surface water and groundwater became complex.
In this study, we selected 17 typical groundwater samples
located in the central basin of Shanxi Province (Taiyuan
basin:TG1-TG7, Linfen basin: LG1-LG4, Yuncheng basin:
YG1-YG6) to analyze the influence of surface water on
groundwater environment.

According to the EMMA method (Fig. 9), the groundwa-
ter samples of the Taiyuan basin, Linfen basin and Yuncheng
basin during the slowflow season were plotted away from the
river water samples and precipitation samples, which indi-
cated the interaction between groundwater and surface water
(river water and precipitation) is not obvious. In quickflow
period, there are some groundwater samples of the Taiyuan
basin was located nearby the groundwater samples of the
slowflow season and surface river water, which indicated
that groundwater samples may be affected by groundwa-
ter samples in slowflow and surface river water. As for the
Linfen basin, most groundwater samples points in quick-
flow season were plotted in the triangle composed of the
average values of tracer TDS and 8'30 of the groundwa-
ter in the slowflow season, river water and precipitation,
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which indicated that significant transformation relationship
between the groundwater in the quickflow season and sur-
face water (precipitation and river water) in the Linfen basin.
Significant spatial and temporal variations in the concentra-
tions of TDS and §'%0 can be observed in different water
samples of the Yuncheng basin. The location of these sam-
ples suggested the interaction relationship between ground-
water and surface water of the Yuncheng basin is complex.
However, there are still some groundwater samples fall into
the triangle that is spanned by three end members (precipi-
tation, groundwater in slowflow period, and river water),
which suggested that the streamflow is also a mixture of
these three end members.

According to the results of three-component method,
there are four sampling points in the Taiyuan basin shown
that the groundwater in the quickflow season has been obvi-
ously influenced by the river water and precipitation, and
three sampling points have not significant interaction rela-
tionship between groundwater and surface water. At TG3
and TGS points, the contribution of surface river water
recharge groundwater is more than 44%, while significant
contribution of precipitation supply to groundwater can be
observed at TG1 and TG7 (Fig. 10). Groundwater of the
slowflow season and river water is mainly recharge sources
for the groundwater in quickflow season. In the Linfen basin,
the transformation between surface water and groundwater
during the quickflow season is obvious. The contribution
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precipitation and surface river water. The larger contribution
rate of surface river water to groundwater are observed at
YG4 (33.6%) and YG6 (46.4%) point, while at YGI point,
the contribution rate of precipitation recharge to groundwa-
ter (33.7%) is larger than that of surface river water (19.6%).
At YG2 and YG3, the surface river water was proved to
receive the groundwater recharge during the quickflow sea-
son. Compare with three study region, river water has larger
contribution to the groundwater of the Taiyuan basin and
precipitation has a larger influence on the groundwater of
the Yuncheng basin.

Conclusions

In this study, groundwater samples were mildly alka-
line. HCO;~ and Na® dominated the total mass of
the anions and cations respectively. During the slow-
flow season, the main ion content of groundwa-
ter samples was in the following descending order:
HCO;™ > S0, >Na"> Ca’* > Cl™ > Mg** > K" (con-
tents are 355.09, 208.29, 114.93, 83.92, 79.19, 47.62,
3.84 mg-L™"). In the quickflow season, the main ion content
of groundwater samples was in the following descending
order: HCO;™ > S0,?” > Na* > CI™ > Ca’* > Mg?* > K*
(contents are 345.23, 161.78, 123.82, 111.00, 77.32, 47.65,
6.42 mg-L7h.

Significant seasonal and spatial variations can be
observed in TDS, 82H, and 5'%0 of groundwater samples.
More pronounced variations of groundwater TDS appeared
in the quickflow season, where the highest TDS concentra-
tion was observed in the central region and lower TDS val-
ues appeared in the northern and southern part of the study
area. The higher TDS concentration appeared in the quick-
flow season and lower TDS concentration was observed in
the slowflow season. The 8°H and 8'80 increased gradu-
ally from the middle part to the northern and southern parts
respectively, where significant higher 8°H and §'%0 values
occurred in the north plateau and Changzhi Basin. Lower
values of 8*H and §'®0 in groundwater appeared in the Tai-
yuan Basin.

The groundwater samples mainly belong to the
(HCO;™-Ca’*-Na*) type and the (HCO,~-SO,*>~-Ca**-Na™)
type. The chemical composition of the groundwater in the
study area is significantly influenced by rock weathering
during the study periods. Some groundwater samples from
the Lvliang Mountains and the Linfen Basin are influenced
by the human activities.

The chemical compositions of the groundwater sources
were mainly affected by the dissolution of silicates and
evaporation. Some groundwater samples collected from the

Yuncheng Basin, Linfen Basin, and Changzhi basin were
affected by human activities such as fertilization. The sig-
nificant influence of surface water-groundwater interaction
for the groundwater can be observed at the valley basin in
the central part. The interaction between surface water and
groundwater in the Linfen basin is especially remarkable
and its contribution rate of surface river water recharge the
groundwater shown a gradually increasing trend from the
northern part to the southern part.
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