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Abstract Measurements of chemical composition and

environmental isotopes were conducted to investigate the

main geochemical processes controlling the salinization of

shallow groundwater adjacent to an inland salt lake in the

Yuncheng Basin. Hydrogeochemical and isotopic studies

were carried out by collecting thirty shallow groundwater,

two rainfalls, and one salt lake water samples from the

study area. About 80 % of the shallow groundwater sam-

ples had total dissolved solids more than 500 mg/L,

implying significant water-quality deterioration in the

study area. Shallow groundwater showed a clear increased

salinity along regional flow paths toward the center of the

basin where a salt lake is located. Results of environmental

isotopes, ionic ratio, and saturation indices’ calculation

indicated that the major geochemical processes responsible

for groundwater salinization included dissolution of evap-

orites (halite, gypsum, and mirabilite), cation exchange,

and evapotranspiration. Groundwater salinization as a

result of salt lake intrusion from the salt lake was limited to

the northern shore of the lake.

Keywords Groundwater � Salinization � Shallow
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Introduction

Groundwater salinization has become one of the most acute

problems for water resource management worldwide, since

it causes deterioration in water quality and endangers

future exploitation of groundwater resources. Diverse

mechanisms have been proposed for the genesis of

groundwater salinization, such as intrusion of seawater into

aquifer systems (Barker et al. 1998; Barlow and Reichard

2010), dissolution of evaporites (Rouchy and Caruso 2006;

Trabelsi et al. 2007), pollution from oil- and gas-field brine

(McMillion 1965), agricultural activities (Wallender and

Tanji 1996), concentration by evapotranspiration (Ahmed

et al. 2013), saline seepage (Miller 1981), and leakage from

wastewater (Ghabayen et al. 2006). Groundwater salin-

ization is aggravated in arid and semi-arid areas, where

both anthropogenic activities and natural processes such as

water–rock interaction and dissolution of soluble salt in the

unsaturated zone accelerate the deterioration of ground-

water quality (Houghton et al. 1996; Tanji 1990).

The Yuncheng Basin, located in the southwestern part of

Shanxi Province, is a typical semi-arid area in the loess

plateau regions of northern China (Han et al. 2006). High

TDS concentration groundwater occurrence in the shallow

aquifers was reported in numerous studies (Currell et al.

2010; Gao et al. 2007; Yuan 2003). One of the most dis-

tinctive geologic features of the basin is the Yuncheng salt

lake, a unique low-altitude inland salt lake in China.

Intensive groundwater abstraction for industrial, agricul-

tural, and municipal water use for decades has disturbed

the dynamic balance between fresh water and saline water,

leading to the intrusion of saline water from the salt lake

into aquifer systems to degrade basin-scale groundwater

quality. Since 1990s, groundwater salinization has been

observed in this area, especially in the shallow aquifers
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(Chen et al. 1993). However, the processes that control

groundwater salinization in the shallow aquifers, which

supply groundwater to large population, have been sparsely

studied. Our work identifies the possible mechanisms

responsible for shallow groundwater salinization in

Yuncheng Basin using hydrochemical and stable isotopic

(d18O and d2H) data.
The objective of this study is to integrate hydrological,

geochemical, and stable isotope data to reveal the main

geochemical processes controlling groundwater saliniza-

tion in Yuncheng Basin, an arid/semi-arid area. The results

of the study can provide a scientific basis for the planning,

protection, and decision-making of water resource man-

agement in order to prevent the deterioration of water

quality and ensure sustainable exploitation of groundwater.

Geological and hydrogeological settings

The Yuncheng Basin, located between 34�400 and 35�300N
and 110�150 and 111�250E, has an area of 6211 km2. Under

east-Asian monsoon climatic condition—with the rainy

season occurring in July, August, and September and the

dry season in November, December, and January—the

study area’s annual average rainfall is 550 mm/year (Han

et al. 2006), and the pan evaporation is 1240 mm (Yang

and Lu 2005).

Yuncheng Basin is one of the Cenozoic rift basins of the

FenweiGraben in northernChina. TheQuaternary sediments

(Q1–Q4) are composed of loess, lacustrine silt and clay, and

fluvial sand and gravel outcrop in large parts of the basin

(Han et al. 2006; Yuncheng Regional Water Bureau and

Shanxi province Geological Survey 1982). The unconfined

shallow aquifers (Q3 and locally Q4) are generally 6–20 m

thick and distributed in the Sushui River Basin (Figs. 1, 2),

occurring at depths less than 70 m below the land surface.

Lithologically, the aquifer sediments are gravel and med-

ium-coarse sand in the piedmont plain, medium sand in the

alluvial plain, and fine sand in the fluvial depression areas.

Bedrock outcrops are Archean metamorphic rocks to the

south of the area adjacent to the Zhongtiao Mountain, and

composed of hornblendite, amphibolite, and quartzite. And

the sedimentary rocks, mainly Neogene mudstone and

Cambrian-Ordivician limestone, underlie the Quaternary

sediments (Yuncheng Regional Water Bureau and Shanxi

province Geological Survey 1982).

In the basin range, groundwater flows from the margins

toward its center. Groundwater is recharged by meteoric

water and lateral permeating fissure water along the basin

margin, supplemented by leakage of nonperennial river

water and irrigation return flow, while discharge occurs via

evapotranspiration and artificial abstraction.

Sampling and analytic methods

The sampling locations for this study are shown in Fig. 1.

A total of 33 water samples (thirty shallow groundwater,

two rainfalls, and one salt lake water) were collected for

hydrochemical and isotopic analyses. The shallow

groundwater samples were from shallow aquifers (Q3 and

locally Q4 aquifers, Fig. 2) wells with depth of 9–70 m in

August 2014. Two rainfall samples were collected in July

2011 and we assumed that rainfall hasn’t changed its

composition between the sampling years. All the water

samples were analyzed within 2 weeks after sampling.

Hydrochemical data of the rainfalls are presented in

Table 1.

Samples for hydrochemical analysis were filtered

through 0.45 lm membranes at the time of sampling and

collected in three new 350 mL polyethylene bottles that

had been rinsed first with deionized water and then with

the sample. Unstable parameters like temperature (T), pH

and electrical conductivity (EC) were measured in situ

using portable Hanna EC and pH meters calibrated before

use. Alkalinity was measured on the same day using the

Gran titration method. Hydrochemical analyses were

performed at the State Key Laboratory of Biological and

Environmental Geology, China University of Geo-

sciences. The concentrations of Cl-, SO2�
4 and NO�

3 were

determined using ion chromatography (IC) (Dionex 120,

Dionex, Sunnyvale, CA, USA). For cation analysis,

reagent-quality HNO3 was added to one of these poly-

ethylene bottles until pH of samples was less than 2.

Major cations (K?, Na?, Ca2?, and Mg2?) were measured

using inductively coupled plasma-atomic emission spec-

trometry (ICP-AES) (IRIS Intrepid XSP, Thermo Ele-

mental, Madison, WI, USA). The analytic precision for

the measurements of cations and anions was indicated by

the ionic balance error, which was observed to be within

the standard limit of ±5 %.

Samples for stable isotope analysis (d18O and d2H) were
collected in glass bottles. These bottles were air sealed to

avoid fractionation by evaporation, diffusive loss of water

vapor, and isotope exchange with the air. Once 100 mLwas

collected, the samples were stored in a refrigerator at a

temperature of approximately 4 �C till the date of analysis.

The d18O and d2H contents of groundwater samples were

measured using a Finnigan MAT 253 isotope ratio mass

spectrometer at the Institute of Karst Geology, Chinese

Academy of Geological Science. All isotopic ratio results

were reported using the d-notation as per mill (%) relative

to VSMOW for 2H and 18O standard (IAEA 1993). Sam-

ples were measured at least in duplicate, and the precision

of the analytic measures were ±0.1 % for d18O and ±1 %
for d2H.

370 Page 2 of 14 Environ Earth Sci (2016) 75:370

123



Results and discussion

Rainfall chemistry

Rainfall is the major source of groundwater recharge in

Yuncheng Basin; as a consequence, its quality can have an

impact on groundwater chemical composition. Rainfall

samples had pH values of 6.24 and 7.08 with total dis-

solved solids (TDS) of 0.18 and 0.25 g/L, respectively

(Table 1). The two samples typically belonged to Na-

HCO3 water. An average rainfall composition was calcu-

lated based on the data in Table 1, which was used as a

broad indication of the chemistry of rainfall/recharge

Fig. 1 Sampling locations of samples from the Yuncheng Basin, Shanxi Province, China (adapted from Li et al. 2015)

Fig. 2 Schematic cross section A–A0 of the shallow aquifers in the

basin (the position of cross section is shown in Fig. 1 as A–A0;
Adapted from Huang et al., 2007)
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throughout this study. The assumption was that the rainfall

chemistry was not affected by the period during which

groundwater in the basin was recharged.

Groundwater chemistry

The summary of physicochemical parameters, and hydro-

chemical and stable isotopic compositions of the ground-

water samples from Yuncheng Basin is presented in

Table 2. Dataset of salt lake water is presented, as one of

the possible recharge sources of the shallow aquifers.

Chemistry of the groundwater samples showed wide

variations in the concentration ranges. In general, the

groundwater samples exhibited pH values within 7.11 and

9.16 (neutral to slightly alkaline). Groundwater tempera-

tures ranged between 15.9 and 23.4 �C influenced by the

atmospheric temperature. Sodium was the most abundant

cation, with concentrations ranging from 8.3 to 1841 mg/L,

followed by Ca2? from 4.0 to 124.2 mg/L, Mg2? from 4.8

to 349.9 mg/L, and K? from 0.1 to 14.1 mg/L. Moreover,

very wide ranges were recognized for anions. The Cl-

concentration fluctuated from 19.8 to 1686 mg/L, and

SO2�
4 from 18.5 to 2812 mg/L. Alkalinity, expressed as

HCO�
3 , was in the range of 148.3–1094 mg/L. Such wide

ranges of solute concentrations indicated the effects of a

couple of geochemical processes on the water quality.

Nitrate concentration was abnormally high (up to

108.3 mg/L) in some groundwater wells, which can be

attributed to anthropogenic sources such as agricultural

activity, animal wastes, fertilizers, and/or effluents (Heaton

1986). This reflected a considerable risk of aquifer pollu-

tion due to nitrate leaching and salinization attributed to

human/agriculture activity. The salt lake water exhibited a

slightly alkaline pH value (7.95) and an intolerable TDS

value (35,150 mg/L). Also, the highest ion concentrations

were recorded in this sample.

Kriging was chosen for interpolation by means of

SURFER software. From the contour maps of major ions,

it can be observed that horizontally Na?, Ca2?, Mg2?,

Cl-, SO2�
4 , HCO�

3 , pH, and TDS all showed a clear

increase along the flow path toward the center of the basin

(Fig. 3). This variation agreed well with the general pat-

tern of mineralization evolution of groundwater along the

flow path as a result of water–rock interaction. Another

interesting finding was that elevated concentrations of

ions were also observed near Linyi County. There were

two reasons responsible for this. First, in the area near

Linyi, the groundwater flow rate was lower. Longer res-

idence time affords more time for the interaction between

groundwater and aquifer minerals. This led to increased

Table 1 Major ion concentrations in rainfall and salt lake samples collected from Yuncheng Basin

Sample ID Concentrations (mg/L) (V-SMOW) %

K Na Ca Mg Cl SO4 NO3 HCO3 TDS pH d18O d2H

R01 0.4 10.3 3.2 0.4 4.1 5.3 1.2 27 250 6.24 -10.97 -73.8

R02 0.1 7.19 2.6 0.6 3.3 11.5 2.0 17.9 180 7.08 -10.89 -72.7

Average 0.3 8.76 2.9 0.5 3.6 8.4 1.6 22.4 215 6.66 -10.93 -73.3

Salt lake 1014 3760 936 4230 13,008 12,056 20.7 851 35,450 7.95 -5.22 -48

Table 2 Hydrochemical and

isotopic parameters of

groundwater samples from the

Yuncheng Basin

Parameter Min Max Median Parameter Min Max Median

T (�C) 15.9 23.4 17.9 NO3 (mg/L) 3.1 108 14

pH 7.1 9.2 7.9 HCO3 (mg/L) 148 1094 554

Depth 9 70 30 Br (lg/L) 52.2 5250 379

TDS (g/L) 0.28 7.10 1.04 d18O (%) -10.4 -6.4 -8.3

K (mg/L) 0.1 14.1 1.8 d2H (%) -76.9 -53 -62.7

Na (mg/L) 8.3 1841 284 SIhalite -7.7 -3.5 -3.5

Ca (mg/L) 4.0 124 33.6 SIgypsum -3.4 -0.3 -1.7

Mg (mg/L) 4.8 350 45.8 SIcalcite -0.2 0.8 0.2

Cl (mg/L) 19.8 1686 153 SIdolomite 0.2 2.2 1.2

SO4 (mg/L) 18.5 2812 295

cFig. 3 The contour maps of major ions, pH, and TDS values of

groundwater samples in Yuncheng Basin. a Na?, b Ca2?, c Mg2?, d

Cl-, e SO2�
4 , f HCO�

3 , g pH, h TDS (all property values are in mg/L,

except for pH, no unit; the arrows represent groundwater horizontal

flow direction)
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concentrations of most ions in groundwater. In addition,

ion exchange was another factor leading to the elevated

ions’ concentration in the groundwater near Linyi. Over

50 % of groundwater samples collected fell under

brackish or saline water category according to the clas-

sification of Freeze and Cherry (1979) with TDS values

ranging from 280 to 17,450 mg/L. Groundwater with low

TDS values was typical HCO3 type water, while high-

TDS groundwater normally belonged to SO4–Cl and

HCO3–SO4–Cl types (Fig. 4). The comparison of the

hydrochemical data with the United States Environmental

Protection Agency (USEPA) drinking-water standards

showed that about 80 % (n = 24) of the groundwater

samples exceeded the guidance values for TDS (500 mg/

L), 37 % (n = 11) for chloride (250 mg/L), and 6 %

(n = 2) for nitrate (44.3 mg/L), reflecting the significant

water-quality deterioration in the study area.

Environmental isotopes

The isotopic variations of oxygen and hydrogen have been

widely applied to assess the genesis and evolution of

groundwater, to understand the mixing and evaporation

effects, and to provide clues about the salinity sources that

affect the quality of groundwater.

Stable isotopic composition of the analyzed groundwa-

ter samples ranged from -9.4 to -7.38 % for 18O and

from -70.6 to -59.3 % for 2H, respectively. The standard

diagram of d18O/d2H (Fig. 5) shows the position of all

samples relative to the global meteoric water line (GMWL:

d2H = 8d18O ? 10; Craig 1961) and local meteoric water

line (LMWL: d2H = 7.1d18O ? 4.8; International Atomic

Energy Agency/World Meteorological Organization 2007).

The mean values of d18O and d2H for rainfall samples as

well as salt lake water were also presented as potential

recharge sources. The rainfall sample fell on the GMWL

and LMWL lines and was isotopically depleted. The salt

lake sample was distinctly enriched in its stable isotopic

compositions by -5.22 % for 18O and -48 % for 2H. On

the d18O vs. d2H plot, all groundwater samples fell close to

the GMWL and LMWL line, indicating a precipitation

origin of groundwater in this area. This diagram showed

that all groundwater samples were located right to the

MWL. Gibson et al. (1993) revealed that groundwater that

had undergone evaporation displayed systematic enrich-

ment of 18O and 2H, which resulted in the divergence from

the GMWL along the evaporation lines that had slopes of

less than 8. As a consequence, deviation from the slope of

eight in shallow groundwater in Yuncheng Basin was the

characteristic of water subject to evaporation through a dry

surface layer due to non-equilibrium isotope fractionation

under the low moisture condition. It was also noticed that a

few groundwater samples lay more or less on the straight

line connecting the isotopic compositions of rainfall and

salt lake end-members, as shown in Fig. 5. This can be

regarded as a sign of the possibility of salt lake intrusion

which was previously reported by others (Gao et al. 2007;

Khair et al. 2014; Li et al. 2015).

Chemical components in groundwater

Correlation between individual chemical components

and salinization (TDS)

Mixing and chemical reactions, such as ion-exchange,

dissolution–precipitation, evapotranspiration processes,

Fig. 4 Piper diagram showing the hydrochemical facies of the

shallow groundwater in the Yuncheng Basin. Legend: star ground-

water samples with TDS \1000 mg/L, circle groundwater samples

with TDS[1000 mg/L

Fig. 5 d18O vs. d2H plot of the groundwater samples from the

Yuncheng Basin compared with the GMWL and LMWL
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and salt lake intrusion are potential processes controlling

groundwater chemistry at Yuncheng Basin (Li et al. 2015).

To obtain source information about the chemical compo-

sition of groundwater in the Yuncheng Basin, composition

diagrams were applied in this study. These diagrams show

major ions’ (Na?, Mg2?, Cl-, SO2�
4 , Ca2?, and HCO�

3 )

concentrations against TDS value. There was a well-de-

fined linear correlation between Na?, Mg2?, Cl-, and

SO2�
4 with TDS, as shown in Fig. 6, indicating the positive

contribution of these components to groundwater salinity.

Na?, Cl-, and SO2�
4 were found in larger amounts in the

subsurface sediments as evaporites such as halite (NaCl),

mirabilite (Na2SO4�10H2O), and gypsum (CaSO4�2H2O) at

Yuncheng (Han et al. 2006). The observed well-defined

correlation between TDS and Na? (R2 = 0.957, p = 0.01),

Cl- (R2 = 0.898, p = 0.01), and SO2�
4 (R2 = 0.969,

Fig. 6 Scatter maps between major ion concentrations (hydrochemical parameter) and TDS in groundwater: a Na?, b Mg2?, c Cl-, d SO2�
4 , e

Ca2?, f HCO�
3
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p = 0.01) and the abnormally high contents of these major

elements in shallow groundwater suggested that the

leaching dissolution of evaporites was one of the main

factors that affected the groundwater chemistry. The low

observed correlation between TDS and Ca2? (R2 = 0.133,

p = 0.01; Fig. 6e) could be related to cation-exchange

processes between Na? and Ca2? and/or carbonate pre-

cipitation (Guo and Wang 2005). An insignificant corre-

lation between HCO�
3 and TDS concentrations (Fig. 6f)

was observed. The major source of HCO�
3 was mineral

weathering dissolution in natural groundwater at Yunch-

eng. The low correlation between HCO�
3 and TDS con-

centrations indicated that bicarbonate in shallow

groundwater was seriously modified by other geochemical

processes, e.g., calcite and dolomite precipitation forma-

tion (Wang et al. 2009).

Sources of major ions in groundwater

Sources of sodium, chloride, and sulfate The stoichio-

metric relations among dissolved species are introduced for

the further determination of sources of major ions in the

shallow groundwater (Fig. 7). The Na–Cl relationship had

often been used to understand the mechanisms of ground-

water acquiring salinity in semi-arid/arid regions (Sami

1992). Sodium displayed positive correlation with chloride

with R2 = 0.792 (Fig. 7a). Groundwater samples with low

Na? and Cl- concentration were placed along the halite

dissolution line characterized by a slope of 1.0, illustrating

the dissolution source of Na? and Cl- from halite in the

fresh water. However, block of groundwater samples were

positioned above the halite dissolution line which can’t be

simply interpreted by halite dissolution (Appelo and

Postma 1993). The enrichment of Na? relative to Cl- gave

clues regarding the contribution of other processes such as

cation exchange or the dissolution of other sodium salts to

the groundwater mineralization.

Another possible source of Na? in groundwater was

sodium obtained via cation exchange. A phenomenological

evidence for cation exchange was provided by bivariate

diagram of (Ca2? ? Mg2?) – (HCO�
3 þ SO2�

4 ) as a

function of (Na? – Cl-) (unit in meq/L) (Fig. 7b). The

(Na? - Cl-) represented the amount of Na? gained or lost

relative to that provided by calcite, dolomite, and gypsum

dissolution, whereas (Ca2? ? Mg2?) - (HCO�
3 þ SO2�

4 )

provided the sum of the cations of Ca and Mg from sources

other than their respective carbonates and sulfates. If cation

exchange was an important factor controlling groundwater

chemistry, the samples would fall around a 1:1 straight line

on the plot. In the absence of these reactions in significant

quantities to influence the hydrochemistry, all points

should be close to the origin (Jalali 2007). Figure 7b shows

all groundwater samples that were plotted around a straight

line with the slope of -1.002 and R2 = 0.99, which stood

for cation exchange as a major process controlling the

chemistry of shallow groundwater at Yuncheng Basin. It

was also noticed that most samples exhibited an increase in

Na? with a decrease in (Ca2? ? Mg2?) or an increase in

(HCO�
3 þ SO2�

4 ) concentration. This implied that the

cation-exchange sites preferentially adsorbed Ca2? and

Mg2? and released Na? to the aqueous phase.

Dissolution of evaporites is another source of Na? and

also Cl-, SO2�
4 in shallow groundwater. In the central basin

area, groundwater flows slower, and thus greater evapo-

transpiration rates can be expected in the unsaturated zone

(Carol et al. 2009; Li et al. 2015). Strong evapotranspiration

has led to the accumulation of evaporites, such as mirabilite,

gypsum, and halite in sediment in this semi-arid area. The

Quaternary sediments at Yuncheng Basin are composed of

aeolian loess, lacustrine clays, fluvial sands, and gravels,

mixed with mirabilite and gypsum (Han et al. 2006; Wang

et al. 2013). These groups are susceptible for weathering

dissolution. The vertical recharge by irrigation returns and

salt-flushing water can bring more sodium, sulfate, and

chloride into the shallow groundwater via dissolving evap-

orites. On the bivariate plots, TDS showed a high positive

correlation with Na?, SO2�
4 , and Cl-, and a moderate cor-

relation with Ca2? (Fig. 6), which proposed the potential

contribution of widely distributed evaporites in sediments to

groundwater chemistry. A graph of SO2�
4 vs. Na?–Cl-

concentration (mmol/L) may denote the contribution of

evaporites dissolution to groundwater sodium and sulfate

(Fig. 8). According to the variation of Na?–Cl- concentra-

tion, the groundwater chemistry evolution was divided into

two stages, along the increase of sulfate content. In the first

stage, increasing sulfate content in groundwater was

accompanied by a gradual elevation of Na?–Cl- content.

This elevated Na?–Cl- content could be explained by cation

exchange which we mentioned before. Along the flow path,

cation exchange occurred between groundwater and the

aquifer sediments where: Ca2? and Mg2? were adsorbed

onto and Na? was desorbed from the clay matrix. In the

second stage, a rapid increase of Na?–Cl- concentration

was observed which was entirely different from the first

stage where cation exchange acted as a major factor on

groundwater sodium. Dissolution of sulfate evaporites was

supposed to be the major source of sodium and sulfate in this

stage. According to the reports from others and our group

(Currell et al. 2010; Han et al. 2006; Gao et al. 2007; Wang

et al. 2013; Li et al. 2015), main sources of sodium in

groundwater included weathering of silicate rocks, cation

exchange, and sodium salt dissolution (mainly halite and

mirabilite) in this area. A mass of sodium input in this stage

could only be attributed to the dissolution of sodium sulfate.
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Most of groundwater samples lying on or close to the mir-

abilite dissolution line suggested the major contribution at

this stage. Some groundwater samples lay over the disso-

lution line reflecting the action of cation exchange at this

stage. Samples stayed on the right of the mirabilite disso-

lution line suggesting an additional source of sulfate which

was moderately conducted as gypsum, the only possible

remaining source of sulfate in the area.

Sources of calcium and magnesium Understanding cal-

cium content variation is important for us to identify some

specific processes involved in the groundwater chemistry.

From Fig. 7c, it can be seen that most groundwater samples

had Ca2?/SO2�
4 ratio less than 1.0. The excess of SO2�

4

with respect to Ca2? reflected that, in addition to gypsum

dissolution, there should be extra sources of SO2�
4 and/or a

deficit of Ca2?. Cation exchange tended to remove some

Fig. 7 Relationships between major ions for groundwater samples
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calcium from water into clay mineral matrix. Besides,

precipitations of calcite and dolomite may be another

causative factor responsible for the removal of Ca2? from

the aqueous phase. The saturation indices of groundwater

samples were calculated and are listed in Table 2.

Groundwater samples collected from the recharge areas

(No. S02, S12, S16, S18, S20, S23, and S27) normally had

a negative SIcalcite value demonstrating their potential

ability in calcite dissolution. On the contrary, groundwater

samples from the flow-through areas and discharge areas

displayed the precipitation tendencies of calcite and dolo-

mite with the high positive SIcalcite and SIdolomite values.

A (Ca2? ? Mg2?)/HCO�
3 ratio can give additional

information for the sources of Ca2? and Mg2? in ground-

water. If Ca2? and Mg2? in groundwater only originate

from the dissolution of carbonates in the aquifer materials

and from the weathering of accessory pyroxene or

amphibole minerals, this ratio would be about 0.5 (Sami

1992). As shown in Fig. 7d, parts of the groundwater

samples fell around the line with (Ca2? ? Mg2?)/HCO�
3

ratio being equal to 0.5, while a block of data points fell

above the 1:2 and 1:1 trend line reflecting the extra sources

for recharge of Ca2? and Mg2? in groundwater. Based on

the field and indoor mineralogical investigations by others

and our group (Han et al. 2006; Li et al. 2015; Wang et al.

2013), gypsum was considered as one of the most reliable

mineral sources for this additional Ca2? input. To evaluate

the contribution of gypsum and carbonate minerals’ dis-

solution to groundwater calcium chemistry, correlation

between (Ca2? ? Mg2?) with respect to (HCO�
3 þ SO2�

4 )

is presented in Fig. 7e. In this figure, data points falling

along and below the 1:1 equilibrium line suggested that

these ions had either resulted from or been dominantly

affected by weathering dissolution of calcite, dolomite, and

gypsum (Datta and Tyagi 1996). Those that fell above the

1:1 line reflected the requirement of cations from reverse

cation exchange and/or weathering of silicate rocks. As

seen in Fig. 7e, all the groundwater samples fall around

and below the 1:1 line, indicating the contributions from

carbonate and gypsum dissolution. Besides, most of the

points showed a deficiency of (Ca2? ? Mg2?) relative to

(HCO�
3 þ SO2�

4 ). Therefore, the excess negative charges

of SO2�
4 and HCO�

3 must be balanced by Na?, the only

other major cation.

Influence of salt lake intrusion on groundwater chem-

istry A graph of bicarbonate and chloride (Fig. 7f)

shows a way to distinguish the influence of salt lake

intrusion on shallow groundwater chemistry. Groundwa-

ter samples were separated into two groups: (1) moderate-

to-high Cl- content and moderate HCO�
3 content; and (2)

low Cl- content and varied HCO�
3 content. The signifi-

cant elevation of Cl- content in group 1, led us to believe

that groundwater there was suffering from salt lake water

intrusion, since the salt lake water was characterized as

high Cl- (13,008 mg/L), SO2�
4 (12,056 mg/L) and Na?

(3760 mg/L) content. The moderate bicarbonate contents

embodied the combined action of minerals’ dissolution

and precipitation on chemistry in the above groundwater.

During the evolution of groundwater from recharge areas

to discharge areas, it obtained bicarbonate from carbon-

ates and silicate minerals’ dissolution. However, mixing

with salt lake water tended to remove bicarbonate from

groundwater via carbonates’ precipitation. It could be

explained by the theory of common ion effect. Fast

loading of Ca2? and Mg2? from salt lake water may result

in the oversaturations of carbonate and dolomite. Thus,

the concentration of groundwater bicarbonate would be

reduced via the precipitation of these minerals. Ground-

water from group 2 had varied bicarbonate contents and

Fig. 8 Bivariate diagram of

Naþexchange as a function of SO2�
4

(unit in mmol/L). In the group A

(water samples from the flow-

through area), the Naþexchange
value represents the sodium

obtained from cation exchange;

in the group B (groundwater

samples from discharge area

with bulk evaporites

dissolution), the value

represents the sodium obtained

by cation exchange and

evaporites (mainly mirabilite)

dissolution
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low-to-medium Cl- concentrations. It could be the result

of water–rock interaction along the groundwater flow

paths.

Salinization processes

Quantifying salt lake intrusion

To quantify the mixing ratios of salt lake water and fresh

water in the investigated system, we considered the chlo-

ride balance. It was assumed that Cl- was a conservative

tracer (Tellam 1995) and that the balance has not been

affected by halite dissolution. The following mass balance

equation was used (Appelo and Postma 2005):

F ¼
½Cl�sample� � ½Cl�fresh�
½Cl�sl � � ½Cl�fresh�

� 100 ð1Þ

where F is the percentage of salt lake contribution to

groundwater chemistry; Cl�sample is the chloride concentra-

tion in possible affected groundwater; Cl�fresh is the chloride

concentration in the upstream non-affected groundwater;

and Cl�sl is the chloride concentration of salt lake.

The calculated values of salt lake contribution varied

from 0.07 to 4.27 % (Table 3). This suggested that the

effect of salt lake on groundwater salinization was not

widely distributed in the area. The highest values were

found in the northern shore groundwater, indicating that the

northern part close to the salt lake was the area most

seriously affected by salt lake intrusion.

Water–rock interaction

Salt lake intrusion is not the only process that determines

the salinization of waters. Indeed, water-weathering rock

interaction has been found to be another main factor

controlling groundwater salinization. In this case study,

effects of water–rock interactions on groundwater salin-

ization were investigated by calculating minerals saturation

indices for groundwater samples (Table 2) using

PHREEQC (Parkhurst and Appelo 1999). Using the satu-

ration index (SI) approach, it is possible to predict the

subsurface mineralogy from groundwater data without

collecting the samples of the solid phase and analyzing the

mineralogy (Deutsch 1997). If the groundwater is saturated

with respect to a mineral (SI[ 0), it is of potential to

precipitate this mineral phase out of solution. Although if it

is under-saturated (SI\ 0), it will continue to dissolve.

Figure 9 shows the variation trends of the minerals satu-

ration indices with groundwater TDS. The results showed

that groundwater was unsaturated or slightly saturated with

respect to calcite and dolomite and, unsaturated with

respect to halite and gypsum in the low TDS areas. The

saturation indices of calcite, dolomite, halite, and gypsum

increased in steps as the TDS increased, illustrating the

major involvement of dissolution of carbonates and salt

minerals. Along the groundwater flow direction, the pres-

ence of cation exchange would remove Ca2? and Mg2?

from the groundwater. In this case, the increased SI values

of calcite and dolomite represented the dissolution of other

calcium- and/or magnesium-bearing minerals, e.g., gyp-

sum. This is due to the fact that the dissolution of gypsum

could lead to the increase of Ca2? concentration in

groundwater. Elevated Ca2? concentration would further

enhance the oversaturation status of calcite, and promote

its precipitation. Elevation of Ca2? concentration in

groundwater would also intensify the oversaturation status

of dolomite. However, dolomite was hard to be removed

from groundwater via precipitation, compared with calcite.

As a result, high content of Mg2? remained in groundwater

during salinization. Magnesium-bearing minerals were not

Table 3 Groundwater

chemistry and calculated

percentage of salt lake

contribution

Water samples K? Na? Ca2? Mg2? Cl- SO2�
4

HCO�
3 F (%)

North shore upstream fresh groundwater

S29 0.1 353.7 8.6 23.5 93.1 194.5 654.7 –

North shore groundwater

S17 1.7 1530 22.4 73.0 529.2 2213 750.5 3.38

S28 1.8 916.8 52.9 131.7 644.5 1159 609.9 4.27

S30 0.4 562 32.1 105.6 330.6 419.7 984.1 1.84

South shore upstream fresh water

S27 3.4 25.8 56.1 9.0 27.6 41.0 213.1 –

South shore groundwater

S18 4.4 54.6 59.5 72.5 73.3 104.1 422.5 0.35

S23 3.8 21.6 121.8 20.4 37.2 78.0 363.0 0.07

Salt lake water 1014 3760 936.0 4230 13,008 12,056 851.0 –

All the ions are measured in mg/L
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found in Quaternary sediments in the area. Their contri-

bution to groundwater salinization was not taken into

consideration. Dissolution of halite occurred throughout

the whole process of groundwater chemistry evolution.

Based on the minor amount of anthropogenic chloride

input, halite dissolution was considered as the only major

source of Cl- in groundwater. Dissolution of other salt

minerals, e.g., mirabilite, also made a significant contri-

bution to groundwater salinization.

Cation exchange

Cation-exchange reactions are also important for ground-

water salinization (Appelo and Greinaert 1991; Cruz and

Silva 2000). Ion exchange reactions often occur when a

certain amount of clay type sediment is placed in contact

with a solution that contains an excess of a given cation. In

this case study, ion exchange happened during groundwater

flowing from recharge area to discharge area, and saline

water mixing with fresh groundwater. It was of significance

to quantify the contribution of cation exchange to

groundwater salinization. The contribution of cation

exchange to groundwater salinization was evaluated using

the sodium concentration variation in the groundwater. The

sodium concentration elevation due to cation exchange in

the flow-through area can be expressed as

Naexchange ¼ Natotal � Nainitial � Nadissolved ð2Þ

where Naexchange is the sodium obtained from cation

exchange; Natotalis the total sodium in groundwater;

and Nainitial is the initial sodium concentration (average

sodium concentration in upstream groundwater, ca.

1.0–2.0 mmol/L in this case study, data not shown);

Nadissolved is the mineral dissolution sodium obtained

along the flow path (we assumed that it was mainly from

halite; the contribution of other minerals was ignored due

to the short distance and contact time), and it was repre-

sented by Cl- concentration in groundwater. Therefore,

the Naexchange value could represent the sodium obtained

from cation exchange in the flow-through area (Fig. 8,

group A) where the contribution of mirabilite to ground-

water chemistry was insignificant. however, in the group

B (groundwater from discharge area with bulk evaporites

dissolution), the value Naexchange represented the sodium

obtained by both cation exchange and evaporites (mainly

mirabilite) dissolution.

Fig. 9 Scatter maps of TDS and four major minerals saturation index in groundwater (a calcite, b dolomite, c halite, and d gypsum)
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Figure 8 also shows an increase in Naexchange concen-

tration in the flow-through area (group A), along with the

increase of sulfate from the recharge area to the flow-

through area. This value was calculated using the Eq. (2).

Therefore, it can be an estimation of sodium obtained from

cation exchange in the recharge and flow-through area. The

contribution of cation exchange to groundwater saliniza-

tion (in Na? concentration) was estimated to be

1.23–15.20 mmol/L in this stage. Also, many groundwater

samples dropped close to the mirabilite dissolution line

(Fig. 8, group B), which further confirmed the contribution

of mirabilite dissolution to groundwater salinization in the

area. Moreover, the contribution of mirabilite dissolution

was estimated up to 50.2 mmol/L Na? to groundwater

chemistry (Fig. 8, data not shown).

Evapotranspiration

Salts could be concentrated in the subsurface shallow

groundwater due to the pan evaporation rates that exceed

precipitation by one order of magnitude, especially in the

arid/semi-arid basin (Geraghty and Miller 1973). The

Yuncheng Basin is a typical semi-arid area with the pan

evaporation far exceeding the annual precipitation. Under

such conditions, evapotranspiration (either during recharge

or from shallow water tables) enriches ion concentrations

in shallow groundwater. This effect of evapotranspiration

is more intensified when it comes to the center of the basin

where groundwater moves slowly in the fine sand, silt, and

clay. Evapotranspiration from groundwater table could be

evidenced from the deviations in isotope compositions of

groundwater (Fig. 5).

Conclusions

Integrated analysis of hydrochemical and environmental

isotopic data provide important clues for understanding the

main processes controlling shallow groundwater saliniza-

tion at Yuncheng.

1. Salt lake intrusion has affected the water quality of

wells located near the salt lake. The calculated

percentage of salt lake intrusion in the groundwater

samples indicates that the effect of salt lake is more

pronounced in the northern part close to the salt lake

where the percentage reaches up to 4.27 %.

2. Water–rock interaction including dissolution of halite,

gypsum, and mirabilite, and evapotranspiration have

an impact on groundwater salinization, as indicated by

hydrochemistry and stable isotopic composition data

and saturation indices.

3. Cation-exchange reactions result in enrichment in Na?

content and depletion in Ca2? and Mg2? concentra-

tions in groundwater at the recharge and flow-through

area. The contribution of cation exchange to ground-

water salinization (in Na? concentration) is estimated

to be 1.23–15.20 mmol/L in these areas.
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