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Abstract Karst groundwater is one of the most important

water resources for agriculture and industry in Fenyang

City of Shanxi province, northern China. In the last few

decades, excessive exploitation of groundwater and other

human activities have caused serious environmental prob-

lems in this area. Hence, it is essential to identify the

resources of pollutants that deteriorate the water quality in

the area. A total of 16 water samples were collected to

assess the hydrochemical characteristics from wells and

springs in bare karst area, northern Fenyang and covered

karst region, south of the city. The chemical composition of

groundwater was characterized by a dominance of Ca2?,

Mg2?, HCO3
-, and SO4

2-, which accounted for more than

85 % of the total ion concentrations, indicating that lime-

stone dissolution by weathering controls water chemical

composition. SO4
2- in the groundwater showed high pos-

itive significant correlation with HCO3
- and d13CDIC,

showing that carbonate dissolution by sulfuric acid has

important contribution to groundwater chemical composi-

tion and d13CDIC value. The relationship between d34S and

1/SO4
2- revealed that the sources of SO4

2- are different in

various types of groundwater. In the bare karst area, SO4
2-

in springs mainly came from atmospheric precipitation,

while in the shallow wells it mainly came from human

activities; in the covered karst region, SO4
2- in quaternary

pores water was mainly from anthropogenic inputs, while

in the deep wells it was mainly from gypsum dissolution; in

gypsum mine water, SO4
2? was mainly from gypsum

dissolution. Comparing with the bare karst area, human

activities have significantly changed the chemical compo-

sition of groundwater in the covered karst region. There-

fore, more control policies and measures should be

formulated and applied to protect the covered karst region

in the future.

Keywords Karst water � Carbon isotope � Sulfate
isotope � Sulphuric acid � China

Introduction

Karst groundwater is a major water resource in karst

regions, especially in population growing areas (Wang

et al. 2006; Han et al. 2006). In the last few decades, the

combined effects of extreme climate and intense human

activities have caused groundwater depletion and deterio-

ration in many karst areas throughout the world (Fan et al.

2013), such as France (Gams et al. 1993), the United States

(Beynen et al. 2007), Serbia (Jemcov 2007), Italy (Sauro

1993), Germany (Heinz et al. 2008) and China (Guo et al.

2005). However, karst systems are known for their high

vulnerability to be contaminated by surface water or

wastewater due to their high hydraulic conductivities and

strong surface water–groundwater interaction (Heinz et al.

2008). The karst systems are extremely difficult to recover

once being damaged (Li et al. 2010a, b). In northern China,

nearly 80 % of spring discharge has been declining at a rate

of 1–2 m/year due to climate change and anthropogenic

activities since the 1950s (Guo et al. 2005). Furthermore,

& Yang Qiyong

yangqiyong0739@163.com

1 School of Environmental Studies, China University of

Geosciences, Wuhan 430074, China

2 Institute of Karst Geology, Chinese Academy of Geological

Sciences, Guilin 541004, China

3 Karst Laboratory of Karst Dynamics, Ministry of Land and

Resources/Guangxi Zhuang Autonomous Region,

Guilin 541004, China

123

Environ Earth Sci (2016) 75:51

DOI 10.1007/s12665-015-4869-6

http://crossmark.crossref.org/dialog/?doi=10.1007/s12665-015-4869-6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12665-015-4869-6&amp;domain=pdf


more than 20 % of the water in the main discharge zone

has been deteriorated in karst water system in northern

China, and the water quality was under III class (Liang

et al. 2013).

Dissolved inorganic carbon (DIC) and Sulfate (SO4
2-)

are ubiquitous components of groundwater, derived from

both natural and anthropogenic sources. Moreover, ele-

vated SO4
2- concentrations often characterize contamina-

tion in natural waters (Krouse and Mayer 2000; Spence and

Telmer 2005; Otero et al. 2007). Isotope technology has

been proved to be an effective method for exploring

hydrogeology of groundwater systems in a karst region.

Many studies on application of isotope technology have

been carried out in the Southwest China karst area. Carbon

isotope in DIC and Sulfate-S isotope have been used suc-

cessfully to identify different pollution sources of natural

and anthropogenic aquatic environments (Bottrell et al.

2008; Hosono et al. 2010; Lang et al. 2011). d13CDIC and

stoichiometry analyses have been applied to assessing the

effect of sulfuric acid on carbonate weathering in Xijiang

River (upper Pearl River), Southwest China (Li et al.

2008). The dissolved SO4
2- and its d34S have been utilized

to evaluate the mixing and transport processes of karst

water from different sources in Southwest China (Liu et al.

2008; Zhang et al. 2009; Li et al. 2010a, b; Yang et al.

2010; Lang et al. 2011). The main objectives of this study

are: (a) to assess the groundwater quality with major ion

hydrochemistry; (b) to identify the sulfate sources of karst

water; and, (c) to identify hydrochemical processes by

carbon and sulfur isotopes in bare karst area and covered

karst region in Fenyang City of Shanxi province, northern

China.

Study area

Fenyang City, being bounded by latitude 37�902600 to

37�2900200N and longitude 111�2504000 to 112�0000000E, is
located in southwest Jinzhong basin, south of Luliang

Mountain in Shanxi Province, northern China. It has a

subtropical humid monsoon climate. The average annual

temperature is 11.1 �C (max 39.9 �C; min -27.4 �C), and
the annual precipitation is 444.4 mm (high 718.1 mm; low

260.7 mm), out of which 50–75 % falls in the summer

(June–September).

The study area is divided into northern and southern

karst water system by F3 fault (Fig. 1). The north part is a

bare karst area, with an elevation of 1100–1900 m above

the sea level, in which the strata are primarily carbonate

rocks (limestone and dolomite) of the Cambrian-Ordovi-

cian system. The karst water is mainly supplied by

precipitation and flows southward until it is blocked by

Archaean metamorphic rocks and form the Mapao Spring

(D10) and Xiakuo Spring (D11) (Fig. 1). Meanwhile, there

are epikarst springs developed in local low-lying karst

valleys and shallow wells drilled in structure zones. The

south part is a covered karst region with an elevation of

1100–1300 m, where Cambrian-Ordovician carbonate

rocks are buried by the middle Pleistocene loess. The karst

water is recharged by precipitation and river seepage in

exposed area in northeast. It migrates from northeast to

southwest through artificial discharge by deep well

pumping with 500–800 m depth. There are wells with high

porosity and a depth of 130–180 m in Middle Pleistocene

loess layer. There is a gypsum mine in the southwest of the

Ordovician strata, with a spring 10 m under the gypsum

mine.

Methodology

Samples and pretreatment in the field

In this study, the hydrochemistry, C isotope in DIC, and

Sulfate-S isotopic compositions were analyzed in shallow

wells and karst springs in northern bare karst area, in deep

wells and quaternary pore water wells in southern covered

karst region, and in gypsum mine water. A total of 16

locations were sampled from two Quaternary pore wells,

five karst deep wells, two karst shallow wells, six karst

springs and a gypsum mine on July, 2011 (Fig. 1). The

parameters including water pH (±0.01 pH units), temper-

ature (T ± 0.1), and electrical conductivity (Ec ± 0.5 %)

were measured in situ using the HQ340d muti-parameter

meter by HACH Co. (USA). Alkalinity (counted and

denoted as HCO3
-) was titrated in the field using a

portable testing kit produced by Merck KGaA Co. (Ger-

many). Discharge was measured by YSD5 velocity mea-

surement instrument produced by Shaanxi Xinyuan

technology Company. The precision of the measurements

is approximately 0.01 L/s.

All water samples were filtered through 0.45 lm pore-

size membrane filters on site. Filtered water samples were

stored and airproofed in three new 350 ml polyethylene

(HDPE) bottles. One of them was acidified to a pH of 2.0

with distilled 1:1 HNO3 for cation analyses, the second was

preserved with HgCl2 for C isotopes analyses, and the third

was left untreated for the analyses of anions. For the

preparation for S isotope analysis, an additional aliquot of

5 L of water was collected, and acidified with distilled HCl

to pH of 2.0 to remove HCO3
- and CO3

2-. This sample

was filtered later in the laboratory.
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Analytical methods

Major anions (Cl-, NO3
-, SO4

2-) were tested using ion

chromatography and major cations (K?, Na?, Ca2?, Mg2?)

were analyzed by ICP-OES (Optima.2100DV, Perkin-

Elmer CO., USA) in Inspection and Supervision Centre for

Resources and Environment of Karst Geology, Ministry of

Land and Resources, following US Environment Protection

Agency (EPA) standard methods. The charge balance of

anions and cations was cross-checked and found to show a

difference of\5 %.

For d13C of DIC, CO2 was collected in an off-line

vacuum system according to the method of Atekwana and

Krishnamurthy (1998). The carbon isotope ratios of DIC

were analyzed in Inspection and Supervision Centre for

Resources and Environment of Karst Geology, Ministry of

Land and Resources, using a Finnigan MAT-252 mass

spectrometer and reported using the d notation relative to

Pee Dee belemnite (PDB, %). Routine d13CDIC measure-

ments have a precision of ±0.1 %.

For d34S of SO4
2- analysis, 10 % BaCl2 was added to

the water sample to precipitate dissolved SO4
2- as BaSO4.

The precipitation (BaSO4) was collected on a 0.45 lm
Millipore membrane filter and dried in an oven at 60 �C for

3 h. Sulfate isotope analyses were executed by isotope ratio

mass spectrometry after converting BaSO4 to SO2 via high-

temperature reaction of BaSO4 with V2O5 and SiO2

(Yanagisawa and Sakai 1983). The Sulfate isotope ratios of

SO2 were determined in Isotope Geochemistry Laboratory,

Wuhan Institute of Geology and Mine (CAGS), using a

mass spectrometer (MAT-252) and reported using the d
notation relative to the Vienna Canyon Diablo Troilite (V-

CDT) standard. The precision of the measurements is

approximately ±0.5 %, but typically ±0.2 %.

Results

General characteristics

The chemical compositions and isotopic ratios of ground-

water samples are listed in Table 1. The pH values ranged

from 7.39 to 7.89, with a mean of 7.65, signifying that

alkalinity is imparted primarily due to bicarbonates, which

reflects the dissolution of limestone and dolomite in the

study area (Li et al. 2011). As to measure the total dis-

solved content, the total cation charge (TZ? = K? ? -

Na? ? 2Ca2? ? 2 Mg2?) varied from 4.34 to 9.98 meq/L,

with a mean value of 6.03 meq/L. On the other hand, the

total anion charge (TZ- = HCO3
- ? Cl- ? NO3

- ? 2-

SO4
2-) varied from 4.21 to 9.61 meq/L, with a mean value

of 5.83 meq/L. There are three exceptions, namely the

samples of D02, D07 and D16. Samples D02 and D07 in

the southern covered karst region were polluted by waste

water from human pollution, which have a high cation

and anion charge (Table 1). Sample D16 for gypsum

Fig. 1 Hydrogeology map of Fenyang. 1 Archaean metamorphic

rock, 2 Cambrian carbonate rocks, 3 Ordovician carbonate rocks, 4

Middle Pleistocene loess layer, 5 Quaternary diluvium layer, 6 Fault

and number, 7 Stratigraphic boundary, 8 Spring and number, 9

Shallow well and number, 10 Quaternary pore water well and

number, 11 Spring and number, 12 Gypsum mine water and number
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dissolution recorded the highest SO4
2- concentration

(5.62 mmol/L) among all the samples.

The piper trilinear diagram (Fig. 2) shows that, except

for samples D2 and D3, Ca2? and Mg2? dominated the

cation contents in these waters, which accounted for more

than 71 % of the total cations in most groundwater sam-

ples. D2 and D3 in the southern covered karst region had a

high Na? concentration of 5.61 and 3.16 mmol/L, respec-

tively. Bicarbonate (HCO3
-) was the dominant anion

accounting for more than 60 % of TZ- in all the samples,

ranging from 3.53 to 6.74 mmol/L (Fig. 2). The second

major anion was SO4
2-, which ranged from 0.12 to

5.62 mmol/L. These values are much higher than those of

karst groundwater in Guiling, southwest China, where the

SO4
2- only came from rainwater (Zhang et al. 2012).

Chloride and nitrate concentrations ranged from 0.2 to

1.05 mmol/L (average 0.43 mmol/L) and from 0.07 to

0.90 mmol/L (average 0.21 mmol/L), respectively. Thus,

except for samples D2 and D3, SO4
2- and HCO3

- together

accounted for 78–94 % of the total anions.

Concentrations and carbon isotopes of DIC

When pH values range from 7.39 to 7.89, HCO3
- was the

dominant species of DIC and accounted for approximately

95 % of DIC (Li et al. 2010a, b). Therefore, the value of

DIC was approximately equal to that of HCO3
-. Concen-

trations of DIC were in the range of 3.53–6.74 mmol/L

with a mean of 4.47 mmol/L (Table 1). These values are

much higher than those of the groundwater in southeast

China due to their slow speed of circulation and longer

water–carbonate rock interaction time (Li et al. 2010a, b).

In this study, there was no significant correlation between

DIC and d13CDIC (Fig. 3). The d13C values of DIC ranged

from -12.25 to -7.53 %, with a mean value of -9.94 %
(Table 1), which was similar to the values in other regions.

Cane and Clark (1999) revealed the similar conclusion

when they studied d13CDIC of groundwater in the areas with

different land use. Chen et al. (2011) reported that Cam-

brian and Ordovician limestone and dolomite, which are

present in the study area, have a d13C value of about

?1.0 %, indicating that groundwater gets heavy carbon

isotope from carbonate rock in the process of water cir-

culation. In the study area, values of d13CDIC in the

groundwater of shallow wells and karst springs in northern

bare karst area (-12.25 to -9.06 %) were generally lower

than that of deep wells and quaternary pore water wells in

the southern covered karst region (-9.59 to -7.53 %).

Southern deep wells have a larger circulation depth and

longer water–carbonate rock interaction time, resulting in

more heavy carbon isotope from carbonate rock (Huang

et al. 2012).

Sulfate (SO4
22) and S isotopes

The difference between d34S and SO4
2- content is

remarkable in different types of groundwater in the study

area (Table 1). Figure 4 shows SO4
2- has no significant

correlation with d34S, indicating that the groundwater of

different types have different sulfate source. The values of

d34S and SO4
2- of gypsum mine water are the highest, with

the value of 19.28 % and 5.62 mmol/L, respectively. For

the deep wells and quaternary pore water wells in the

southern covered karst region, the d34S value were in the

range of 8.73–19.35 % and 9.46–11.05 %, respectively,

and the SO4
2- content ranged from 0.20 to 2.35 mmol/L

and from 0.19 to 1.96 mmol/L, respectively. The values of

d34S and SO4
2- in the shallow wells and karst springs in

northern bare karst area are the lowest, with the values of

4.53–6.42 % and 0.12–0.62 mmol/L, respectively.

Fig. 2 Piper trilinear diagram of water samples

Fig. 3 DIC vs. d13CDIC values in different types of groundwater
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Discussion

Carbonate dissolution

The groundwater chemistry of karstic groundwater systems

have been described thoroughly by Li et al. (2005) and

Valdes et al. (2007). They have recognized that the karst

hydrochemistry was controlled by the degree of dissolution

of carbonate rocks with respect to pH conditions, temper-

ature, local pCO2, and other parameters. Saturation index

of calcite (SIcalcite) and pCO2 were computed using the data

of Ca2?, Mg2?, alkalinity, pH and T measured in situ by

the PHREEQC program (Version 2.15; Parkhurst and

Appelo 1999).The covariations of pCO2 and d13CDIC, and

pCO2 and SIcalcite, are shown in Fig. 5, respectively. No

meaningful correlation between d13CDIC and pCO2 indi-

cates that d13CDIC value is controlled not only by pCO2 but

also by complex environmental factors (Clark and Fritz

1997). There is a negative correlation between SIcalcite and

pCO2 (R2 = 0.33, n = 15, P\ 0.001), which means that

the partial pressures of CO2 control carbonate rock disso-

lution in the study area. All the groundwater was super-

saturated due to their slow speed of circulation and longer

water–carbonate rock interaction time (Table 1). In the

study area, the aquifers were dominantly in carbonate rocks

(limestone and dolomite), and therefore, the Ca�Mg–HCO3

type chemistry of all the karst water samples is presumably

the result of carbonate rock dissolution.

Sources of DIC

In natural karst groundwater, the equivalent ratio of

[Ca2??Mg2?]/[HCO3
-] is 1:1 in theory, (Yuan, 1997; Liu

et al. 1997) if H2CO3 is derived only from carbonate dis-

solution by groundwater with soils pCO2 [Eq. (1)]. For

most of the karst groundwater in Fenyang, Ca2??Mg2? are

largely in excess with respect to HCO3
- (Fig. 6a), sug-

gesting that additional acid was needed for carbonate rock

dissolution. In the study area, the karst groundwater sam-

ples are rich in SO4
2-. When [SO4

2-] is added to the

denominator of [Ca2??Mg2?]/[HCO3
-], the samples are

scattered around the 1:1 line (Fig. 6b), suggesting that

SO4
2- obviously controls the electrovalent balance of

anions in these studied water samples. Therefore, sulfuric

acid might play a relatively important role in carbonate

weathering in this study area. So, the main carbon sources

to produce DIC in groundwater can originate from

weathering of carbonate rocks by carbonic [Eq. (1)] and

sulfuric acids [Eq. (2)] (Li et al. 2011):

Cað1�xÞMgxCO3 þ CO2 þ H2O

¼ 1� xð ÞCa2þ þ xMg2þ þ 2HCO�
3 ð1Þ

2Cað1�xÞMgxCO3 þ H2SO4

¼ 2 1� xð ÞCa2þ þ 2xMg2þ þ SO2�
4 þ 2HCO�

3 ð2Þ

When DIC originate from weathering of carbonate rock

by carbonic acid,the main carbon sources of DIC in

groundwater will come from the carbonate rock and soil

CO2, in approximately equal amounts (Li et al. 2010a, b).

The study area is dominated by C3 plants, and d13C value of

soil CO2 is around -26 % (Lu et al. 2012). Assuming

carbonate rocks have a d13C value of about ?1.0 % in the

study area (Chen et al. 2011), the d13CDIC of the ground-

water will approach to about -12.5 % according to Eq. (1).

Fig. 4 SO4
2- vs. d34S values in different types of groundwater

Fig. 5 The covariation of: a lg pCO2 vs. d13CDIC and b lg pCO2 vs. lg SIcalcite in water samples
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However, if DIC comes from carbonate rock weathering by

H2SO4 [Eq. (2)], the DIC will gain heavy d13C value

(?1.0 %) from carbonate rocks. Therefore, the d13CDIC

values of the groundwater can be modified by sulfuric acid.

The d13C values of DIC in the studied groundwater ranged

from -12.25 to -7.53 %, with a mean value of -9.94 %,

which is significantly greater than -12.5 %. Furthermore,

there is a significantly positive correlation between SO4
2-

and HCO3
- contents (R2 = 0.73, n = 15, P\ 0.001), and

SO4
2- and d13CDIC value (R2 = 0.41, n = 15, P\ 0.001)

of groundwater samples (Fig. 7a, b), which demonstrates

that sulfuric acid dissolution of carbonate has important

contribution to groundwater chemical composition and d13-

CDIC value. Several studies have also shown that the sulfuric

acid plays an important role in dissolution of carbonate in

southwestern China (Han and Liu 2004; Xu and Liu 2007;

Zhang et al. 2007; Yoon et al. 2008), Canadian Cordillera

(Spence and Telmer 2005), the Ganges–Brahmaputra Basin

(Galy and France-Lanord 1999) and Mackenzie Basin

(Calmels et al. 2007).

Origin of sulfur

As shown in Fig. 5, no clear positive correlation was found

between d34S and SO4
2- equivalent ratio, implying that the

sources of SO4
2- are more complex. Dissolved SO4

2- in

groundwater can have different origins, mainly from

dissolution of evaporite (gypsum), precipitation (atmo-

spheric S deposition), oxidation of sulfide minerals in coal

strata, and anthropogenic inputs (i.e., fertilizers, sewage,

and mine drainage) (Li et al. 2010a, b).

The northern part of the study area around F3 fault is a

bare karst area with limestone and dolomite of Cambrian

and Ordovician age, while the southern part is a covered

karst region, which is surrounded by F3, F4 and F5 faults,

forming an enclosed karst water system (Fig. 1). There are

no coal-bearing strata in bare karst area nor in covered

karst region, which allows us to disregard sulfate contri-

bution by sulfide oxidation. Several gypsum interbeds were

contained in marl at the bottom of the upper and lower

Ordovician Majiagou and Fengfeng formations (Duan and

Liang 2006), so that the gypsum dissolution can increase

SO4
2- concentration in groundwater. Meanwhile, Shanxi

province is one of major coal-producing provinces in China

(Huai et al. 2011), which is impacted by serious sulfuric

acid rain (Wang et al. 2000). Therefore, atmospheric acid

deposition may also play a significant role in the increasing

sulfate concentration in groundwater. In addition, the study

area is located in the northern suburb of Fenyang City, just

5–10 km away from the town center. It is an important

agricultural and industrial area with a large population.

Therefore, sewage and industrial waste water can infiltrate

through the upper loess layer and have adverse effects on

the groundwater quality.

Fig. 6 The covariation of a [Ca2??Mg2?] vs. [HCO3
-]; b [Ca2??Mg2?] vs.[SO4

2- ? HCO3
-] in water samples

Fig. 7 The covariation of:

a HCO3
- vs. SO4

2- and

b d13CDIC vs. SO4
2- in water

samples
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The SO4
2- values of rainwater were 0.08–0.18 mmol/L

from 2007 to 2011 (Li 2012) in Yuncheng City, which is

100 km away from Fenyang City. However, the differences

of sulfate content and sulfur isotope composition are

obvious among different potential sources (Table 2).

Therefore, the values in Table 2 were used as the three end

members in Fig. 8 to show how different types of

groundwater are actually distributed. Except for samples

D4 and D7, all the deep wells are located within the range

of gypsum dissolution end member. It indicates that the

SO4
2- was mainly from gypsum dissolution with a larger

circulation depth and longer water–carbonate rock inter-

action time. Sample D7 was located within the range of

wastewater end member, indicating that the SO4
2- mainly

came from human contamination. Even though sample D7

is a deep well, it has not been pumped for a long time

before sampled, and after having been pumped for a half-

an-hour, the water color was still yellow. Therefore, the

higher SO4
2- content and low d34S value may come from

mixing with the upper quaternary pore water. Sample D4

was collected from a main water supply well, which has a

pump discharge of 1400 m3 per day, leading to a quick

cycle speed. This well is an important water source and

much attention has been paid to protect its ecological

environment. In this well the SO4
2- influenced by gypsum

dissolution and waste water was limited, and it was mainly

from atmospheric precipitation.

The differences of geochemistry were obvious between

samples D1 and D2 from quaternary pore water wells. The

SO4
2- content and d34S value of sample D1 were close to

the range of atmospheric deposition end member, but

sample D2 was located in waste water end member

(Fig. 8). Sample D1 was near a farming area, with a single

land use pattern and a relatively small population density.

The influence from resident activities was limited, and the

SO4
2- was mainly from atmospheric precipitation. Sample

D2 was near a staff living area of a large brewery factory

and the well water was heavily used. The amount of

industrial and municipal sewage is very large in this area to

the dense population. Furthermore, wastewater can easily

reach the quaternary aquifer system through surface soil,

and would obviously impact the water quality. Meanwhile,

the Na? and Cl- concentrations in sample D2 were also

high, with values of 5.61 and 3.04 mmol/L, respectively,

proving that the chemical components and the SO4
2- were

seriously affected by industrial and municipal wastewater.

The SO4
2- content and d34S value of springs (D10, D11

and D15) were located in the range of atmospheric depo-

sition end member, indicating that the SO4
2- was mainly

from rainwater. The three samples are from big karst

springs with a discharge of more than 24.78 L/s (Table 1),

with a quick water cycle speed and short water–carbonate

rock interaction time, so that the SO4
2- from gypsum

dissolution is limited. Meanwhile, these springs are located

in bare karst area with small population density, so that

residential source of SO4
2- is minimal. Other three karst

springs (D13, D12, D14) were located in the mixed zone of

wastewater and atmospheric precipitation (Fig. 8), imply-

ing that the SO4
2- was derived from these two end mem-

bers. These three karst springs have a small discharge

(Table 1), and are the main water sources for villages, that

have influence on the water chemical composition.

The SO4
2- content and d34S value of the two shallow

well samples (D8, D9) were mainly located in the range of

wastewater end member. The two shallow wells are located

in valley of the northern bare karst area and are used for

drinking and irrigation.

Table 2 Sulfate contents and sulfur isotopic compositions of local potential sources

Type SO4
2- d34S Study area

mmol/L %

Atmospheric deposition 0.08–0.18 4.88–9.34 Yuncheng city, Shanxi Province (Li 2012),

the middle Yellow River (Hong et al. 1994)

contamination 0.5–3.0 0.6–14.5 Shuicheng basin, Guizhou province (Li et al. 2010),

Chongqing (Li et al. 2006)

Gypsum water 0.51–18.37 15.85–25.65 Yangquan, Shanxi Province (Duan and Liang 2006),

Niangziguang Spring Area, Shanxi Province (Li et al. 1998),

Experimental Study (Raab and Spiro 1991)

Fig. 8 1/SO4
2- (L/mmol)vs. d34S values in different types of

groundwater
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Conclusions

The chemical composition of ground waters in Fenyang

City were characterized by a dominance of Ca2?, Mg2?,

HCO3
- and SO4

2-, which accounted for more than 85 %

of the total ion concentrations. The carbonate rocks

(limestone and dolomite) dissolution by weathering control

groundwater chemical composition. The chemical and

isotopic composition of groundwater is derived not only

from carbonate dissolution by carbonic acid but also from

sulfuric acid dissolution.

The low SO4
2- content and d34S value of springs and

shallow wells in north bare karst area were mainly from

atmospheric deposition and human activities. The higher

SO4
2- content and low d34S value of quaternary pore water

in the southern covered karst region mainly came from

anthropogenic inputs, while the higher SO4
2- content and

d34S value of deep wells mainly came from dissolution of

gypsum. The SO4
2? of gypsum mine water was mainly

from gypsum dissolution. The analytical results indicate

that, comparing with the northern bare karst area, human

activities have significantly changed the groundwater

chemical composition in the southern covered karst region.

Therefore, more measures should be taken on the ground-

water protection in the southern covered karst region in the

future.
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