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Abstract Investigations have been undertaken to deter-

mine the interactions between the main aquifers in a coal

mining area near the Taihang Mountains in China to

determine the sources of water. Environmental isotopes

(18O, 2H, 3H, 34S) and water chemistry ions (Ca2?, Mg2?,

Na?, K?, HCO3
-, SO4

2-, Cl-) were used as tracers. Fur-

thermore, batch sampling and testing were conducted on

mountain spring water and karst water in the aquifers of the

Taiyuan Group, Fengfeng Group, and Majiagou Group on

the seatearth of the coal mining area, via field observations

and laboratory experimental analysis. The d18O and d2H
values of the mountain spring water and karst water in the

coal mining area showed a common distribution with the

local meteoric water line EL1 of karst water in the Maji-

agou Group but significantly deviated from the surface

water evaporation line (EL2) in the coal mining area, when

combined with the distribution of karst water level values.

Thus, karst water in the coal mining area is mainly supplied

by groundwater from mountainous areas. Furthermore, the

concentration of sulfate ions increased dramatically in the

groundwater flow of karst water from mountain spring

water to karst water in the Fengfeng Group and Majiagou

Group of the coal mining area. When equivalent concen-

trations of (Ca2? ? Mg2?)/HCO3
- and SO4

2-/HCO3
-

reached their peak, the chemical type of groundwater

gradually evolved from Ca–Mg–HCO3 to Ca–Mg–SO4–

HCO3. In addition, significant positive correlation was

found between the d34S and SO4
2- values of the water

samples, indicating that gypsum is involved in groundwater

lixiviation. In contrast, the relationships of Ca/Na versus

Mg/Na, (Na ? HCO3) versus total dissolved solids (TDS),

and Na? versus Cl- revealed that TDS and salinity accu-

mulate from the mountain spring water and karst water in

the Taiyuan Group of the coal mining area. Furthermore,

the chemical type of groundwater gradually evolved from

Ca–Mg–HCO3 to Na–HCO3, as revealed by a Piper tri-

linear diagram.

Keywords Environmental isotopes � Karst water � Supply
mechanism � Coal mining area

Introduction

With the gradual development of coal mining, the hydro-

geological conditions of mines are becoming increasingly

complex. Considering that deep groundwater is frequently

encountered in coal mines, many explored coal resources

have become difficult to exploit (Huang and Jian 2012).

Therefore, understanding the groundwater flow dynamics

in coal mining areas is important, and investigations that

use hydrogeochemical methods to differentiate groundwa-

ter from different aquifers are important tools for achieving

this goal.

Environmental isotopes have been used to trace regional

groundwater movement, especially oxy-hydrogen

stable isotopes, which themselves are part of water mole-

cules (e.g., Tuttle et al. 2009; McArthur et al. 2001; Bou-

chaou et al. 2008; Wong and Clarke 2012; Layman et al.

2012). These isotopes can be used as conservative natural

tracers with the ability to trace groundwater movements

effectively (e.g., Clark and Fritz 1997; Jin et al. 2010;
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Chapman et al. 2013; Atekwana and Seeger 2015; Otton

et al. 2007; Parker et al. 2012; Scow and Hicks 2005; Su

et al. 2012). To date, most research using stable isotopes as

indicators of groundwater flow has focused on shallow

aquifers, whereas relatively little work has been carried out

using isotopes to characterize flow between series of deep

aquifers; For example, Terwey (1984) used stable isotopes

of oxygen and hydrogen to determine the likely sources of

surface water and groundwater in arid and semiarid areas in

Africa. The resultant isotopic data suggested that the White

Nile is supplied by rainfall near the Equator of Central

Africa, whereas the Blue Nile is supplied by rainfall in

high-altitude regions of the Ethiopian Plateau. Further-

more, the water in both rivers is subject to the influence of

evaporation; the groundwater and river water near the

White Nile share similar isotopic signatures; groundwater

is supplied by the nearest rainfall, whereas the groundwater

near the Blue Nile is supplied in wet and cold climates.

Criss and Davisson (1996) studied the relationship between

agricultural irrigation water in Central California and

overexploited groundwater. Analysis of oxygen isotopes

suggested that the groundwater in the west of the valley is

supplied not only by atmospheric precipitation but also by

regional reinfiltration of agricultural irrigation water,

whereas that in the east of the valley is supplied by drai-

nage water from the Sierra Nevada. Tenalem et al. (2008)

adopted environmental isotopes and other hydrochemical

methods to study the relationship between surface water

and groundwater in the Awash River Basin; they discussed

the groundwater flow pattern based on the local geological

background. Stable isotopes are commonly used in studies

on the origin of groundwater and the altitude of recharge

areas, and for determining the relative contribution of a

number of water sources to groundwater recharge. Lima

et al. (2003) used stable isotopes to determine the source of

groundwater in the aquifer on the coastal plain of Recife,

Brazil. Isotope analysis results indicated that the ground-

water derived from three distinct water sources: recent

groundwater recharge, delayed groundwater recharge that

had been subject to evaporation, and saline water. Avner

et al. (2007) studied the source of groundwater in the

aquifer of the Israel Nubian Sandstone; the distinct isotopic

composition suggested that groundwater was recharged

from a variety of sources. Ahmed (2010) studied the

variation of hydrogen and oxygen isotopes in groundwater

between the Oman Gulf and Arabian Gulf, concluding that

the groundwater was mainly recharged by rainfall whose

water vapor came from the Mediterranean Sea. Further-

more, isotope data suggested that evaporation processes

were involved in the rainfall recharge.

Stable isotope analysis also provides a convenient way

to study the nature of interactions between surface water

and groundwater, in coal-mining districts (Duan et al.

1994; Gui et al. 2005). Some scholars have carried out

research to identify sources of groundwater inrush to mines

in coal mining districts. In addition, based on water sam-

ples from this district, Feng and Guo (2003) established a

neural network model for forecasting water inrush to mines

via a backpropagation (BP) algorithm (a simple and pop-

ular method for updating the weights of networks) and

artificial neural networks, the advantage of which is their

ability to deal with nonlinear or unstructured problems.

However, this method can only be used when water sam-

ples indicate clear differences in the hydrochemical com-

ponents in groundwater from different aquifers. That

analysis suggested that groundwater mixing occurred

between aquifers. As a consequence of that work, investi-

gation of the hydraulic connections between groundwater

and surface water and the sources of groundwater recharge

has become necessary to provide a scientific basis for

groundwater safety assessment in coal mining districts.

The major aquifers of the study area have experienced

many changes because of the effects of coal mining; sig-

nificant changes have taken place in the groundwater

seepage field. Hydraulic connections between local coal

seams and aquifers have increased the difficulty of mining.

In this study, isotope hydrogeochemical tracer techniques

were used to investigate the hydrogeochemical character-

istics of karst water in the Sihe coal mining area, as well as

to reveal the characteristics of groundwater flow in the

area. The objective of this study is to systematically

explore the nature of groundwater interactions between

aquifers and provide a firm basis for determining the

sources of water inrush in this coal mining area.

Hydrogeological conditions

The Sihe coal mining area is located in the southeastern

part of the Qinshui Basin. Its regional hydrogeological unit

belongs to the Yanhe River Spring Basin with total area of

3000 km2 (Fig. 1). The average flow of a single spring is

3.1 m3/s; spring basin strata form a groundwater reservoir

with the southern part sloping to the north and the eastern

and western parts sloping to the center. Based on the flow

field, two main groundwater flow directions exist, viz. from

south to north, and from west to east. Underground karst

water converges in the Sihe coal mining area, forming

springs and seepages at the surface. Given the thick cover

layer and poor runoff conditions, the Sihe coal mining area

is considered a stagnation zone in the regional groundwater

flow field.

The aquifers in the coal mining area can be divided as

follows from top to bottom (Fig. 2): (1) the Quaternary

pore aquifer composed of sands and gravels, with general

thickness of 3–7 m and water inflow of 10–40 m3/h; (2) the
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Carboniferous carbonate aquifer, mainly referring to a thin

layer of Carboniferous limestone fissure-karst water, gen-

erally containing significant water at burial depth of more

than 25–30 m but only small amounts at burial depth of

5–10 m, with water inflow of 15–40 m3/h; and (3) the

Ordovician carbonate aquifer, which mainly develops in

rock strata of the Fengfeng Group and Majiagou Group

with large amounts of water, being the major aquifer of the

carbonate aquifer group. Among these, the Fengfeng Group

(O2f), with depth of approximately 100 m, mainly

Fig. 1 Hydrogeological map of

the Sihe coal mining district,

China, with water sampling

locations and karst water level

contours (Majiagou Group

limestone aquifer) indicated
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comprises limestone, argillaceous limestone, and brec-

ciated argillaceous limestone. The Majiagou Group (O2s)

with thickness of approximately 350 m mainly comprises

dolomitic limestone, gray, and dark-gray limestone. The

karst fissure is well developed and rich in water. Further-

more, dissolution phenomena, such as dissolved pores in

general, may be observed.

The interfaces among all the aquifers are composed of

aluminum mudstone, sandy mudstone, and other water-

resistant layers; their thickness is generally 2–15 m, rep-

resenting effective waterproof layers between aquifers.

Sample collection and testing

The water samples collected in the study area included

spring water, river water, and groundwater from the coal

mining area (Fig. 1). Groundwater was collected from the

mining area. The electrical conductivity of water was

measured in the field. Water samples were collected in

clean plastic bottles (550 ml) for chemical analysis of

major ions and stable isotopes. A total of 13 parameters

were measured in all water samples, including TDS, pH,

Ca2?, Mg2?, Na?, K?, HCO3
-, SO4

2-, Cl-, d18O, d2H, d3H,
and d34S. The results of these analyses together with

eigenvalues are presented in Table 1. The hydrogen iso-

topes of water samples were measured by the zinc reaction

method; oxygen isotopes were measured using the oxygen

and carbon dioxide balance method with a MAT253 iso-

tope mass spectrometer. The results are presented in

comparison with the Vienna standard mean ocean water

(VSMOW) standard, and the accuracies are ±0.2 and

±0.1%, respectively. The content of radioactive tritium

was measured by low-background liquid scintillation

spectrometer (Tri-Carb 3170 TR/SL). The chemical com-

position of water samples was measured using a Shimadzu

CTO-10ACvp ion chromatograph with relative error of

1%. Bicarbonate was measured by the dilute acid–methyl

orange titration method.

Results and discussion

Hydrochemical analysis and discussion

The Piper trilinear diagram (Fig. 3) showed that ground-

water in the study area could be mainly divided into the

following three categories on the basis of differences in

chemical composition: (1) Ca–Mg–HCO3, (2) Na–HCO3,

and (3) Ca–Mg–SO4–HCO3.

Groundwater in the Taiyuan Group had chemical com-

position of predominantly Na–HCO3, with cation concen-

tration in the order Na?[Ca2?[Mg2? (Fig. 3), whereas

that in the Fengfeng and Majiagou Groups was mainly Ca–

Mg–SO4–HCO3. The chemical composition of mountain

spring water was mainly Ca–Mg–HCO3. Figure 3 shows

how the chemical composition of groundwater changed

with groundwater flow, and that water in the Sihe River in

the mining area shared the same characteristics as the

groundwater in the drainage area.

Fig. 2 Schematic cross-section, including hydrogeological profile and composite columnar section
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Table 1 Chemical and isotopic composition of water samples from the study area

Sample ID Group Na?

(mmol/l)

K?

(mmol/l)

Mg2?

(mmol/l)

Ca2?

(mmol/l)

F-

(mmol/l)

Cl-

(mmol/l)

SO4
2-

(mmol/l)

NO3
-

(mmol/l)

sf1 Surface water 0.3 0.1 0.7 6 0.1 0.2 2.2 0.4

sf2 Surface water 16.1 0.1 2 7.6 0.1 0.2 1 0.3

sf3 Surface water 1.2 0.1 1 2.9 0 0.4 1.2 0.6

sf4 Surface water 3.7 0.2 0.8 1.4 0 4.9 2.2 0.2

SWY1 Fengfeng Group 4.5 0 4 17.3 42.5 2.4 0.6

SWY3 Fengfeng Group 11.9 0 7.8 8.7 3.9 16.8 0.1

SWY2 Fengfeng Group 0.9 0 1.7 3.8 2.8 3.4 0.5

SW2 Fengfeng Group 21.2 0.1 7.4 14.8 11.9 24.8 0.1

w3 Fengfeng Group 16.3 0.6 1.7 5.9 0.1 0.8 2 0.2

SW1 Fengfeng Group 15 0.1 0.4 0.3 1.6 1.5 0.1

w2 Fengfeng Group 44.4 0.1 2.3 1 0.1 2.5 0.5 0.2

SC3 Fengfeng Group 7.6 0.1 0.5 0.8 0.9 3.7 0.6

GZ Fengfeng Group 33.4 0.1 0.8 0.6 9.5 10.7 0.3

SC2 Fengfeng Group 10.9 0.1 0.6 0.5 5.5 2.6 0.4

sp1 Majiagou Group 0.5 0 1.7 2.9 0 0.4 1.4 0.4

sp2 Majiagou Group 0.7 0 1.1 2.3 0 0.4 1 0.4

sp3 Majiagou Group 0.6 0 1.5 3 0 3.2 1.9 0.4

sp4 Majiagou Group 0.8 0 1.4 2.5 0 0.5 1 0.4

sp5 Majiagou Group 8.3 0 1.6 2.2 0 0.4 1 0.2

sp6 Majiagou Group 8.1 0 1.5 2 0 0.6 1 0.2

sp7 Majiagou Group 8 0 1.6 3.3 0 0.6 2.3 0.3

sp8 Majiagou Group 8.5 0.1 1.5 2.8 0 0.6 2.2 0.3

SWY1 Majiagou Group 0.1 0.1 10.1 14.9 42 4.4 0.6

GZ Majiagou Group 4.1 0.1 2.2 3.8 2.5 3.9 0.5

SC2 Majiagou Group 1.3 0.1 2.1 3.6 0.9 2.9 0.3

SC3 Majiagou Group 9.3 0.1 4.4 7.1 1.3 12.8 0.2

w2 Majiagou Group 10.6 0.1 7.7 16.8 0.1 3.2 11.3 0.1

w3 Majiagou Group 6.4 0.1 5.7 11.2 0.1 1.6 8.3 0.6

zl1 Majiagou Group 9.3 0.4 9.8 20 0.1 0.7 24 0.1

SW2 Majiagou Group 18.3 0.1 7.6 16.5 11.4 25.3 0.1

SWY2 Majiagou Group 2.2 0 1.1 4.9 1.1 5.6 0.5

SWY3 Majiagou Group 20 0.1 6.4 12.8 9.3 21.8 0.1

SW1 Majiagou Group 11 0.1 0.8 1.9 1.7 3.6 0.3

SW2 Taiyuan Group 14.4 0.1 0.4 0.1 4.8 1.4 0.5

SC3 Taiyuan Group 15.9 0.1 0.8 0.6 1.8 0.9 0.2

SW1 Taiyuan Group 14 0.1 0.4 0.2 1.7 1.2 0.1

SWY1 Taiyuan Group 16.3 0.1 0.2 0.1 1.4 0.8 0.1

SWY3 Taiyuan Group 13.2 0 0.6 0.3 1.5 1.2 0.4

w3 Taiyuan Group 27.8 0 0.1 0.2 0.2 1.9 1 0.2

w2 Taiyuan Group 15.2 0 0.1 0.2 0.3 1.9 2.4 0.1

SW4 Taiyuan Group 7.2 0.1 0.9 2.4 1.2 3.6 0.4

SC2 Taiyuan Group 16.4 0.1 0.2 0.3 9.6 2.3 0.2

Sample ID Group NO2
- (mmol/l) HCO3

- (mmol/l) CO3
2- (mmol/l) TDS (mg/l) d18O (%) dD (%) H3 (T.U.) d34S (%)

sf1 Surface water 0 5.4 1.5 928.6 -7.51 -55.1 4.05

sf2 Surface water 0 29.4 1.6 2743.2 -3.75 -40.7 4.09

sf3 Surface water 0.1 4.2 0 596.6 -7.24 -58.4 5.76

sf4 Surface water 0 0.8 0 610.1 -6.56 -57.3 5.78
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A two-dimensional coordinate graph (Fig. 4) showing

the common logarithm of Moore ratios of groundwater

hydrochemical data indicated significant (R = 0.88) cor-

relation between Ca/Na and Mg/Na. This correlation

reflects similar formation mechanisms of Ca, Mg, and Na

in the groundwater, thereby suggesting that the lithology of

aquifer medium significantly affects how the chemical

composition of groundwater evolves in the area. Incon-

gruent dissolution of carbonate likely exerts strong control

on the chemical composition of groundwater via the fol-

lowing reaction:

xCaMg CO3ð Þ2þ 2xH2Oþ 2xCO2 gð Þ
¼ xCa2þ þ 4xHCO�

3 þ xMg2þ ð1Þ

Figure 5 shows that, in the direction of groundwater

flow (from the mountain spring water to the karst water of

Taiyuan Group), the TDS, Na?, and Cl- values progres-

sively increased while the chemical composition changed

Table 1 continued

Sample ID Group NO2
- (mmol/l) HCO3

- (mmol/l) CO3
2- (mmol/l) TDS (mg/l) d18O (%) dD (%) H3 (T.U.) d34S (%)

SWY1 Fengfeng Group 0 0.5 0 2694.9 -10.19 -80.1 1.05 17.39

SWY3 Fengfeng Group 0 5.7 0.9 2975.2 -10.64 -89.4 1.3 15.79

SWY2 Fengfeng Group 0 1.7 0 782.9 -11.49 -81.6 1.01 16.24

SW2 Fengfeng Group 0 4.1 0 4324.4 -10.92 -92.4 0.31 17.48

w3 Fengfeng Group 0 27.8 1.6 2511.4 -10.49 -83.8 2.44 18.39

SW1 Fengfeng Group 0 10 1 1250.8 -9.48 -83.6 2.15 16.21

w2 Fengfeng Group 0 43.8 1.5 4047.3 -11.89 -82.7 1.21 16.37

SC3 Fengfeng Group 0 1.3 0 731.8 -10.92 -95.4 0.61 18.94

GZ Fengfeng Group 0 0.1 2.4 2341.2 -9.59 -82.8 2.54 17.98

SC2 Fengfeng Group 0 0.1 0.9 812.1 -11.28 -87.5 2.01 15.47

sp1 Majiagou Group 0 4.9 1.5 728.6 -9.05 -69.9 4.51 8.59

sp2 Majiagou Group 0 3.1 1.5 551.7 -9.07 -71.1 4.12 12.12

sp3 Majiagou Group 0 0.6 1.6 621.7 -9.21 -72.1 4.32 13.52

sp4 Majiagou Group 0 4.3 1.7 654.2 -11.8 -79.4 1.31 32.48

sp5 Majiagou Group 0 10 1.4 1140.7 -9.06 -69.1 5.07 7.12

sp6 Majiagou Group 0 8.8 1.6 1078.8 -8.41 -71.5 2.89 13.52

sp7 Majiagou Group 0 9 1.6 1260.4 -10.23 -69 4.45 9.89

sp8 Majiagou Group 0 8.3 1.7 1204 -10.75 -69.3 4.65 7.36

SWY1 Majiagou Group 0 0.2 0 2805.2 -11.89 -84 0.63 22.25

GZ Majiagou Group 0 4.5 0.4 1095.1 -10.8 -77.4 1.48 18.98

SC2 Majiagou Group 0 5.6 0 902.7 -10.02 -72.2 2.54 17.25

SC3 Majiagou Group 0 4.9 0.3 2213.8 -11.69 -86 0.84 28.67

w2 Majiagou Group 0 30.8 1.5 4287.9 -11.8 -86.4 1.91 29.48

w3 Majiagou Group 0.1 18.5 1.4 2841.5 -9.22 -73.2 2.49 26.56

zl1 Majiagou Group 0 19.1 1.6 4870.9 -11.39 -86 0.54 33.17

SW2 Majiagou Group 0 4.7 0 4393.5 -10.8 -76.4 1.71 31.48

SWY2 Majiagou Group 0 1.2 0 962.7 -10.22 -73.2 2.94 24.15

SWY3 Majiagou Group 0 5 0.3 3887.1 -11.69 -84 0.67 29.67

SW1 Majiagou Group 0 6.3 0.5 1189.8 -10.92 -79.2 2.64 19.78

SW2 Taiyuan Group 0 0.1 1.2 761.6 -11.48 -89.6 1.51 15.89

SC3 Taiyuan Group 0 12 1.5 1400.1 -10.92 -79.4 1.34 16.12

SW1 Taiyuan Group 0 9.6 0.7 1149.5 -11.49 -85.8 1.67 14.69

SWY1 Taiyuan Group 0 10.8 1.6 1278.3 -10.49 -79.8 1.67 17.68

SWY3 Taiyuan Group 0 9.2 0.7 1131.9 -9.88 -76.6 1.05 14.32

w3 Taiyuan Group 0 20.5 1.5 2169.6 -10.09 -76.3 1.3 12.15

w2 Taiyuan Group 0 10.6 1.6 1417.5 -11.49 -81.6 1.01 15.43

SW4 Taiyuan Group 0 4.5 0.2 987.5 -9.49 -73.8 1.67 13.21

SC2 Taiyuan Group 0 0.1 1.2 1046.5 -10.49 -72.6 1.67 14.38
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from Ca–Mg–HCO3 to Na–HCO3. Rocksalt dissolution

and cation exchange (Ca2?–Na?, Mg2?–Na?) are likely

the major hydrochemical mechanisms responsible for these

changes. Cation exchange associated with silty sediments

in the Taiyuan Group is also likely to affect the cationic

composition of groundwater via the following reactions:

2Naþ rockð Þ þ Ca2þ waterð Þ ¼ 2Naþ waterð Þ þ Ca2þ rockð Þ
ð2Þ

2Naþ rockð Þ þMg2þ waterð Þ ¼ 2Naþ waterð Þ
þMg2þ rockð Þ ð3Þ

As the TDS increased gradually from the mountain

spring water to the karst water of the Fengfeng and

Majiagou Groups, the chemical composition of the

groundwater gradually changed from Ca–Mg–HCO3 to

Ca–Mg–SO4–HCO3 (Fig. 6). Furthermore, the concen-

tration of sulfate ions increased sharply. Figure 7 shows

that the equivalent concentration ratios of (Ca2? ? -

Mg2?)/HCO3
- and SO4

2-/HCO3 of the Fengfeng and

Majiagou Groups in the coal mining area plateau at a

maximum value, thereby suggesting that gypsum disso-

lution exerts significant control on groundwater compo-

sition via the following reaction:

CaxMg1�xSO4 � 2H2O ¼ xCa2þ þ 1� xð ÞMg2þ þ SO2�
4

þ 2H2O ð4Þ

Also described is the sulfuric acid participation in car-

bonate dissolution in the chemical reaction equations. The

value of (Ca2? ? Mg2? )/HCO3
– gradually decreases with

Fig. 3 Piper trilinear diagram for major ions in water from Sihe coal

mining district. Data from Table 1

Fig. 4 Coordinate graph with common logarithm of mole ratios of

groundwater hydrochemical data between Ca/Na and Mg/Na (the

mole ratio is the ratio of the number of moles of calcium or

magnesium ions, respectively, to sodium ions per unit volume)

Fig. 5 Cl- versus Na? of water samples from the study area

Fig. 6 %(Na ? HCO3) versus TDS of water samples from the study

area
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the same value of SO4
2–/HCO3

– and cation exchange

occurring. The water samples with low SO4
2-/HCO3

– ratio

show that dissolution of carbonate rock mainly occurs.

With increasing ratios of (Ca2? ? Mg2?)/HCO3
– and SO4

2–/

HCO3
–, gypsum dissolves.

Isotope analysis and discussion

Analyzing the relationship between the isotopes 18O and
2H in groundwater and rainfall allows determination of the

factors that influence groundwater recharge. In arid and

semiarid regions, the global meteoric water line (GMWL)

serves as a baseline for estimating factors that influence the

geochemical evolution of groundwater. Accordingly, this

study used the global meteoric water line (GMWL)

(d2H = d18O ? 10) as reference. Figure 8 shows that the

(d18O, d2H) points for the mountain spring water and the

karst water (including the Taiyuan, Fengfeng, and Maji-

agou Groups) in the coal mining area lie in the same

region, mostly below the GMWL. The (d18O, d2H) points
of spring water and groundwater are distributed along the

same evaporation line (EL1, obtained from fitting to the

samples of karst water in the Majiagou Group). During the

process of rainfall infiltration, 18O and 2H in the water will

be enriched because of evaporation or interaction between

rocks and water. If groundwater comes from local precip-

itation, EL1 should coincide with EL2 (the fitting line for

local surface water samples) or be located above EL2. In

Fig. 8, the difference between the groundwater evaporation

line (EL1) and surface water evaporation line (EL2) indi-

cates that local precipitation and surface water are not the

main sources of groundwater recharge. Given the common

distribution of karst water with EL1, groundwater is sub-

jected to evaporation to different degrees before the source

infiltrates underground. This phenomenon suggests that

karst water mainly comes from groundwater in mountain-

ous areas. A few spring water samples fell on the GMWL,

indicating that they are directly supplied by rainfall infil-

tration. The (d18O, d2H) points for some samples were

nearly distributed along the GMWL, with some lying

slightly above or below. This observation indicates that

some of the supplemental water is lost because of silicate

hydrolysis or evaporation.

From the Taiyuan Group, Fengfeng Group, to Majiagou

Group in the Sihe mining area, the d2H, d18O, TDS, and Cl-

values for karst water of aquifers decreased, whereas the

d34S and SO4
2- values gradually increased. This result

indicates that the vertical hydraulic connection between

aquifers is rather weak, with lateral runoff dominating in the

groundwater. Figure 8 shows that the distribution of karst

water samples in the Fengfeng Group tended to be vertical,

indicating that 2H of karst water in this layer has drifted.

This movement may be the result of exchange via H2S. The

closed deposition environment enables anaerobic bacteria

to stimulate reduction of sulfate, generating high H2S (high

solubility of H2S can be tested at the drilling hole on site).

The exchange reaction of hydrogen isotopes is H2-

O ? HDS = HDO ? H2S. Consequently, an exchange

equilibrium reaction of hydrogen isotopes occurs.

Sulfur isotopes are stable under the chemical conditions

present in aquifers in the study area, enabling their use as

Fig. 7 (Ca2? ? Mg2?)/HCO3
– versus SO4

2–/HCO3
– of water samples

from the study area (meq:meq)

Fig. 8 d2H versus d18O plot of stable isotope composition of water

from the study area, indicating the recharge sources of groundwater.

The global meteoric water line (GMWL) is d2H = 8 9 d18O ? 10

Fig. 9 1/SO4–d
34S plot of the 34S isotope composition of water in the

study area, indicating the 34S sources of groundwater
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tracers for sources of sulfate ions in karst water. Further-

more, the major sources of sulfate in groundwater are as

follows: dissolution of evaporites (e.g., gypsum), oxidation

of sulfides (mainly including pyrite), dry and wet deposi-

tion from atmosphere, application of chemical fertilizers,

infiltration of industrial and mining wastewater, acid pre-

cipitation, etc. During open hydrological circulation, dis-

solution of gypsum and oxidation of sulfides will result in

fractionation of the sulfur isotopes in sulfate, resulting in

changes of the sulfur isotopes. In the closed sedimentary

environment, anaerobic bacteria will promote reduction of

sulfate ions; light 32S will initially react, while heavy 34S

will gather in the residual sulfate.

The concentration of SO4
2- in the karst water of the

Majiagou Group in the coal mining area ranged from 322.4

to 1926 mg/l, whereas that for Taiyuan Group was rela-

tively low, ranging from 11.0 to 147.4 mg/l; furthermore,

the range of d34S was also larger, from 2.08 to 10.20%
(average 3.83%). Figure 9 shows that the d34S value of

SO4
2- in the karst water of the Majiagou Group was extre-

mely high. Furthermore, the d34S–SO4
2- relationship reveals

that d34S and SO4
2- in water show a significant positive

correlation, indicating that sulfate in karst water is affected

by dissolution of gypsum. d34S in the stagnation region is

obviously higher than in the recharge area, indicating that

the stagnation time of karst water is long and the circulation

is deep. No obvious correlation was found between the

concentration of SO4
2- and the value of d34S in the karst

water of the Taiyuan Group. Furthermore, the concentration

changes of SO4
2- ions are larger, and the values of d34S are

also divergent, indicating many sources of SO4
2-.

Conclusions

The mechanism of evolution of groundwater quality and

flow can be described based on the conceptual model

shown in Fig. 10. Ordovician limestone groundwater,

Carboniferous limestone groundwater, and Quaternary

groundwater have a tendency to increase gradually from

the Taihang Mountains areas to the coal mining district,

indicating accumulation of ions along the groundwater

flow path. The bare Ordovician limestone stratum in the

foothills of the Taihang Mountains receives precipitation

recharge, forming karst water of Ca–Mg–HCO3 type.

Strong leakage zones may exist in the bare Ordovician

limestone of the mountainous area. During the supply

process of groundwater flow, cation-exchange adsorption,

carbonate filtration, and gypsum dissolution play key roles

in the hydrochemical evolution of groundwater.

Thorough application of the d2H–d18O relationship,

SO4
2-–d34S relationship, 3H isogram, Piper trilinear dia-

gram, ion ratio, and other similar methods not only enables

investigation of the runoff mechanism of groundwater

recharge in the coal mining area but can also reasonably

identify the groundwater of the Taiyuan Group, Fengfeng

Group, and Majiagou Group. The d18O, d2H, 3H, and d34S
characteristics of the groundwater in the study region reveal

that the karst water (including the Taiyuan Group, Fengfeng

Group, and Majiagou Group) in the Sihe coal mining area is

supplied by groundwater coming from high-altitude moun-

tainous areas. The vertical hydraulic relationship between

aquifers of the Taiyuan Group, Fengfeng Group, and Maji-

agou Group in the coal mining area is rather weak. Fur-

thermore, lateral runoff dominates in the karst water. The

results of this study provide an accurate theoretical basis to

infer the sources of water inrush in this coal mining area.
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