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Abstract Hydrogeochemical analysis, statistical analysis,
and geochemical modeling were employed to evaluate the
impacts of coal mining activities on karst water chemistry in
Niangziguan spring catchment, one of the largest karst springs
in Northern China. Significant water quality deterioration was
observed along the flow path, evidenced from the increasing
sulfate, nitrate, and TDS content in karst water. Karst water
samples are Ca-Mg-HCO3 type in the recharge areas, Ca-Mg-
HCO3-SO4 type in the coal mining areas, and Ca-Mg-SO4-
HCO3/HCO3-SO4 type in the rural areas and discharge areas.
A four-factor principal component analysis (PCA) model is
conducted which explains over 82.9 % of the total variation.
Factor 1, which explained the largest portion (45.33 %) of the
total variance, reveals that coal mining activities and natural
water-rock interaction as the primary factors controlling karst
water quality. Anthropogenic effects were recognized as the
secondary factor with high positive loadings for NO3

− and Cl−

in the model. The other two factors are co-precipitation re-
moval of trace elements and silicate mineral dissolution,
which explained 20.96 % of the total variance. A two-end
mixing modeling was proposed to estimate the percentage of

coal wastewater giving on karst water chemistry, based on the
groundwater sulfate chemistry constrains rather than sulfur
isotopes. Uncertainty of sulfur isotope sources led to an over-
estimation of coal miningwater contribution. According to the
results of the modeling, the contribution of coal mining waste
on karst water chemistry was quantified to be from 27.05 to
1.11 % which is ca. three times lower than the values sug-
gested using a sulfur isotope method.

Keywords Hydrochemistry . Coal mining activity . Karst
water quality . Degradation . Niangziguan karst spring
catchment . China

Introduction

Karst water quality degradation has posed a great restric-
tion in satisfying local water supply and economic devel-
opment in many countries (Bakalowicz 2005; Jiang et al.
2009; Lang et al. 2006; López-Chicano et al. 2001).
China has carbonate rocks covering a surface of approxi-
mately 3.25 million km2, including bare karst of 1.25
mi l l ion km2 and covered or bur ied kars t of 2
million km2 (Yu 1994; Li et al. 2010). The Niangziguan
spring group is one of the largest karst springs in Northern
China, located in Yangquan City, Shanxi, China. Karst
aquifers are a risk of inputting of various pollutants, due
to the native low self-protection ability. Coal mining ac-
tivities, widely distributed in the Niangziguan spring
catchment, have been considered as the biggest threat to
karst water quality since the economic boom in the 1980s
in China. Most water quality parameters showed a higher
value than the Chinese standard value, indicating the se-
rious pollution of karst water in the area (Li et al. 1998).
Coal mining waste pollution, uncontrolled urban sewage
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effluents, industrial discharges, and intensive use of fertil-
izers have been recognized as factors causing karst water
quality deterioration (Hao et al. 2012). Karst water pollu-
tion reduces the available water supply and is a threat to
the further development of local economy in this semiarid
area in Northern China (Shahbaz et al. 2015). To address
the potential impact of coal mining activity on karst water
chemistry, a sulfur isotope method was introduced to cal-
culate the percentage of coal mining wastewater input. It
is supposed that the pyrite source sulfate accounts for ca.
60–70 % (Li et al. 1998) or 99.7 % (Duan and Liang
2006) of the total sulfate in karst water. However, these
values are not always right and a little higher than the real
contribution of coal mining wastewater, due to the multi-
ple sources of 34S in karst water. Therefore, evaluation
with diverse methods is needed to depict the impact of
coal mining activities on karst water quality.

Traditionally, multivariate statistical techniques, like fac-
tor analysis (FA), principal component analysis (PCA), clus-
ter analysis (CA), and discriminant analysis (DA), are suc-
cessful employed to assess groundwater quality (Masoud
2014; Singh et al. 2013; Yidana et al. 2008; Zhou et al.
2010). They are also often used to evaluate the
hydrochemical characteristic of groundwater (Cloutier
et al. 2008; Farnham et al. 2003; Galazoulas and Petalas
2014; Lambrakis et al. 2004; Suk et al. 1999) and to iden-
tify the hydrogeochemical processes and factors controlling
the compositions in groundwater (Belkhiri et al. 2010;
Cloutier et al. 2008; Dassi 2011; Lu et al. 2008; Wang
et al. 2001). Among all those statistical techniques men-
tioned above, PCA is one of the most powerful and com-
mon methods for reducing the large data matrix to smaller
dimensions that consist of principal component scores and
loadings. However, choosing only the multivariate statistical
techniques is not judicious sometime. Putting statistical
methods and hydrochemical analysis together could obtain
relatively reasonable interpretations for hydrogeochemical
mechanisms in controlling water quality variation.
Combination of multivariate statistical and hydrochemical
analysis is successfully used in extracting main factors con-
tributing to groundwater quality: seawater intrusion, micro-
bial activity, and chemical fertilizers (Kim et al. 2005), and
geochemical modeling becomes another tool in elucidating
the chemical reactions affecting water chemistry (Güler and
Thyne 2004). In conclusion, the combined use of statistical
methods, hydrochemical analysis, and geochemical model-
ing may offer greater benefits for groundwater pollution
identification.

In the present study, statistical models, hydrogeochemical
analysis, and geochemical (mixing) modeling were employed
to evaluate and estimate the influence of coal mining activity
on karst groundwater quality in the Niangziguan karst spring
catchments, Northern China.

Topography and hydrology

Niangziguan spring catchment is one of the largest karst
springs in Northern China, located in the Mianhe Valley with
latitude ranging from 36° 55′ to 37° 50′ and longitude ranging
from 112° 20′ to 113° 55′ (Fig. 1). This area consists of dis-
tricts of Pingding, Yuxian, Heshun, Zuoquan, Xiyang, and
Shouyang counties and Yangquan City, with an area of
7394 ha (Zhang 2004).

The geomorphology of this area is low in the central with
higher altitude in the north, west, and south mountain areas of
the catchments. The lowest part is located in the Mianhe
Valley (Niangziguan Town) with an altitude of 342 m, and
the highest part is located in the north mountain area, Yuxian
County (1847 m). The climate here is temperate continental
monsoon with a mean annual temperature of 10.9 °C. The
mean annual precipitation here is 505.23 mm, and the rainfall
peaks occur from July to September. Larger tributaries run-
ning through the area are the Wenhe River and the Taohe
River. These two rivers are converging as the Mianhe River
in Niangziguan Town (Fig. 1).

Geology and hydrogeology

Tectonically, the Niangziguan spring catchment is situat-
ed in the northeast of the Qinshui Synform, sloping down
from northwest to east. The basement rocks of which are
mainly Archaean metamorphic rocks. It is covered by
Paleozoic carbonates with some sandstone, shale, and
Cenozoic alluvium including silt clay, sand, and gravel.
In the western part of the area, the covered strata are
primarily Permian and Triassic sandstones and shales
with a thickness of 90–1200 m. The underlying strata
from shallow to deep include Carboniferous limestone
(thickness of 80–220 m), middle Ordovician limestone
(thickness of 467–628 m), and lower Ordovician carbon-
ate (thickness of 120–200 m). Carbonate complex, in-
cluding middle Ordovician limestones, lower Ordovician
carbonates, and Cambrian dolomites, is air exposed in the
east part of the area. Karst water here is capable to be
recharged by the infiltration of precipitation.

Groundwater occurs mainly in the Carboniferous and
Permian fracture aquifers and deep karst aquifers in the
study area. The formation of karst aquifers is composed of
Carboniferous limestone, Ordovician limestone, and occa-
sionally, Cambrian dolomite. As an enclosed karst water
system, precipitation is a dominated source of water sup-
ply in the Niangziguan spring catchment. Karst water
aquifers are recharged by precipitation, surface water,
Quaternary water, as well as fissure water from the
Upper Carboniferous and Permian strata. The karst water
table is ca. 500–750 m in the western mountain area and
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230–380 m in the eastern river valley area. Well extrac-
tion and natural springs are the main discharge patterns of
karst water which occurred in the study area.

Sampling and methods

A total of 54 water samples, including rainwater, coal mine
water, surface water, karst well water, seepage water, and
spring water, were collected from the major coal mining areas
and the following downstream areas at the Niangziguan karst
water catchment during September 2013 (Fig. 2, Table 1).

When sampling, the water samples were collected only after
the in situ physicochemical parameters, including temperature
and pH, were stable and all the parameters were measured
within 5 min using a Hanna portable pH meter (HI8424, pH
±0.01, T ±0.4 °C) that had been calibrated beforehand. Each
sample was collected in three bottles, one for anion analysis,
one with extra acid for cation analysis, and the rest kept in a
refrigerator for experimental usage in the future. The total alka-
linity was measured on the sampling day using the Gran titra-
tion method with the triple repetition analyze error <±2 %. The

concentrations of Cl−, SO4
2−, and NO3

− were determined by
ion chromatography (IC) (Dionex 120; Dionex, Sunnyvale,
CA, USA). For cation analysis, reagent-quality HNO3 was
added to one of these polyethylene bottles until the pH value
of the samples was less than 2. Major cations (K+, Na+, Ca2+,
and Mg2+) and trace elements (Sr and Si) were measured by
inductively coupled plasma-atomic emission spectrometry
(ICP-AES) (IRIS Intrepid XSP; Thermo Elemental, Madison,
WI, USA). The analytical precision for the measurements of
cations and anions is indicated by the ionic balance error, which
is observed to be within the standard limit of ±5 %. The soft-
ware PHREEQC V2.8 was used for mixing the modeling and
calculating the saturation indices (SIs) and the charge balance of
each sample. The average charge balance is 0.44 with a largest
value of 8.96 (sample SF3) and a smallest value of −7.55 (sam-
ple SP6), all of which are in acceptable limit.

Factor analyses of the water hydrochemistry data were per-
formed using the statistical software SPSS version 9.0. Factor
extraction was carried out by principal component analysis to
reduce immense datasets of high complexity. It can determine
a small number of variables which represent the greatest var-
iance in all of the original variables of the groundwater quality.

Fig. 1 A schematic
hydrogeology diagram of the
Niangziguan karst catchment (1
Quaternary; 2 Carboniferous; 3
Middle Ordovician; 4 Lower
Ordovician; 5 fault; 6 geological
boundaries; 7 spring catchment
boundaries; 8 spring)
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Principal component analysis was used to define the major
geochemical processes that control the chemical compositions
in groundwater. In this present study, a dataset was made up,
including 54 samples and 13 chemical parameters (NO3

−, Cl−,
HCO3

−, SO4
2−, Ca2+, K+, Mg2+, Na+, Ba, Fe, Mn, Si, and Sr).

Results and discussion

Hydrochemistry

Surface water quality is good in the upstream. Sample SF9,
from the upstream, has a low K+, Na+, Mg2+, Cl−, and NO3

−

concentration and a medium SO4
2−, Ca2+, and HCO3

− con-
centration (Table 1). A significant increase of sulfate, nitrate,
and chloride concentration was observed in surface water
when it flows through the mining areas and inhabitant areas.
High content of sulfate in surface water may come from coal
mining wastewater pollution, especially in the coal mining
areas (Fig. 3). The high nitrate content and medium chloride
content in surface water may result from the contamination of
agriculture activity and municipal sewage. This contaminated
surface water may threat the karst water quality directly, due to
the close hydraulic connection between the surface water and
groundwater in the area.

Karst well water samples showed large variations in all
major ions except for K+ which makes little impact on water
quality (Fig. 5a). Ca2+ and Mg2+ concentrations fluctuate in a
narrow range at this karst area. The sufficient source of Ca and

Mg from carbonate maintains the stable Ca2+ and Mg2+ con-
centrations in karst water via water-carbonate rock interaction.
The value of HCO3

− ranges from 92.45 to 582.41 mg/L (ex-
cept for W26), and SO4

2− ranges from 9.52 to 750.3 mg/L.
Karst water samples, collected in non-coal mining areas in
Yuxian County, are all fresh water. Karst water samples with
a high value of SO4

2− were mainly collected from coal mine
areas.Mining activities should respond for the elevated sulfate
in karst water. The karst water quality becomes worse in
Pingding County and the suburb of Yangquan City.

Mine wastewater is normally characterized as having
low pH, low bicarbonate content, and high content of sul-
fate, sodium, calcium, and magnesium. However, a simple
pretreatment, called neutralization by calcite or CaO pow-
der, would cause an elevation of pH value and bicarbonate
content and a reduction of sulfate content in mining waste-
water. In this case study, most mining wastewater samples
showed an alkaline pH value (7.40–8.14) (Fig. 4a), medi-
um to high bicarbonate content, and medium to high sul-
fate content due to the pretreatment with calcite or CaO
powder. There are only two samples (M5 and M7) that
are acidic (pH 3.8–4.5) with low bicarbonate content and
sulfate content over 2000 mg/L (Table 1). They are recog-
nized as the original raw coal mining wastewater. These
two samples also display low content of nitrate and chlo-
ride and medium to high content of sodium, calcium, and
magnesium. Briefly, the discharged coal mining wastewa-
ter is one of the major sources of sulfate pollution in the
area based on our field investigation.

Fig. 2 A sketchy map of
sampling sites in the Niangziguan
catchment (dash line major coal
mine areas in the area; I–V five
major coal mines in Yangquan
City; arrow karst water main flow
direction)
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Spring waters are with better quality than karst well water
and surface water (Fig. 5c). Two spring samples (SP1 and
SP7), collected from the recharge mountain areas in
Yangquan City, are with the low ion concentration due to a
shorter circulation time and distance and an insufficient water-
rock interaction with surrounding strata. An increase of major
ion contents was found in all the karst spring waters in the
discharge areas.

The water samples collected are classified into five
hydrochemical facies: Ca-Mg-HCO3 type (G1), Ca-Mg-
HCO3-SO4 (G2), Ca-Mg-SO4-HCO3 (G3), Ca-Mg-SO4/Cl
(G4), and Na-SO4-HCO3 (G5) on the basis of hydrochemical
compositions through AquaChem software. Figure 6 presents
the major ions of water types and groups using a piper dia-
gram. Samples with hydrochemical types of Ca-Mg-HCO3

are mostly found in the recharge area in Yuxian County where
the predominant rocks are limestone and dolomite. The karst
groundwater chemistry type converts to Ca-Mg-HCO3-SO4

type occurring in the coal mining areas of Yuxian County,

Pingding County, and Yangquan City. This phenomenon
could be explained by the factors of coal mining activity: (1)
coal layers existing in Carboniferous-Permian stratum are rich
in organic and inorganic sulfur, and this sulfur could be re-
leased into the water by coal mining activity, and (2) acidic
coal mining wastewater would promote the dissolution of
minerals, e.g., gypsum, in the surrounding strata and enable
the increase of SO4

2− concentration in karst water. Karst water
samples is a Ca-Mg-SO4-HCO3 or Ca-Mg-HCO3-SO4 type in
the rural areas and flow-through areas with medium to high
content of nitrate, indicating the potential impact of other hu-
man activities except for coal mining.

Identification of coal mining activity impact

In general, principle component analysis (PCA) of extracts
correlates and reduces the number of data into components
that explain a portion of the total variance between the chem-
ical parameters. This explained that variance is mainly related
to the chemical parameters showing the highest loading factor
(>0.7) obtained using the varimax rotation (Davis 1986).
These highly loaded components are further regarded as ref-
erence for identifying the major geochemical processes in-
volved. PCAwas employed to identify the major geochemical
processes involved in the water quality degradation in the
Niangziguan karst system, coupled with water chemistry
study. In this case study, four factors were defined and a total
cumulative variance of 82.95 % was obtained based on the
Kaizer criterion (Table 2).

Factor 1

Factor 1 explained by mining activities and natural water-rock
interactions has the largest portion (45.33 %) with high

Fig. 3 A simple concept model of hydraulic circulation in the study area.
Mine wastewater may either recharge the lower carbonate aquifers or
discharge into the surface water (1 karst aquifer in Middle Ordovician;
2 coal mining goaf; 3 relative aquitard in Lower Ordovician dolomite; 4
Quaternary aquifer; 5 spring; 6 water table; 7 runoff; 8 Permo-
Carboniferous system)

Fig. 4 a–d Statistical description
for the physicochemical
parameters
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positive loadings (>0.748) for SO4
2−, Mg2+, Na+, Fe, Mn, and

Si (Table 3). Basically, the source of major ions in groundwa-
ter or surface water is derived from lixiviation, also regarded
as water-rock interaction. Because of the presence of calcite
(CaCO3), dolomite (CaMg(CO3)2), and gypsum (CaSO4) in
the Ordovician limestone aquifers, the dissolution of these
minerals could bring a high content of HCO3

−, SO4
2−, Ca2+,

and Mg2+ into karst water. With these dissolution processes,
the milliequivalent ratio between HCO3

−+O4
2− and Ca2++

Mg2+ would be near 1:1. Figure 7 shows the milliequivalent
ratio scatter map indicating that the source of HCO3

−, SO4
2−,

Ca2+, and Mg2+ in groundwater mostly attributes to the

dissolution of calcite, dolomite, and gypsum—fall into the
areas close to the 1:1 line. Therefore, high loadings of SO4

2−

and Mg2+ reflect the contribution from gypsum and dolomite
dissolution.

However, natural water-rock interaction could not well illus-
trate the extremely high SO4

2− content and high trace element
loadings in factor 1. Coal mining activities induced by sulfide
oxidation/organic degradation may respond to their additional
source (Gao et al. 2011; Fig. 7). Coal mines are widely spread
in the areas of Yuxian, Yangquan, and Pingding counties where
serious environmental contamination by mining activities was
reported (Wang and Gao 2009). Mining water is discharged by
the way as a supply of underground karst water by seepage or
pumped into surface water with little/simple pretreatment, like
lime neutralization. From the hydrochemical dataset given by
surface water samples, all eight samples are contaminated by
sulfate with the highest concentration of 976.5 mg/L (sample
SF1). Considering the rich sulfur content in coal-bearing strata,
natural inorganic sulfides and organic sulfur could contact with
karst water to generate the sulfate-rich groundwater during
mining. The processes involved can be described using the
following reactions:

2FeS2 þ 7O2 þ 2H2O ¼ 2FeSO4 þ 2H2SO4

FeSO4 þ 2H2O ¼ Fe OHð Þ2 þ H2SO4

4Fe OHð Þ2 þ O2 þ 2H2O ¼ 4Fe OHð Þ3

These three reactions could increase the concentrations of
SO4

2− and Fe and reduce the pH in an aqueous environment.
Mining activities could also bring high concentrations of trace
elements like Mn, Ni, Si, and Sr by the way of acidic
weathering dissolution of sulfides, silicate, and carbonate min-
erals in the strata (Qiao et al. 2011). The high loadings of

Fig. 5 a–d Box plots of major
ions in the Niangziguan karst
water system

Fig. 6 A piper diagram of the samples in the Niangziguan karst system
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sulfate, Fe, Mn, Ni, and Si and the medium loading of Sr
demonstrate the significant impact of coal mining activity on
the karst water chemistry.

Based on the statement above, the medium loading of Ca2+

(0.58) in this case study is feasible. In the karst areas, disso-
lution of carbonates, such as calcite and dolomite, brings high
content of calcium into karst water. Calculation of the SI of
calcite and dolomite indicates that most of karst water samples
are at equilibrium or oversaturated with them (Fig. 8). The
SIdolomite (from 0.0 to over 2.5) shows a more rapid increased
trend than SIcalcite (from 0.2 to 1.5) (Fig. 8), which means that
more Mg2+ remains in the karst water even the solubility of
calcite is higher than that of dolomite in this low-temperature

situation. The reason for this phenomenon can be well de-
scribed as those increased SO4

2− and Ca2+ concentrations
(Fig. 9) tend to removemore Ca2+ out of the solution as calcite
precipitation, due to the common ion effect and solubility
difference between calcite and gypsum (gypsum is more sol-
uble than calcite at around 20 °C). In the study area, karst
water is suffering from gypsum dissolution and coal mining
wastewater recharge, both of which could bring block sulfate
and calcium into karst water. This increased sulfate and calci-
um concentration in karst water will further enhance the sec-
ondary precipitation of calcite and dissolution of dolomite,
which named as dedolomitization or calcitization. To sum
up, factor 1 is a comprehensive factor to which lixiviation
and coal mining water input make most contributions. It could
be regarded as natural and mining factor.

Table 2 Eigenvalues and percent
of variance for the factor analysis
of physicochemical parameters

Factor Initial eigenvalue Rotation

Eigenvalue n Variance % Cumulative Eigenvalue n Variance % Cumulative

1 6.090 46.849 46.849 5.893 45.329 45.329

2 2.159 16.605 63.454 2.165 16.657 61.986

3 1.532 11.784 75.238 1.401 10.778 72.763

4 1.002 7.710 82.948 1.324 10.185 82.948

5 0.818 6.295 89.243

6 0.531 4.085 93.328

7 0.340 2.618 95.947

8 0.285 2.190 98.137

9 0.154 1.186 99.323

10 0.076 0.584 99.907

11 0.011 0.085 99.992

12 0.001 0.008 100.0

13 6.1E−6 4.7E−5 100.0

Table 3 Components and loading for varimax-rotated factor matrix of
the four-factor model

Parameters Factors

1 2 3 4

NO3 −0.121 0.889 −0.074 −0.023
Cl− −0.059 0.852 0.071 −0.082
HCO3 −0.198 −0.103 0.144 0.801

SO4
2− 0.953 0.009 0.176 0.158

Ca 0.580 0.561 0.370 0.012

K 0.290 0.538 −0.082 0.510

Mg 0.965 0.114 0.174 −0.077
Na 0.748 −0.027 0.076 0.502

Ba −0.027 −0.018 −0.956 −0.077
Fe 0.968 −0.089 −0.016 −0.166
Mn 0.973 −0.076 −0.004 −0.146
Si 0.860 0.080 −0.099 −0.002
Sr 0.625 −0.025 0.485 0.278

Fig. 7 A scatter plot of (SO4+HCO3) vs. (Ca+Mg). The milliequivalent
ratio between HCO3

−+SO4
2− and Ca2++Mg2+ would be near 1:1 with the

dissolution of calcite (CaCO3), dolomite (CaMg(CO3)2), and gypsum
(CaSO4) present in the Ordovician limestone aquifers. Most of the
groundwater falls into the areas close to the 1:1 line, indicating that the
source of HCO3

−, SO4
2−, Ca2+, and Mg2+ in themmostly attributes to the

dissolution of calcite, dolomite, and gypsum
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Factor 2

Factor 2 explained by effects of agricultural activity and sew-
age water discharge has a portion of 16.66 % with high pos-
itive loadings for NO3

− and Cl−. This component is closely
associated with NO3

− (0.889) and Cl− (0.852) and weakly
correlated with Ca2+ (0.561) and K+ (0.538). High positive
loadings of Cl− and NO3

− indicate an influence by human
activities, like agricultural activity and sewage water dis-
charge. Generally, NO3

− concentration is low in atmospheric
precipitation. However, rainwater with NO3

− concentration of
14.3 mg/L was observed in this karst area with a pH value of

lower than 6.5 (Wang and Gao 2009; Gao et al. 2011; and this
study). As one of the major coal mining and coal-using areas
in Shanxi Province, Northern China, the air in the atmosphere
is seriously polluted in Yangquan City where the rainwater
was collected. So, the remarkable nitrate concentration in rain-
water may be ascribed to nitrogenous fertilizer volatilization
and fossil fuel combustion, such as coal and gasoline.
However, the appearance of some high-nitrate-concentration
(>100 mg/L) karst water suggests that there should be other
sources of nitrate entering the karst water aquifers. A litholog-
ical source could not make contributions to such a high con-
tent of NO3

− in this karst area where the strata are mainly
composed of lime, dolomite, some shales and sandstones,
and little Quaternary sediments, and there are no other signif-
icant sources for nitrate importing in the area except for hu-
man being sources. So, it is inferred that domestic wastewater
and agricultural fertilizers are the major sources of NO3

− con-
tent (Heaton 1986). Individual agricultural production which
is the major food supply for local inhabitants has caused heavy
overuse of fertilizer and pesticides in China. These fertilizers
and pesticides enter the karst water via leakage through naked
carbonate rocks or thin-covered soil via precipitation or pol-
luted surface water leaching. Discharge of domestic wastewa-
ter with little pretreatment also increased the risk of ground-
water and surface water pollution. As a consequence, karst
water and surface water with high content of nitrate concen-
tration are all found in the areas with heavy human activities in
this case study.

A positive loading of Cl− in this factor demonstrates other
contributors except for dissolution of halite during natural
water-rock interaction. To identify the potential source of
Cl−, a scatter map (Fig. 10) of Na+ vs. Cl− was employed.
Some karst well samples and surface water samples are locat-
ed below the halite dissolution line where Cl− is excessive
over Na+. On the basis of the lithological context, there are
no other bulk chloride-bearing minerals in the karst area. So,
the significant increase of chloride content in the karst water is
not possibly coming from natural water-rock interaction.
According to our field investigation, there is no other

Fig. 8 A scatter plot of SICalcite vs. SIDolomite in karst water samples

Fig. 9 A scatter plot of SO4
2−+Ca2+ vs. SIGypsum/SICalcite in karst water

and surface water
Fig. 10 A scatter diagram of Na+ and Cl− concentration in the samples
from the Niangziguan karst area
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industrial giver for Cl− in the karst area. Therefore, leakage of
municipal wastewater and recharge of polluted surface water
and shallow groundwater should be the factors resounding for
the extra chloride in karst water and the high positive loading
of Cl− in this PCA model.

Based on the analyses above, a conclusion could be drawn
that the anthropogenic factors like overuse of nitrogenous fer-
tilizer, municipal wastewater discharge, and fossil fuel (coal
and gasoline) combustion seriously affect the chemistry of
karst water in the Niangziguan karst area.

Factor 3

Factor 3 explained by the co-precipitation removal of trace
elements, such as Ba, has a small portion of 10.78 % with a
high negative loading for Ba2+ (−0.956). The high negative
loading value of Ba2+ (−0.956) in factor 3 reminds that the
occurrence of trace elements in karst water is pivotal for water
chemistry. Generally, as a trace element, groundwater has low
barium concentration which originates primarily from natural
sources of water-bearing igneous and sedimentary rocks
through the dissolution of barium-bearing minerals (Mokrik
et al. 2009). Dissolution of barium co-occurrence carbonate
rocks is one of the main natural sources of Ba2+ in the karst
aquifers. Coal mining activity could be the most important
anthropogenic source for high content of trace elements, such
as Ba, Fe, Mn, Sr, and so on in this karst area. As the most
important water supply source, excessive amounts of trace
elements in karst water would cause a body health problem.
Good news is that the negative loading of barium in the PCA
model which declares a removal of it from the karst ground-
water. This can be interpreted as follows: (1) in the recharge
area, barium content in karst water is low, controlled by the
natural water-rock interaction; (2) along the flow path, karst
water obtains other barium supplies, such as coal mining
wastewater, polluted surface water, or polluted sediment
groundwater; and (3) meanwhile, the sulfate content in karst
water increases rapidly due to short-time coal mining acid
water input and longtime dissolution of gypsum in the carbon-
ate strata. Increased sulfate content in karst water promoted
the re-precipitation of barite which is indicated by the positive
SIBarite value (Fig. 11).

Actually, mineral precipitation happens frequently during
the longtime water-rock interaction in this open karst system.
Calcium and magnesium may precipitate as calcite and dolo-
mite along the karst water flow path (Fig. 8). Precipitation of
calcite and dolomite could remove Ba and other trace ele-
ments via isomorphism or co-precipitation. Fe is tending to
separate from karst water as goethite and Fe(OH)3 in the
catchment area, which benefits the removl of trace elements
from aqueous phases (Fig. 12) via adsorption. This partly
explained the decreased content of trace elements in the karst
water located in the downstream of the coal mine areas.

Factor 4

The last factor accounts for the lowest portion of 10.19 %with
a high loading of HCO3

− (0.801) and a moderate loading of
K+ (0.51) and Na+ (0.502). This factor represents the contri-
bution of silicate weathering dissolution on water chemistry.
In the study area, bicarbonate is generally one of the dominant
anions in groundwater. The natural sources of bicarbonate in
groundwater may come from natural organic matter degrada-
tion and carbonate and silicate mineral dissolution. As a typ-
ical karst area, the absence of organic matter in the major strata
limits the amount of produced organic bicarbonate. Therefore,
bicarbonate mainly comes from inorganic mineral dissolution.
However, the low loadings of Ca2+ and Mg2+ in factor 4 sug-
gest that carbonate mineral dissolution is not going to respond
for the high positive loading of bicarbonate here. The exclu-
sive possibility is silicate mineral dissolution which is consis-
tent with the modest positive loading of K+ and Na+. During
the infiltration of rainwater, surface water, and irrigated water,
the silicate minerals available along the path will be dissolved
depending on the availability of dissolved CO2 and carbonic
acid. During the leakage or cross-recharge processes, HCO3

−,
K+, and Na+ will be brought into groundwater. The low load-
ing value of K+ and Na+ may attribute to the multi-sources
and/or cation exchange in Quaternary aquifers which may
modify the water chemistry.

Estimation of coal mining water contribution

A two-end mixing modeling was employed to estimate the
contribution of coal mining wastewater on karst water chemis-
try, with the software PHREEQC V2.8 (see Supplementary
Material 1). In the modeling, karst water samples W3, W4,
and W5, collected from the upstream of the coal mining areas,
were used to work out as end member 1 (fresh upstream karst
water). The chemistry data of end member 1 was obtained by
calculating the mean value of W3, W4, and W5. It is charac-
terized as HCO3-Ca-type water with a temperature of 18.0 °C,
pH 7.58, K 0.1 mg/L, Na 4.9 mg/L, Ca 68.2 mg/L, Mg

Fig. 11 A scatter map of SIBarite and SIGypsum for the water samples from
the Niangziguan karst catchment
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22.6 mg/L, Cl 10.6 mg/L, HCO3 269.0 mg/L, and SO4

22.7 mg/L. Coal mining wastewater was taken as the second
mixing end member in this case study. The ions’mean value of
raw coal mining wastewater samples was used as the chemistry
data of end member 2. End member 2 belongs to SO4-Na-type
water with pH 2.4, K 5.7 mg/L, Na 635.7 mg/L, Ca 318.3 mg/
L, Mg 177.4 mg/L, Cl 44.1 mg/L, HCO3 0.0 mg/L, and SO4

2701.7 mg/L. A pH value of 2.4 was used to represent the
strong acidic condition in coal mining water. An equation was
obtained by mixing different percentages of end members 1
(fresh upstream karst water) and 2 (mining water) to describe
the coal mining water addition on sulfate concentration varia-
tion in karst water (see Supplementary Material 2, data not
show). Two assumptions were made in the modeling: (1) sul-
fate ions were conservative and not or little affected by the
mixing reaction. This assumption is tenable that major sulfate
minerals were undersaturated throughout the modeling experi-
ments, except for minor barite. Barite is going to be
oversaturated in the karst water and showing a trend of precip-
itation. However, the precipitation of barite would remove little
sulfate from karst water, due to the lower Ba concentration in
groundwater (Table 1). (2) Another assumption is that the con-
tribution of natural aquifer sulfate mineral dissolution on karst
water is insignificant during the mixing process. During the
mining and following mixing processes, the acid mining water
could promote the further dissolution of reservoir rock min-
erals, including calcite, dolomite, gypsum, feldspar, and even
quartz in the area. In this case study, we are willing to attribute
this sulfate input to coal mining activity contribution rather than
natural mineral dissolution. The sulfate that comes from the
natural mineral dissolution would be negligible in this stage

due to the inefficient contact time. Based on the above assump-
tions, the karst water samples collected from the coal mining
areas were supposed to be the result of the mixing reaction
between the recharge water from the upstream karst aquifers
and the coal mining wastewater.

The contribution percentage of coal mining water on karst
water chemistry was calculated using the equation (see
Supplementary Material 3) obtained from the mixing percent-
age vs. sulfate concentration curve (Supplementary Material
2). The highest contribution was found in karst water sample
W2 with a coal mining water mixing percentage of 27.05 %,
while the lowest contribution was 1.11 %. Compared with a
previous study from others (Duan and Liang 2006; Li et al.
1998), our results indicate a smaller sulfate proportion from
coal mining activity. In the previous work of Duan and Liang
(2006) and Li et al (1998), both of them used δ34S as the
indicator. Their assumption was that 34S in groundwater was
derived from the mixing of karst water existing in the
Ordovician reservoir and mine wastewater. However, the
sources of δ34S are not limited within these two sources in
the area. The widely distributed coal stratum was another big-
gest reservoir of δ34S. The δ34S composition of water from the
coal strata was similar to the mining wastewater, because the
sulfate in themwas coming from pyrite oxidation. So, the δ34S
sourcing from the coal strata was mistaken and calculated as
mining wastewater contribution. Therefore, they were going
to overestimate the contribution of coal mining water on
groundwater chemistry, based on the δ34S method. In this case
study, the percentage of coal mining wastewater was calculat-
ed using the sulfate balance as the tracer and the result here is
more acceptable.

Fig. 12 Variation of saturation
index (SI) of barite/gypsum/
geothite/Fe(OH)3(a) in the water
samples along the increase of
SO4

2− concentration
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Conclusions

1. Significant karst water quality deterioration was observed
in the Niangziguan spring catchment. Karst water samples
collected are water. Coal mining activity caused the karst
water type to change from Ca-Mg-HCO3 type (in the up-
stream recharge areas) to Ca-Mg-HCO3-SO4 type in the
coal mining areas and Ca-Mg-SO4-HCO3/HCO3-SO4

type with high nitrate content in the rural areas and dis-
charge areas.

2. Statistical methods and hydrochemical analysis were suc-
cessfully used together to interpret the main hydrogeo-
chemical mechanisms controlling karst water quality. A
four-factor principal component analysis (PCA) model is
conducted which explains over 82.9 % of the total varia-
tion. Coal mining activities and natural water-rock inter-
action were extracted as the first primary factors control-
ling karst water quality. Anthropogenic effects were rec-
ognized as the secondary factor with high positive load-
ings for NO3

− and Cl− in the model. The other two factors
are co-precipitation removal of trace elements and silicate
mineral dissolution, which explained 20.97 % of the total
variance.

3. A two-end geochemical mixing model was proposed with
upstream karst water and coal mining wastewater as the
end members. An equation, used for the calculation of
coal mining water mixing percentage, was set up based
on the result of mixingmodeling. The contribution of coal
mining waste on karst water chemistry was quantified to
be from 27.05 to 1.11 % which is ca. three times lower
than the values suggested using a sulfur isotope method.
Using the sulfate balance as the tracer, the result here is
acceptable.
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