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Abstract

The mining industry, especially coal mining, may severely affect the spatial and temporal evolution of groundwater. To provide a
potential model outlining the hydrogeochemical evolution of groundwater as influenced by coal mining, a multi-layer ground-
water system in a coal mining area was investigated. A total of 76 groundwater samples were collected between 1964 and 2018
for hydrogeochemical analysis from boreholes, underground tunnels, and surface pits at Xinglongzhuang Coal Mine in China.
Hierarchical cluster analysis and principal component analysis were used to classify four significant groundwater zones and two
principal components. The results showed that mining may have caused the rock strata to sink, obstructing the path linking the
Permian and lower Quaternary aquifers, and resulting in intensified ion exchange in the lower Quaternary aquifer. The concen-
trations of Na* and Ca®* in the groundwater from the lower Quaternary aquifer changed over the studied period (~54 years). The
gradual increase of Na* and decrease of Ca®* concentration verified the action of cation exchange. The four main aquifers had
relatively independent hydrogeochemistry, suggesting that the hydraulic conductivity of the natural faults is weak and the sealing
properties of hydrogeological drill holes in the coal field are good. Analysis of 26 heavy metals in the mine drainage water
showed that there is only minor pollution after the water has been simply treated. These data analysis methods and results could
be useful in areas with long-term mining to interpret the evolution of groundwater and to promote groundwater quality
management.
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Introduction

Throughout China, coal mining is crucial to the Chinese econ-
omy, accounting for 61.8% of the country’s primary energy
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consumption in 2016, and is expected to remain at similar
levels until at least 2020. Meanwhile, groundwater is often
the preferred source of water supply as it tends to be a more
reliable and economically viable resource than surface water,
and more resilient to pollution. Unfortunately, coal mining and
groundwater resource management frequently come into con-
flict, and the detrimental effects of coal mining on water re-
sources has been well documented globally (Adam and Paul
2000; Andreas and Nikola 2011; Johnson and Younger 2006).
Mine safety is a main issue, as the potential inrush of ground-
water at the working face or tunnel face during the mining of
deep coal seams poses a serious threat to both miners and their
operations (Zhang 2005). China has a long history of mining
disasters and the Chinese government is well aware of the
dangers, but given that the Chinese economy is highly depen-
dent on its coal resources, the challenge has been to develop
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ways of mitigating and managing risk while ensuring coal
production targets are maintained. Overlying aquifers, which
are aquifers above the coal seam, are the main source of
inrushing water that can enter through mining fractures, faults,
or pores (Wu et al. 2014). Overlying-aquifer water inrush is
the most common and dangerous threat to coal mine workers.
Wau et al. (2014) reported that in Jurassic and Permian over-
burden strata, overlying aquifers are generally sandstone,
whereas in Carboniferous strata they are limestone and sand-
stone. The overburden strata, located above the coal seam and
the goaf, are generally classified into three distinct zones: the
caved zone, the fractured zone and the continuous deforma-
tion zone. If an overlying aquifer is crossed by the caved or
fractured zone, groundwater would rush into the mining
spaces or gobs.

Overlying-aquifer water disasters at coal mines are wide-
spread and have been a major threat to both coal mining and
the environment. Pumping can alleviate this risk, but this can
lead to secondary issues such as land subsidence, mine col-
lapse, and the unnatural inducement of water from neighbor-
ing water-resource aquifers and even the ground surface (Unlu
et al. 2013; Salmi et al. 2017; Qiao et al. 2017). The
hydrogeological environment is always altered by mining ac-
tivities, mainly due to the drainage of the aquifer, which re-
sults in the formation of a cone of depression and the reduction
of available groundwater resources. Han et al. (2013) reported
the characteristics of hydrogeochemical evolution in
Ordovician limestone groundwater in the Yanzhou coal min-
ing area, North China. Li et al. (2018) evaluated the water
quality status and associated hydrochemical groundwater
processes at a phosphorite mine in China. Rakotondrabe
et al. (2018) analyzed the influence of goldmining activities
on the water quality in the Mari catchment in Bétaré-Oya (East
Cameroon), and tested for the trace elements Pb, Cd, Mn, Cr,
and Fe, which were found to be at concentrations unsuitable
for human consumption. Razowska (2001) reported changes
in groundwater chemistry caused by the flooding of iron
mines in the Czestochowa Region, southern Poland, and
found that 15 years after the flooding, water stored in the
working mine may be defined as quasi-stagnant, while
Middle Jurassic aquifer water supplies located in
Czestochowa are not polluted by mine waters today. Babita
et al. (2017) investigated major and trace element
geochemistry of the coal mine water in the North Karanpura
coalfields in India. Bhattacharya et al. (2012) investigated
groundwater chemistry with special attention to metal pollu-
tion in selected communities in the Wassa West district,
Ghana, and proposed that the aquifers are not strongly affected
by weathering of minerals due to short groundwater residence
times and intense flushing.

The hydrogeochemical evolution of groundwater has been
extensively investigated, concentrating on water—rock interac-
tions as the main mechanism. Various methods including
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multivariate statistical analysis, isotopes analysis, and hydro-
geochemical modeling have been employed to interpret the
complex processes (Plummer et al. 1990; Giiler et al. 2002;
Sharif et al. 2008; Carucci et al. 2012; Voutsis et al. 2015;
Cortes et al. 2016). Investigators have reported comparable
issues in coal mining areas of China. Methods such as analysis
of groundwater ions, trace elements and environmental iso-
topes, and tracer tests, have been employed to explore the
origins and flow characteristics of aquifers in North China
coalfields (Guo et al. 2003; Chen et al. 2013; Huang et al.
2016).

In China, the overlying aquifer for Jurassic and Permian
coal formations consists of mainly shallow, sandy, confined
sandstone systems. In eastern China, the Permian coal seams
are the major mining targets, and as a result, the Permian
sandstone aquifer above the coal seams is the drainage source
such as the porous and fractured sandstone aquifer in the
Shanxi Group of the Permian System. In western China, the
primary mineable coal seams are distributed in a Jurassic sys-
tem, so that most of the water in the mine enters through the
porous and fractured sandstone or conglomerate aquifer in
Jurassic and Cretaceous systems such as the Yan’an and
Zhiluo groups (Jurassic) or Yijun and Luohe groups
(Cretaceous). In coal mining areas in northwest China, there
is a stable layer of confined aquifer, such as the Salawusu
Group in the Quaternary system, which is in a shallow posi-
tion and plays an important role in surface ecology. The
Xinglongzhuang Coal Mine was the focus of this investiga-
tion, and is a typical North China Coal Mine. Groundwater at
this mining site is not only a resource, but also threatens the
safety of miners and the mining operation. The primary con-
cern of residents in the area is the impact of long-term coal
mining on groundwater connections and quality.

The Xinglongzhuang Coal Mine, part of the Yanzhou coal
field in Shandong Province, eastern China, was used as a case
study to assess the hydrogeochemistry and main hydraulic
connections of the groundwater system. The potential water—
rock interactions were evaluated to interpret the hydrogeo-
chemical evolution of the upper Quaternary, lower
Quaternary, Permian, and Ordovician groundwater at the
Xinglongzhuang Coal Mine in North China. The spatial and
temporal variations of major cations, anions, and trace ele-
ments were analyzed to explain the evolution of the ground-
water, and to provide a better understanding of the mine-water
environment, hydroconductivity of geological structures, and
mine drainage effect, and to advance the strategic manage-
ment of groundwater resources in the mining area.

Study Area

The study focused on the Xinglongzhuang Coal Mine,
part of the Yanzhou coal field in Shandong Province,
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eastern China (Fig. 1). The surface of the study area
is a relatively flat, Quaternary alluvial plane at an
elevation of between 44 and 52 m above sea level
(masl). Average annual precipitation is 714 mm and
the mean annual air temperature is 14.4 °C. The
Xinglongzhuang Coal Mine has an area of 57.7 km”.
Until recently, mining operations focused on the No.
3 coal seam, which had an average thickness of 8 m
(recorded in 1981). The No. 3 coal seam was extract-
ed using fully mechanized caving technology, and has
been approved to produce approximately 6—7 million
tonnes of coal per year since 2000.

Below the alluvium, Mesozoic and Paleozoic sedimentary
formations form a shallow syncline (limb dip angles of <10°)
that plunges gently towards the southeast. The

Xinglongzhuang Coal Mine is located at the north wing of
the Yanzhou Syncline. Generally, it is a cambered monoclinal
structure with sub-folds developed along with some faults.
Under the influence of the sub-folds including a Juwanglin
anticline, Dashicun syncline, and Damiao anticline, the cam-
bered monoclinal structure extrudes slightly to the east. The
Ziyang and Puzi Faults are located at the east and west bor-
ders, respectively, and the Juwanglin anticline stretches across
the middle part of the mine, controlling the tendency of strata.

The full sedimentary sequence for the study area is shown
in Fig. 2. Aquifers that could negatively influence operations
in the coal mine may include: overlying aquifers in the
Permian sandstones and surficial sands and gravels of the
Quaternary, and the thick-bedded Ordovician karst aquifer.
There are two aquifer groups in the Quaternary formation.
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The upper group has an average thickness of 54.54 m, and is
comprised of clay, sandy clay, loose quartz sand, and gravel
layers with inter-deposition of aquiclude layers. The lower
gravel aquifer in the Quaternary formation is distributed in
the western and northern parts of the Xinglongzhuang Coal
Mine with an average thickness of 38.87 m. The upper and
lower aquifer groups have only tenuous hydraulic contact.
Precipitation recharges the upper aquifer groups, which in turn
recharge the lower groups. The lower gravel aquifer is an
indirect water resource which could recharge the Permian
sandstones. The Permian porous and fractured sandstone aqui-
fer has a thickness of 3.28-41.73 m with an average value of
13.08 m, and is the aquifer that causes the direct water-inrush
during the mining of the No. 3 coal seam. Carbonates of the
Middle Ordovician Badou group are comprised of grey lime-
stones or grey dolomites with a massive, compact structure
and an average thickness of 530 m. Where the hydraulic con-
ductivity of the aquitard is enhanced by fractures, flows could
lead to very rapid and severe flooding of the coalface and mine
workings as the excavation proceeds. Because of these issues,
this report concentrates on investigating the hydraulic connec-
tions and hydrogeochemical evolution of the groundwater
from the Quaternary, Permian, and Ordovician aquifers.
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Materials and methods
Sample collection and analysis

For this study, 72 water samples comprised of groundwater,
tunnel water, and surface pit water, were obtained from the
study area and analyzed for water quality. Surface pit water is
obtained when, occasionally, a surface pit collapses due to
mining, resulting in the mine groundwater being discharged.
The data were taken from 1964 to 2018, and included 17
samples from the upper Quaternary (QU) aquifer, 16 samples
from the lower Quaternary aquifer (QL), 16 samples from the
Permian sandstone aquifer (P), 14 samples from the
Ordovician limestone aquifer (O2), and 9 samples from
ditches in underground tunnels (Pit) collected from the Mine
Geological Report for the Xinglongzhuang Coal Mine for
analysis (Table 1). In addition, five samples from panels,
ditches, and surface pits were collected and tested in
June 2017 for trace elements analyses. The locations of these
samples are displayed in Fig. 1.

All the samples were collected using polyolefin bottles.
The containers were washed four or five times using the water
to be sampled before the sample was taken. The bottles were
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sealed immediately and then transported to the laboratory for
physicochemical analysis. Some of the samples were analyzed
for total dissolved solids (TDS), total hardness (TH), pH, ma-
jor cations (Na*, K*, Ca**, Mg”?*) and major anions (SO,
CI, HCO3).

Traditional titrimetric methods were used to determine
the concentrations of SO427, Cl', and HCOj3 , while the
EDTA titrimetric method was used for cation analysis of
Ca”*, Mg**, and TH. Na* and K* were tested using flame
atomic absorption spectrometry. The accuracies of analy-
ses for all samples were based on measurements calculat-
ing the ionic balance error, which was assigned an upper
error limit of 4%. All sample errors were below the upper
limit value. All analyses were performed in the laboratory
of the Geological Engineering Survey Institute of South
Shandong using standard procedures recommended by the
Chinese Ministry of Land and Resources (CMLR). Stable
isotopic compositions were also conducted for selected
samples using a Finnigan MAT 253 isotope ratio mass
spectrometer at the China University of Mining and
Technology. Concentrations of trace metals in water sam-
ples from the Xinglongzhuang Coal Mine were detected
by ICP-MS (Perkin Elmer) at the Jiangsu Design and
Research Institute of Geology and Mineral resources,
Xuzhou, China.

Multivariate techniques

Hierarchical cluster analysis (HCA) and principal component
analysis (PCA) are the most popular methods for statistical
analysis of multidimensional and complex systems, and have
been employed in many similar studies (Blake et al. 2015;
Sako et al. 2016; Chihi et al. 2015). As in other similar re-
search, R-mode HCA was used in this study to better under-
stand the origin of or the factors influencing the
hydrochemistry. Principal component analysis (PCA) is fre-
quently used to reduce the dimensionality of data and to create
new uncorrelated components (Giiler et al. 2002; Voutsis et al.
2015; Moran-Ramirez et al. 2016). The results of PCA are
usually discussed in terms of factor scores and loadings. In
this study, PCA was used for hydrogeochemical data analysis.

Results and discussion
General hydrogeochemical properties

Hydrogeochemistry depends on many factors including the
hydrogeological settings, lithology, mineral composition, tem-
perature, climate, relationship between adjacent aquifers, and
presence of mining and other human activities (Li et al. 2017;
Towfiqul Islam et al. 2017). To help explore the general water
chemistry of the groundwater in the study area, the statistical

summary of hydrogeochemical values is presented in Table 1.
There are a total of 72 groundwater samples, comprised of 16
samples from the Permian sandstone confined aquifer above
coal seam 3 (from 1981 to 2010), 17 samples from the upper
Quaternary confined aquifer (from 1978 to 1997), 16 samples
from the lower Quaternary confined aquifer (from 1980 to
2018), 14 samples from the Ordovician limestone aquifer
(from 2005 to 2012), and 9 samples from underground tunnels
and surface pits (from 1985 to 2017).

As shown in Table 1, the pH of all the water samples
ranges from 7.2 to 8.7, with average values of 8.02 for P,
7.63 for QU, 7.8 for QL, 7.57 for 02, 8.16 for T, and 8.12
for Pit, which means the water was generally slightly (7.2)
to moderately (8.7) alkaline. Due to the tunnel water
mostly coming from the Permian aquifer, the groundwater
had a more alkaline environment in this area. The TDS of
groundwater from the four main aquifers ranged from
236.00 to 2,129.66 mg/L. Arranged in descending order
of TDS, the results indicate that the water—rock interac-
tion increased with depth of the aquifer: 328.88-611.96
mg/L for QU, 236.00-571.19 mg/L for QL, 299.71-
2,127.66 mg/L for P, and 855.48-1,986.61 for O2. For
domestic consumption and irrigation, a TDS <1,000 mg/
L is required, which was found in QU and QL. The TH of
groundwater varied from 18.92 to 1,371.81 mg/L:
158.84-336.43 mg/L for QU, 86.92-221.65 mg/L for
QL, 18.92-193.30 mg/L for P, and 557.84-1,371.81 mg/
L for O2, meaning that in QU and QL, the water ranged
from soft (TH <150 mg/L) to slightly hard (TH within
150-300 mg/L) according to the classification of
Chinese Standards for Drinking Water Quality (GB5749-
2006). Soft water may be due to recharge from local pre-
cipitation, or surface-water bodies with low concentra-
tions of Ca** and Mg**.

For all samples, the major cations and anions showed broad
ranges: Na* =4.34-560.45, Ca** = 1.36-371.17, Mg**=0.33—
139.23, CI" = 7.84-179.34, SO, = 2.26-1,178.61, and HCO;
= 32.92-1,045.88 mg/L. The predominant cation and anion
trends in QU were Ca®* > Na* > Mg?*, and HCO; > SO,> ~
CI'. In QL and P, the ion trends were Na* > Ca®* > Mg**, and
HCO5 > SO, > CI, suggesting that the lower Quaternary is
hydraulically connected with the Permian aquifer. The trend
of dominant ions in O2 were Ca** > Mg?* > Na*, and SO,* >
HCO5™ > CI'. The dissolution of calcite and dolomite may be
the result of relatively high concentrations of HCO;, Ca**
and Mg®*, while the high concentration of SO4*~ in O2 may
be from the dissolution of gypsum.

From the hydrogeological perspective, as shown in Table 1
and Fig. 3, 18 of 72 water samples were classified. Na* was
recorded as “Na* + K™ because the concentration of K* was
low in this area. For these water samples, there were four main
groundwater chemical types: Na-HCO; in P, Ca-HCOj3 in QU,
Na-Ca-HCOs3 in QL, and Ca-SQO,4 in O2, indicating that the
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three main aquifers in this study area have relatively indepen-
dent hydrogeochemical conditions. Na-HCO; and Ca-Mg-
SO4-HCO3 were the dominant water chemical types in T,
while the surface pit lake was classified as Ca-Mg-HCO;-
SO,4. The Permian aquifer is above coal seam No. 3, and
almost all of the sampled tunnel water was from P. However,
some tunnel water samples were collected when the under-
ground Ordovician borehole carried out the drainage tests, as
well as one surface pit water sample, making these samples
dominated by Ca-Mg-SO4-HCOs.

Figure 3 shows that QU samples are located where the
carbonate hardness exceeds 50%, which means that the
total hardness of most water samples can be decreased
using water softening techniques. Permian water samples
are located in areas dominated by alkaline earth and weak
acids. Ordovician samples plot in the area where strong
acids exceed weak acids and noncarbonate hardness ex-
ceeds 50%. QL water samples are distributed in a rela-
tively dispersed pattern. As time progressed and mining
techniques advanced and changed, the dominant cation in
QL evolved from calcium to sodium (Fig. 3, shown by the
black arrow), and the dominant anion changed from chlo-
ride to bicarbonate. As the QL provides recharge for the
Ordovician limestone aquifer, the concentrations of
groundwater ions from QL into O2 increase or decrease
due to mineral dissolution along different flow paths. It
can be derived from the hydrogeochemical facies that the
concentrations of ions in groundwater in the four

Fig. 3 Piper diagram of all water
samples

dominant aquifers affected by mining activity is con-
trolled by the dissolution/precipitation of calcite, dolo-
mite, gypsum, and Na-containing minerals such as halite
and albite. Small amounts of nitrite and ammonia were
also detected in the water samples, indicating that these
samples showed different levels of contamination accord-
ing to the Chinese Standards for Drinking Water Quality
(GB5749-2006).

Multivariate statistical analysis

Figure 3 shows the classification of all the water samples.
R-mode HCA was performed on all samples in conjunc-
tion with Ward’s linkage method with squared Euclidean
distance in order to measure the similarity between the
water chemical variables. Results from the R-mode HCA
are shown in Fig. 4, showing four major groups out of
seven water chemical variables. Cluster 1 includes SO42*,
Mg**, and Ca**, indicating carbonate dissolution. Cluster
2 is comprised of Na* and HCO;™, suggesting both car-
bonate dissolution and ion exchange. As discussed above,
natural processes dominate the evolution of groundwater
hydrogeochemistry in this case study.

Pearson correlation analysis was employed to interpret the
correlations of the main ions, TDS, TH, and pH (Table 2). TH
was significantly correlated with TDS (0.716), Ca** (0.990)
and Mg?*(0.977), while TDS was also significantly correlated
with Ca?* and Mg?*, making Ca** and Mg** the major

@ Springer




Hydrogeol J (2019) 27:2245-2262

Fig. 4 Dendrogram of HCA
results 1
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contributors to TH. In addition, Na* was correlated with
HCO;™ (0.864) instead of CI, indicating that groundwater
chemistry is dominated by the contribution from ion exchange
rather than halite and albite dissolution. Ca®* (0.951) and
Mg?* (0.969) were significantly correlated with SO,*", which
means that in the Ordovician aquifer, the groundwater chem-
istry is dependent on the dissolution of gypsum, oxidation of
pyrite, and ion exchange.

Based on the Kaiser criterion, PCA provided two sig-
nificant principle components (PCs), as shown in Table 3.
The eigenvalues for the first two PCs contributed 73.95%
of the observed variance, and the contribution of PC1 was
larger than PC2. Table 4 and Fig. 5 show the identified
PCs. PC1 contained most of the main ions in the
Ordovician aquifer (Ca®*, Mg®*, and SO,*"), which were
also the dominant ions for TDS and TH, whereas PC2

Table 2 Correlation matrix of the

species in all samples Correlation ~ pH Na* Ca™ Mg** Cr SO, HCO;  TDS TH
pH 1.000 0431 -0.407 0327 0.141 —0.275 0.299 —0.065  —0.383
Na* 1.000  -0.334  -0.232 0.463 —0.085 0.864 0.437 —0.303
Ca™* 1.000 0.953 —0.062 0.951 —0.294 0.693 0.990
Mg 1.000 0.029 0.969 -0.240 0.747 0.977
Cr 1.000 0.076 0.114 0.249 —0.044
S04 1.000 —0.134 0.840 0.965
HCO;5~ 1.000 0.409 -0.279
TDS 1.000 0.716
TH 1.000

Significant factors are in italic font
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Table 3  Eigenvalues of the correlation matrix

PCs Eigenvalue Percentage of Cumulative %
variance %

1 3.352 47.880 47.880

2 1.825 26.069 73.949

3 0.826 11.799 85.748

4 0.701 10.019 95.767

5 0.239 3414 99.182

6 0.044 00.628 99.810

7 0.013 .190 100.000

Significant factors are in italic font

consisted of Na*, HCO;™, CI", and pH, which represents
the main ions in QU, QL, and P. From Fig. 6, one can see
that the QU and QL are similarly distributed and are more
closely related to PC2, indicating that QU and QL share a
similar hydrogeochemical environment. Permian water
samples are also closer to PC2 and are generally larger
than 0.4. The water samples from O2 are more closely
related to PC1, but are dispersed along a wider range,
meaning that the distances QL supplied to O2 were dif-
ferent. Two tunnel water samples are close to O2 because
they were collected in the tunnel where the O2 boreholes
were draining. Other tunnel water samples were more
similar to the distributions of P, QU, and QL, suggesting
that in daily mining operations, QU, QL, and especially P,
are the main sources of drainage water into the mine.

Hydrogeochemical processes

The potential reactants for groundwater in this study area were
carbonates (calcite and dolomite), crystal minerals (gypsum
and quartz), and some clay minerals (kaolinite, illite and mont-
morillonite). The presence of pyrite and siderite may be
disregarded, because the detected iron ion concentrations were
too small to impact the hydrogeochemical environment. The
study showed that the major reactants were calcite, dolomite,

Table 4  Eigenvectors of the two PCs

Species Coefficient of PC1 Coefficients of PC2
SO,? 0.989 0.028

Mg** 0.976 -0.094

Ca™ 0.954 —0.231

Na* —0.134 0.882

HCO;~ —0.157 0.819

cr 0.140 0.596

pH -0.339 0.542

Significant factors are in italic font

@ Springer

gypsum and halite, and clay minerals which implied that the
cation exchange should be assessed.

The saturation index (SI) values for calcite and dolo-
mite in the four main aquifers were mostly greater than
zero (Table 1), suggesting that the two minerals are
super-saturated and have the potential to precipitate. In
contrast, the SI of gypsum in all four aquifers for all the
samples was below zero, indicating that the gypsum is in
a dissolved water environment. Groundwater in recharge
areas is often undersaturated with respect to minerals,
indicating the short distance of the flow path and time
of interaction between water and rock. Generally, the
value of TDS in an aquifer increases down the flow path
due to extensive water—rock interactions and dissolution
of minerals, suggesting that TDS could be used to verify
runoff direction and other groundwater characteristics
(Gastmans 2010).

The SI values of calcite and dolomite ranged from —
0.16 to 0.64 and —2.27 to 0.83, respectively, in QU; from
—0.64 to 0.84 and —1.57 to 1.32 in QL; —0.32 to 1.03 and
—1.07 to 1.87 in P; and from 0.33 to 1.04 and 0.52 to 1.92
in O2, respectively. The SI values of calcite and dolomite
in the QU, QL, and P aquifers were not correlated with
TDS, as shown in Fig. 7. In contrast, in all four aquifers,
Slgypsum and TDS had relatively proportional correlations.
SlGypsum and Slygiice in all the water samples were less
than zero, meaning that the groundwater had the capacity
to dissolve gypsum and halite, and the resulting increased
concentration of Ca?* could induce the super-saturation of
calcite and dolomite. Furthermore, the concentrations of
Ca’**, Mg?*, and HCO;  were not strongly correlated
with Slcaie (Fig. 8a) and Slpoiomite (Fig. 8b), which
suggests that the calcite and dolomite stopped dissolv-
ing. As shown in Fig. 8c, Slgypsum increases with a
polynomial fit along with the concentrations of Ca**
and SO,>". The correlation coefficients (R?) of Ca**
and Slgypsum, and S04* and SlGypsum are 0.91 and
0.94, respectively.

Kumar (2009) employed the relationship between
TDS and ions to reveal the mechanics of their hydro-
geochemical evolution and to analyze the origin of the
ions. Out of all the cations in the water samples, the
rates of increase of Na* in P and Ca®* and Mg®* in 02
were greater than those for other cations in other aqui-
fers, which showed insignificant correlations. The cor-
relations between Na® and TDS in P, Ca’* and TDS in
02, and Mg®* and TDS in 02, were 0.90, 0.88, and
0.66, respectively (Fig. 9a). For anions, TDS and the
concentration of SO4> in 02 showed the highest corre-
lation (R* = 0.97) in all the water samples. Also, HCO;~
in P had a relatively large correlation of 0.82 (Fig. 9b),
indicating that halite dissolution and cation exchange
were the dominant hydrogeochemical processes in P.
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Fig. 5 Loadings plot of PCs
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The dissolution of carbonate minerals could be denoted as  Calcite : CaCO3 + CO; (g) + H0 = Ca™ +2HCO5™ (1)
Egs. (1) and (2). If hydrogeochemistry of the groundwater
consisted of ions coming solely from the dissolution of calcite,
(HCO;)/(Ca**) would be 2, whereas if the dissolution of = Ca’" + Mg*" + 4HCO;~ (2)
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above the 4:1 line must be accompanied by ion exchange.
As shown in Fig. 10a, it is notable that QU and QL
groundwater were more likely formed by calcite and do-
lomite dissolution. The Permian aquifer was characterized
by cation exchange. As shown in Fig. 10b and Table 1,
there is further evidence that the dissolution/precipitation
of calcite and dolomite was the dominant hydrogeochem-
ical process. From Fig. 10c, Ca** and SO4* show a
higher correlation. All the water samples are around the
1:1 line from Eq. (3), while O2 and most of P cluster
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Fig. 8 a SI_Calcite and ion concentration, b SI_Dolomite and ion
concentration, ¢ SI_Gypsum and ion concentration

above it, and QU and QL below it, indicating that O2
and P participate in cation exchange, and there may be
reverse ion exchange in QU and QL.

Gypsum : Ca SOy - 2H,0 = Ca’" +S0,>” +2H,0  (3)
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Fig. 9 a TDS and cation concentration, b TDS and anion concentration

If Ca®*, Mg?*, and Na* come from the dissolutions of
their corresponding minerals (calcite, dolomite, and ha-
lite), the Na/Cl could be 1 (Rajmohan and Elango 2004;
Ettazarini 2005). Figure 11 shows that all the water sam-
ples except three from P are below the 1:1 line. All the
water samples have more halite ions than chloride ions,
while the groundwater types are controlled by ion ex-
change. Figure 12 shows that Ca®* and Mg®* are both
deficient compared with S0,* and HCO; . Because cal-
cite dissolves faster than dolomite, it is assumed that cal-
cium will be the major cation participating in ion ex-
change. As shown in Fig. 13, the samples in the upper
left quadrant (including some from QU and QL) may rep-
resent reverse ion exchange, and other samples in the
lower right quadrant are consistent with cation exchange.
The groundwater from P has the strongest degree of ion
exchange of the four aquifers. As shown in Eq. (4), the
processes of adsorbing Ca”* and desorbing Na* may be
the main direction of the cation exchange. The exchange
type of Eq. (4) can be verified by the chloro-alkaline
indices (CAI-1 and CAI-2) proposed by Schoeller (1965).
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Fig. 10 a Ca and HCO; concentration, b Mg and HCOj; concentration, ¢
Ca and SO, concentration

2NaX + Ca’" = CaX2 + 2Na* (4)

As already discussed, results showed that water in P is
in a hydrogeochemical environment that promotes strong
ion exchange, inducing that calcium is at a much lower
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concentration than bicarbonate. The dissolution of calcite
and dolomite in O2 has ceased, indicating that the domi-
nant dissolved mineral in O2 is gypsum. The four main
aquifers have relatively independent hydrogeochemistry,
although they have different piezometric heads, suggest-
ing that the hydraulic conductivity of natural faults is
weak and the sealing property of hydrogeological drilling
in the coal field is good. Another possibility is that the
deep coal seams Nos. 16 and 17 have not been extracted,
so the faults were not activated by coal mining.

Since 1979, coal seam No. 3 has been the active min-
ing layer in the Xinglongzhuang Coal Mine, and the
Permian aquifer is the main water-inrush source. QL is
the replenishment source for both the Permian and
Ordovician aquifers, while at the same time, QL receives
recharge from precipitation and QU (Fig. 14). Large areas
of coal mining can cause the water level of QL to drop.
QL is an unconsolidated, confined aquifer; due to coal
mining and increasing drainage from the Permian aquifer,
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Fig. 12 Ca+Mg and SO4+HCOj5 concentration

@ Springer

Na-Cl (meq/L)
Fig. 13 Na-Cl and Ca+Mg-SO4-HCOj; concentration

the skeleton of QL would be compressed, potentially
causing a change in hydrogeochemisty. QU has Ca-
HCO; dominated water chemistry with calcite and dolo-
mite as the dominant minerals, allowing ion exchange
between Ca?* and Na* to occur. When water enters QL,
cation exchange is the main hydrogeochemical process,
producing a Na-Ca-HCOj; water type. As QL is the re-
charge source for P, the water type in P is Na-HCOj; as
a result of the ion exchange in the source. An extended
period of coal mining drained much of the water from P,
which induced a decrease in water volume and in the
water table of both P and QL. Mining caused the rock
strata to sink, and obstructed the path connecting P and
QL. All these reasons may have brought about a state of
intensified ion exchange in QL. Figure 15 shows the
changing concentrations of sodium and calcium in QL
as the duration of mining activity increases. The increased
Na* and decreased Ca®* trends over time could be used to
verify the action of cation exchange.

As shown in Fig. 16a, the water inflow (average annual
value) at the Xinglongzhuang Coal Mine was in a rela-
tively stable range, from a minimum of 52.84 m’/h in
1976 to a maximum of 297.62 m>/h in 2011, and an av-
erage value of 227.40 m>/h for all observed years. The
precipitation in the study area fluctuated from minimum
of 311.7 mm in 2002 to 1,050.5 mm in 2003 (Fig. 16b).
Generally, wet and dry years alternated; however, there
was not an obvious correlation between precipitation and
water inflow. The upper Quaternary water table was
shown to be above sea level (Fig. 16c), although its ele-
vation has been decreasing over time with coal mining
activity, from —17.53 m in 1983 to —89.22 m above sea
level in 2012. Water-table data were collected on
December 31st of every year. Coal mining activities di-
rectly used water from the Permian aquifer, which is
recharged by the lower Quaternary aquifer. Currently,
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the water table of the Permian aquifer is around —200 m
above sea level, meaning that the Permian and lower
Quaternary aquifers have large static reserves; however,
the recharge water volume for QL was smaller than the
drainage, leading the water table to drop each year. The
lack of adequate fresh water recharge in QL caused an
increase (Na™) and decrease (Ca’") in the related exchang-
ing ions (Fig. 15).

Trace element analysis

Acid mine drainage (AMD) poses a severe pollution prob-
lem to current and future generations, and is a major prob-
lem at coal mines all over the world. Different concentra-
tions of heavy metals are found naturally in groundwater,
deposited by geological processes and biological cycles.
Certain trace elements from mine drainage become toxic
to humans and must be monitored. For this study, 26
heavy metals (Ge, As, Al, Ti, Ba, T1, Pb, Th, U, Li, Be,
Sc, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, Rb, Sr, Zr, Mo, Cd and
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Fig. 15 Concentrations of Na and Ca along with time in groundwater of
the upper Quaternary aquifer

Cs) were selected for monitoring, while five water sam-
ples were taken (T1, T2, T3, T4, and T5) for trace ele-
ments detection. Sample locations were dispersed
throughout the mine: T1 was located in the panel and
from the roof water, T2 and T3 were located at the end
of ditch connected directly with the mine total sump, al-
though T2, past the ditch, was from the roof water of the
panel, and T3 was from an Ordovician exploration well,
T4 was obtained from the total sump, and TS was from
the surface pit.

As shown in Table 5, the concentration of 26 trace metals in
the five water samples was tested. Al, Ba, Li, Ni, Sr, and Mo
were the dominant elements in the mine drainage. With the
exception of Ni, most of these metals were below the allow-
able limit as provided in the standards of Ministry of Health of
the P.R. of China (2006). Ni was below the 20 pg/L in T1-T4,
but exceeded the drinking-water allowable limit in TS (53.3
pg/L). There was cement and fly ash in the ditches, so that the
concentration of trace elements in water samples was affected
by the flowing environment. The concentration of Ti, Pb, Li,
V, Co, Cu, Zn, and Mo gradually increased along the path of
the flowing water. From the data in T1 and T2, one can see
that the concentration of Ti, U, Be, Sc, Mn, Sr, Cd, and Cs has
only a slight change; however, the concentration of Al, Ba,
Th, Cr, Ga, Rb, and Zr increased as water flowed through the
ditches. The concentration of Ba, Th, Sc, and Cr from the roof
water decreased after it was mixed with Ordovician water. In
the total sump, there was some simple hydrochemical treat-
ment and precipitation, resulting in a decrease in the concen-
tration of Ti, V, Mn, Ga, Sr, and Zr. Relatively high concen-
trations of Sr in the drainage may be attributed to the
weathering of calcium carbonate minerals. Concentrations of
most metals were below the acceptable limits, indicating that
the highly alkaline pH could weaken the dissolution of metals,
and that the clay minerals provide a good adsorbing surface
for many trace elements. Some concentrations of ions in the
drainage water were very high (Table 1), meaning that the
drainage water is not suitable for drinking (WHO 2017). In
the future, when coal seams Nos. 16 and 17 are extracted, the
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Ordovician aquifer would be the main source of drainage wa-
ter, and the high concentration of sulfates would be the main
water treatment problem encountered when reusing the mine
water.

Conclusions

This study investigated the trace elements in and evolution of
the hydrogeochemistry of mine drainage water at the
Xinglongzhuang Coal Mine in the Shandong Province of
China using ion analysis, multivariate statistical techniques,
and correlation analyses. The following conclusions can be
summarized.

* Four main groundwater chemical types in the aquifers
were identified: Na-HCOj3 in P, Ca-HCO;5 in QU, Na-
Ca-HCO; in QL, and Ca-SO,4 in O2. The concentrations
of'ions in groundwater in the four dominant aquifers were
influenced by the dissolution/precipitation of calcite, do-
lomite, gypsum, and Na containing minerals.

* The R-mode HCA analysis showed that the hydrogeo-
chemical evolution in the study area was driven by car-
bonate dissolution and active ion exchange, and that nat-
ural processes dominated this evolution over time. PC1
contained most of the main ions in the Ordovician aquifer
(Ca®*, Mg>*, and SO,*), which were also the dominant
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Table 5 Trace element chemistry of Xinglongzhuang Coal Mine

discharges

Trace element

Site number

TI T2 T3 T4 T5
Ge (ug/L) 0.00 0.39 0.00 0.00 0.00
As (ug/L) 0.000 0.000 0.000 0.000 0.000
Al (ug/L) 0.031 0.048 0.035 0.033 0.059
Ti (ng/L) 0.007 0.004 0.019 0.015 0.008
Ba (ug/L) 127.0 161.0 714 773 102
Tl (ug/L) 0.014 0.017 0.024 0.028 0.032
Pb (ug/L) 0.067 0.088 0.080 0.082 0.924
Th (ng/L) 0.031 0.120 0.053 0.030 0.027
U (ug/L) 0.35 031 0.18 0.32 0.18
Li (ug/L) 115 67.9 90.8 73.1 133.0
Be (ug/L) 0.003 0.002 0.003 0.001 0.002
Sc (ug/L) 323 3.13 2.80 291 2.40
V (ug/L) 0.85 1.51 1.63 1.64 246
Cr (ng/L) 439 115 3.04 4.94 8.58
Mn (ug/L) 6.52 0.84 4.00 3.62 0.66
Co (ug/L) 0.11 0.15 1.17 1.49 927
Ni (ug/L) 1.07 118 8.34 9.69 533
Cu (ug/L) 2.58 7.57 2.83 476 11.0
Zn (ug/L) 1.01 1.26 2.18 3.97 14.5
Ga (ug/L) 0.007 0.084 0.086 0.070 0.047
Rb (ug/L) 1.87 4.05 13.00 9.39 9.48
Sr (ng/L) 1848 1708 4591 3577 2277
Zr (ug/L) 0.084 0.55 0.11 0.18 0.067
Mo (ug/L) 1.52 1.38 485 7.20 27.90
Cd (ug/L) 0.008 0.005 0.009 0.016 0.063
Cs (ug/l) 0.017 0.089 0.28 0.15 0.15
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contributors for TDS and TH. PC2 consisted of Na*,
HCOs, CI', and pH, indicating the main ions in QU,
QL, and P.

* The concentrations of sodium and calcium in QL varied
with the length of time that the area was mined, meaning
that gradually, the increase of Na* and decrease of Ca®*
could be used to verify the action of cation exchange. The
Permian aquifer provides a hydrogeochemical environment
that encourages strong ion exchange, and calcium was at a
much lower concentration than bicarbonate. The dominant
dissolution mineral in O2 was gypsum. The four main aqui-
fers have relatively independent hydrogeochemistry, al-
though they have different piezometric heads, suggesting
that the hydraulic conductivity of natural faults is weak.

» Large spatial extents of coal mining can cause the water
level of the four aquifers to drop. The flow path of the
water combined with the water—rock interactions caused
there to be different concentrations of ions, and therefore
drove the ion exchange in groundwater.

e The concentrations of Ti, Pb, Li, V, Co, Cu, Zn, and Mo
gradually increased along the flow path of the water.
Concentrations of most metals were detected below the
acceptable limits, indicating that a high alkaline pH could
weaken the dissolution of metals, and that the presence of
clay minerals provided a good adsorbing surface for many
of the trace elements.

*  Due to the limited number of water samples available from
the study area, the overall understanding of groundwater
evolution may be limited. In the future, when coal seam
No. 16 is extracted, the Ordovician aquifer would be the
main source of drainage water, and the high concentration
of sulfate would be the main water treatment problem
encountered when reusing the mine water.
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