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Abstract Understanding the sources and mechanisms of
groundwater recharge in the Ningtiaota Coalfield, an arid
area in northwest China, is important for water resources
management and coal mine safety. Hydrochemical and
stable hydrogen and oxygen isotopic data were used to
study water—rock interactions and groundwater recharge
in the area. A total of 45 water samples, including surface
water, Quaternary groundwater, and Jurassic Zhiluo Group
(J,z) and Yan’an Group (J,y) groundwater, were collected
for major ions and stable isotope (8D and 8'0) analyses.
Our results showed that the groundwater originated from
atmospheric precipitation, and experienced weak evapora-
tion during infiltration. Water in the study area has a low
salinity and is dominated by HCO;—Ca type. The dominant
water—rock interactions in the Jurassic Zhiluo Group (J,z)
groundwater were dissolution of silicate minerals, gyp-
sum, and halite and cation exchange. The results may aid in
water resources management and groundwater inrush pre-
vention in the coalfield and at other coal mines.
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Introduction

With the revival of the Silk Road economic belt (Li et al.
2015), groundwater will become even more important for
western China, and research on groundwater quality will
be more urgent and important for the sustainable develop-
ment of western China (Li 2016). The Ningtiaota Coalfield
of northern Shaanxi, one of the main coal mining areas in
northwest China, has abundant and high-quality Jurassic
coal resources (Wang et al. 2009). Over the last few dec-
ades, with the increasing exploitation of underground coal
reserves, groundwater inrush has become a severe threat
to mine safety in the northern Shaanxi region. To prevent
groundwater inflows into coal mines, groundwater is con-
stantly pumped to reduce the water pressure, which has
undoubtedly caused a waste of groundwater resources in
the region where groundwater is the main source of water
supply (Li et al. 2013a). In addition, long-time depressuri-
zation and dewatering may change the flow systems and the
quality of groundwater and surface water (Hu and Evans
1997; Jiang et al. 2010; Zhang and Liu 2002). Therefore,
it is very important to understand groundwater circulation
and groundwater quality/hydrochemical processes.

The hydrochemical method is one of the most common
and effective approaches to identify groundwater circula-
tion. Along the general groundwater flow direction, the
ions’ concentrations change because of water—rock inter-
actions between groundwater and aquifer materials. The
chemical composition of groundwater is controlled by
the composition and quantity of rainfall, the geological
structure, the aquifer minerals, and hydrochemical evolu-
tion processes along flow paths (André et al. 2005; Gast-
mans et al. 2010; Moral et al. 2008). Therefore, spatial
variations in the chemistry of groundwater can be useful
in elucidating the groundwater’s origin, circulation, and
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water—rock interactions (Sun et al. 2009; Wang et al. 2006),
and can play an important role in discriminating ground-
water inrush sources and passages, and hydraulic connec-
tions between aquifers (Wang et al. 2000). In combination
with other data on geology, hydrology, and isotopes, infor-
mation on groundwater hydrochemistry can be helpful in
understanding the recharge and discharge characteristics
of groundwater (Gomo and Vermeulen 2014; Han et al.
2013; Murkute 2014). In recent years, hydrochemistry and
isotope approaches have become an integral part of study
on groundwater circulation (Chen et al. 2013; Clark and
Fritz 1997; Huang and Chen 2012; Kendall and McDonnell
1998; Wang et al. 2013).

A series of geological, geophysical, and hydrogeologi-
cal studies have been conducted to understand the lithol-
ogy, coal distribution, and hydrogeological conditions of
the Ningtiaota Coalfield (Xi’an Research Institute 2012;
Shaanxi Coalfield Geology Bureau 1987). More attention
has been paid to groundwater behavior due to the increas-
ing competition between groundwater consumption and
mine safety. This study reports on the chemical and isotopic
composition of groundwater from three main aquifers. The
data were used to assess groundwater quality and identify
the hydraulic connectivity between the aquifers before min-
ing began.

Study Area

The Ningtiaota Coalfield is located in the northwest of
Shenmu County, Yulin City of Shaanxi Province, China,
and is approximately 36 km from Shenmu County. The
coalfield covers an area of 71.20 km? (Fig. 1; Yao and Xia
2007). The study area is located in the warm temperate
zone with an average annual temperature of 8.6 °C, and is
characterized by a semi-arid continental monsoon climate.
According to observational data from 1961 to 2003 at the
Shenmu weather station, the mean annual precipitation is
434.1 mm, and the mean annual evaporation is 1712.0 mm
(Su et al. 2013). The rainy season (July—September) typi-
cally accounts for 50-70% of the total year’s rainfall.

The elevation of the study area is higher in the southwest
than in the northeast. The overall topography is relatively
flat with the highest elevation (1328 m) in Gongjialiang and
the lowest (1121 m) in the downstream Kaokaowusu River,
near the area’s eastern boundary. The Ningtiaota Coalfield
is located in the Kuye River basin, which belongs to the
Yellow River. The rivers in the area are mainly the Kaoka-
owusu (KKWS) River and its tributaries, the Kentieling
(KTL), Dahoujiamu (DHIM), and Xiaohoujiamu (XHIM)
Rivers, and the Majiata River’s branch Lucao (LCG) River,
which is near the study area’s southern boundary (Fig. 1).
There are two landforms in the area: a sandy area, which is
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widely distributed and accounts for about 90% of the total
area, and the river valleys in the basins of the Kaokaowusu
(KKWS) River and its tributaries (Figs. 1, 2).

Geology and Hydrogeology

The Ningtiaota Coalfield is located in the northeast of the
Ordos Basin (Fig. 1), which developed during the Meso-
zoic Era on the North China craton. The interior of the
basin was relatively stable although the margins were tec-
tonically active (Wang et al. 2014; Xue et al. 2010). The
study area was in the interior of the basin and mainly went
through vertical lifting and depression without magmatic
activity or large faults. The regional strata incline to the
northwest, forming monoclinic structures with an inclina-
tion of 1° (Ding et al. 2016; Xue et al. 2010; Yang et al.
2015a). The strata sequences from top to bottom are the
Quaternary Holocene alluvium (Q4“1) and eolian sand
(Qf"l), the Middle Pleistocene Lishi Group (Q,l), the Neo-
gene Pliocene Baode Group (N,b), the Middle Jurassic
Zhiluo Group (J,z), and the Yan’an Group (J,y) (Li et al.
2013a, 2008; Yang et al. 2015b). Each stratum (except the
Quaternary) contacts conformably or para-unconformably.
The main mining coal seam (272) is located in the Yan’an
Group (J,y). The floor of the coal seam gently undulates.
The main top—down aquifers are the Quaternary Hol-
ocene alluvium (Q,") aquifer, the Upper Pleistocene
Salawusu Group (Qss) alluvial aquifers, the Jurassic Zhi-
luo Group (J,z) weathered, fractured aquifer, the Juras-
sic Yan’an Group (J,y) sandstone aquifer. The aquicludes
includes the Lishi Group (Q,l) loess aquiclude and the
Baode Group (N,b) laterite aquiclude (Fig. 2) (Xi’an
Research Institute 2012). Among them, the Jurassic Zhiluo
Group (J,z) weathered, fractured aquifer, which overlies the
coal-bearing strata Yan’an Group, is one of most impor-
tant aquifers, as groundwater in the Zhiluo Group aquifer is
both used as a main source for water supply and is a poten-
tial threat to coal mining in the Ningtiaota Coalfield. The
aquifer is characterized as medium-coarse-grained gravel-
bearing feldspar sandstone with well-developed weathered
fractures. Its thickness ranges from 10.00 to 33.76 m. It
is recharged by groundwater from the lateral or overly-
ing aquifer through weathered fractures. On the basis of
pumping and draining tests conducted in the coalfield, the
hydraulic conductivity and specific capacity of the aquifer
is 1.98-28.80 m/day and 0.019-0.032 L s m, respectively,
indicating high permeability and weak water yield. The
thickness of the Jurassic Yan’an Group (J,y) sandstone aqui-
fer ranges from 21.75 to 114.13 m, the hydraulic conductiv-
ity and specific capacity is 2.69x 107-3.00x 10~* m/day
and 6.52x107°-5.80x 10~ L/s m, respectively, indicat-
ing poor permeability and poor water yield. The hydraulic
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connection between the Quaternary and Jurassic aqui-
fers is weak, as demonstrated by the drainage tests (Xi’an
Research Institute 2012). The water levels in the three bore-
holes (J12, J17, SYJ) in the Jurassic aquifer decreased soon
after the Zhiluo group groundwater drained, while there
was no distinct change in the water level in the Q5 borehole
(Fig. 3).

Groundwater flow in the study area is mainly controlled
by topography and bounded by the watershed (approxi-
mately from Shinibula to Gongjialiang, Fig. 2). Groundwa-
ter in the north of the watershed flows towards the northeast
and then discharges to the Kaokaowusu (KKWS) River,
while groundwater in the south flows to the southeast and
eventually discharges to the Lucao (LCG) River (Fig. 2). In
recent years, mine drainage pumped from the underground
mine has become another important source of groundwater

discharge apart from natural discharge (Xi’an Research
Institute 2012; Jiang et al. 2010).

Samples Collection and Analysis

Forty-five water samples, including 9 surface water, 4 Qua-
ternary groundwater, 24 Zhiluo Group (J,z,) and 8 Yan’an
Group (J,y) groundwater samples were collected in the
study area (Fig. 2). The groundwater samples were col-
lected with bailers. Most of the samples were collected in
both March and August, 2012. Some samples were col-
lected again in August 2013. The hydrochemical composi-
tion of the samples suggests minor temporal variations.
Immediately after collection, all samples were filtered
through 0.45 pm membrane filters. Aliquots of the water

Fig. 1 Geographical location of the study area
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Fig. 2 Sketch map of hydrogeology of the study area (after Xi’an Research Institute 2012): a hydrogeological sketch of the study area and the

distribution of water samples, b hydrogeological profile of II-II'

were stored for anion and stable hydrogen and oxygen iso-
tope analyses. The aliquots for cation analyses were acidi-
fied to pH <2 with ultra-purified nitric acid and stored in
polyethylene bottles. Four parameters were measured in the
field (DO, ORP, electrical conductivity (EC), and pH) with
portable multi-parameter instruments (DO30 dissolved
oxygen (DO), ORP30 ORP, CON30 EC, and pH30 pH
probes, respectively). Major cations (Ca, Mg, Na, K) were
measured with a Spectroblue inductively coupled plasma
optical emission spectrometer (ICP-OES), anions (SO,, Cl,
NO;, and F) were measured by DX-120 IC (ion chromatog-
raphy), and the alkalinity was titrated using a HCI standard
solution (0.025 mol/L). The total dissolved solids (TDS)
were calculated as the sum of major ion concentrations,
subtracting a half of the HCO;. The precision of cations
and anions (except for HCO5 and COj;) is 0.01 mg/L; the
precision of HCO; and COj; is 0.6 mg/L. Stable isotopes
(8D, 8'80) were determined by isotope ratios using LGR
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LWIA-24d (liquid—-water isotope analyzer) and reported
relative to the VSMOW standard (Vienna Standard Mean
Ocean Water) in permil (%o); the precision is 0.03%o for
8D and 0.28%o for 8'%0, respectively. Hydrochemical and
stable isotope compositions are presented in Table 1.

Results and Discussion

A regional hydrogeochemical study is intrinsically a mul-
tivariate problem because of the diverse parameters (vari-
ables) associated with a large number of sampling sites
(observations). Although multivariate statistical methods
do not indicate cause-and-effect relationships, they pro-
vide information from which such relationships can be
inferred (Monjerezi et al. 2011). Therefore, they have been
used extensively in analysis of hydrogeochemical data and
have contributed to the discovery of major mechanisms
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Fig. 2 (continued)

influencing groundwater chemistry. In this study, we used
descriptive statistical analysis and a set of graphical repre-
sentations to explore the hydrogeochemical characteristics,
ion sources, and associated hydrogeochemical processes.

Hydrogeochemical Characteristics

Descriptive statistical analyses (minimum, maximum,
and mean) of the data are shown in Table 2 and are plot-
ted as box-plots (Fig. 4). All of the samples had low salin-
ity (TDS <500 mg/L). The Quaternary water had a high
NO; content (averaging 26.52 mg/L), which might be
due to agricultural activities given how close the uncon-
fined aquifer is to human activities. Sample J7 (belong-
ing to J,z) had detectable CO32_, while the other samples
did not. The Ca, Mg, and TDS content of the Zhiluo and
Yan’an Groups were generally less than that of the surface
water and Quaternary groundwater; and four outliers (J11,
J10, J15, and J13) had relatively high SO, concentrations.
According to the GB/T 14848-1993 Quality Standard for
Ground Water (Ministry of Land and Resources of the Peo-
ple’s Republic of China 1993), the groundwater quality
was classified into five types on the basis of 39 indicators,
including NOs. In terms of NO; concentration, all samples
except for the Quaternary Q1 (65.5 mg/L) were better than
type II (NO5; <22 mg/L), indicating that the natural back-
ground groundwater chemical contents were suitable for all
purposes.

Q,1 loess and N,b red clay - 1,z mudstone, siltstone
L—

Groundwater level of ],z

- 1,z sandstone - 1,y sandstone, mudstone
182° N
—_~ | Direction of profile ! IJz Borehole

A Piper diagram (Piper 1944) of J,z groundwater (Fig. 5)
and percentage histograms of the other samples (Fig. 6) are
plotted to represent the relative major ion content. They
identify the main hydrochemical facies of the different
water bodies: surface water is HCO,;—Ca type, Quaternary
groundwater is HCO,—Ca and HCO;—Ca-Mg types, J,z
groundwater is HCO,;—Ca, HCO;—Ca-Na+K-Mg, and
HCO;-SO,~Ca—Na-Mg types, and J,y groundwater is
HCO;—Ca and HCO;—Na+ K-Ca—Mg types. The dominant
hydrochemical type is HCO;—Ca.

Piper diagrams graphically represent the relative content
of major ions in water samples and is widely used to evalu-
ate hydrochemical evolution of surface water and ground-
water (Subrahmanyam and Yadaiah 2001). The hydrochem-
ical evolution of the J,z groundwater can be seen in Fig. 5.
In general, the samples in the diamond mostly fall in area
5, which means that carbonate hardness exceeds 50%, i.e.
the relative Ca+Mg and HCO;+ COj; content exceed 50%
of the total cation and anion contents, respectively. With
respect to anions, all of the water samples plotted in zone
E (HCO; type). HCO; was the dominant cation, account-
ing for 60-90%, SO, was second with a content of 1-30%,
whereas Cl was less than 10%. With respect to cations,
samples mostly plotted in zone A (Ca type) and zone B (no
dominant type), with significant cationic changes. Ca was
the dominant cation accounting for 25-70%, Mg was sec-
ond (20-40%), and Na+K was least (10-40%).

There are two different evolution patterns regard-
ing the spatial hydrochemical distributions of the J,z
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groundwater (Fig. 5). The first pattern (Arrow I) shows
the hydrochemical changes, from HCO;-Na+K-Ca-Mg
to HCO,—Ca, with an obvious increase in TDS (Table 1)
along the groundwater flow direction (such as from J9 to
J12, Fig. 2a). The essence of the changes is an increase in
Ca (from 9.61 to 47.15 mg/L) and HCO; (from 74.55 to
181.97 mg/L), while the concentrations of the other ions
remained relatively constant. This was likely due to hydrol-
ysis of calcium silicates (Eq. 1).

Another evolution pattern represents the changes
of hydrochemical type from HCO;-Na+K-Ca-Mg to
HCO;(CO;)-Na+K, without an obvious change in TDS
(Table 1) from J9 to J7 (Arrow II). The essence of the
changes is an increase in Na (from 10.47 to 18.82 mg/L),
K (from 1.43 to 16.16 mg/L) and CO; (from undetected to
21.34 mg/L), while Ca (from 9.61 to 2.51 mg/L), Mg (from
4.63 to 0.16 mg/L) and HCO; (from 74.55 to 32.82 mg/L)
decreased. The main water—rock interaction of the second
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pattern was likely due to dissolution of aluminosilicate
minerals accompanied by the precipitation of calcite/dolo-
mite (Eq. 2; Shvartsev and Wang 2006) or cation exchange
(Eq. 3). During the cation exchange process, 1 mmol/L Ca
in the water will be changed to 2 mmol/L Na; this process
does not change the TDS significantly because the weight
of 1 mmol/L Ca (40 mg/L) is approximately equal to
2 mmol/L Na (46 mg/L).

CaALSi, 0 +4CO, + 6H,0 = 2AL,Si,O5(OH), + 2Ca>* + 4HCO,"
(D

CaAL,Si, Oy - 2NaAlSi;04+3C0,+5H,0

= 2AL,Si,05(OH),+CaCO,+4Si0,+2Na* +2HCO,~

(2)

2Nat/K*(clay)+Ca>"/Mg**(water) = 2Na*/K™(water)

+ Ca**/Mg** (clay).
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The hydrochemistry of the four samples (J13,
J10, J11, and J15) circled in zone III (Fig. 5) were
HCO;-SO,—~Ca—Na+K-Mg and HCO;—Na+K-Ca, with
SO, concentrations exceeding 20%, which is relatively
high. The ratio of Ca to SO, in the four samples is close
to 1 (Fig. 8f), which suggests that the increased SO, was
likely due to dissolution of gypsum.

Natural Sources of Ions

Gibbs proposed two diagrams to assess the natural sources
of dissolved chemical constituents. The diagrams represent
the equivalence ratios of Na/(Na+ Ca) and Cl/(C14+HCO5)
as a function of TDS, which can be used to study how
chemical constituents form. The proposed mechanisms in
the diagrams include precipitation dominance, rock weath-
ering dominance, and evaporation—crystallization process
(Gibbs 1970).

In the Gibbs diagram, samples with low TDS but a high
Na/(Na+ Ca) or Cl/(C1+HCO;) (close to 1) would fall in
the lower right, suggesting a significant influence of atmos-
pheric precipitation on the chemical compositions. Sam-
ples with medium TDS and medium (around or below 0.5)
Na/(Na+ Ca) or Cl/(C14+HCO,), falling in the middle left,
indicate rock weathering dominance. Samples with high
TDS and high Na/(Na+ Ca) or Cl/(C1+HCO;) (close to 1),
fall in the upper right, reflecting samples that have experi-
enced intensive evaporation in arid regions.

In the present study, the Gibbs diagrams (Fig. 7) show
that chemical weathering of rock-forming minerals is the
main process controlling the chemical compositions of
groundwater in the study area. The scatter of Na/(Na+ Ca)
values from low to high without remarkable variations in
TDS suggests that cation exchange also influences the
chemical compositions by increasing Na and decreasing Ca
(Li et al. 2013a).

Hydrogeochemical Processes in the Zhiluo Group
Aquifer

The Zhiluo Group, the main aquifer in the study area, is not
only the main water supply source in the Ningtiaota Coal-
field, but also the potential threat to coal mining because
it overlies the coal-bearing Yan’an Group. Therefore, stud-
ies of hydrochemistry, flow paths, and hydraulic connection
are vital. An insight into the hydrogeochemical processes
can provide a basis for such studies. Dissolved species and
their relationships can reveal the origin of chemical com-
positions and the hydrochemical processes that have gen-
erated the observed water compositions (Fisher and Mul-
lican 1997). Groundwater generated under different causes
or conditions have obvious differences in ion ratios, so ion
ratios are used to determine sources or the evolution pro-
cess of groundwater (Wu et al. 2014; Shen et al. 1986).

The correlation between two components or one com-
ponent and several components can be expressed as scatter
plots (Shen et al. 1986). Figure 8a, b presents the relation-
ship between TDS and major ions concentrations. It shows
that Ca and HCO; make the greatest contribution to TDS,
followed by SO,, Na, and Mg. With TDS growth, HCO;,
Ca, and Mg increase, while Na increases erratically, sug-
gesting that the sources of Ca, Mg, and HCOj; are relatively
stable while the Na source is more complex. These rela-
tionships will be further discussed below.

Almost all of the water samples were in equilib-
rium/supersaturated with respect to calcite and dolomite
(Table 1; Fig. 8d). Nevertheless, the saturation index (SI)
of gypsum was below zero for all samples and tended to
approach zero with increasing TDS, suggesting that gyp-
sum dissolves along flow paths. Four samples (J13, J10,
J11, and J15) plotted near the 1:1 line (Fig. 8f), which
may indicate gypsum dissolution. However, gypsum dis-
solution may not be the primary source of Ca for most of

Table 2 Statistics of chemical compositions of the water samples; unit: mg/L

Types Statistics Ca Mg Na K HCO;, SO, Cl CO, NO;, F TDS
Surface water Minimum  50.89 7.66 7.83 055 19896 1145 5.17 0.00 633 025 19325
Maximum  58.16  11.08  16.65 1.56  233.82  30.86 9.44 0.00 993 046  237.99
Mean 54.67 933  11.25 1.06 21432  17.96 6.65 0.00 8.08 032 21649
Q. groundwater ~ Minimum 18.26 6.96  10.25 052  117.05 2.71 4.89 0.00 027 016 110.83
Maximum  90.20 837 1420 2.07 21050  48.00  12.40 0.00 6550 029 34447
Mean 51.75 7.66  11.34 1.21 167.21  26.13 7.38 0.00 2652 023 215.86
I,z groundwater Minimum 1.68 0.16 6.60 0.50 14.46 2.40 3.08 0.00 0.00  0.08 77.84
Maximum  49.10 1580 5390 16.16 20440 60.00 2480 2134 1980 1.85 25837
Mean 25.75 792  16.65 239 12684 15.74 6.38 2.18 6.75 036  146.45
1,y groundwater Minimum 9.63 482  10.20 1.44 73.03 2.04 5.02 0.00 020 021 77.26
Maximum  41.67 720  12.26 2.63 17427 1376 1293 0.00 6.50 049 175.21
Mean 25.83 6.01 11.47 1.80 12453 9.08 8.69 0.00 277 032 12821
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Fig. 5 Piper diagram of J,z
groundwater samples in the
area: / alkaline earth exceeding
alkalies; 2 alkalies exceeding
alkaline earth; 3 weak acids
exceeding strong acids; 4 strong
acids exceeding weak acids;

5 carbonate hardness exceeds
50%; 6 non-carbonate hardness
exceeds 50%; 7 alkalies and
strong acids predominated; 8
alkaline earth and weak acids
predominated; 9 mixed type; A
calcium type; B no dominant
type; C magnesium type; D
sodium and potassium type; £
bicarbonate type; F sulphate
type; G chloride type
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Fig. 6 Percentage histograms of water samples in the area

the samples; their ratios of Ca to SO, is far greater than 1
(Fig. 8f) and the correlation between Sl and Ca con-
centration is slightly weaker than that with SO, (Fig. 8e).
Among the major processes affecting alkalinity in
aquatic systems (e.g. dissolution of minerals, sulfide oxi-
dation/reduction), only silicate and carbonate dissolu-
tion increases alkalinity and X cations at the same time
with nearly a 1:1 ratio (Kim 2003; Kim et al. 2005). The

@ Springer

Quaternary Ly

correction was made by subtracting (Cl) from the sum of
the major cations (X Cation (meq/L)=Ca+Mg+Na+K -
Cl), eliminating the possible influence of NaCl or CaCl,
because dissolution of these salts doesn’t affect alkalinity
(Garrels and Mackenzie 1967).

The Zhiluo Group aquifer is characterized as a medium-
coarse grained gravel-bearing feldspar sandstone, where
silicates are the dominant minerals. The groundwater
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is saturated/supersaturated with calcite and dolomite
(Fig. 8d). Therefore, the approximately 1:1 increase in
Y cations and alkalinity (Fig. 8g) of the Zhiluo Group
groundwater suggests dissolution of silicate minerals, espe-
cially plagioclase (Kim 2003). However, points that lie on
the 1:1 line and above may indicate that gypsum dissolu-
tion also took place, leading to increased Ca without an
increase in alkalinity.

The X cations and Cl or SO, produced by dissolution of
chloride (NaCl and CaCl,, etc.) and sulfate (CaSO,-2H,0
etc.) salts are balanced in milliequivalents concentra-
tion, i.e. X cations/(Cl1+SO,)=1. Since Cl-bearing and
SO,-bearing minerals are rare in the strata, the ground-
water shows higher values of X cations/(Cl1+SO,) due to
dissolution of silicate minerals (Fig. 8h). Human activi-
ties usually generate chloride salts (e.g. NaCl from salt,
CaCl, from deicing salts) and sulfate salts (e.g. MgSO,
and K,SO, from fertilizers, CaSO, from cement materi-
als; Kim et al. 2005) except for natural chloride and sulfate
salts. Therefore, the X cations/(Cl1+SO,) would be close to
1 under intensive human activities. The high values of X
cations/(Cl1+SO,) in Fig. 8h also indicate little influence of

a
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human activity on groundwater quality in the Zhiluo Group
aquifer.

The value of (Na+K)/Cl about 1 indicates that the
main source of Na and K is the dissolution of halite and
sylvite (Shen et al. 1986). The value of (Na+ K)/CI above
1 reflects a contribution from silicate weathering by the
release of Na and/or K apart from dissolution of halite
and sylvite, or from the secondary processes, such as ion
exchange between Ca and Na or K (Appelo and Postma
2005; Edmunds et al. 2003; Meybeck 1987). Thus, the
value of (Na+ K)/Cl can reflect a major source of Na and K
in groundwater.

The (Na+ K)/CI values of the Zhiluo Group groundwa-
ter range from 2.13 to 13.68, with an average value of 4.91.
Figure 8i shows that the points plot far above the 1:1 line,
i.e., Na+K)/Cl>> 1, suggesting that much of the alkalies
in the analyzed groundwater samples may originate from
weathering of silicate minerals rather than dissolution of
halite and sylvite (Ghrefat et al. 2013). Meanwhile, cation
exchange, which decreases the Ca content and increases the
Na and/or K contents, is likely (Appelo and Postma 2005;
Edmunds et al. 2003).

b
100000 =
@ Surface water ///
1 s
m QY
A Jz 7 evaporation-
i ./ crystallization
10000 1 Ay ot process .
1000 { 7
%ﬁ // v
g I /
n ;’
a rock weathering!
100 4 process !
10 1 N
Sao precipitation
S process
1 . . .
0 0.2 0.4 0.6 0.8 1
Cl/(CI+HCOs3)

Fig. 7 Diagrammetic representation of processes controlling the chemistry of water samples in the area: a TDS vs gNa/g(Na+Ca), b TDS vs

¢Cl/g(Cl+HCO,)
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versus cations concentration, ¢ the Schoeller indices, d equilibrium of Cation and Cl1+SO,, i ratios between (Na+K) and CI
groundwater with calcite, dolomite and gypsum, e SIgypsum versus
Cation exchange can be studied through the chlor-alkaline If negative values for the Schoeller indices are

indices proposed by Schoeller (Li et al. 2013b; Marghade = obtained, Ca and/or Mg have been removed from solu-
et al. 2012). These Schoeller indices, such as CAI-I and CAI- tion, and Na and/or K have taken their place. If the indi-

II, are calculated by the following formulas (ion concentra-  ces are positive, then the inverse reactions have taken
tion in units of meq/L): place (Li et al. 2013a). In the study area, all samples of

_ + + Zhiluo Group groundwater had negative Schoeller indi-
CAI-I = o - (Nél‘ + K ), 4) ces values (Fig. 8c), indicating that Na and/or K in aqui-

fer minerals have replaced Ca/Mg in groundwater (Eq. 3).
This is consistent with the Gibbs diagram and (Na+ K)/
Cl~— (Na* +K*%) Cl ratio.

CAIL-ll = . 5)
HCO; + SO;™ + CO;™ + NO;
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Stable Hydrogen and Oxygen Isotopes

The composition of stable hydrogen and oxygen isotopes
is affected by meteorological processes. The values and
distribution characteristics of 8D and 8'30 provide a basis
for the investigation of groundwater recharge sources.
Craig (1961) first found a linear relationship between 5D
and 8'80 of global rainfall, namely the Craig equation,
8D =88'30 + 10, which is called the global meteoric water
line (GMWL) when plotted on the 8D-5'%0 diagram (Zhou
et al. 2010).

The local meteoric water  lines (LMWL;
8D =7.336'%0+2.14) was obtained by Wang et al. (2010),
using meteoric water data in the Yushenfu Coalfield from
June to October in 2009, with 8D values from —90.50 to
—33.00%0, 8'%0 values from —12.65 to —5.40%o, and deu-
terium excess parameters from 5 to 12%eo. The study area is
part of the Yushenfu Coalfield and so it seems to be reason-
able to use the line as the LMWL of the study area. Figure 9
shows the relationship between 8D and 8'%0 in the study
area. The points fall near the LMWL and below it, which
indicates a meteoric origin accompanied by weak evapora-
tion (Asmael et al. 2015; Gattacceca et al. 2009). The lin-
ear regression equation 8D =6.095'80—-12.59 (R>=0.87)
and LMWL intersect at point A (dd=-86.36%o,
8130 =—12.07%0), which reflects the average isotope com-
position of precipitation.

The two points plotting further to the right of the LMWL
were respectively sampled from the CJG reservoir (—8.00,
—61.83) and LCG River (—8.00, —60.33), which indicates
more intense evaporation. The other surface water sam-
ples collected from rivers present isotopic compositions

-50
—— LMWL: y=7.33x+2.14
——  Study area: y=6.09x-12.59 &/\Q'/
o Surface water /’/
[ | Q™ -
A Iz
-60 Ve
A Jzy ¢

=701

%o vs VSMOW

3D

-80 1

similar to groundwater samples. A previous study showed
that groundwater discharge is one of the main sources of
the LCG River especially during the dry seasons (Xi’an
Research Institute 2012), so the above isotopic similari-
ties may indicate that the sampled rivers were recharged by
groundwater. The groundwater experienced weak evapora-
tion which might have occurred during rainfall infiltration.
The most depleted values of 8D and §'%0 were measured
in the water samples from borehole J7, which are at the left
bottom of the figure, indicating that groundwater collected
in J7 experienced the least evaporation of the groundwater
sampled in the area. The zoom area of Fig. 8 shows that
water samples collected from Q1 and J14 plotted relatively
far away, although the two boreholes are only ten m away
in the field. The same can be seen in the Q3 and J17 bore-
holes. These cases indirectly testify to the weak hydraulic
connection between the Quaternary and Jurassic aquifers.

All samples were affected by evaporation to varying
degrees, and the relationship between 5'*0 and TDS can
be analyzed to study the contribution of evaporation to the
increase of TDS. A study carried by Clark and Fritz (1997)
shows that the 8'%0 values will increase by 25%0 when the
water is concentrated five times (TDS increases fivefold) at
a humidity of 50%. In the present study, although the TDS
increased about five times (from 70 to 350 mg/L), the 8180
values ranged between —10 and —8%o, with a range of only
2%o (Fig. 10), which indicates that evaporation contributed
little to the increase of TDS. The relation between 5'0
and TDS further supports the hypothesis that the regional
groundwater is not strongly affected by evaporations, and
that rock weathering controls the TDS, in accordance with
the previously discussed Gibbs diagrams.

-12 -11 -10 -9 -8 -7
5"%0 %o vs VSMOW

Fig. 9 Relationship between 8D and §'%0 in the study area
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Conclusions

Similar to many coal mines in northwestern China, long-
term pumping of groundwater has increased competition
between groundwater resource protection and mine safety
in the Ningtiaota Coalfield. Therefore, study of ground-
water behavior and associated hydrodynamic and hydro-
chemical processes have become key aspects for sustain-
able development of the area.

Concentrations of major ions were low in both sur-
face water and groundwater, although the surface water
tended to have slightly higher concentrations of dis-
solved ions. The sampled water had a low salinity
(TDS <500 mg/L) and very soft (0—75 mg/L) to medium
hard (150-300 mg/L) hardness, and all of the sam-
ples were dominantly of the HCO;—Ca type. The Zhi-
luo Group groundwater was determined to be of good
quality, with little evidence of pollution by anthropo-
genic activities, making it is fit for water supply of any
purpose. High NO; concentrations were detected in the
Quaternary groundwater, which indicates the significant
impact of agricultural activities on the shallow Quater-
nary groundwater.

The main water-rock interactions controlling the
groundwater chemistry of the Zhiluo Group are the pre-
cipitation of calcite and dolomite, dissolution of silicate
minerals (especially plagioclase) and gypsum, and cation
exchange, which increased SO,*~ concentrations locally.
The hydrochemistry of the Zhiluo Group was dominated by
natural geochemical processes, without much influence by
coal mining, perhaps because the water was sampled when
mining in the coalfield was still at its initial stage. Contin-
ued monitoring is suggested to identify any possible water

@ Springer

quality changes that may occur due to the subsequent min-
ing activities.

The stable isotopes reveal that the surface water and
groundwater in the study area originated from atmospheric
precipitation and had not been strongly affected by evap-
oration. The elevated TDS appears to be mainly due to
weathering of rock-forming minerals, which would be con-
sistent with the hydrochemical results. It can be deduced
from drainage tests and isotopic characteristics that there is
a weak hydraulic connection between the Quaternary and
Jurassic aquifers. The results of this study may be useful to
water resources management and groundwater inrush pre-
vention in the coalfield and other coal mines.
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