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Abstract A hydrogeochemical study was conducted in
the Dongsheng Coalfield, Ordos Basin, China, to identify
the mechanisms responsible for the chemical compositions
of the shallow groundwater and to document water quality
with respect to agricultural and drinking supply standards,
prior to mining. Tri-linear diagrams, principal component
analysis, and correlation analysis were used to reveal the
hydrogeochemical characteristics of the shallow ground-
water, and the potential water-rock interactions. In general,
the major cations and anions were present at low concen-
trations, but were relatively higher around Jiushenggong
than elsewhere in the study area. Groundwater around
Jiushenggong has a long residence time and is also subject
to extensive evapotranspiration. The dominant hydro-
chemical facies are HCO3-Ca, HCO3-Na, and mixed HCOs3-
Ca-Na-Mg types. Increases in major ion concentrations
along the flow path, including Na, Cl, and SOy, coincide
with increases in total dissolved solids. The predominant
mechanism controlling groundwater chemistry proved to be
the dissolution of carbonates, gypsum, and halite. Cation
exchange and mixing with local recharge water are also
important factors. The shallow groundwater quality in the
study area is suitable for agricultural and drinking purposes.
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Introduction

Over one-third of China’s mainland has an arid to semi-arid
climate. These arid to semi-arid areas are mostly distributed
in northwest China where groundwater is a major source of
water. The quantity and quality of groundwater resources
have been affected by the rapid development of coal mining
in northwest China over the past several decades. Since
2011, groundwater conservation and protection measures
must be implemented for all new construction projects in
China in accordance with the technical guidelines of the
PRC Ministry of Environmental Protection (2011). This is
especially important in mining areas, since water is an
essential component of the mining process (Agartan and
Yazicigil 2012). Prior to mining, major ions in groundwater
are usually controlled by slow, natural processes. However,
mining can lower shallow groundwater levels, influence
groundwater dynamics, and increase reaction Kkinetics.
Thus, water resource protection requires an understanding
of water quality and natural processes that control major ion
chemistry before adverse effects occur.

The Ordos Basin, covering a total of 28.2 x 10* kmz,
contains the second largest coal reserves in China (Dai
et al. 2006). It was approved as a national energy base in
1998 by the former State Planning Commission (Hou et al.
2008). The groundwater resources and hydrogeology in the
Ordos Basin have been studied by many Chinese scholars
and institutes because they play a key role in regional
economic development and natural resources exploitation.
The most important research on this basin’s groundwater
resources has been conducted by China’s Geological
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Survey Bureau since 1999. This research, which has cost a
hundred million CNY, provides a solid basis for the present
study. However, regional groundwater studies may not
provide much precise information on the groundwater flow
properties in small basins (T6th 1963). Therefore, it is also
important to carry out local groundwater resources
investigations.

The Dongsheng Coalfield, located in Inner Mongolia, is
an important part of the Ordos Energy Base in China. It is
the largest explored coalfield with a vast potential for
future development. The coal is produced from Jurassic
formations and exploited mostly by subsurface mining. The
Abuhai investigation area is a sub-basin of the Dongsheng
coalfield; residents there rely on groundwater due to the
insufficient supply of surface water. However, expanded
mining activities could significantly influence water
chemistry and their water supply. The aims of the present
study were to describe the geochemical factors controlling
major ion chemistry and assess groundwater quality for
agricultural and domestic purposes. The results will be
useful in defining the hydrogeologic setting of the area
prior to extensive mining, and providing important infor-
mation such as the status of groundwater quality and the
suitability of groundwater for domestic and agricultural
purposes to local water suppliers and decision makers.

Study Area

The study area is located in the northern part of the Ordos
Basin about 15 km southwest of Ordos City. It ranges
within latitudes 39°46/30”"-39°52'22"N and longitudes
109°38'19”-109°52/27"E, covering 210 km? (Fig. 1). It is
administratively governed jointly by Dongsheng District
and Yijinhuoluo County of Ordos City. The study area lies
within the continental arid to semiarid climate region of the
northern temperature zone, and is characterized by a long,
cold, and windy winter, a dust-laden spring, a short, hot,
sometimes humid summer, and a very short autumn (Li
et al. 2010a, 2011a). In winter, the temperature falls to a
minimum of —31.4 °C, while in summer it reaches a
maximum of 36.6 °C. The average annual temperature of
the area is 5.2 °C, and the annual average rainfall is
357.5 mm. The precipitation is mostly concentrated in June
to September, accounting for 62 % of the annual rainfall.
The least precipitation is usually measured in January. The
annual potential evapotranspiration is 2,530 mm and is
most intense in May and June. There are no large rivers
within the study area; the only surface water body is a
small intermittent stream in the Abuhai Valley.
Surrounding the Abuhai Valley, three highlands can be
observed around Qingchunshan, the southern area of
Jiushenggong, and the eastern area of Ganjiata. Three types
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of landforms can be classified in the study area: a gully
region, a flat hill ridge region, and an alluvial-eolian plain.
The gully region includes most of the study area, and is
underlain by a Cretaceous formation. The flat hill ridge
region is mainly distributed around Jiushenggong and
Qingchunshan, where the topography is flat and most vil-
lages are located. The alluvial-eolian plain can only be
observed along the Abuhai Valley, where the land surface
elevation decreases from north to south.

Hydrogeology

A Cretaceous formation composed of sedimentary sand-
stones and conglomerates can be widely observed in the
study area. Quaternary sediments composed of alluvial and
eolian sediments are distributed along the Abuhai Valley,
while the Tertiary formation only crops out around
Qingchunshan (Fig. 2). Older formations from which coal
is produced, such as the Jurassic deposits, are not exposed
at the surface, and are not suitable for groundwater
development because of the great depths to an aquifer.
Dolomite, calcite, gypsum, halite, albite, potassium feld-
spar, and illite are major minerals in the Cretaceous and
Quaternary aquifers (Hou et al. 2008).

The thickness of the Quaternary phreatic aquifer can be
over 50 m (Fig. 3). It can be subdivided into a Quaternary
alluvial aquifer and an eolian aquifer. The alluvial aquifer
is mainly distributed at the bottom of the Abuhai Valley
and its tributaries. Its lithology includes Holocene alluvial
sands and gravels. The depth to water level in this aquifer
is usually within 3-5 m and its water is preferable for
domestic use. The eolian aquifer was formed by wind-
blown sand and fine sand, and is distributed along the left
bank of the Abuhai Valley. The thickness of the eolian
aquifer ranges from 3 to 10 m. Groundwater dynamics are
controlled by climatic conditions and local landforms.

The Cretaceous aquifer is the most widespread and
important water supply aquifer in the area, with a thickness
exceeding 200 m. Five lithologic cycles exist in this for-
mation; the uppermost cycle with a thickness of about
80 m forms the phreatic aquifer. The depth to groundwater
in this aquifer is usually about 10 m. It is viewed as the
most promising aquifer for supplying water for domestic
and agricultural uses because of its great thickness and high
permeability. The groundwater levels in the Quaternary
and Cretaceous phreatic aquifers, which form an integrated
shallow groundwater system in the area, are similar,
according to borehole data.

Shallow groundwater levels were contoured to show the
general flow pattern in the area (Fig. 2). Groundwater levels
were measured during August 2007 from 31 wells and 40
boreholes screened at the phreatic aquifer. Controlled by
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Fig. 1 Location of the study
area and sampling locations
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topography, the groundwater flows mainly from north to
south and from highlands to valleys (Fig. 2). The ground-
water flows from the Cretaceous aquifer to the Quaternary
aquifer due to the low topographic position of the Quater-
nary aquifer. These shallow aquifers are recharged mainly
by lateral inflow. Besides sparse precipitation, leakage from
seasonal surface water bodies and irrigation water can also
provide a small proportion of groundwater recharge. The
main discharge patterns include lateral outflow, evapor-
transpiration, and artificial extraction.

Materials and Methods
Sample Collection and Analysis

A total of 15 shallow groundwater samples were collected
during August and September 2007. The sampling loca-
tions are shown in Fig. 1. Samples were collected in pre-
cleaned plastic polyethylene bottles for physicochemical
analysis. Prior to sampling, all the sampling containers
were rinsed thoroughly with the groundwater to be taken

for analysis. The groundwater samples were analyzed in
the laboratory of the Xi’an Institute of Geology and Min-
erals Resources using standard procedures recommended
by Chinese Ministry of Water Resources. For each sample,
ten indices including major cations and anions, total dis-
solved solids (TDS), pH, and total hardness (TH) were
analyzed. The general information of sampled wells and
physiochemical analysis results are listed in Table 1. As
electric conductivity (EC) was not measured, it was cal-
culated in Aq-QA® (RockWare Inc. 2004) for later use. It is
a temperature-corrected conductivity calculated according
to Standard Method 2510-A (APHA 1995), accounting for
ionic strength effects.

Principal Component Analysis (PCA)

Correlations among water-quality parameters are very
useful in understanding the major hydrochemical processes
in a groundwater system. In the present study, Pearson
correlation coefficients and PCA were calculated with
statistical package SPSS 13.0 for Windows® (SPSS Inc.
2004). PCA was used to transform the correlated variables
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Fig. 2 Hydrogeological map of
the study area

into a smaller number of uncorrelated parameters, thus
reducing the dimensionality of the data matrix (Jolliffe
2002; Kaufman 1990; Menci6 and Mas-Pla 2008).
According to Niu et al. (2011), there are six steps for a
complete PCA: selection of variables and data input, data
standardization, calculation of correlation coefficient
matrix, calculation of the eigenvalue of the matrix, calcu-
lation of the principal component loading matrix, and
finally calculation of the parameter scoring weights.

Results and Discussion

Hydrogeochemical Characteristics

All major ions were within China’s acceptable limits for
Groundwater Quality (Bureau of Quality and Technical
Supervision of China 1994) and the highest permissible

limits of the WHO for drinking water [WHO (World Health
Organization) 2011]. The concentration of TDS varied from
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217 to 632 mg/L, with an average of 406 mg/L, indicating
fresh water. TH measured as CaCO5 varied between 132 and
388 mg/L, suggesting soft to hard water that is suitable for
drinking. Generally, the groundwater in the up-gradient
samples contained mostly HCO;~ and Ca®", and the con-
centrations of Na™, SO42_, and C1™ increase down-gradient
due to mineral dissolution along groundwater flow paths
(Qianand Li2011). Ca** and Na™* were the dominant cations
in this study, followed by Mg2+, whereas HCO5™ and SO42_
were the dominant anions, followed by C1™ (Table 2).

The spatial distribution of TH varies (S-Fig. 1; supple-
mentary figures are published in the on-line version of this
journal and can be downloaded for free by all subscribers).
Slightly hard water is distributed across most of the study
area, while hard water is mainly observed in the areas
around Jiushenggong and northeast of Ganjiata, as well as
near Dashunhao. Soft water can be observed in the south of
the study area, which may be due to local recharge from
rainwater or local surface water bodies with low concen-
trations of Ca®" and Mg”".
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Table 1 General information of samples
ID Well depth Age Aquifer Cations Anions TDS pH TH
K+ Nat  Ca®t Mg CI” S0~  HCO;~
W116 34 K Phreatic 3.01 81.4 18.9 20.7 46.5 134 141 376 8.17 132
W209 57 K Phreatic 2.18 529 101 242 39.6 100 352 496 7.69 352
W117 35 Q Phreatic 291 343 38.1 13.8 18.9 52.6 172 247 8.02 152
W120 62 K Phreatic 3.08 29.6 50.1 19.6 20.7 47.8 227 285 7.81 206
W211 64 K Phreatic 2.67 89.3 80.2 453 87.8 148 357 632 8.04 387
w119 28 Q Phreatic 1.81 48.1 86.6 27.0 48.2 100 331 478 7.82 327
Wi114 51 K Phreatic 2.15 68.2 529 329 224 90.8 337 438 8.10 267
W203 48 Q Phreatic 134 39.9 553 19.4 29.3 81.2 245 362 8.30 218
W115 54 K Phreatic 0.46 16.6 56.7 7.70 8.6 38.2 178 217 7.69 173
w104 42 K Phreatic 0.89 47.9 81.1 29.3 413 81.2 329 447 7.68 323
w108 86 K Phreatic 2.14 96.7 353 21.9 49.9 574 298 412 7.90 178
W204 43 K Phreatic 1.54 49.5 110 27.6 29.3 105 423 535 7.52 388
w107 50 K Phreatic 1.22 40.5 68.5 25.1 29.3 81.2 284 388 7.84 274
W201 69 K Phreatic 2.83 34.7 82.4 15.5 13.8 574 331 373 7.68 269
D1014 61 K Phreatic 3.26 79.7 41.5 20.7 60.2 86.0 233 408 8.25 189
Unit: mg/L except pH and well depth (m), Q: Quaternary, K: Cretaceous
Table 2 Statistical analyses of chemical parameters and national and WHO standards
Parameters Cations Anions TDS pH TH EC
K" Na™ Ca*t Mg>* ClI™ NeXe HCO;~
Sample number 15 15 15 15 15 15 15 15 15 15 15
Unit mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L - mg/L ps/cm
Max 13.4 96.7 110 453 87.8 148 423 632 8.30 388 1,026
Min 0.46 16.6 18.9 7.74 8.60 38.2 141 217 7.52 132 427
Mean 2.90 53.9 63.9 234 36.4 84.1 283 406 7.90 256 671
National standard - 200 - - 250 250 - 1,000 6.5-8.5 450 -
WHO standard 200 200 200 150 600 600 600 1,500 6.5-9.2 500 1,500

The Na* concentration increased from the middle to the
outer parts of the study area (S-Fig. 2a). Anomalously high
concentrations were found around Dashunhao, Jiusheng-
gong, and Ganjiata, but low concentrations were observed
around Qingchunshan. Ca*" concentrations increased from
north and south to the middle, and the lowest concentration
was observed in the southern corner of the area, while the
highest was seen between Jiushenggong and Ganjiata (S-
Fig. 2b). The spatial distribution of Mg®" and CI~ was
similar (S-Figs. 2c and 2d), with increasing concentrations
from southwest to northeast, and high concentrations near
Jiushenggong. Interestingly, the concentrations of SO~
and HCO;™ have a similar distribution pattern (S-Fig. 2e
and 2f), gradually increasing from northwest to the south-
east and from southwest to northeast, forming a high
concentration area near Jiushenggong.

It can be seen that nearly all of the major ions had a
high concentration area near Jiushenggong, which may
have been caused by similar hydrogeochemical processes.
The topography around Jiushenggong is much flatter than
in any other places, and therefore groundwater flow in
this area is slower, indicating a longer groundwater resi-
dence (and water-rock interaction) time, which may
produce more dissolution of minerals. Furthermore,
evaporation in the area is intense; the annual evaporation
is seven times that of the rainfall (Li et al. 2010a). The
decrease of ion concentrations down-gradient of this zone
may be attributed to mixing of surface water with very
low concentrations of dissolved ions. Local human
activities, such as sewage disposal and agricultural irri-
gation, may induce additional local recharge to the shal-
low groundwater.
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Fig. 4 Piper diagram of water samples

Tri-linear diagrams such as the Piper diagram (Piper
1953) are perhaps the most commonly used techniques for
finding hydrochemical patterns in major ion data. A Piper
diagram drawn with Aq~QA® (RockWare Inc. 2004) is
shown in Fig. 4. With respect to cations, samples are
mostly plotted in zones A, B, and D of the lower left delta-
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shaped region, suggesting that some samples are calcium-
type water, some are sodium-type water, and some are
mixed-type, while for anions, most samples are located in
zone E of the lower right delta-shaped region (Fig. 4),
indicating dominance of bicarbonate-type water. Carbonate
hardness is represented by Ca*" and Mg2+ that can be
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balanced by the amount of carbonate (i.e. HCO; ™, CO;>,
and CO,) in solution (RockWare Inc. 2004). The carbonate
hardness of most samples exceeds 50 % (Fig. 4, area 5),
which means that the total hardness of most water samples
can be decreased by water softening technology. It is also
suggested by Fig. 4 that alkaline earth and weak acids
exceeded the alkali earths and strong acids in most
groundwater samples. The dominant hydrochemical facies
are HCOj3-Ca, HCO5-Na, and mixed HCO;-Ca-Na-Mg
types. It can be inferred from the hydrochemical facies that
the groundwater chemistry in the area is influenced by the
dissolution/precipitation of carbonate minerals and Na-
containing minerals such as halite and albite. The disso-
lution of halite is probably an important source of Na™, but
there must be other factors influencing the concentration of
Na™, because the proportion of C1”~ concentration in anions
is not as great as that of Na™ in cations. Na™ could also be
derived from cation exchange with Ca®>" or Mg>™.

Major Ion Variation Along Flow Path

Physiochemical parameters for sample points along a flow
path can demonstrate changes in solutes that occur with
time and distance of travel as water flows down-gradient
(Lee 1981). Generally speaking, the regional evolutionary
trend of the predominant anions along the groundwater
flow path is: HCO;~ — HCO;~ + SO~ — SO,* +
HCO;~ - SO, + ClI” - ClI” 4+ SO~ - ClI~ (Che-
botarev 1955; Qian and Li 2011). With the groundwater
flowing from the upper to lower reaches of a region, Ca®"
and HCO; ™ tend to decrease while Na™ + K, SO,%~, and
Cl™ tend to increase (Lee 1981). There are two different
groundwater evolution patterns in the study area. Figure Sa
illustrates the most general hydrochemical evolution

pattern along flow path (from W201 to W203). Concen-
trations of Na* + K*, Cl1~, and SO42_ increase down-
gradient while Ca®* and HCOj;™ decrease, resulting in the
transition of hydrochemical type from HCO;3-Ca to
HCO;5-SO4-Ca-Na type. However, groundwater evolution
pattern may be different if there is local recharge along the
flow path. It can be seen from Fig. 5b that along the flow
path from W204 to W117, Ca**, Mg*", SO,*", and
HCO;~ decrease significantly, whereas Na™ + K" and
CI™ remain relatively constant. The second groundwater
evolution pattern indicates that recharge water with very
low concentrations of dissolved Ca®", Mg**, SO,*~, and
HCO;™ could have mixed with shallow groundwater
between W204 and W117. The two different groundwater
evolution patterns show that water quality in the study area
is influenced by regional groundwater flow and local
recharge.

Correlations of Parameters

Correlations among water-quality parameters are shown in
Table 3. The major anions and cations, except for K* and
Nat, are significantly correlated with TDS, which suggests
that the continuous addition of these cations and anions
into groundwater has promoted increased TDS. The con-
centration of CI™ is correlated with Nat and Mg”, with
correlation coefficients of 0.795 and 0.707, respectively.
Cation exchange could possibly explain the correlation
between CI~, Na™, and Mg, as explained later.

The concentration of Ca®>" is correlated with HCO5~
and TDS. Furthermore, Ca®* exhibits a positive correlation
with TH with a correlation coefficient of 0.918, since
hardness is an approximate measure of Ca®" and Mg*™.
TH is positively correlated with HCO;3 ™, with a correlation
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coefficient of 0.907. As calcite and dolomite dissolve, the
concentrations of Mg”, Ca®", and HCO3;™ increase,
resulting in increased TH and TDS.

The concentration of SO,°~ is correlated with those of
Mg®" and Na™, suggesting the possible dissolution of
gypsum, followed by cation exchange, as explained in
more detail later. Although the correlation between SO~
and Ca®t is not significant, it is logical to assume the
dissolution of gypsum as a source of SO, and Ca’*.
According to Hou et al. (2008), pyrite is not present in
these strata, while gypsum is, so it is reasonable to con-
clude that gypsum is the source of the SO,>~. Additional
reactions involving Ca®", such as carbonate dissolution/
precipitation and cation exchange, would account for the
lack of correlation with SO,*~. The pH is negatively cor-
related with Ca®", presumably because at higher pH,
hydrogen ion concentrations in water decreases, which
constrains carbonate mineral dissolution.

It should be noted that the chemical reactions that
happen in a groundwater system are very complex and
many reactions are involved. Correlation analysis, though
very useful, can only provide a general insight into water—
rock interactions. If one wants to know more about the
reactions taking place in a groundwater system, more
comprehensive analysis, such as aquifer mineralogy, are
needed.

Principal Component Analysis (PCA)

Most parameters are strongly correlated with more than
one other constituent (Table 3). In PCA, the correlations
among the variables were used to estimate principal com-
ponents (PCs) with common associations and associated
constituent loadings on the principal component axis
(Lucas and Jauzein 2008). The total variance explained by
each PC and the loading matrix of PCs are shown in

Table 3 Pearson correlations of major parameters

Table 4. Three PCs with eigenvalues greater than 1 were
extracted, accounting for 90.8 % of the total variance
(Table 4). The first two PCs explain 50.4 and 29.5 % of the
variance, respectively, accounting for most of the variance
in the original dataset. Principal component three (PC3)
explains 10.9 % of the total variance.

PC1 has significant loadings by Ca*", Mg*>", SO,*~,
HCO; ™, TDS, and TH (Table 4), which suggests that PC1
represents the dissolution/precipitation processes of car-
bonate and sulfate minerals. Major ions, such as Ca2+,
Mg*", SO,*~ and HCO;™, are important components of
TDS and TH. PC2 has positive loadings by Na™, C1~ and
pH, and a negative loading by Ca”*, representing dissolu-
tion of halite and cation exchange between Na* and Ca®™.
PC3 represents the dissolution of K-containing minerals
because it has a strong loading by K*. S-Fig. 3 illustrates
individual sample scores generated by PCA. The water
chemistry of W112 and W211 (plotted in the upper right of
S-Fig. 3a) was predominately influenced by both PC1 and
PC2, namely, dissolution/precipitation of carbonate and
sulfate minerals, halite dissolution, and ion exchange. 5 out
of 15 were influenced predominately by halite dissolution
and ion exchange, and five were mainly influenced by
carbonate and sulfate minerals dissolution/precipitation.
The other three were not influenced significantly neither by
PC1 nor PC2. The hydrochemistry of 60 % of the samples
was influenced either by the dissolution/precipitation of
carbonate and sulfate minerals or by dissolution of K-con-
taining minerals, or by both (S-Fig. 3b). Overall, PCA
reveals that water-rock interactions are the main factor
influencing the major ion concentrations in the area.

Sources of Ions

The correlation analysis and the PCA have indicated that
the dissolution/precipitation of carbonate and sulfate

K+ Na*t Ca*t Mg>+ cl- S0, HCO5~ TDS pH TH
K" 1.000 —0.050 —0.201 —0.111 —0.016 0.028 —0.190 —0.133 0.600 —0.198
Na* 1.000 —0.265 0.572 0.795 0.607 0.174 0.498 0.447 0.043
Ca** 1.000 0.374 0.032 0.220 0.831 0.680 —0.690 0918
Mgt 1.000 0.707 0.754 0.648 0.855 0.085 0.710
cr 1.000 0.733 0.242 0.622 0.344 0.327
S0,%~ 1.000 0.326 0.697 0.260 0.489
HCO;~ 1.000 0.887 —0.485 0.907
TDS 1.000 —0.201 0.880
pH 1.000 —0.487
TH 1.000

Bold and italic indicates correlation is significant at the 0.05 level (2-tailed)

Underlined indicates correlation is significant at the 0.01 level (2-tailed)
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Table 4 Total variance explained by each PC and the loading matrix
of PCs

Components

PC1 PC2 PC3
TDS 0.988 0.028 0.064
TH 0.905 —0.368 0.172
Mg*t 0.882 0.296 —0.004
HCO;™ 0.860 —0.366 0.127
S0, 0.719 0.498 0.034
Ca** 0.697 —0.652 0.228
pH —0.243 0.892 0.282
Na*t 0.457 0.753 —0.318
Cl™ 0.638 0.645 —0.161
Kt —0.216 0.378 0.882
Total eigenvalues 5.04 2.95 1.09
% of variance 50.4 29.5 10.9
Cumulative % 50.4 79.9 90.8

Underlined and bold numbers indicate strong correlations between
transformed parameters and PCs

minerals, halite, and K-containing minerals are important
sources of ions. In this section, some of these processes
will be discussed in detail.

Dissolution/Precipitation of Carbonate Minerals
and Gypsum

The dissolution of carbonate minerals such as calcite and
dolomite is probably the most common weathering reac-
tion. Theoretically, the dissolution of calcite will introduce
Ca’* and HCO;™ into groundwater at a ratio from 1:1 to
1:2, depending on the amount of atmospheric CO, involved
in the reactions (Han et al. 2012; Li et al. 2012). All the
samples are plotted below the 1:2 line (S-Fig. 4a), sug-
gesting that the dissolution of calcite is not the sole source
of Ca>* and HCO5 ™. Most samples are located between the
1:1 and 1:2 lines (S-Fig. 4b), which indicates the dissolu-
tion of calcite and dolomite are important factors in
explaining the sources of Ca®* and Mg”".

Dissolution of gypsum can contribute equal moles of
Ca”* and SO,~ in groundwater. The plot of Ca*" against
SO4*~ shows that most of the groundwater samples are
located above the 1:1 line (S-Fig. 4¢), indicating that the
dissolution of gypsum is not the sole source of Ca’*.
Additional Ca** results from the dissolution of carbonate
minerals.

Weathering of Na-Containing Minerals

Weathering of Na-containing minerals is responsible for
high concentration of Na* (Marghade et al. 2012). The

dissolution of halite is one of the most common sources of
Na' and CI™. Theoretically, the dissolution of halite will
release equal amounts of Na®™ and Cl~ into the solution.
Nevertheless, all samples deviate from the theoretical 1:1
line (S-Fig. 4d). Greater Na/Cl ratios may be attributed to
the dissolution of other Na-containing minerals and cation
exchange. The dissolution of Na-silicate minerals such as
albite (NaAlSi3Og) can introduce Na™* into groundwater,
leading to the deviation of sample points from the expected
1:1 line (Eq. 1). Cation exchange between Ca®" or Mg*™
and Na™ can also explain the high Na™ concentration in the
groundwater, as discussed later.

NaAlSi;Os + 8H,0 = Na* + AI(OH); + 3HSi0, (1)

Due to the short contact time with the aquifer minerals
and/or insufficient mineral sources, groundwater in
recharge areas or up-gradient areas of a regional flow
system is usually unsaturated with calcite, dolomite, and
gypsum, while groundwater in recharge areas or down-
gradient areas may become saturated with these minerals
(Han et al. 2012). Saturation indices (SI) with respect to
calcite, dolomite, and gypsum were calculated using the
following equation (Li et al. 2010b):

IAP
SI=lg—— 2
g (2)

where IAP is the relevant ion activity product in a mineral
dissolution reaction, which can be obtained by multiplying
the ion activity coefficient y; and the composition con-
centration m;, and K is the equilibrium constant of mineral
dissolution at the sample temperature. The saturation index
of gypsum varies from —1.878 to —1.187 (S-Fig. 5a),
suggesting that the groundwater would tend to dissolve
gypsum presenting in the aquifer. The SI of calcite and
dolomite range from —0.035 to 1.165 and from —0.560 to
1.139, respectively, indicating that the groundwater is
saturated to oversaturated with the two major carbonate
minerals (S-Figs. 5b and c).

Dissolution/precipitation of gypsum, calcite, and/or
dolomite is also implied through the quadratic proportional
relationships in the plots of (Ca*" + SO,*7) and
(Ca*" + HCO;") against the SI of waters with respect to
the referred minerals (Dassi 2011). S-Fig. 5 shows that
with an increased SI, Ca*" 4+ SO, and Ca®>" + HCO5~
increase as a quadratic style, indicating that the dissolution
of these minerals are a feasible source of Ca”, SO427, and
HCOj; ™. Thus, it is believed that the groundwater in the
study area is mainly recharged by lateral inflow. However,
local recharge is also observed in the study area, especially
in the Abuhai Valley where seasonal surface water is
available. Local recharge water gets mixed with shallow
groundwater, resulting in variations of major ions (Lee
1981). Saturation of calcite and dolomite can be achieved
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quickly due to the abundance of carbonate minerals in the
aquifer.

Cation Exchange

Cation exchange is a process that commonly modifies the
major ion chemistry of groundwater (Xiao et al. 2012). It is
of great significance in the evolution of hydrochemical
compositions (Li et al. 2011b). The negative Pearson cor-
relation coefficient between Na' and Ca®" (Table 3) may
be explained by cation exchanges between Na™ and Ca®"
or Mg?*, where the Ca®" or Mg®" have exchanged places
in clays with, in this case, Nat.

The ion exchange can be studied through chloro-alkaline
indices proposed by Schoeller (Li et al. 2012; Marghade
et al. 2012). The Schoeller indices, such as CAI-I and CAI-
IT are calculated by the following formulas:

Cl~ — (Na® +K")

been removed from solution, and Na' and/or K+ have
taken their place. If the indices are positive, then the
inverse reactions have taken place. In the present study, all
samples had negative Schoeller index values (Table 5).

Groundwater Chemistry Formation Mechanisms

Gibbs (1970) proposed two diagrams to assess the func-
tional sources of dissolved chemical constituents. The
diagrams represent the weight ratios of Na*/(Na™ + Ca®™)
and CI"/(CI~ + HCO3™) as a function of TDS, and the
mechanisms include precipitation dominance, rock domi-
nance, and evaporation dominance (Gibbs 1970). These
diagrams have been widely referred and used in hydrog-
eochemical studies (Marghade et al. 2012; Naseem et al.
2010; Subba Rao 2002, 2006). In the present study, the
distribution of samples in Gibbs diagrams (Fig. 6) shows
that chemical weathering of rock-forming minerals is
the main causative factor in the evolution of the chemi-

CAIT= Cl- (3) cal compositions of groundwater in the study area.
Cl~ — (Nat +K") The spreading2 of the weight ratios of cations
CALII = (4)  Na®/(Na™ + Ca®>") from low to high without great varia-

HCO; +SO;~ 4+ CO5™ +NO;j

where all ions are expressed in meq/L. If negative values
for the Schoeller indices are obtained, Ca*" and Mg have

Table 5 Schoeller index values of all samples

tion of TDS suggests that cation exchange also influences
the rock dominance by increasing Na® and decreasing
Ca”". During the cation exchange process, 1 mmol/L of

Sample no. CAI-I CAI-II Sample no. CAI-1 CAI-II Sample no. CAI-L CAI-II
w104 —0.81 —0.13 W116 —-1.76 —0.45 W203 —1.52 —0.22
w107 —1.17 —0.15 W117 —1.94 —0.26 w204 —1.66 —0.15
W108 —2.03 —-0.47 WI119 —0.57 —0.10 W209 —1.11 —0.16
w114 —3.79 —0.32 W120 —1.34 —0.17 W211 —0.60 —0.17
W115 —2.03 —0.13 w201 —3.07 —0.18 D1014 —1.09 —0.33
Fig. 6 Mechanisms controlling 100000 = 100000 —
groundwater chemistry of the a s b - - |
study area: a TDS versus -7 e o 4 o
- o I - e ¢
Na/(Na + Ca), b TDS versus 10000 — o o , 10000 - i o™ /
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Ca”" in the water will be exchanged by 2 mmol/L of Na™.
This process does not change the TDS content significantly
because the weight of 1 mmol/L of Ca®" (40 mg/L) is
approximately equal to that of 2 mmol/L of Na™
(23 x 2 = 46 mg/L).

Water Quality Assessment
Water Quality for Agricultural Purpose

Shallow groundwater is an important source for agricul-
tural use in the area because surface water is limited. It is
mostly extracted manually or with low power water pumps
for irrigating vegetables and corns in the gardens. The
sodium adsorption ratio (SAR) and soluble sodium per-
centage (%Na) are universally used to assess the sodium
hazard, and are calculated by:

+
SAR — __Na© (5)

Ca’* +Mg**
2
Na*t

% Na =
’ Na® + K* + Ca®' + Mg

x 100 (6)

where all the ionic concentrations are expressed in meq/L.
The SAR values of groundwater samples range from 0.55 to
3.14 and the highest %Na is 56.3 %, suggesting a low
sodium hazard and its suitability for agricultural use. Wil-
cox (1948) and the US Salinity Laboratory Staff (USSL
1954), considering alkalinity and salinity simultaneously,
proposed irrigational specifications for evaluating the suit-
ability of water for irrigation (Singh et al. 2010). The
Wilcox diagram (S-Fig. 6a) shows that most samples plot-
ted in the zone of excellent to good and only a few samples
plotted in the zone of good to permissible, suggesting
general suitability of the groundwater for agricultural uses.
The USSL diagram relates SAR and EC (S-Fig. 6b). Most
samples are plotted in C2S1 and a few in C3S1, suggesting
good to acceptable quality for irrigation. Thus, the
groundwater in the study area is fit for agricultural use.

Drinking Water Quality

The shallow groundwater in the area is also used in
households. The major ions or parameters affecting water
quality such as pH, Nat, CI™, SO42_, TDS, and TH were
compared with China’s permissible limits for Drinking
Water (Ministry of Health of the PRC and Standardization
Administration of the PRC 2006) and WHO standards
(WHO 2011). The comparison (Table 2) shows that the
parameters are within the acceptable limits of both, which
indicates that the water quality, with regard to the selected
parameters, is suitable for drinking.

Conclusions

Shallow groundwater is an important source for various uses
in the Dongsheng Coalfield. This paper investigated the major
ion chemistry of shallow groundwater in the area with various
methods such as correlation analysis, principal component
analysis, saturation index and tri-linear diagrams. The water
quality for agricultural and drinking purposes was also
assessed. The following conclusions can be reached.

e The concentrations of major cations and anions were
low in the shallow groundwater in the area, indicating
good water quality. The concentrations of major
chemical parameters were relatively higher around
Jiushenggong than in other areas. The hydrochemical
facies of the shallow groundwater in the study area are
dominantly HCO3-Ca, HCO3-Na, and mixed HCO;-
Ca-Na-Mg types.

e The shallow groundwater in the study area is controlled
by chemical weathering of rock-forming minerals. This
is confirmed by the results of correlation analysis,
principal component analysis, and saturation index. The
main hydrogeochemical processes include the dissolu-
tion/precipitation of halite, gypsum, calcite, and dolo-
mite. Cation exchange and dissolution of other
minerals, such as albite, also took place. Mixing with
local recharge water can also explain some of the
observed variation of ions.

e The shallow groundwater quality in the study area,
revealed by SAR, %Na, Wilcox, and USSL diagrams, is
generally suitable for agricultural use, with low alka-
linity but medium to high salinity. The concentrations
of the main chemical parameters suggest that ground-
water in the study area is fit for human consumption.
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