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Abstract Major ions, trace elements, and isotope con-

centrations were measured in 11 representative ground-

water samples that were collected from a series of aquifers

in the Wugou coal mine, Anhui Province. The geochemical

characteristics of the groundwater samples were examined

using conventional graphical and multivariate statistical

approaches, and the results showed that almost all of the

groundwater samples collected from the coal-bearing

aquifer were the Na-SO4 type, whereas the samples from

the Quaternary and the limestone aquifer were the Ca-SO4

and Na-Cl types, respectively. The groundwater in the

study area is not suitable for drinking without treatment

because of the higher values of total dissolved solids and

other parameters, whereas the lower value of the sodium

adsorption ratio indicates that it can be used for irrigation.

The total rare earth element concentrations ranged from

0.0398 to 0.1874 mg/L, and had an average of 0.075 mg/L.

There were negative cerium and positive europium

anomalies in the groundwater. The dD and d18O values in

groundwater ranged from -9.01 to -8.81 %, and from

-74.7 to -71.4 %, respectively. Meteoric water with

variable degrees of evaporation is the main source of the

groundwater in the coal-bearing aquifer.

Keywords Hydro-geochemistry � Groundwater � Wugou

coal mine � REE � Isotopes

Introduction

Deep groundwater systems not only form an important

consideration in coal exploitation, but also serve as major

storage zones for fresh water resources. Many studies have

examined the hydrochemical characteristics, water–rock

interactions, sources, and quality of groundwater in coal

mining areas (Gui 2014; Nakano 2014; Chen et al. 2014).

These studies provide supporting information to efficient

groundwater development schemes and help reduce coal

mining hazards as well as water quality deterioration.

Groundwater under different hydrogeological conditions

has different hydrochemical characteristics due to the

influence of surrounding rocks, water flow, and stratum.

Therefore, studies that provide information on the hydro-

chemistry of groundwater from coal-bearing aquifers of

individual coal mining regions are needed. To date, few

studies have provided information about groundwater

conditions in the Wugou coal mine. In particular, no

studies exist on either the trace (and rare earth) elements or

isotopic contents of groundwater in this coal mine.

Previous studies have shown that signatures of rare earth

elements (REE) in groundwater, such as total REE con-

centrations, anomalies of cerium (Ce), europium (Eu), or

yttrium (Y), and normalized REE patterns, vary in different

aquifers (Gui et al. 2011; Sun et al. 2011); The varying

pattern of these constituents could also provide vital

information about groundwater source. In this study, 11

representative groundwater samples were collected from

different aquifers in the Wugou coal mine. To derive

information about the hydrochemical characteristics of
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deep groundwater in this coal mine, major ions, trace ele-

ments, and isotope signatures (dD and d18O) were mea-

sured. The main objectives of the study were (1) to define

the geochemical characteristics of groundwater collected

from different aquifers, and (2) to discuss the characteris-

tics of trace elements in groundwater samples.

Materials and methods

The Wugou coal mine is located in northern Anhui Pro-

vince, China (Fig. 1). The area has a marine-continental

climate, and annual average temperature of 14.9 �C. Pre-

vious studies have shown that the deep groundwater system

in the Wugou coal mine comprises three main aquifers, the

Quaternary aquifer (QA), coal-bearing aquifer (CA), and a

limestone aquifer (LA), all of which have influence on coal

exploration (Gui and Chen 2007). The QA ranges in depth

between 280 and 300 m, and composed of mainly yellow

mudstone, sandstone, and conglomerate. The CA is char-

acterized by mudstone, siltstone, and sandstone, occurring

at a depth range between 300 and 700 m. The LA belongs

to the Taiyuan and Ordovician Formations, and composed

of mainly limestone (Fig. 2).

Nine representative samples of groundwater were col-

lected from the main CA in the Wugou coal mine and two

groundwater samples were collected from the QA (WG6)

and LA (WG9) to permit comparison. Groundwater sam-

ples were collected via drainage holes in alleys, and then

filtered into pre-cleaned and sterilized polyethylene bottles

that had been cleaned following trace element cleaning

procedures through a 0.45-lm membrane. All groundwater

samples were analyzed for major ions and trace elements.

Four samples were also analyzed for dD and d18O con-

centrations. Major ions were determined in the analysis

testing laboratory of the Department of Coal Geology,

Anhui Province, China. The K??Na?, SO4
2- and Cl-,

Ca2? and Mg2?, and alkaline concentrations were deter-

mined by atomic absorption spectrometry, ion chro-

matography, EDTA titration, and acid-based titration,

respectively. After liquid–liquid extraction, trace element

concentrations were determined by inductively coupled

plasma-mass spectrometry (POEMS III) in the State Key

Laboratory of Geological Processes and Mineral Resour-

ces, China University of Geosciences (Wuhan). The ana-

lytical precision for all trace elements was 10 % of the

relative standard deviation or better. The isotopic compo-

sitions were determined in the laboratory of the Institute of

Karst Geology of the Chinese Academy of Geological

Sciences. The isotopic data are reported relative to standard

mean ocean water, and the overall precisions of d18O and

dD were 0.2 and 2 %, respectively.

Results and discussion

Major ion chemistry

The analysis results of groundwater samples collected from

the Wugou coal mine are presented in Table 1. The ionic

balance between anions and cations was checked by AqQa

software, and the relative deviation was less than 2.0 %. In

general, the pH values of groundwater ranged from 7.7 to

8.5, and had a mean value of 8.1, indicating that all the

groundwater samples were alkaline in nature. The anionic

concentrations (Cl-, SO4
2-, HCO3

-, and CO3
2-) in the

groundwater ranged from 142.9 to 954.2, 244.1 to 1940.7,

242.4 to 715.5, and 0 to 52.2 mg/L, with average values of

303.1, 941.1, 344.5, and 11.1 mg/L, respectively. The

cationic concentrations (K??Na?, Ca2?, and Mg2?) ran-

ged from 293.3 to 800.2, 7.1 to 401.4, and 3.8 to 195.9 mg/

L, with average values of 458.0, 147.3, and 84.0, respec-

tively. The groundwater samples were mainly the Na-SO4

and Na-Cl types, indicating that Na?, SO4
2-, and Cl- were

Fig. 1 Geographic location (a) and geological map (b) of the study area in northern Anhui Province, China
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the dominant ions in the groundwater. Sample WG6 from

the QA was the Ca-SO4 water type, and had high con-

centrations of Ca2? and Mg2?. Almost all of the ground-

water samples from the CA were described as the Na-SO4

type, while the sample from LA was the Na-Cl type.

To further understand the hydrochemical characteristics

of the groundwater from the different aquifers, the ionic

concentrations were plotted on a Piper diagram (Fig. 3).

This diagram shows that, with the exception of samples

WG6 and WG5, almost all the alkali elements (K? and

Na?) exceeded the alkaline earth elements (Ca2? and

Mg2?) in the groundwater samples, and strong acids

(SO4
2- and Cl-) exceeded the weak acids (HCO3

- and

CO3
2-) in the groundwater samples.

To evaluate the suitability of the groundwater in the

study area for various uses, the analytical results of the

groundwater samples were compared with the World

Health Organization (WHO) standards (World Health

Organization (WHO) 1993). This comparison indicated

that the magnesium (84.0 mg/L) and calcium (147.3 mg/L)

concentrations, as well as the pH values were within the

WHO standards. Other parameters were found to exceed

threshold limits. Concentrations of total dissolved solids

(TDS) in the groundwater were higher than 1000 mg/L,

indicating that the groundwater in the study area is not

suitable for drinking before treatment. The higher

concentrations of Na? in the groundwater could influence

crop growth if used for irrigation. The suitability of

groundwater for irrigation is generally evaluated using

various indices. The sodium adsorption ratio (SAR) (Uni-

ted States Salinity Laboratory (USSL) 1954), which can be

calculated using the formula: SAR = Na?/SQRT((Ca2?-

Mg2?)/2), is frequently used. SAR values can be divided

into four categories: excellent (\10), good (10–18), per-

missable (18–26), and unsuitable ([26). The mean value of

the calculated SAR results for the study area was 10.7,

indicating that the groundwater was suitable for irrigation

use.

Trace elements

The REE concentrations of groundwater samples are listed

in Table 1 and the Post Archean Average Shale (PAAS)

normalized REE patterns are presented in Fig. 4 (Taylor

and McLennan 1985). The total REE concentrations

(
P

REE) ranged from 0.0398 to 0.1874 mg/L, with an

average value of 0.075 mg/L. The normalized neodymium/

ytterbium (NdSN/YbSN) ratios (SN indicates PAAS nor-

malization) ranged from 0.033 to 0.357, with an average of

0.103. This ratio, when combined with the features of

Fig. 4, indicates that, when normalized to PAAS, the

groundwater samples are more enriched in heavy REEs

Fig. 2 Hydrogeological profile

and sampling points in the study

area
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than light REEs. In particular, the total REE concentrations

in groundwater samples from the QA (WG6) and LA

(WG9) were lower than those from the CA.

Dissolved strontium (Sr) concentrations in the ground-

water in the study area ranged from 516 to 19,537 lg/L,

with an average value of 9009.1 lg/L (Table 1). The Sr

concentrations varied between the different aquifers, with

higher concentrations in the QA and the LA, and lower

concentrations in the CA. The dissolved Sr concentrations

in both the QA and LA were 12,735 and 19,537 lg/L,

respectively. Sr and Ca are both alkaline earth elements,

and therefore their geochemical behaviors are very similar.

Previous studies (Nakano 2014) have reported that the Sr

concentration in water is approximately 1 % that of Ca, the

dominant element, and that the concentrations of the two

elements are strongly correlated. Therefore, we would

expect to see positive correlations between Ca and Sr in the

groundwater samples. From Fig. 5, we observed that Ca

Table 1 Major ions (mg/L), trace elements (lg/L), isotopes, and physico-chemical properties of groundwater in the study area

Parameter WG1 WG2 WG3 WG4 WG5 WG6 WG7 WG8 WG9 WG10 WG11

K??Na? 666.0 539.2 311.1 293.3 367.5 334.7 337.9 588.6 800.2 366.9 433.0

Ca2? 137.0 159.1 78.4 125.9 190.8 401.4 109.3 7.1 190.8 114.8 105.3

Mg2? 43.2 72.0 65.3 78.7 165.2 195.9 68.7 3.8 94.1 76.8 60.5

Cl- 206.4 195.8 231.1 352.8 142.9 220.5 294.6 273.4 954.2 231.1 231.1

SO4
2- 1291.6 1260.7 587.8 447.4 1441.4 1940.7 572.5 244.1 1012.5 756.9 796.9

HCO3
- 403.9 309.3 247.0 380.8 242.4 247.0 339.3 715.5 247.0 294.7 362.4

CO3
2- 0 13.62 0 0 31.78 0 0 52.22 0 24.97 0

PH 7.91 8.36 8.16 7.91 8.31 7.71 7.85 8.5 8.05 8.38 8.16

TDS 2557 2405 1405 1497 2471 3227 1563 1536 3186 1731 1819

Aquifer CA CA CA CA CA QA CA CA LA CA CA

Water type Na-SO4 Na-SO4 Na-SO4 Na-Cl Na-SO4 Ca-SO4 Na-SO4 Na-HCO3 Na-Cl Na-SO4 Na-SO4

SAR 12.7 8.9 6.28 5.05 4.7 3.42 6.23 44.1 11.8 6.5 8.32

La 0.0067 0.0036 0.0022 0.0039 0.0032 0.003 0.0023 0.0022 0.0031 0.0021 0.0026

Ce 0.032 0.0079 0.0049 0.0039 0.0078 0.0059 0.004 0.0062 0.0051 0.003 0.0025

Pr 0.0013 0.0015 0.0009 0.001 0.0014 0.0023 0.0006 0.0013 0.0009 0.0012 0.0017

Nd 0.009 0.01 0.0034 0.0047 0.0073 0.0052 0.005 0.0087 0.006 0.005 0.015

Sm 0.0054 0.0069 0.0081 0.0049 0.01 0.007 0.006 0.0097 0.0056 0.0053 0.0084

Eu 0.0023 0.0013 0.0013 0.0029 0.0024 0.004 0.0015 0.011 0.002 0.0023 0.0043

Gd 0.0043 0.0042 0.0075 0.006 0.0024 0.0023 0.0041 0.0073 0.0044 0.0032 0.011

Tb 0.0015 0.0015 0.0008 0.0011 0.0013 0.0018 0.0007 0.0022 0.0014 0.0011 0.0027

Dy 0.0051 0.0044 0.0062 0.0021 0.0015 0.0054 0.0058 0.012 0.0056 0.0029 0.011

Ho 0.0018 0.0016 0.0017 0.0011 0.003 0.0009 0.001 0.0032 0.0021 0.0017 0.0084

Er 0.04 0.013 0.0037 0.0071 0.0048 0.0047 0.0032 0.015 0.0071 0.0046 0.07

Tm 0.0019 0.0014 0.001 0.0015 0.0002 0.0011 0.0014 0.0034 0.0005 0.0007 0.02

Yb 0.02 0.006 0.0034 0.0046 0.0017 0.0044 0.0054 0.022 0.0051 0.0054 0.24

Lu 0.006 0.0006 0.0008 0.0007 0.0009 0.0011 0.0013 0.0057 0.0014 0.0013 0.058

Sr 12,036 11,660 7147 7052 7752 12,735 7608 516 19,537 6140 6917

Y 0.079 0.065 0.039 0.035 0.046 0.064 0.035 0.083 0.1 0.027 0.062

Y/Ho 43.89 40.63 22.94 31.82 15.33 71.11 35.00 25.94 47.62 15.88 7.38

Y/Dy 15.49 14.77 6.29 16.67 30.67 11.85 6.03 6.92 17.86 9.31 5.64
P

REE 0.1373 0.0639 0.0459 0.0455 0.0479 0.0491 0.0423 0.1099 0.0503 0.0398 0.1874

LREE 0.0567 0.0312 0.0208 0.0213 0.0321 0.0274 0.0194 0.0391 0.0227 0.0189 0.0345

HREE 0.0806 0.0327 0.0251 0.0242 0.0158 0.0217 0.0229 0.0708 0.0276 0.0209 0.1529

Ce/Ce* 2.49 0.75 0.77 0.46 0.81 0.44 0.78 0.76 0.70 0.40 0.241

Eu/Eu* 2.25 1.12 0.78 2.47 1.92 4.22 1.42 6.15 1.90 2.59 2.06

NdSN/YbSN 0.037 0.139 0.083 0.085 0.357 0.098 0.077 0.033 0.098 0.077 0.052

Y* 1.79 1.67 0.84 1.48 0.90 2.04 1.02 0.94 1.98 0.76 0.38

dD -74.7 -71.4 -72.8 -73.5

d18O -8.84 -8.81 -8.95 -9.01
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and Sr are positively correlated, which indicates that the Sr

in the groundwater is released by weathering (dissolution)

of Ca-containing minerals, and that there are no other

sources such as human activity.

In addition, the groundwater samples demonstrated

negative Ce anomalies when normalized by PAAS; the

average Ce/Ce* value was 0.78 when calculated using the

formula Ce/Ce* = 2*CeSN/(LaSN ? PrSN). Eu, however,

demonstrated positive anomalies; the average Eu/Eu*

value was 2.44 when calculated by the formula Eu/

Eu* = 2*EuSN/(SmSN ? GdSN). The negative Ce anoma-

lies in groundwater samples may reflect the oxidative

conditions of the aquifer, as Ce3? is oxidized to Ce4?,

thereby reducing the concentrations of soluble Ce (Ley-

bourne et al. 2000). However, there is no obvious proof that

this occurs in the study area, as the groundwater came from

the coal-bearing aquifer, which is regarded as a deoxidized

environment. Alternatively, the Ce anomalies in the

Fig. 3 Piper diagram of

groundwater from the coal-

bearing aquifer in the study area

Fig. 4 PAAS-normalized REE

patterns in groundwater from

the coal-bearing aquifer in the

study area
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groundwater reflect differences in the solubility of Ce

redox species related to pH conditions in the aquifer sys-

tem. Previous studies have shown that the degree of neg-

ative Ce anomalies varies as the pH increases, as Ce3? is

more stable in low pH conditions (Johannesson et al.

2005). The plot of Ce anomalies and pH shows that the

magnitude of the Ce anomalies varied gradually as the pH

values changed (Fig. 5), suggesting that this mechanism

was not the main reason for Ce depletion. The Ce negative

anomalies in the groundwater are therefore the result of

water–rock interactions.

The oxidative environment and water–rock interactions

may have caused the positive Eu anomalies. Positive Eu

anomalies in groundwater may indicate an oxidative

environment (Jeong 2001), whereas the aquifers in the

study area have been confirmed as deoxidative. Water–rock

interactions were, however, confirmed as the reason for the

positive Eu anomalies, especially for the minerals with

higher Eu contents such as feldspar. By coincidence, the

surrounding rock is mainly composed of feldspar minerals.

Further, the positive Eu anomalies in deep groundwater

may be partly attributable to exchange reactions between

Eu2? and Sr2? in reducing conditions, as Eu2? and Sr2?

have similar chemical properties (Yan et al. 2013).

Therefore, if the Sr2? concentrations in groundwater are

high, exchange reactions may occur between Eu2? and

Sr2?. Consequently, Sr2? is readily precipitated, whereas

the concentration of Eu2? remains high in groundwater. As

mentioned above, the concentrations of Sr are higher in

groundwater samples, so this mechanism possibly also

contributes to the positive Eu anomalies in groundwater in

this study.

The geochemical behavior of the elements Y and hol-

mium (Ho) in the geological environment are similar

because of their nearly ionic radius; the Y/Ho ratio in

minerals is generally 27. The Y/Ho ratio is also 27 in sil-

icates, clastic rocks, and fresh river water, whereas the

Y/Ho ratio in seawater is generally higher than 27, and may

reach 80 (Nozaki et al. 1997). This can be explained by the

higher removal rate of Ho, which is nearly double that of Y

in seawater. Thus, seawater and limestone formed in the

sea frequently present positive Y anomalies. The Y/Ho

Fig. 5 Scatter diagrams among Ca-Sr(a), pH-Ce/Ce*(b), Sr-Y*(c) and Y/Ho-Y/Dy(d) in groundwater samples from the coal-bearing aquifer in

the study area
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ratios of groundwater from the study area varied from 7.4

to 71.1, and had an average value of 32.5; the Y/Ho ratios

in the QA and the LA reached 71.11 and 47.62, respec-

tively. When the two samples from the QA and the LA are

excluded, the average Y/Ho value in the CA was only 26.5.

This suggests that the Y/Ho ratios in the groundwater

samples from the QA and the LA are influenced by car-

bonates such as limestone, which are abundant in the QA

and the LA. However, there are no carbonates in the CA.

The positive correlation between Y/Dysprosium (Dy) and

Y/Ho (Fig. 5) also supports this perspective. When calcu-

lated using the equation Y* = 2*YSN/(DySN ? HoSN), the

Y* values showed positive anomalies, varied from 0.38 to

2.0, and had an average of 1.25. The values of Y* in

groundwater from the QA and the LA were higher than the

average, and were 2.04 and 1.98, respectively. The higher

values may reflect water–rock interactions over a long

time, as the surrounding rocks in the QA and the LA

comprise calcite or limestone, whereas the CA is mainly

composed of feldspar. Therefore, if this hypothesis is

correct, there would be a positive relationship between Y*

and Sr, as is supported by Fig. 5.

Isotopic composition

The results of dD and d18O analysis of groundwater from

the coal-bearing aquifer are plotted in Fig. 6. The values of

d18O in groundwater varied from -9.01 to -8.81 %, and

had an average value of -8.90 %, while dD varied from

-74.7 to -71.4 %, and had an average value of -73.1 %,

respectively. To obtain more information about the isotopic

features of groundwater samples, additional data are

required. Thus, we used the global meteoric water line

(GMWL), the local meteoric water line (LMWL), and the

local surface water line (LSWL) for dD and d18O. The

GMWL is described by dD = 8*d18O ? 10.56, as defined

by Craig (1961); the LMWL was characterized as

dD = 7.9*d18O ? 8.2, which was summarized from the

measured data of the stable isotopes (Zhang, 1989), and the

LSWL is described by the formula dD = 6.74*d18O – 3.33

(Gui et al. 2005). All the lines and the isotopic signatures of

the groundwater samples are plotted in Fig. 6.

The four groundwater samples plotted below the LSWL,

LMWL, and the GMWL, indicating that the source of

groundwater from the CA was meteoric water that had

varying degrees of evaporation. In particular, the values of

dD showed clear variation, whereas the values of d18O

were stable. The upward movement in the vertical or

approximately vertical direction in the plot clearly indi-

cates variability in the dD values.

In general, the variability in d18O and dD may be the

result of factors such as evaporation, reservoir temperature,

residence time, and water–rock interactions (Truesdell and

Hulston 1980). These groundwater samples (WG1, WG2,

WG3, and WG5) are all categorized as the Na-SO4 type

(Table 1), with Na? and SO4
2- as the dominant ions. This

indicates that hydrochemical processes in the groundwater

may be influenced by weathering of feldspar minerals, and

that Na? may be released into the groundwater by sulfuric

acid reactions. The information in Fig. 6 suggests that the

CA is a reducing environment, where the exchange reac-

tions of dD between groundwater and alkyl are more

obvious, whereas d18O exchanges are in equilibrium, as

also reported by a previous study (Gui et al. 2005).

Conclusions

Nine groundwater samples were collected from the CA in

the Wugou coal mine. Two samples were also collected

from the QA and the LA in the same area to permit com-

parison. The 11 groundwater samples were analyzed for

major ion chemistry and trace elements, and four samples

were analyzed for their dD and d18O concentrations, and

hydrochemical characteristics.

This study demonstrates that almost all the groundwater

samples collected from the CA can be described as the Na-

SO4 type, whereas the samples from the QA and the LA

were the Ca-SO4 and Na-Cl types, respectively. The

groundwater in the study area is not suitable for drinking

before treatment because of the higher concentrations of

TDS and other parameters relative to the WHO standards,

whereas the lower average SAR value shows that the

groundwater can be used for irrigation.

The total REE concentrations (
P

REE) varied from

0.0398 to 0.1874 mg/L, with an average of 0.075 mg/L,

and groundwater was more enriched with heavy REEs than
Fig. 6 Plot of the d18O and dD values in groundwater from the

Wugou coal mine, Anhui Province, China
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light REEs when normalized to PAAS. The higher dis-

solved Sr concentrations (average 9009.1 lg/L) in

groundwater were attributable to release from weathering

of Ca-containing minerals.

Ce and Eu showed negative and positive anomalies in

groundwater, with average values of 0.78 and 2.44 for Ce/

Ce* and Eu/Eu*, respectively. These results reflect water–

rock interactions, with only minor influence from pH and

redox actions. The calcite content, such as limestone and

carbonate, of the surrounding rocks was determined by the

Y/Ho and Y* values, the values of which were significantly

higher in the QA and the LA than in the CA. However, the

values of Y/Ho and Y* were lower in groundwater col-

lected from the CA, which is surrounded by silicate rocks

such as feldspar.

The dD and d18O values in groundwater samples varied

from -9.01 to -8.81 % and from -74.7 to -71.4 %, with

an average of -8.90 and -73.1 %, respectively. The

groundwater in the CA is mainly from meteoric water, with

a variable degree of evaporation. The drift in dD may be

the result of detritus and exchange reactions between

groundwater and alkyl.
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