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Abstract The present study was conducted to investigate the
concentrations of heavy metals (HMs) in deep groundwater
from coal mining area, including cadmium (Cd), chromium
(Cr), copper (Cu), zinc (Zn), lead (Pb), and nickel (Ni). The
samples were collected from different aquifers in four coal
mines of northern Anhui province, China, which were uncon-
solidated formation (UF), coal measure aquifer (CA), Taiyuan
limestone aquifer (TA), and Ordovician limestone aquifer
(OA), respectively. HM concentrations from the four different
sources were analyzed by atomic absorption spectrometer, and
were found in the order of Zn>Ni>Pb>Cu>Cd>Cr (in UF),
Ni>Zn>Pb>Cu>Cr>Cd (in CA), Ni>Zn>Pb>Cu>Cd>Cr (in
TA), and Zn>Ni>Pb>Cu>Cr>Cd (in OA), respectively.
Concentrations of Cu, Zn, and Cr were found within the qual-
ity guidelines set by Bureau of Quality and Technical
Supervision of China (GB/T 14848-93) and World Health
Organization, while the concentrations of Cd, Pb, and Ni were
higher than their respective permissible limits. The enhanced
concentrations of Ni, together with Cr, were considered to be
affected by anthropogenic sources, since they both had high
variable coefficient. Moreover, the inter-dependence of HMs
and their pollution sources were further discussed using

statistical techniques, including one-factor analysis of vari-
ance, Pearson correlation analysis, and principle component
analysis.

Keywords Heavymetal . Groundwater . Concentration .

Relationship . Source apportionment . Coalmining area

Introduction

Although someHMs are the essential micronutrients for living
beings, higher concentrations of HMs can lead to severe poi-
soning, which has been considered as deadly pollutants owing
to their toxicity, persistence, and bioaccumulative nature in the
environment (Pekey et al. 2004). Contamination with HMs
such as Cd, Cr, Cu, Zn, Pb, and Ni is a worldwide environ-
mental problem (Muhammad et al. 2011), and has drawn great
attention in recent decades. Investigation of water contamina-
tion in terms of HMs has become the prime focus of environ-
mental research in recent years (Muhammad et al. 2011). The
HMs in water could be derived from both natural (i.e.,
weathering, erosion of bed rocks, ore deposits, and volcanic
activities) and anthropogenic sources (i.e., mining, smelting,
industrial influx, wastewater irrigation, and agriculture activ-
ities) (Demirak et al. 2006; Chanpiwat et al. 2010;
Muhammad et al. 2010; Khan et al. 2013), among which
mining process is also an important source of trace metals
(Cantor 1997).

In China, water shortage has become an important water
resource issue. Particularly, the shallow groundwater pollution
is becoming increasingly serious. It was reported that fully
90 % of China’s shallow groundwater is polluted, according
to the Ministry of Land and Resources, and an alarming 37 %
is so foul that it cannot be treated for use as drinking water
(Qiu 2011). For coal mining area, the water resource is also
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facing big challenges in terms of water quality and water
quantity. On one hand, 71 % of 96 key state-owned mines
are somewhat short of water, and 40 % of them suffer from
serious water shortages, because Chinese water resources are
largely located in South China, while most coal lies in the
north (Wang et al. 2013). On the other hand, the water quality
of the mining areas is deteriorating, and excavation works has
become a key factor causing groundwater pollution. So,
quality- and quantity-induced water shortage has come to be
the prime factor, restricting the sustainable development of the
coal mine areas.

From the current research situation, the majority of the
studies on HMs in groundwater of coal mine areas focus on
shallow groundwater (Wang et al. 2008; Liu 2010), while the
study of deep groundwater is rare. Moreover, the study focus-
ing on different aquifers in deep groundwater is much rarer.
For the study area, some trace metals in deep groundwater
collected from different aquifers were measured to discuss
hydrogeochemical characteristics (Gui 2005), hydrological
implications (Sun et al. 2014), quality and usability (Lin
et al. 2014a; Sun et al. 2013a), risk assessment (Lin et al.
2014b; Hu et al. 2015), and background (Sun et al. 2013b).
But, no study was conducted to research the HMs’ relation-
ship and sources in deep groundwater. So, the present study is
undertaken to address this critical knowledge gap, since the
relationship between trace metals plays an important role to

further understand the mechanism of groundwater. Overall,
the specific goals of this study were as follows: (1) to inves-
tigate the concentrations of HMs in deep groundwater from
different aquifers, which were sampled from four typical coal
mines located at northern Anhui coal mining area, and (2) to
better understand HMs’ relationships and sources using vari-
ous multivariate techniques, including one-way ANOVA pro-
cedure, Pearson correlation analysis (CA), and principal com-
ponents analysis (PCA). The ambitious target of this paper is
to provide reference for the utilization and protection of
groundwater resources in coal mining area.

Materials and methods

Study area description

Northern Anhui province (32°25′–34°35′N, 114°55′–118°10′
E) is an important production base for coal mine, agriculture,
grain, and cotton in Anhui province and East China, which is
located in the middle/east of China (Fig.1a), with a total area
of 30,000 km2. The study area borders Shandong province in
the north, Jiangsu province to the east, and Henan province to
the west, mainly including Fuyang, Bozhou, Suzhou, and
Huaibei city (Gui 2005). As an important coal base in
China, the mine area has rich coal resources, and there are

Fig. 1 Location of northern Anhui province (a) and aquifers schematic diagram of study area (b)
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two big mining groups including more than 30 coal mines.
The climate of the study area is warm temperate monsoon,
where the average temperature is 14.6 °C, the average annual
precipitation and evaporation are about 867.0 and 832.4 mm,
respectively, and more than 50% of the total precipitation falls
during June to September (Yin et al. 2010; Chen et al. 2013).

The study area is also a part of Huaibei coalfield, one of the
major coalfields in China, which is located in the central and
southern area of the XueSu arcuate thrust nappe structure, east
of the Henan-Huai depression at the southeastern margin of
North China ancient plate (Jiang et al. 2010). The geological
and hydrogeological backgrounds including stratum, regional
tectonics, lithology, aquifer, aquiclude, etc. had been well de-
scribed previously (Zheng et al. 2008; Jiang et al. 2010; Chen
et al. 2013; Guo et al. 2014). According to the Huaibei coal-
field integrated hydrogeological histograms (thickness, burial
conditions, and water-bearing features), the main
groundwater-inrushing aquifers can be divided into four cate-
gories from top to bottom (Fig. 1b), with the order of UF, CA,
TA, and OA. More specifically, there are four sub-aquifers in
QA as shown in Fig. 1b, the first aquifer, the second aquifer,
the third aquifer, and the fourth aquifer in top-down order, and
their average thickness are 27.92, 19.45, 33.84, and 17.5 m,
respectively.

Sampling collection

The representative groundwater samples were selected from
four locations (mine 1, mine 2, mine 3, and mine 4) of the
study area shown in Fig. 1a. Hydrogeological types of the four
mines are all at medium-complexity level, so they can repre-
sent the common conditions of the coal mines in this study
area as a whole. A total of 59 groundwater samples were
collected from four aquifers in the study area in October
2012. The four aquifers were UF (16 samples, primarily sam-
pled from the third aquifer and the four aquifer), CA (26 sam-
ples), TA (12 samples), and OA (5 samples), and their sam-
pling depth were 223.8~349.95, 250~649.5, 430~538.49, and
200~440 m, respectively. Clean and unmixed water samples
were wanted in this study. The samples were selected prefer-
entially under the coal mine, for example, the water samples
from TA and OA could be sampled through drain holes.When
the sampling under coal mine was not convenient, a tailor-
made sampler was used to collect groundwater samples from
observation wells above ground, which were constructed for
pumping test and groundwater regime observation of different
aquifers. Any obviously mixed or contaminative water sam-
ples were abandoned. Overall, samples were collected under
coal mine in this study while only a small number were pulled
out directly from observation well by hand pump on the
ground. The sampling process had been described previously
(Lin et al. 2014a; Lin et al. 2014b). Groundwater samples
were collected in polyethylene bottles (2.5 L). Before

sampling, the bottles were washed three times with double-
deionized water in the laboratory and with the water at the
sampling site during field sampling. Two bottles of ground-
water (5 L totally) were collected at each sampling site; one
bottle was analyzed for major ions, while the other was used
for trace elements analysis. To analyze trace elements, each
water sample was filtered through a 0.45-μm filter paper and
acidified with ultrapure HNO3 (2ml/L) to keep pH < 2. All the
samples were transported to laboratory within 24 h and stored
in a refrigerator at 4 °C for further analyses.

Chemical analysis procedures

The main physicochemical parameters were measured on the
spot, including pH, temperature, and total dissolved solids.
The six HMs (Cd, Cr, Cu, Zn, Pb, and Ni) in acidified water
samples were analyzed using atomic absorption spectrometer
(TAS-990 Purkinje General, China). Znwas detected by flame
method, while the other HMs were determined by graphite
furnace method. Standard samples (GSB 04-1767-2004) were
used to fit standard curve with external standard method (all r
values >0.999), and each heavy metal’s recovery was mea-
sured to confirm the accuracy, which were 93.64, 105.84,
101.83, 111.92, 95.50, and 96.96 % for Cd, Cr, Cu, Pb, Ni,
and Zn, respectively. All the acids and reagents used were of
analytical grade, and all these analyses were performed in
research center of coal mine exploration engineering and tech-
nology in Anhui province, Suzhou University. In view of the
data quality assurance, each sample was analyzed in triplicate,
and average value of each water sample was used for further
interpretation.

Statistical analysis

Descriptive statistics were calculated with Excel 2007
(Microsoft Office). The multivariate statistical analyses such
as one-factor analysis of variance (one-way ANOVA),
Pearson correlation analysis (CA), and principle component
analysis (PCA) were performed by using the statistical prod-
uct and service solutions software ver. 19.

Results and discussions

Heavy metal concentrations

Selected parameters in groundwater samples collected from
the four aquifers (UF, CA, TA, and OA) are summarized in
Table 1. In this study, the detection rate of HMs were all
100 %, and their concentrations in the groundwater were
found in the order of Zn>Ni>Pb>Cu>Cd>Cr (in UF),
Ni>Zn>Pb>Cu>Cr>Cd (in CA), Ni>Zn>Pb>Cu>Cd>Cr (in
TA), and Zn>Ni>Pb>Cu>Cr>Cd (in OA), respectively, in
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the four locations of the study area. Except Cd and Cr, the
others selected HMs (Cu, Zn, Pb, and Ni) in groundwater from
UF and OA had the same concentrations order of
Zn>Ni>Pb>Cu, while the same concentrations order of
Ni>Zn>Pb>Cu from CA and TA. In 2008–2009, Liu (2010)
collected and detected 151 shallow groundwater samples (8–
60 m) from Huaibei plain, where this study area was located
in, and the results showed that the selected HMs (Zn, Cu, Pb,
Ni, and Cd) in the order of Zn>Cu>Pb>Ni>Cd. It was sug-
gested that the HMs concentrations are different between
shallow and deep groundwater, furthermore, it is also
different in deep groundwater with aquifers change.
Moreover, the selected HMs in groundwater also had
different concentration orders from the surface water, for
example, Wang et al. (2015) found that HM concentrations
in the water of subsidence pools were in the order of
Cu>Zn>Pb>Cd (middle aged and old coal mine) and

Zn>Cu>Pb>Cd (new coal mine), which were different from
the four aquifers of groundwater in this study. Predecessors’
researches have shown that aquifers and crustal rock had the
same curve shape in microelement abundance (Shen et al.
1993; Gui 2005), and the crustal rock is the final source for
microelement in groundwater (Gui 2005). Thus, HMs had
different concentrations with the change of hydrogeological
condition, lithology of aquifer, and water-resisting layers in
the deep groundwater.

The concentrations of Cu, Zn, and Cr in all groundwater
samples were found within their respective permissible limits
(GB/T 14848-93, Grade III) set by Bureau of Quality and
Technical Supervision of China (BQTS, 1994) and World
Health Organization (WHO, 2008) (Table 1). However, Cd,
Pb, and Ni concentrations in some samples were higher than
their respective permissible limits, for example, there was only
one groundwater sample collected from TA, where Cd and Pb

Table 1 Descriptive statistics of HMs concentrations (μg/L) in groundwater samples collected from different aquifers

Parameter Statistics UF CA TA OA Permissible limits

na = 16 n = 26 n = 12 n = 5 GB/T 14848-93b WHOc

Cd Range 2.02–5.73 1.26–9.07 1.51–18.97 2.57–3.98

Mean 3.50 4.82 7.35 3.49 10.00 3.00

SD 0.78 1.97 4.61 0.58

CV (%) 22.86 41.67 62.16 17.14

Cr Range 0.07–5.12 0.07–47.35 0.38–6.4 1.95–5.86

Mean 1.18 6.11 3.44 3.56 50.00 50.00

SD 1.28 10.61 1.95 1.87

CV (%) 108.33 173.77 55.88 52.78

Cu Range 3.27–14.54 2.75–68.25 3.95–28.01 7.75–9.55

Mean 6.75 13.87 16.26 8.78 1000.00 2000.00

SD 3.11 14.32 8.64 0.76

CV (%) 45.59 102.88 52.76 9.09

Zn Range 44.93–68.89 30.31–92.67 47.89–66.51 44.34–108.93

Mean 54.35 52.16 58.98 60.60 1000.00 3000.00

SD 7.83 13.19 6.33 27.26

CV (%) 14.36 25.29 10.68 45.05

Pb Range 3.31–29.65 6.21–49.04 2.87–75.68 9.35–15.29

Mean 9.30 16.37 27.62 12.90 50.00 10.00

SD 5.80 9.64 19.66 2.50

CV (%) 62.37 58.54 71.38 19.38

Ni Range 14.11–57.81 19.03–393.19 14.66–192.75 24.39–28.55

Mean 30.80 101.93 62.22 26.93 50.00 70.00

SD 13.25 83.77 46.21 1.57

CV (%) 42.86 82.24 74.28 5.95

SD standard deviation, CV variable coefficient
a Number of water samples
b Source: Quality standard for ground water (Grade III) fromNational Standard of the People’s Republic of China set by Bureau of Quality and Technical
Supervision of China (BQTS, 1994)
c Source: World Health Organization (WHO, 2008)
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concentrations exceeded the permissible limit in 1.70 % of the
water samples, while 6.25, 76.92, and 66.67 % groundwater
samples in Ni concentrations were exceeded the permissible
limit in UF, CA, and TA, respectively. The mean concentra-
tions for Ni in CA and TA had also exceeded GB/T 14848-93
(Fig. 2). So, in this whole study area, Cd, Pb, and Ni should be
paid much attention seriously, especially when the groundwa-
ter was considered as the water source for domestic water in
drinking way. Moreover, the study area is also noteworthy
with respect to Cr, although its single andmean concentrations
were all within the permissible limit in four aquifers, the max-
imal concentration of Cr (47.35 μg/L) was recorded in CA
(Table 1), which almost exceeded the permissible limit
(50 μg/L).

Previous researches showed that high Cr and Ni concentra-
tions in water samples could be attributed to the erosion of
mafic and ultramafic rocks (Miller et al. 1991) and mining and
industrial activities (Kavcar et al. 2009; Shah et al. 2010; Arif
et al. 2011). According to the Huaibei coalfield integrated
hydrogeological histogram, the bottom of Plx (including 4,
5, 6, 7, 8 coal bed) was aluminum mudstone in study area.
Thus, it was recommended that Cr and Ni got the maximal
value in coal measure aquifer mainly due to the etching effects
of parent rock and bed rock. However, Cr and Ni both had
bigger value of variable coefficient (CV), 173.77 and 82.24 %
(Table 1), respectively. So, it was not hard to find that the
enhanced concentration of Cr in groundwater samples, togeth-
er with and Ni, might also be ascribed to anthropogenic
sources, especially the coal mining activities in the study area.

Relationship analysis of heavy metals

Variation trend

One-way ANOVA procedure was conducted for the statistical
comparison of selected HMs’ contaminations in the four

different sampling aquifers, using least significant difference
(LSD). Results showed significant variation (P = 0.015) be-
tween these four aquifers, which indicated that different sam-
pling aquifers contribute differently to the mean metal con-
centrations in the deep groundwater (Table 2). However, each
heavy metal also had a different variation value (LSDmethod)
for an individual sampling aquifer in the study area, as given
in Table 3 and Fig. 3. Cd, Pb, and Ni concentration in deep
groundwater had significant variation (P < 0.01) from the four
aquifers, which is shown in Table 2 and Fig. 3a, e, f. However,
no significant variation was found for Cr, Cu, and Zn in
groundwater samples collected from different aquifers as
shown in Table 2 and Fig. 3b–d. Figure 3 also suggested the
distributions of HMs. Cr, Cu, and Ni got the maximal value in
CA, Cd, and Pb obtained the maximal value in TA, while Zn
got the maximal value in OA.

Inter-metal relationship in different aquifers

The inter-metal relationships provided interesting information
on metal sources and pathways (Noorain, et al. 2014;
Muhammad et al. 2011). The physio-chemical parameters cor-
relation matrices in deep groundwater from the four aquifers
(UF, CA, TA, and OA) are summarized in Table 4. In deep
groundwater from UF, the correlation matrices show that var-
ious physio-chemical parameters pairs have significant posi-
tive correlations, such as Cd–Cr (r = 0.508), Cd–Cu
(r = 0.850), Cd–Pb (r = 0.903), Cd–Ni (r = 0.729), Cr–Zn
(r = 0.683), Cr–Pb (r = 0.671), Cu–Pb (r = 0.827), Cu–Ni
(r = 0.869), and Pb–Ni (r = 0.644), suggesting a major com-
mon origin. In deep groundwater from CA, the correlation
matrices also show that various physio-chemical parameters
pairs have significant positive correlations at the 0.01 level,
such as Cd–Cr (r = 0.540), Cd–Cu (r = 0.519), Cd–Pb
(r = 0.908), Cd–Ni (r = 0.671), Cr–Cu (r = 0.947), Cr–Pb
(r = 0.752), Cr–Ni (r = 0.825), Cu-Pb (r = 0.731), Cu–Ni
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(r = 0.764), and Pb–Ni (r = 0.755). Moreover, significant
positive correlations were also observed between most
physio-chemical parameters pairs in deep groundwater from
TA, such as Cd–Cr (r = 0.606), Cd–Cu (r = 0.632), Cd–Zn
(r = 0.716), Cd–Pb (r = 0.980), Cd–Ni (r = 0.958), Cr–Cu
(r = 0.721), Cr–Zn (r = 0.878), Cr–Pb (r = 0.659), Cu–Zn
(r = 0.834), Cu–Pb (r = 0.624), Zn–Pb (r = 0.747), Zn–Ni
(r = 0.607), and Pb–Ni (r = 0.968).

However, in the case of groundwater samples from OA,
correlation matrices show that there is no physio-chemical
parameter pair having significant positive correlations at the
0.05 level or at the 0.01 level. But Cd–Cu (r = 0.678), Cr–Zn
(r = 0.656), Cr–Ni (r = 0.664), Zn–Pb (r = 0.636), Zn–Ni
(r = 0.629), and Pb–Ni (r = 0.805) also have better positive
correlations. However, Cd–Zn (r = −0.838) shows negative
correlation, indicating their different behaviors, sources or mi-
gration features in OA. The result was also very different from
the other groundwater samples collected from UF, CA, and
TA. From Table 4, the correlation matrix of HMs shows that

Cd–Pb (r = 0.903, 0.908, and 0.980 in UF, CA, and TA,
respectively) and Cu–Pb (r = 0.827, 0.731, and 0.624 in UF,
CA, and TA, respectively) both have significant positive cor-
relations in the deep groundwater collected from UF, CA, and
TA; however, these two parameters pairs do not have signifi-
cant positive correlations in OA, and in other words, a low
correlation (r = 0.349) and negative correlation (r = −0.150)
were even evident for Cd–Pb and Cu–Pb pairs, respectively.
Previous studies revealed that Cd–Pb have significant positive
correlation in groundwater sampled from Kohistan region
(r = 0.925) (Muhammad et al. 2011). Similarly, Cu–Pb also
show significant positive correlation in groundwater collected
from Dabaoshan tailing zone and its surrounding areas (r = 0.
0.993) (Zhang et al. 2013). Except for OA, the correlation
analysis conclusions of Cd–Pb and Cu–Pb in groundwater
were consistent with previous studies.

The correlation coefficients of Cd and Pb concentrations in
groundwater collected from UF, CA, TA, and OAwere 0.138,
0.825, 0.534, and 0.664, respectively. As suggested by

Table 3 One-way ANOVA
comparison of selected HMs for
different aquifers in the study area

Metals Sum of squares df Mean square F Significance

Cd Between groups 113.26 3.00 37.75 6.09 0.001c

Within groups 340.71 55.00 6.20

Total 453.97 58.00

Cr Between groups 247.66 3.00 82.55 1.57 0.208

Within groups 2896.42 55.00 52.66

Total 3144.08 58.00

Cu Between groups 800.45 3.00 266.82 2.41 0.077

Within groups 6093.21 55.00 110.79

Total 6893.66 58.00

Zn Between groups 561.04 3.00 187.01 1.18 0.324

Within groups 8684.30 55.00 157.90

Total 9245.33 58.00

Pb Between groups 2377.75 3.00 792.58 6.14 0.001

Within groups 7104.48 55.00 129.17

Total 9482.23 58.00

Ni Between groups 60,907.06 3.00 20,302.35 5.54 0.002

Within groups 201,586.07 55.00 3665.20

Total 262,493.12 58.00

The mean difference is significant at a level of 0.05. Italic values are significant

df degree of freedom, F factor

Table 2 One-way ANOVA for
comparison of HMs in the study
area

Sources of variation Sum of squares df Mean square F Significance

Between groups 15,293.33 3.00 5097.78 3.55 0.015

Within groups 502,296.07 350.00 1435.13

Total 517,589.40 353.00

The mean difference is significant at a level of 0.05. Italic values are significant

df degree of freedom, F factor
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previous studies, the co-variation of Cr and Ni in magmatic or
clastic rocks can be attributed to the existence of dark-colored
minerals (e.g., biotite, hornblend) (Miller et al. 1991), and
therefore, during water-rock interaction, the significant corre-
lation between Cr and Ni concentrations in this study might be
an indication of the participation of dark-colored minerals.
This hypothesis can be demonstrated by the hydro-
geological conditions that the main rock types in the CA is
sandstone with enrichment of dark-colored minerals, and the
correlation coefficient between Cr and Ni in this aquifer is
highest relative to other aquifers. Alternatively, this phenom-
enon might be an indication of the hydro-dynamic conditions
that the CA is close relative to other aquifers, because of the
high degrees of participation of dark-colored minerals imply-
ing that water-rock interaction is the dominant process con-
trolling the hydrochemical characteristics of the groundwater
in the CA. However, the groundwater samples in UF have the
lowest correlation coefficient of Cr–Ni (r = 0.138), which
might be an indication of low degrees of participation of

dark-colored minerals or the open condition of the aquifer.
Similar conclusions can also be obtained for other aquifers
(TA and OA).

Source apportionment of heavy metals

To analyze the source of HMs in the deep groundwater, PCA
was performed on the normalized data of HM concentration in
the deep groundwater to describe the association and the qual-
itative behavior of clustering. Kaiser–Meyer–Olkin (KMO)
and Bartlett’s results were 0.656 and 350 (df = 15,
p < 0.001), respectively, which indicated that PCA would be
effective in the data set. In this study, two principal compo-
nents with eigenvalues >1 that explained about 79.61 % of the
total variance were obtained. The corresponding principal
components, percentage of variance, and cumulative percent-
age are presented in Table 5.

The first principal component (PC1), accounting for
60.49 % of the total variance, had high positive loadings on
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Cd (0.793), Cr (0.818), Cu (0.894), Zn (0.868), and Pb (0.847)
and a low loading on Zn (0.249). However, the second prin-
cipal component (PC2) accounted for 19.12 % of the total
variance, and only had strong positive loadings on Zn
(0.743). As mentioned above, although Cr and Ni contamina-
tions could result from the erosion of mafic and ultramafic
rocks (Miller et al. 1991) and mining and industrial activities
(Kavcar et al. 2009; Shah et al. 2010; Arif et al. 2011), their
enhanced concentration (Ni) and high value of variable coef-
ficient (Ni and Cr) may also be ascribed to anthropogenic
sources. For example, coal mining activity may be the most
probable origin in this study area. Cu could be influenced
more by agricultural activities (Khan et al. 2013). As to Cd
and Pb, Cd is usually present in all soils and rocks, and its
level elevation could be caused by the erosion of schistose
rocks, while Pb level could be influenced by plumbing sys-
tems (Khan et al. 2013). So, the results suggested that PC1
may represent both geologic and anthropogenic sources. Zn

Table 5 Results of the PCA of HMs in deep groundwater of study area
(n (number of water samples) = 59)

Variable Principal component

PC1 PC2

Cd 0.793 0.379

Cr 0.818 −0.375
Cu 0.894 −0.178
Zn 0.249 0.743

Pb 0.868 0.358

Ni 0.847 −0.390
Initial eigenvalue 3.629 1.147

Percentage of variance (%) 60.49 19.12

Cumulative percentage (%) 60.49 79.61

Italic values represent dominant metals in each factor

Table 4 Correlation matrix of
HMs in deep groundwater
collected from the four different
aquifers

Aquifers Parameters Cd Cr Cu Zn Pb Ni

UF (na = 16)

Cd 1.000

Cr 0.508* 1.000

Cu 0.850** 0.369 1.000

Zn 0.285 0.683** −0.030 1.000

Pb 0.903** 0.671** 0.827** 0.355 1.000

Ni 0.729** 0.138 0.869** −0.238 0.644** 1.000

CA(n = 26)

Cd 1.000

Cr 0.540** 1.000

Cu 0.519** 0.947** 1.000

Zn 0.159 0.188 0.251 1.000

Pb 0.908** 0.752** 0.731** 0.223 1.000

Ni 0.671** 0.825** 0.764** −0.068 0.755** 1.000

TA(n = 12)

Cd 1.000

Cr 0.606* 1.000

Cu 0.632* 0.721** 1.000

Zn 0.716** 0.878** 0.834** 1.000

Pb 0.980** 0.659* 0.624* 0.747** 1.000

Ni 0.958** 0.534 0.500 0.607* 0.968** 1.000

OA(n = 5)

Cd 1.000

Cr −0.501 1.000

Cu 0.678 0.150 1.000

Zn −0.838 0.656 −0.277 1.000

Pb −0.150 0.266 0.349 0.636 1.000

Ni −0.139 0.664 0.425 0.629 0.805 1.000

*Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed)
a Number of water samples
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could come from the schistose rocks with sulfide seams (Khan et
al. 2013). Moreover, our previously published study had found
that Zn and Fe had close correlation (Sun et al. 2013a), and aswe
all know, Fe is mainly from natural weathering processes, usu-
ally abundant on the earth and selected as the normalizing ele-
ment due to its conservative nature during diagenesis; thus, the
PC2 may have only geologic contributions.

Conclusions

HMs in shallow groundwater were well-recognized, especial-
ly when it was taken as drinking water source for urban areas.
The present study focused on the deep groundwater, and de-
scribed the relationships and sources of HMs in the four dif-
ferent aquifers for the first time. HM concentrations in the
groundwater from UF, CA, TA, and OAwere investigated in
the order of Zn>Ni>Pb>Cu>Cd>Cr, Ni>Zn>Pb>Cu>Cr>Cd,
Ni>Zn>Pb>Cu>Cd>Cr, and Zn>Ni>Pb>Cu>Cr>Cd, respec-
tively. Concentrations of Cu, Zn, and Cr were found within the
permissible limits set by GB/T 14848-93 and WHO, while
Cd, Pb, and Ni concentrations exceeded their respective per-
missible limits. The ANOVA analysis showed that heavy met-
al concentration in the four different sampling aquifers varied
significantly (P < 0.05). Various physio-chemical parameters
pairs in deep groundwater had a strong correlation, which
varied with the different sampling aquifers. Moreover, except
for Zn, the PCA results revealed that both geologic and an-
thropogenic sources were responsible for the HM contamina-
tion of the deep groundwater in the coal mining area, northern
Anhui province. Furthermore, this study will give references
for water pollution control to local government, as well as to
the study on HMs from deep groundwater in the other coal
mining areas.
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