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the dominant hydrogeochemical
processes and characterization of potential
contaminants in groundwater in Qingyuan, China,
by multivariate statistical analysis†
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Shaoheng Li and Zhenglan Xie

In karst areas, groundwater is an important water source for drinking and irrigation purposes; however, karst

aquifers are vulnerable and recovery from damage is difficult. We collected surface water (pond and river

water) and groundwater (hand-pump well, dug well, and borehole water) samples in Qingyuan city,

China, to determine the major chemicals in the water with the primary goals of evaluating the

geochemical composition, identifying the geochemical processes governing the water chemistry, and

identifying the probable sources of potential contaminants in shallow and deep groundwater in the study

area. The results revealed marked differences in water chemistry between shallow and deep

groundwater. The groundwater composition was largely controlled by rock–water interactions,

particularly the dissolution of evaporite minerals (e.g., calcite, gypsum, and anhydrite), and ion exchange

processes were important drivers of the chemical compositions of groundwater in the study area.

Moreover, in shallow and deep groundwater, Mg2+ and SO4
2� concentrations were increased due to the

long residence time of deep groundwater, while K+ and Na+ concentrations were decreased due to

anthropogenic input. Finally, factor analysis of the major and trace elements differentiated between

anthropogenic and geogenic sources of potential contaminants in karst aquifers.
1. Introduction

Over the last few decades, rapid growth of urban population has
resulted in dramatic increases in water use and wastewater
production in many developing countries worldwide.1 Because
groundwater is a major water resource, anthropogenic degra-
dation of groundwater quality has attracted signicant interest.
In particular, groundwater from karst aquifers is an important
drinking water resource in karst regions, but is particularly
vulnerable to anthropogenic contamination due to the porous
nature of karst terrain.2,3 Groundwater hydrochemistry and
quality evaluations are used to clarify mineralization processes,
and are also useful for exploring water–rock interactions and
analyzing area-specic environmental issues.4

Groundwater studies largely focus on the main hydro-
chemical processes that affect groundwater quality and hydro-
chemical proles.5,6 Hydrochemical analyses can help dene
chemical reactions produced by water–rock interactions, and
water–rock interactions or anthropogenic sources of pollution
banization and Geo-simulation, School of

iversity, Guangzhou, PR China. E-mail:
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tion (ESI) available. See DOI:

hemistry 2018
can also be interpreted in the context of related reactions and
processes.7,8

Qingyuan city is located in a typical karst area in Guangdong
Province, China, characterized by high spatial hydrogeological
heterogeneities. This karst environment is vulnerable and
recovery of function of karst aquifers is difficult once damaged.
Issues related to pollution-intense industry relocation driven by
globalization, at both a national and regional scale, are becoming
increasingly relevant under current policy-making and environ-
mental regulations. Guangdong Province is considered a pollu-
tion haven for overseas industries, and Qingyuan, located in
northern Guangdong Province, is becoming a pollution haven for
the Pearl River Delta.9 Qingyuan is the largest prefecture-level city
in Guangdong Province, and anthropogenic sources of pollution
therein are mainly derived from extensive urbanization, farming
and agriculture practices, and industrial activities. Evaluating the
groundwater quality and impact of human activities in this large
karst area is a necessary and pressing task. Therefore, the
objectives of this study were to (1) examine seasonal variations in
water chemistry, (2) determine the geochemical processes and
factors controlling the chemical compositions of karst water, (3)
elucidate the chemical evolution of surface water and ground-
water, and (4) identify probable sources of potential
contaminants.
RSC Adv., 2018, 8, 33243–33255 | 33243
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2. Study area

The study area was in Qingyuan (23�260–25�110N, 111�550–
113�550E), northern Guangdong Province, China, and covered
about 1.9 � 104 km2 (Fig. 1). There are three morphologically
distinct formations in the study area: plains, hills, andmountains.
The maximum elevation, in the mountainous region, is nearly
1570 m and the minimum elevation, in the plains, is approxi-
mately 4 m. The area has a subtropical monsoon climate with an
annual mean temperature of 20.6 �C and annual precipitation of
1556mm. Several rivers run through the plain, including Lianjiang
River, Pajiang River, Beijiang River, and their tributaries.

Two types of rocks are exposed in the study area: limestone
formed from the Late Paleozoic to Mesozoic (Triassic) and
granite formed during the Yanshanian. Carboniferous
carbonate rocks are widely exposed and typical synclinal–
tectonic karst basins associated with peak-forest plains and
Fig. 1 Sampling sites of the study area.

33244 | RSC Adv., 2018, 8, 33243–33255
peak-cluster depressions are widely distributed. Fissures and
fractures have extensively developed in carbonate rocks,
promoting karstication of the basin, and the high precipita-
tion ensures abundant groundwater resources.
2.1 Sample collection and pretreatment in the eld

The water samples were collected from three ponds, 13 hand-
pump wells, 11 dug wells, 19 boreholes, and nine other locations
along various rivers. The sampling locations are shown in Fig. 1.
To investigate seasonal variability, samples were collected at the
three ponds and 13 of the boreholes on select days during both the
dry season (January 2017) and rainy season (September 2017).

Before sample collection, each sample bottle was washed
with nitric acid to remove cations and then rinsed with distilled
water. In addition, the sample bottles were rinsed thrice with
the same water before sample collection.
This journal is © The Royal Society of Chemistry 2018
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2.2 Analytical methods

Environmental parameters (pH, electrical conductivity (EC),
and temperature) were stabilized and measured with a multi-
parameter measurement device (DR/800; HACH, Loveland,
CO, USA) during pumping. Water samples were ltered through
0.22 mm pore-size membrane lters (Millipore, Burlington, MA,
USA) to remove suspended particles and microorganisms, aer
which major cation samples were acidied to pH < 2 with HCl
immediately aer sampling. All major ions (Cl�, NO3

�, PO4
3�,

and SO4
2�) except HCO3

� were analyzed using a DX-600 ion
chromatograph (Dionex, Sunnyvale, CA, USA) in the laboratory
of the School of Environmental Science and Engineering, Sun
Yat-sen University (Guangzhou, China), with a detection limit of
0.1 ppm. HCO3

� was titrated immediately in the eld using
a portable testing kit (Merck KGaA Co., Darmstadt, Germany),
with an accuracy of 0.05 mmol L�1. The major cations were
detected with inductively coupled plasma optical emission
spectrometry (Optima 8300; Perkin-Elmer, Waltham, MA, USA)
with a detection limit of 0.05 ppm for Ca2+, Mg2+, K+, and Na+,
and 0.01 ppm for Ba, Sr, Fe, Cr, Mn, Co, Ni, Cu, Zn, As, Se, Mo,
Cd, and Pb at the laboratory of the Instrumental Analysis &
Research Center, Sun Yat-sen University. The analytical preci-
sion of the major ions was within 1%. The ion balance errors of
most water samples were <10%, and some were >10 (Appendix
A). The ion balance error higher than 10% in some samples may
result from the existence of unanalyzed anions and cations such
as organic acids in water.10,11 Still, there should be further
research on the factors affecting the higher error of ion balance.
3. Results and discussion
3.1 Field parameters

Table 1 presents the major physiochemical and chemical
properties of the water samples, which were analyzed on select
days in both the dry (January 2017) and rainy (September 2017)
seasons. The average temperature varied seasonally in pond
water and was 17.3 � 2.35 �C and 20.1 � 7.65 �C in the dry and
rainy seasons, respectively. Meanwhile, the average temperature
of the river samples in the rainy season was 29.5 � 2.25 �C.
During the dry season, the average temperatures of the hand-
pump and dug well water were 20.1 � 2.66 �C and 22.8 �
1.93 �C, respectively. The average temperatures of deep
groundwater (i.e., boreholes) in the dry and rainy seasons were
19.9 � 2.53 �C and 25.5 � 1.92 �C, respectively, indicative of
seasonal variation according to surface air temperature in the
karst area.

The average EC values varied substantially among water
samples but which did not show a variation characteristic in the
vertical spatial distribution. However, the average EC values for
ponds and boreholes were lower in the dry season than the rainy
season. Meanwhile, the pH of pond water was 5.46–7.13 in the
dry season and 6.94–8.23 in the rainy season. The minimum
value of pond water was sampled in a small pond underlaid by
sandy stone that provided drinking water for nearby residents
and was mainly recharged by rain water. According to Huang
et al.,12 the pH values in a coastal mega-city in South China was
This journal is © The Royal Society of Chemistry 2018
4.56 over a 5 years period. The short water–rock reaction time in
the small pond and low EC values of rain water may have been
responsible for the lower pH and EC values.

The dissolved oxygen (DO) concentration of the surface (i.e.,
pond and river) waters varied from 1.84 mg L�1 to 7.44 mg L�1,
whereas those of shallow groundwater (i.e., hand-pump well
and dug well water) ranged widely from 3.11 mg L�1 to
7.48 mg L�1 (average: 5.00 mg L�1). Meanwhile, the DO
concentration of deep groundwater was 1.71–3.80 mg L�1

(average: 2.81 mg L�1) in the dry season and 1.13–6.51 mg L�1

(average: 2.22 mg L�1) in the rainy season.

3.2 Water chemistry

Piper trilinear diagrams summarize the differences in hydro-
chemical composition among water sources.13 Fig. 2 presents the
piper trilinear equivalence diagrams of the samples. Overall, the
hydrochemistry was dominated by alkaline earth metal ions,
although weak acids, Ca2+, and bicarbonate also made substan-
tial contributions to the water chemistry composition. Overall,
according to the analysis of major ionic composition, Ca–HCO3

andCa–SO4 were the twomainwaters types, although three of the
pond samples had Ca–HCO3-type water. The majority of hand-
pump and dug well samples had Ca–HCO3-type water, probably
as a consequence of calcite dissolution. Most borehole and river
samples were Ca–HCO3 type, accompanied by Ca–SO4 in several
boreholes and river samples. Ca2+ and HCO3

� ions result not
only from dissolution of carbonate rocks, but potentially also
from the hydrolysis of sandstone cement or, to a limited degree,
feldspar dissolution in basement rocks.14,15

Most river samples and some hand-pump and dug well
samples tended to be slightly enriched in SO4

2� and Cl�. The
Cl� concentrations in the dug well water reached 1.82 meq L�1,
and the maximum SO4

2� concentrations in the river, hand-
pump well, and dug well samples were 1.21 meq L�1, respec-
tively (Table 1). Na+ and K+ concentrations in shallow ground-
water also tended to be enriched compared to the deep
groundwater samples. In addition to natural sources, anthro-
pogenic activities (e.g., deicing, fertilizer, and wastewater)
produce K+ and Na+ ions that can enter the groundwater,14,16

and almost all shallow groundwater samples from both the
residential and karst areas were more vulnerable to contami-
nation. By contrast, the deep groundwater tended to be more
enriched in Mg2+ than the shallow groundwater. According to
the incongruent dissolution of dolomite, the increase in Mg2+

corresponded to the increased residence time in limestone.17

Since the deep groundwater was in the karst area, the enrich-
ment in Mg2+ may have resulted from the long residence time of
groundwater.

3.3 Chemical evolution of groundwater

The soluble ions in natural waters mainly originated from rock
and soil weathering and anthropogenic inputs, and partly from
atmospheric inputs. The inuence of rock weathering, evapo-
ration, and precipitation on water chemistry was evaluated with
Gibbs' diagrams. Fig. 3a and b show Gibbs' plots of total dis-
solved solids according to the ion ratios Na+/(Na+ + Ca2+) and
RSC Adv., 2018, 8, 33243–33255 | 33245

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra06051g


T
ab

le
1

M
aj
o
r
ch

e
m
ic
al

co
m
p
o
si
ti
o
n
o
f
su

rf
ac

e
w
at
e
r
an

d
g
ro
u
n
d
w
at
e
r
sa
m
p
le
s

Sa
m
pl
e

E
C
(m
s
cm

�
1
)

pH
D
O

(m
g

L�
1
)

T
em

p.
(�
C
)

H
C
O
3
�

C
l�

N
O
3
�

SO
4
2
�

K
+

N
a+

C
a2

+
M
g2

+

T
D
S
(m

g
L�

1
)

m
eq

L�
1

Po
n
ds

R
ai
n
y
se
as
on

(n
¼

3)
M
in

12
.2

6.
94

3.
22

23
.8

0.
50

0.
03

0.
01

0.
22

0.
01

0.
02

0.
05

0.
01

34
.2

M
ea
n

28
1

7.
51

3.
61

26
.6

2.
53

0.
35

0.
36

0.
35

0.
13

0.
42

2.
25

0.
46

24
5

M
ax

57
2

8.
23

1.
84

31
4.
00

0.
92

1.
04

0.
38

0.
35

0.
76

4.
74

0.
21

43
7

SD
28

0
3.
63

1.
99

7.
65

1.
82

0.
49

0.
59

0.
12

0.
19

0.
38

2.
35

0.
62

20
2

D
ry

se
as
on

(n
¼

3)
M
in

12
.1

5.
46

3.
62

14
.6

0.
10

0.
01

0.
00

0.
01

0.
00

0.
00

0.
07

0.
05

9.
28

M
ea
n

44
4

6.
60

4.
97

17
.3

3.
57

0.
36

0.
10

0.
25

0.
13

0.
22

2.
61

0.
64

31
3

M
ax

72
1

7.
13

7.
44

18
.4

5.
84

0.
99

0.
25

0.
40

0.
35

0.
43

4.
55

1.
62

47
0

SD
37

9
0.
99

2.
14

2.
35

3.
05

0.
55

0.
13

0.
21

0.
19

0.
21

2.
30

0.
85

26
3

R
iv
er
s

R
ai
n
y
se
as
on

(n
¼

9)
M
in

35
.7

6.
70

2.
50

26
.8

0.
00

0.
04

0.
04

0.
10

0.
01

0.
03

0.
98

0.
21

10
4

M
ea
n

21
3

7.
75

5.
65

29
.5

1.
15

0.
12

0.
14

0.
48

0.
05

0.
13

3.
30

0.
56

20
8

M
ax

33
9

8.
12

7.
13

31
.5

3.
00

0.
27

0.
54

1.
21

0.
10

0.
33

6.
35

1.
18

34
4

SD
11

1
0.
62

1.
87

2.
25

1.
25

0.
07

0.
15

0.
35

0.
03

0.
09

1.
80

0.
35

86
.6

H
an

d
pu

m
p
w
el
ls

D
ry

se
as
on

(n
¼

13
)

M
in

16
7

5.
81

3.
24

13
.5

0.
59

0.
12

0.
00

0.
14

0.
01

0.
02

0.
67

0.
10

10
5

M
ea
n

44
8

6.
82

4.
61

20
.1

2.
95

0.
45

0.
09

0.
62

0.
17

0.
23

3.
32

0.
44

31
0

M
ax

67
5

7.
43

6.
16

22
.3

5.
20

1.
05

0.
22

1.
21

0.
48

0.
49

5.
30

1.
21

50
3

SD
14

4
0.
46

0.
90

2.
66

1.
21

0.
30

0.
07

0.
34

0.
14

0.
17

1.
32

0.
31

10
9

D
ug

w
el
ls

D
ry

se
as
on

(n
¼

11
)

M
in

72
.9

5.
70

3.
11

16
.2

0.
44

0.
05

0.
00

0.
08

0.
00

0.
00

0.
39

0.
07

46
M
ea
n

36
2

6.
65

4.
98

20
.1

2.
16

0.
55

0.
10

0.
46

0.
20

0.
30

2.
31

0.
40

24
0

M
ax

94
2

7.
56

7.
48

22
.8

5.
35

1.
82

0.
30

1.
21

0.
87

0.
91

6.
05

1.
37

62
0

SD
25

4
0.
60

2.
31

1.
93

1.
78

0.
58

0.
10

0.
39

0.
26

0.
31

1.
68

0.
41

17
3

B
or
eh

ol
es

R
ai
n
y
se
as
on

(n
¼

19
)

M
in

32
6.
08

1.
13

22
.6

1.
10

0.
03

0.
02

0.
01

0.
02

0.
03

0.
30

0.
08

13
1

M
ea
n

37
7

7.
33

2.
22

25
.5

3.
61

0.
17

0.
08

2.
51

0.
10

0.
47

2.
98

0.
96

43
2

M
ax

17
35

8.
41

6.
51

30
.0

7.
20

0.
48

0.
28

42
.0

0.
60

3.
51

17
.0

5.
68

26
53

SD
35

3
0.
56

1.
27

1.
92

1.
66

0.
14

0.
08

9.
56

0.
14

0.
83

3.
61

1.
28

55
0

D
ry

se
as
on

(n
¼

13
)

M
in

20
1

6.
40

1.
71

14
.2

1.
08

0.
02

0.
00

0.
01

0.
01

0.
01

0.
75

0.
11

13
4

M
ea
n

47
3

7.
40

2.
81

19
.9

3.
24

0.
37

0.
02

1.
98

0.
09

0.
21

2.
52

1.
25

38
1

M
ax

14
94

8.
49

3.
80

22
.4

10
.6
1

1.
69

0.
21

15
.7
8

0.
26

0.
90

8.
80

6.
03

13
01

SD
37

5
0.
60

0.
65

2.
15

2.
53

0.
45

0.
06

4.
55

0.
07

0.
27

2.
30

1.
53

33
4

33246 | RSC Adv., 2018, 8, 33243–33255 This journal is © The Royal Society of Chemistry 2018

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Se

pt
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 4

/6
/2

02
6 

10
:2

0:
37

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra06051g


Fig. 3 Ratios of Na+ to (Na+ + Ca2+) as a function of TDS for all samples (a: dry season, b: rainy season).

Fig. 2 Piper diagram for hydro-chemical types of the analyzed water samples ((a): dry season, (b): rainy season).
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Cl�/(Cl� + HCO3
�) of groundwater in the two seasons. Most

data points were distributed in areas of end members of the
dominant rocks, conrming that the groundwater chemistry in
the study area was dominated by the interaction between water
and aquifer materials. In addition, one pond sample in the
study area was dominated by atmospheric precipitation.

The chemical properties of the groundwater in the study area
were mainly controlled by natural geochemical processes,
although anthropogenic activities also inuenced the chemical
properties of groundwater, especially in the shallow part of the
aquifer. In aquifer systems, the chemical evolution of ground-
water results from interactions among various processes, which
are difficult to identify based on the solute balance.14 However,
the origins of ions and processes that control their concentra-
tions can be determined by plotting bivariate diagrams.18

Therefore, we created several plots of the relationships among
major elements to identify the origin and processes contrib-
uting to groundwater mineralization.
This journal is © The Royal Society of Chemistry 2018
The Na+/Cl� ratio is considered to be one of the most
important indicators of the origin of groundwater, where a ratio
of 1 represents halite dissolution.19 The plot of Na+ versus Cl�

revealed a trend from excess Cl� (Cl� > Na+) toward the 1 : 1
stoichiometric ratio line for hand-pump well, dug well, and
borehole water samples in the dry season (Fig. 4a). Meanwhile,
most points for river water were situated along the halite disso-
lution line, although several high Na+/Cl� ratios were observed in
borehole water samples in the rainy season (Fig. 4b). The excess
Na+ over Cl� ions may have resulted from three processes:20 (1)
cation exchange reactions; (2) weathering of feldspars in sand-
stone samples, and (3) reaction of silicate minerals derived
mainly from sandstone weathering. Conversely, the depletion of
Na+ concentrations relative to Cl� concentrations in the upper
aquifer may have resulted from the reaction of silicate minerals,
or a second type of ionic exchange in which Na+ was removed
from the complex and replaced by Ca2+. Hence, during the dry
season, the abnormal samples in the borehole waters above the
RSC Adv., 2018, 8, 33243–33255 | 33247
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Fig. 4 The plots of Na+ versus Cl� (meq L�1).
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1 : 1 line indicated that halite dissolution was not the only source
of Na+. Samples with Na+/Cl� ratios lower than 1 accounted for
92% and 64% of shallow and deep groundwater samples,
respectively, further indicative of additional Na+ sources.
However, in the rainy season, the excess of Na+ relative to Cl�

concentrations in most borehole samples might have reected
cation exchange reactions or mineral dissolution in deep
groundwater. Overall, precipitation appeared to greatly inuence
the deep groundwater chemistry in the karst area.

In most samples, HCO3
� was the dominant anion,

accounting for approximately 60–80% of the total dissolved
anions. The HCO3

� concentrations were 0.10–4.76 meq L�1 for
pond water, 0.44–5.35 meq L�1 for shallow groundwater and
1.08–10.61 meq L�1 for deep groundwater during the dry season
Fig. 5 Plots of Ca2+ versus HCO3
� (meq L�1).

33248 | RSC Adv., 2018, 8, 33243–33255
(Table 1). During the rainy season, the HCO3
� concentrations

were 0.00–3.00 meq L�1 for river water and 1.10–7.20 meq L�1

for deep groundwater. In the plot of HCO3
� versus Ca2+, most

hand-pump well water points were above the 1 : 1 stoichio-
metric ratio line, dug well water points were clustered around
the 1 : 1 stoichiometric ratio line, and borehole water points
were below the 1 : 1 stoichiometric line (Fig. 5a and b). Mean-
while, in the Ca2+ + Mg2+ versus HCO3

� plot (Fig. 6a and b), the
dug well, river, and hand-pump well waters mostly had (Ca2+ +
Mg2+)/HCO3

� ratios above 1 : 1, indicating that additional
sources besides carbonated weathering accounted for the
excess Mg2+ and Ca2+ relative to HCO3

�.
Related studies reported that excess Ca2+ + Mg2+ with respect

to HCO3
� in karst aquifers may result from calcite dissolution,
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Plots of (Ca2+ + Mg2+) versus HCO3
� (meq L�1).
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and the majority of Ca2+, Mg2+, and HCO3
� ions from shallow

groundwater may have largely originated from carbonate
dissolution. Meanwhile, the plot of Ca2+ + Mg2+ versus HCO3

�

during the dry season (Fig. 6a) showed that most borehole water
points were clustered along the dolomite line, indicating that
the Mg2+, Ca2+, and HCO3

� in this aquifer shared the same
origin; however, an excess of HCO3

� over Ca2+ + Mg2+ was
observed during the rainy season (Fig. 6b). Thus, rock type was
not the only factor inuencing the Ca2+, Mg2+ and HCO3

� ions
in the borehole waters among different seasons.

In the studied aquifer system, carbonate dissolution is the
dominant process contributing to groundwater solutes (Ca2+,
Mg2+, and HCO3

�). The mean Mg2+/Ca2+ ratios of the hand-
pump well, dug well, and borehole water samples were 0.15,
Fig. 7 Plots of Mg2+/Ca2+ versus Mg2+ (meq L�1).

This journal is © The Royal Society of Chemistry 2018
0.17, and 0.55, respectively. The Mg2+/Ca2+ ratio sometimes
approached a value of 0.33, indicating the inuence of calcite
dissolution.14 According to Appendix B, the lithology in deep
groundwater (borehole) is mainly controlled by limestone, but
the lithology in shallow groundwater (hand-pump well and dug
well) all belongs to unconsolidated sediments. Therefore,
lithology may not the main factor affecting Mg2+/Ca2+ ratio in
groundwater. As we can see from Fig. 7a and b, Mg2+/Ca2+ ratios
in deep groundwater were higher than shallow groundwater in
general, well depth in hand-pump well and dug well are all
below 8 m, and all above 60 m in borehole (Appendix B). It main
conclude that higher Mg2+/Ca2+ ratio in deep groundwater was
likely resulted from the longer residence time of groundwater.
During the rainy season, the karst aquifer was mainly recharged
RSC Adv., 2018, 8, 33243–33255 | 33249
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by precipitation, resulting in a short groundwater residence
time based on the heterogeneity of karst aquifers and depleted
Mg2+ compared with the deep groundwater in the dry season.
Hence, the groundwater residence time within carbonate
aquifers may explain the difference in Mg2+ proportions among
different aquifers.

The plots of (Ca2+ + Mg2+) versus (HCO3
� + SO4

2�) (Fig. 8a and
b) and Ca2+ versus SO4

2� (Fig. 8c and d) were used to identify the
sources of Ca2+, Mg2+, and SO4

2�. Most groundwater samples,
except the hand-pump well water samples, showed a trend toward
excess Ca2+ (Ca2+ > SO4

2�) above the 2 : 1 line in the Ca2+ versus
SO4

2� plot, and a strong, signicant linear relationship following
a 1 : 1 ratio in the (Ca2+ + Mg2+) versus (HCO3

� + SO4
2�) plot

(Fig. 8a and b). This indicated that Ca2+, Mg2+, SO4
2+, and HCO3

�

were derived from the dissolution of calcite, dolomite, and
gypsum.21 In addition, the Ca2+ versus SO4

2� plots of the river and
borehole water samples showed a trend toward excess Ca2+ (Ca2+ >
SO4

2�) above the 2 : 1 line during the rainy season. Meanwhile,
good correlations between Ca2+ and SO4

2� were observed among
the hand-pump well, dug well, and borehole water samples
(Fig. 8a), suggesting that the increased SO4

2� concentrations were
driven by gypsum and anhydrite dissolution.22
Fig. 8 Plots of (Ca2+ + Mg2+) versus (HCO3
� + SO4

2�) and Ca2+ versus

33250 | RSC Adv., 2018, 8, 33243–33255
The studied aquifer system is composed of silicate minerals;
therefore, the dissolution resulting from silicate weathering may
have contributed to the groundwater chemistry. The bivariate
mixing diagrams of Na+-normalized Mg2+ versus Na+-normalized
Ca2+ (Fig. 9a and b) could be used to evaluate the inuence of
silicate weathering.14 The observed waters were marked by
carbonate dissolution, but one of the pond water samples was
close to the global average silicate domain, indicating that
carbonate dissolution was prominent, although silicate weath-
ering also inuenced the groundwater solutes (Fig. 9a and b).

Ca2+ and Mg2+ can be produced from silicate and carbonate
weathering.23 Calcite and anorthite produce similar molar
concentrations of Ca2+ and HCO3

�, but no SiO2. Meanwhile, the
incongruent dissolution of feldspars, micas, and pyroxenes, as
well as anthropogenic activities (e.g., deicing, fertilizer, and
wastewater) produce K+ and Na+, which enter the groundwater.
Moreover, HCO3

� in groundwater can originate from carbonate
dissolution, silicate weathering, oxidation of organic matter or
biogenic CO2 dissolution.

In this study, most water of the samples were depleted in Na+

relative to Cl�. The excess of Cl� relative to Na+ was suggestive
of silicate mineral reactions24 or other forms of ionic
SO4
2� (meq L�1).

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 Bivariate mixing diagram of Na+ -normalized Mg2+ versus Na+ -normalized Ca2+ (meq L�1).
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exchange.25 Because pronounced silicate weathering was not
seen in the studies waters, a bivariate graph of (Ca2+ + Mg2+)–
(SO4

2� + HCO3
�) versus (Na+ + K+–Cl�) (Fig. 9a and b) was

plotted to clarify the ionic exchange.20,26 In the graph (Fig. 10a),
a slope of approximately �1 would indicate active cation
exchange in the aquifer. The dug well and dry season borehole
water samples in the observed area had slopes of�0.53 and 0.04
(Fig. 10a), respectively, indicating that cation exchange had no
inuence on their water chemistry. Meanwhile, the river and
rainy season borehole water samples had slopes of �15.8 and
�4.1, respectively, indicating that cation exchange had a slight
inuence on the water chemistry. Finally, hand-pump well
water had a slope of �0.94 (approximately �1), indicating that
cation exchange had a substantial inuence on the chemistry of
hand-pump well water during the dry season.

We also examined two indices of base exchange, namely the
chloro-alkaline indices (CAI-1 and CAI-2),27 to evaluate ion
Fig. 10 Bivariate plot of (Ca2+ + Mg2+)–(HCO3
� + SO4

2�) against (Na+ +

This journal is © The Royal Society of Chemistry 2018
exchange between Na+ and K+ in groundwater with Ca2+ and
Mg2+ in the aquifer material.

CAI-1 ¼ Cl� � [(Na+ + K+)/Cl�] (1)

CAI-2¼ Cl� � [(Na+ + K+)/SO4
2�] + HCO3

� + CO3
� +NO3

�(2)

The CAI-1 values were negative in most of the water samples
(Fig. 11a and b), especially in the pond and borehole water
samples during the dry season and all samples during the rainy
season. By contrast, the CAI-2 values were positive in the pond
and borehole water samples and most of the river, hand-pump
well, and dug well water samples. This indicated that Mg2+ and
Ca2+ in groundwater samples are exchanged with Na+ and K+ in
the aquifer material, and that silicate dissolution or cation
exchange may have caused the depletion of some cations in the
groundwater samples.
K+)–Cl� (meq L�1).

RSC Adv., 2018, 8, 33243–33255 | 33251
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Fig. 11 Plots of CAI-1 versus CAI-2.
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Ion exchange processes are closely related to groundwater
residence time and hydrological conditions.28 Therefore, the ion
exchange in deep water samples was closely related to the
residence time according to the aquifer depth. Meanwhile, the
shallow groundwater samples were located in a densely popu-
lated area. As a consequence of anthropogenic inuences, the
shallow groundwater samples had higher N, K+, and Cl�

contents. Generally, groundwater residence time and anthro-
pogenic inuences are the main causes of ion exchange in
groundwater chemistry.
3.4 Probable sources of potential contaminants

The water samples obtained in the study area were analyzed for
heavy metals such as Cr, Mn, Ni, Cu, Zn, As, Cd, and Pb, and the
results are shown in Table 2. Mn and Zn were found in relatively
high concentrations. The Mn concentrations in ponds, shallow
groundwater, and deep groundwater were 0.00–31.4, 0.00–
Table 2 Descriptive statistical evaluation of heavy metals in observed w

mg L�1

Pond water (n ¼ 3) Shallow gro

Range Mean SD Range

Cr 0.02–0.07 0.05 0.02 0.00–0.53
Mn 0.00–31.4 10.60 18.0 0.00–1871
Ni 0.16–0.59 0.32 0.24 0.00–1.33
Cu 0.20–0.35 0.28 0.07 0.00–1.40
Zn 1.32–7.76 3.58 3.63 0.00–470
As 0.00–7.57 3.29 3.88 0.00–1.44
Cd 0.00 0.00 0.00 0.00–0.49
Pb 0.00–0.04 0.01 0.02 0.00–26.0

a Shallow groundwater: hand pump well + dug well.

33252 | RSC Adv., 2018, 8, 33243–33255
1,871, and 4.94–521 mg L�1, respectively. The Zn concentrations
in the surface, shallow, and deep water were 1.32–7.76, 0.00–
470, and 0.00–477 mg L�1, respectively. Among the 40 tested
water samples, none had heavy metal concentrations exceeding
the World Health Organization guidelines29 or Standards for
Drinking Water Quality in China (GB5749-2006).

We performed a principal component analysis (PCA) based
on an eigenanalysis of the correlation matrix to identify asso-
ciations among variables, and indicate the participation of the
individual chemical parameters in several inuence factors,
which is a common phenomenon in hydrochemistry.30 Only
parameters with correlation coefficients exceeding 0.50 were
considered. Table 3 presents the correlation matrix of eight
heavy metals (Cu and Ni, r ¼ 0.70**; Cr and Zn; r ¼ 0.55**; As
and Zn, r¼ 0.51**; Cd and Cr, r¼ 0.60**; Cd and Zn, r¼ 0.94**;
Pb and Cr, r ¼ 0.56**; Pb and Zn, r ¼ 0.71**; Pb and Cd, r ¼
0.86**). One interpretation of these observations is that, in
groundwater, these trace elements had similar hydrochemical
atersa

undwater (n ¼ 24) Deep groundwater (n ¼ 13)

Mean SD Range Mean SD

0.08 0.13 0.00–0.51 0.07 0.14
88.9 380 4.94–521 124 161
0.40 0.33 0.11–4.64 0.32 1.25
0.34 0.28 0.00–2.65 0.24 0.72
32.2 98.7 0.00–477 34.5 132
0.35 0.37 0.00–0.65 1.97 0.22
0.03 0.11 0.00–0.81 0.03 0.22
0.03 0.06 0.00–0.80 0.03 0.22

This journal is © The Royal Society of Chemistry 2018
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Table 3 Pearson correlation coefficients for the 14 trace elements

Cr Mn Ni Cu Zn As Cd Pb

Cr 1.00 �0.16 0.04 0.09 0.55b 0.29 0.60b 0.56b

Mn 1.00 0.15 �0.08 �0.09 �0.25 �0.07 �0.11
Ni 1.00 0.70b 0.10 0.10 0.14 0.27
Cu 1.00 0.09 0.21 0.12 0.36a

Zn 1.00 0.51b 0.94b 0.71b

As 1.00 0.37a 0.25
Cd 1.00 0.86b

Pb 1.00

a Correlation is signicant at the 0.05 level. b Correlation is signicant
at the 0.01 level.
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characteristics. Trace elements such as Cr and As typically occur
as soluble oxyanions in oxidizing waters. Mn is highly soluble in
low-pH (reducing) waters. Meanwhile, the redox-sensitive
element As is relatively more soluble in oxidized groundwater,
where it exists as the oxyanions AsO4

2� and H2AsO
4�. However,

in reducing waters, As is readily incorporated in insoluble
minerals.

Multivariate statistical methods have been applied widely to
investigate environmental phenomena31 and reduce the
dimensionality of data, to allow extraction of information for
water quality assessments and surface water management.32

Among these methods, PCA is oen used to simplify large,
complex datasets and identify correlated variables, to reduce
the number of variables explaining the total variance of the
Table 4 Varimax rotated factor matrix for the whole dataa

Variable

Component

PC1 PC2 PC3

EC 0.78 �0.01 0.2
pH 0.28 0.13 �0.2
SO4

2� 0.95 �0.07 0.0
NO3

� �0.09 �0.06 0.7
Cl� 0.14 �0.04 0.8
PO4

3� 0.06 0.11 �0.0
K+ �0.10 �0.10 0.7
Na+ 0.34 �0.04 0.8
Cr �0.06 0.68 �0.2
Mn 0.20 �0.07 �0.0
Fe 0.95 0.08 �0.0
Co �0.06 0.01 �0.0
Ni �0.03 0.02 �0.0
Cu �0.12 0.12 0.2
Zn 0.00 0.91 �0.0
As �0.11 0.37 0.2
Se �0.06 �0.02 0.1
Sr2+ 0.96 �0.06 �0.1
Mo 0.05 0.21 �0.2
Cd 0.02 0.96 �0.1
Ba2+ �0.14 0.37 0.4
Pb �0.01 0.86 �0.0
% Total variance 19.3 17.1 14.4
% Cumulative variance 19.3 36.4 50.8

a Signicant factor loadings are bold faced.

This journal is © The Royal Society of Chemistry 2018
data.33 In this study, PCA was applied to a dataset containing
almost 814 values (22 parameters at 37 sampling sites) to
compare the compositional patterns among the examined water
systems and identify interrelated factors.

Seven principal components (PCs) had eigenvalues >1,
accounting for almost 81.0% of the total variance in the dataset
(Table 4). PCs 1–3 explained 19.3%, 17.1%, and 14.4% of the
total variance, respectively, accounting for the majority of the
variance in the original dataset. PCs 4–7 were less important,
and each of these four components explained similar amounts
of variance (6.10–10.6%).

PC 1 was signicantly correlated with SO4
2�, Fe, and Sr2+

concentrations, as well as EC. In the water samples, SO4
2� was

mainly derived from the dissolution of gypsum and anhydrite.
Meanwhile, the source of Sr might be the dissolution of
carbonate rocks or Sr-bearing clay materials.34 Finally, highly
positive loadings for Fe2+ may indicate similar geochemical
behaviors of these parameters. Therefore, these elements could
originate from the dissolution of Fe-oxides and oxidation of
sulde minerals.

PC 2 was correlated with Cr, Zn, Cd, and Pb ion concentra-
tions. Studies have reported that groundwater contamination by
heavy metals (e.g., Cd, Cr, Zn, Pb, and Cu) due to agricultural
activities is increasing. Cu and Cd are largely related to agro-
nomic practices.35,36 For example, Cd mainly originates from
pesticide application, while fungicides contain large quantities
of Cu sulfate.37 In addition, Zn and Pb originate from industrial
and mining activities.38 Hence, the Cr, Zn, Cd, and Pb ions in
PC4 PC5 PC6 PC7

9 �0.12 �0.04 0.47 0.12
4 0.31 �0.41 0.21 0.07
9 �0.06 0.07 0.01 �0.01
1 �0.21 0.05 0.40 0.13
7 �0.08 0.04 0.09 0.02
5 �0.00 �0.17 0.90 �0.01
9 0.05 �0.10 �0.05 0.00
5 0.04 0.078 �0.09 0.04
0 0.02 �0.06 0.15 0.55
6 0.06 0.95 �0.11 �0.06
4 0.03 0.01 �0.14 �0.05
0 0.02 0.98 �0.08 �0.00
8 0.90 0.17 0.09 0.01
5 0.84 �0.07 �0.04 �0.03
2 0.01 0.00 0.23 �0.06
5 0.11 �0.11 0.63 0.01
8 �0.11 �0.08 �0.00 0.90
0 0.00 0.01 �0.05 �0.05
3 0.72 �0.09 �0.04 �0.17
1 0.07 �0.01 0.11 �0.05
1 0.11 �0.07 0.07 �0.39
3 0.32 �0.07 �0.07 �0.01

10.6 9.80 8.20 6.10
61.3 70.1 75.6 81.0

RSC Adv., 2018, 8, 33243–33255 | 33253
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the water samples in this study were probably derived from
a combination of agricultural, mining, and industrial activities.

PC 3 was correlated with NO3
�, Cl�, K+, and Na+ concen-

trations. As mentioned by Busico et al.,39 NO3
�, Cl�, K+, and Na+

can be produced via agricultural fertilizer use in rural and
suburban areas, as well as from livestock manure and sewer
leakages.40 Therefore, NO3

�, Cl�, K+, and Na+ were likely the
result of agricultural fertilizer inputs, livestock manure, or
sewage.

PCs 4–7 explained about 30.2% of the total variance;
however, more detailed information is still needed to explore
the sources of the ions of these components.

4. Conclusions

We used descriptive statistics, Piper trilinear diagrams, major
ion ratios, and PCA to identify the predominant hydrochemical
processes and characterize potential contaminants of ground-
water in Qingyuan, China. Several conclusions were obtained
from the results, as summarized below.

(1) Groundwater in the karst aquifer in Qingyuan is domi-
nated by two main water types, Ca–HCO3 and Ca–SO4,
controlled mainly by the dissolution of evaporite minerals (e.g.,
calcite, gypsum, and/or anhydrite) and ion exchange processes.

(2) Na+ and K+ concentrations were decreased, while Mg2+

was increased in shallow and deep groundwater samples.
Overall, shallow groundwater was more vulnerable to pollution
than deep groundwater. In addition, the Mg2+/Ca2+ ratio was
increased in deep groundwater samples because of its relatively
long residence time.

(3) Potential contaminants in the karst groundwater were
identied by PCA, including NO3

�, Cl�, K+, and Na+ from
agricultural fertilizers, livestock manure, and sewer leakages, as
well as Cr, Zn, Cd, and Pb ions, likely from a combination of
agricultural, mining, and industrial activities.
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