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Abstract Shenfu New District, located between two old
industrial cities, Shenyang and Fushun, is a typical area
undergoing industrialization and urbanization in China.
The sources and distributions of heavy metals were
analyzed in groundwater by multivariate analysis and
GIS, and the impact of urbanization on the aqueous
distribution of these metals was investigated. The results
indicated that the mean contents of zinc (Zn), arsenic (As),
cadmium (Cd), and lead (Pb) in the wet periods were about
two times of those in the dry period. Nickel (Ni) and
chromium (Cr) were considered to be associated with the
same anthropogenic origins (i.e., wastewater from agri-
cultural processing). The concentration of Zn was high
under natural conditions, but was also affected by human
activities (e.g., wastewater from foundry and instrument
manufacturers). As, Cd, and Pb are likely derived from
both anthropogenic and natural sources (agricultural and
water-rock interactions). The spatial distributions of heavy
metals in groundwater were region-specific, with the
highest concentrations mostly along the Hun River. The
heavy metal pollution index (HPI) values from the dry and
wet periods showed similar trends at different sampling
sites. Only one site’s HPI was above the critical value of
100. These results provide information that can be used to
understand potential threats to the groundwater resources
of other developing cities.
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1 Introduction

Water pollution is a major public health concern worldwide
(Erbahar et al., 2016; Strugata-Wilczek and Stanczyk,
2016). Water quality is strongly influenced by intense
industrial activities and urbanization, which is the result of
increasing population density in urban areas that adversely
affect aquatic systems (De Nicola et al., 2015; Xu et al.,
2015; Zhang et al., 2015a). Heavy metals are the most
common persistent toxic contaminants during urbanization
(Borrell et al., 2016; Peng et al., 2016). Accordingly, an
analysis of the heavy metal content in groundwater is
imperative to understand their sources, fates, and potential
health risks. A number of studies have indicated that heavy
metals entering an aquatic environment may be from
anthropogenic or natural sources (Baumann et al., 2006;
Cui and Shi, 2012). The major natural sources are
petrochemical and volcanic activities, and geochemical
weathering (Wuana and Okieimen, 2011). Anthropogenic
sources include effluents from the seepage of oil wells,
tankers, and other oil extraction activities, oil spillage on
crop farms, mining extractions, transportation, and related
activities (Nwaichi et al., 2014).

With the initiation of the New Silk Road, the Chinese
government introduced more human activities to nearly all
regions of China and mid-Asia (Li et al., 2015). With the
implementation of some major projects in recent years,
China’s economy developed rapidly (Li et al., 2017) in
concert with high-speed urbanization, putting potential
pressure on water quality (Li et al., 2015). In accordance
with the urban and rural planning announced by the
government of Shenfu New District, while the proportion
of urban land use in 2010 was only 5%, the proportion in
2020 will reach 43%. In addition, while the population of
Shenfu New District in 2015 was similar to that in 2014,
approximately 257,000 villagers vacated over that time,
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indicating that the rural population is rapidly moving to the
city. As a result, the groundwater in the area has suffered
from a number of human-induced changes, including
reclamation/farming, industrial production, urbanization,
and mining (Guo et al., 2010; Sun et al., 2011; Yao et al.,
2012). The groundwater is also susceptible to pollution
from natural processes, such as leaching, precipitation, and
infiltration (Wang et al., 2010; Guo and He, 2013; Zhang et
al., 2013; Wang et al., 2015), resulting in soil erosion and a
reduction in water quality and aquatic biodiversity.

The distribution of heavy metals in groundwater has
been studied throughout the world, especially in areas
affected by urban growth (Dokou et al., 2015; Mehrabi et
al., 2015; Kujawska et al., 2016). Since groundwater varies
widely with climatic and geochemical conditions (Hossei-
nifard and Aminiyan, 2015; Al-Omran et al., 2016; Long et
al., 2016), a proper understanding of groundwater pollu-
tion caused by urbanization is pertinent. Studies have
shown that heavy metals in the groundwater are directly
related to natural and anthropogenic disturbances (Hossei-
nifard and Aminiyan, 2015; Siegel et al., 2015; Rasool et
al., 2016). In spite of intensive research, there is little
information on the seasonal variation of heavy metals in
groundwater (wet periods vs. dry periods).

The present study investigated chromium (Cr), nickel
(N1), zinc (Zn), arsenic (As), cadmium (Cd), and lead (Pb)
concentrations in groundwater in an urbanizing area in the
Shenfu New District. The aims of this study were to:
1) investigate the distribution patterns of heavy metals and
determine their hydrochemical characteristics in ground-
water, 2) determine the possible sources of heavy metals in
groundwater and seasonal variations, and 3) assess the
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potential harm to public health and obtain data for
comparison with other areas. The results provide informa-
tion that can be used to understand potential threats to the
groundwater resources of other developing cities.

2 Materials and methods
2.1 Study area and sampling

The study area (41°39'N—42°3'N, 123°33’E-123°57'E) is
located between Shenyang and Fushun and covers
approximately 605 km?. The Hun River flows through
the area from east to west (Fig. 1). This region has an
annual mean temperature between 4°C and 8°C and is
subject to the temperate continental monsoon climate. The
average annual precipitation is 800 mm, with 70%—80% of
the rainfall observed from June to August (Zhang et al.,
2009). The Hun River provides a considerable amount of
water for agricultural, domestic, industrial, and other
purposes.

The lithology of the upper geologic formation is mainly
Quaternary alluvial deposits whereas the lithology of the
lower geologic formation is primarily Tertiary lacustrine
deposits. The eastern mountains of the study area comprise
the main groundwater recharge area. Water from precipita-
tion and leakage infiltration from the Hun Riverbed
recharges the nearby groundwater (Peng et al., 2015).
The groundwater primarily flows northeast to southwest.
Artificial exploitation is the main groundwater form of
discharge (Gao et al., 2015). The groundwater in the study
area can be sectioned into three local aquifer systems: 1) a
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Fig. 1 Sampling site locations.
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Holocene alluvial layer, composed of grit, hosts phreatic
water, with a groundwater depth of 522 m; 2) an upper
Pleistocene alluvial-diluvial layer, composed of grit and
gravel, holds confined water at a depth of 8-30 m under the
north bank of the Hun River and 3-9 m under the south
bank; and 3) a middle Pleistocene layer, composed of
outwash gravel sand and circular-gravel, has confined pore
water (Fig. 2) at a depth of 15-50 m located in the lowest
part of the Quaternary strata (Cui et al., 2014; Su et al.,
2015). The basement rocks include shale, sandstone,
limestone, granite, calcite, and gneiss (Su et al., 2015).
The predominant land use type in this area is non-urban,
such as agricultural and forest land (Fig. 1).

Agricultural product processing factories, petroleum and
chemical companies, foundries, and manufactories are
mainly distributed in areas near the river. Land use has
increasingly been converted from non-urban to urban,
evidenced by rapid economic development and a rise in
building construction. A consequence has been a serious
deterioration of the aquatic environment in the area.

Fifty-four ground water samples were collected during
the dry period of December 2014 and the wet period of
July 2015. Samples were collected from the wells of local
residents, which have been open for public use. The
distribution of the ground water sampling points is shown
in Fig. 1. The 0.01°x0.01° grid file of study area was
generated with ARCGIS10.0. Every grid central point was
set as a survey point.

2.2 Analytical methods

Groundwater samples were collected from 5-100 m below
the ground surface. The water pumped to the surface
during the initial 5-10 min was discarded; subsequent
samples were collected in thoroughly rinsed polyethylene
bottles. Parameters including pH, oxidation reduction
potential (ORP), electrical conductivity (EC), and salinity
(SAL) were determined in the field. The pH and ORP were
determined using a Hach Portable pH/ORP Meter
(HQI11d). The EC and SAL were determined using a
Hach conductivity meter (HQ14d). The instruments were
calibrated before each sample was determined. For metal
analyses, water samples were filtered through a 0.45 pm
filter. The samples were then acidified in situ to a pH of less
than 2 with ultrapure HNOj3. All water samples were kept
in sealed containers at 4°C prior to analysis. The
concentrations of As, Pb, Cr, Ni, Cd, and Zn were
analyzed by inductively coupled plasma spectrometry-
mass spectrometry (ICP-MS, Agilent Technologies 7500a,
USA). The concentrations of Ca, K, Na, and Mg were
measured by a Perkin Elmer model Optima instrument.
The limit of detection for the investigated metals was
0.1 ug-L" for Pb, 0.5 ug-L! for As and Zn, 0.2 pg-L™' for
Ni, 0.001 mg-L™ for Cr, 0.1 pg-L™ for Pb, and 0.05
mg-L™' for Ca, Na, K, and Mg. Water samples were left
unacidified and unfiltered for anion analyses. The
concentrations of CI" and SO4*> were determined using
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Fig. 2 Aquifer information and sediment profile in the study area. (a) The aquifer in the mountainous region in the north contains
carbonate rock, composed of limestone and calcite. (b) Sediment profile of the profile point.
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ion chromatography (Shimadzu CTO-10A), and the
concentration of HCO;~ was determined by titration. The
precision for the anions and cations was verified by ionic
balance error. The errors were in the range of 5%. Sample
batches were regularly interspersed with blanks and
standards. All data were corrected for instrument drift
and a five-point calibration curve was constructed for each
element. The National Institute of Standards values of
China were used to check the reliability of the analyses.

2.3 Pollution assessment indices

The heavy metal pollution index (HPI) method provides
the total level of heavy metals in drinking water (Prasad
and Sangita, 2008). The method was established by
assigning weightage (W;) for each heavy metal. The
weightage is a value in the range between zero and one.
This value can be defined as inversely proportional to the
recommended standard (S;) for each metal (Prasad and
Jaiprakas, 1999). The permissible value (S;) and desirable
value (/;) were taken from the drinking groundwater
standards of the US Environmental Protection Agency
(USEPA), the Pollution Control Department of Thailand
(PCD), the World Health Organization (WHO), and
regional (China) drinking water specifications (Standards
for Drinking Water Quality (GB5749-2006)) for this study.
The highest §; refers to the maximum allowable concen-
tration in drinking water. The maximum /; indicates the
standard limits for the same heavy metals in drinking
water.

The HPI was determined by the following equation
(Prasad and Jaiprakas, 1999):

i W0
HPI:Zl:nl Q, (1)
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where W; is the unit weight of the (i) parameter, Q; is the
sub-index of the (i) parameter, and » is the number of
considered parameters. The sub index (Q;) of the parameter
was calculated with the following equation:
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where M;, S;, and [; are the monitored heavy metal,
standard, and ideal values of the (i) parameter, respectively.
Generally, the critical pollution index value is 100.

2.4 Multivariate statistical and spatial analysis

Correlation analysis and hierarchical cluster analysis were
used to identify clusters of metals and their inter-element
relationships, which also provided noteworthy information
on metal element sources (Rodriguez et al., 2008; Wu et
al., 2014). SPSS version 22 for Windows (SPSS Inc.,
Chicago, IL, USA) and Microsoft Excel, 2010 (Microsoft,

2010) were used for all statistical analyses. Geostatistical
methods are common approaches to characterize the
spatial distribution of contaminant concentrations in
groundwater and soil (Zou et al, 2015). The basic
principle is to make an unbiased estimate for the values
of sampled locations by considering their spatial correla-
tion with the sampled points and minimizing the variance
in the estimation error. Ordinary kriging (OK), the most
robust and common interpolation method, was used.
ArcGIS version 10.2 (ESRI Inc., Redlands, CA, USA)
was used for mappings.

3 Results and discussion
3.1 Physicochemical characteristics of groundwater

The hydrochemical characteristics of groundwater are
summarized in Table 1. Electrical conductivities varied
from 39.50 uS/cm to 537.00 uS/cm with a mean of 286.34
pS/cm in the dry period and from 48.60 puS/cm to 342.00
puS/cm with a mean of 161.55 pS/cm in the wet period in
Shenfu New District; all were below the recommended
values (1500 pS/cm) set by WHO. The groundwater
samples were slightly acidic to slightly alkaline with pH
from 6.02 to 7.11 in the dry and 6.37 to 8.77 in the wet
period, with the presence of carbonate minerals preventing
the formation of acidic water in the area (except G13 and
G28).

The mean concentrations of K™, Ca>", Na™, and Mg?* in
groundwater in the dry period were (2.99, 66.51, 22.31,
and 21.12) mg-L™', and (2.48, 45.63, 16.38, and 15.54)
mg-L™ in the wet period, respectively (Table 1). The
concentrations of cations follow the order of Ca**
> Na't > Mg>* > K" in both periods. The mean concentra-
tions of major anions Cl, SO,* and HCO; were
(153.20, 211.09, and 287.69) mg-L' in the dry period,
and (39.57, 61.24, and 211.21) mg-L™" in the wet period,
respectively. The concentrations of anions follow the order
of HCO;™>S04* >CI" in both dry and wet periods.
However, the concentrations of Cl, SO4*, HCO;5", and
Ca’" in the dry period were significantly higher than in the
wet period.

To gain a better understanding of the role of water-rock
interactions in aquifer, human activities, and groundwater
evaporation in regulating groundwater chemistry, it is
necessary to investigate the hydrogeochemical transition of
groundwater (Li et al., 2016a). Plotting major anions and
cations in a Piper diagram (Piper, 1944; Fig. 3) revealed
Ca-Mg-HCOj; and Ca-Mg-SO,4 water types in both wet and
dry periods. The Ca-Mg-HCO; type is considered to be
alkaline earth water, which very likely suggests weathering
of carbonate minerals (calcite minerals and dolomite)
(Wang and Jiao, 2012). The Ca-Mg-SOy type falls within
the alkaline earth water and constituted approximately
50% of the samples in both dry and wet periods, indicating
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Table 1 The concentration of some groundwater properties
Ttem Dry period (n=54) Wet period (n=154)

Min Mean Max SD CcvV Min Mean Max SD Ccv
pH 6.02 6.96 7.71 0.42 6 6.37 7.09 8.77 0.37 53
EC/(uS-cm ") 39.5 286.34 537 97.43 34 48.6 161.55 342 76.19 47.2
Salinity 70.8 137.81 255 4433 322 23 76.42 164 36.36 47.58
ORP/(mV) -55.10 NA 43.7 NA NA —73.10 NA 39.3 NA NA
Cr/(ug-L Y 8.52 11.64 21.15 2.23 19.2 4.73 7.03 14.24 1.88 26.68
Ni/(ug-L ™" 2.24 5.29 47.94 6.06 114.49 1.03 34 31.16 4.48 131.65
Zn/(ug-L " 0.71 12.28 98.35 21.76 177.14 2.65 35.44 607.4 101.54 286.51
As/(ug-L™" 1.09 2.3 3.49 0.51 22.36 2.52 3.36 4.66 0.48 14.37
Cd/(ug~L7]) 0.17 0.61 0.84 0.08 13.49 1 1.01 1.07 0.01 1.24
Pb/(ng-L ") 1.98 3.62 25.46 3.18 87.97 7.26 7.66 9.01 0.32 4.21
K/(mg-L™) 0.75 2.99 15.65 2.73 91.46 0.32 2.48 19.81 4.57 184.25
Ca/(mg-L ™) 32.1 66.51 132.7 24.84 37.35 1.21 45.63 166.7 40.82 89.45
Na/(mg-L™") 5.09 22.31 65.34 11.4 51.1 2.11 16.38 83.18 19.45 118.71
Mg/(mg-L") 7.47 21.12 50.84 8.84 41.84 3.02 15.54 47.36 12.84 82.59
Cl /(mg-L™" 29 153.2 784.19 125.01 81.6 2.3 39.57 358.47 55.67 140.68
SO4* /(mg-L ") 31.09 211.09 682.77 122.02 57.8 5.04 61.24 450.61 63.57 103.8
HCO; /(mg-L™") 168.275 287.69 366.58 56.67 19.7 93.28 211.21 291.58 56.18 26.6

Remarks: ‘SD’” represents standard deviation; ““CV”” (in %) represents coefficient of variation. N4 = not available.
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Fig. 3 Plot of major ions on a Piper diagram for dry and wet seasons. (a) Dry season; (b) wet season.

that the groundwater of these sites may have been formed
via similar hydrochemical processes. Groundwater in the
study area showed typical characteristics of recharge water
of a regional groundwater system: enriched HCO5;  and
Ca®", low TDS, and slightly alkaline pH (Li et al., 2016b).

The plotting of groundwater samples in Na™/(Na*-+ Ca?*)
versus the TDS diagram (Gibbs, 1970) shows that all
groundwater samples fall in the rock weathering field
(Fig. 4). This suggests that combinations of anions and

cations in the area are controlled by the weathering and
mineralogical characteristics of the bedrock and minerals,
such as silicates and carbonates. Thus, mineral dissolution
and weathering are the major processes that regulate
groundwater chemistry in the study area. However, this
does not necessarily mean that groundwater formation
mechanisms are completely free from human interference
(Li et al., 2016a). Indirect impacts, such as groundwater
governance regulations, groundwater abstraction, and the
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groundwater management framework, do not alter the
groundwater chemical compositions directly. They can,
however, have an indirect influence by altering hydro-
dynamic conditions that may change groundwater eva-
poration intensity and accelerate water-rock interaction
processes. This may illuminate the chemical evolution of
groundwater based on the impact of human activities (Li et
al., 2017). For example, the revival of the Silk Road
economic belt, which is quite important in China and
central Asian countries, can indirectly influence ground-
water quality and development (Li et al., 2015). The
increase in human activity has resulted in rapid urbaniza-
tion of the area. Traditional Gibbs diagrams show some
limitations because they are unable to identify the
anthropogenic impacts on groundwater formation.

3.2 Contamination characteristics of heavy metals in
groundwater

Descriptive statistics of the Cr, Ni, Zn, As, Cd, and Zn
concentrations in dry and wet periods are listed in Table 1.
The coefficient of variation (CV) values of the elements in
the groundwater followed a descending order of Zn>

Table 2 Drinking groundwater standard
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Ni>Pb > As > Cr> Cd in the dry period and Zn > Ni >
Cr > As > Pb > Cd in the wet period. Cr concentrations in
the dry period were higher than in the wet period, and Zn
concentrations in the dry period were lower than in the wet
period, yet no significant changes were observed between
the dry and wet periods in the other heavy metals.
Concentrations of heavy metals varied significantly in the
groundwater of this region. The CV values of Cr, As, Cd,
and Pb were much lower than those of Zn and Ni in both
periods. This indicates that the concentrations of Cr, As,
Cd, and Pb were relatively less variable in each sampling
site compared with those of Zn and Ni. This result leads us
to speculate that concentrations of Zn and Ni in the
groundwater have the highest probability of being
influenced by extrinsic factors; that is, human activities
(Lv et al., 2014). In addition, the CV values of Pb and Cd
in the dry period were much lower than those in the wet
period, implying that they may be subject to a significant
seasonal impact (Hao et al., 2016).

The drinking groundwater standards of the US EPA,
WHO, PCD of Thailand, and Chinese drinking water
standards (GB 5749-2006) are shown in Table 2. The mean
concentrations of As, Zn, Cd, and Pb in the dry period were

Heavy metals/(ng-L ") USEPA (2012) PCD (2000) WHO (2011) GB 5749-2006 (2006)
Cr 100 50 50 50

Ni NA 20 70 20

7n 5000 5000 NA 1000

As 10 10 10 10

cd 5 3 3 5

Pb 15 10 10 10

NA = not available.
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(2.304+0.51, 12.28£21.76, 0.61+0.08, and 3.6243.18)
pg-L' and (3.361+0.48, 35.444+101.54, 1.0140.01, and
7.66+0.32) pg-L™"' in the wet period (Table 1). By
comparison, the heavy metal levels in groundwater were
much higher in the wet period than the dry period. This
indicated that As, Zn, Pb, and Cd might be leached from
and desorbed by contaminated soils into shallow ground-
water (Buchhamer et al., 2012). In addition, heavy metals
could be leached out during the wet period due to the
generally higher water table during this season. Similarly,
more chemicals could be washed out directly from the
vadose zone by infiltrating rainwater during the wet period
(Hao et al., 2016).

In both the dry and wet periods, the concentrations of Cr,
Zn, As, and Cd were lower than the Chinese drinking water
standards (GB 5749-2006). However, the concentration of
Ni in G11 (sampling depth 5 m, see Supporting Table 1)
exceeded the standards in the two periods, whereas the
concentration of Pb in G09 (sampling depth 16 m, see
Supporting Table 1) exceeded the standards in the dry
period. Moreover, G09 and G11 are located in areas of
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intensive agriculture and animal husbandry, which is
usually accompanied by heavy pesticide use and the
discharge of animal husbandry wastewater (Table 1;
Fig. 1). The concentrations of Cr, Zn, Cd, and Pb in the
groundwater sites were lower than the drinking water
standards (except sites G09 and G11), suggesting that the
water qualities were acceptable (Table 2).

3.3 The distribution and seasonal variation of heavy metals

The spatial distributions of heavy metals in groundwater
were region-specific (Figs. 5-10). In the dry period, As,
Cd, and Pb concentrations were low, showing homo-
geneous distributions across the study area, and indicating
low natural background values. The highest concentrations
of Cr and Ni were found at site G11, located close to a pig
farm. Furthermore, another site with a high concentration
of Cr was also located near a pig farm, indicating that the
Cr and Ni are likely derived from animal husbandry
wastewater.

The highest concentrations of Zn were found at GOS5,
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Fig. 6 Distribution of Ni in ground water in dry and wet periods. (a) Dry season; (b) wet season.



Fig. 7 Distribution of Zn in ground water in dry and wet periods. (a) Dry season; (b) wet season.

Fig. 8 Distribution of As in ground water in dry and wet periods. (a) Dry season; (b) wet season.
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Fig. 9 Distribution of Cd in ground water in dry and wet periods. (a) Dry season; (b) wet season.
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Fig. 10 Distribution of Pb in ground water in dry and wet periods. (a) Dry season; (b) wet season.

G06, GO7, and G28, located in the vicinity of an urban
area, suggesting that the Zn was primarily generated from
industrial wastes, such as from foundry wastewater and
instrument manufacturers (Hu et al., 2015). The ground-
water was stagnant during the dry period, weakening the
transport of the pollutants from upstream to downstream.
The high values at some sites may have been due to high
local inputs. For example, sites G30, G31, and G32 are
located south of the Hun River near both petroleum and
chemical companies as well as the Precision Instrument
Foundry Company. The sampling depth in these sites was
5-10 m. It is presumed that the discharge of wastewater
from urban runoff, nearby factories, and sewage outfalls in
Fushun could be major sources. However, concentrations
of As, Cd, Pb, and Zn were higher during the wet period
than in the dry period. It is presumed that the difference in
spatial distribution of the metals during the two periods
was due to anthropogenic inputs, such as agricultural
sources (Zhang et al., 2015b). However, the metals showed
homogeneous distributions across the study area, except at
some high value sites (such as As in G47 and G48, Cd in
GI11 and G30, Pb in G30, and Zn in GO8 and G50),
suggesting that As, Cd, Pb, and Zn were affected by human
activities in these sites. Furthermore, the concentration of
Cr in the south was higher than in the north (Fig. 5), and its
high value sites were G35, G44, and G52, located near
metal workshops, mechanical garages, and iron recycling
shops. These observations are consistent with the results
from Yolcubal et al. (2016). This study indicated that
urbanizing development generated a high concentration of
heavy metals. Anthropogenic activities associated with
urban development generated pollutants and wastes on
catchment surfaces that could be washed out to water
bodies during storms (Barbosa et al., 2012). However, the
distributions of Ni and Zn were similar in both periods,
indicating that there were no new sources contributing to
the two metals in the wet period.

3.4 Sources of the heavy metals in groundwater

Pearson’s correlation coefficients were calculated for ions
and related groundwater properties (ORP, EC, pH and
salinity), as shown in Table 3. Measured pH values showed
a negative correlation with Ca**, SO4>", and CI” in the wet
period. When the pH of water increases, aqueous metal
species tend to precipitate as oxyhydroxide, hydroxide, or
hydroxy-sulfate phases. Limestone and carbonate materi-
als are two elements that can buffer pH changes in water.

A significant positive correlation (P < 0.01) was found
between the elemental pairs Ni—Cr (0.62) in the dry period,
which indicates that the two metals possibly had the same
source. The concentration of Ni was relatively higher than
the rest; and is an important by-product of some nearby
factories, such as the foundries and electric control
manufacturing companies. The concentration of Cr
(Table 1) was much lower than the drinking groundwater
standard (Table 2), and was moderately variable (the
coefficient of variation is less than 36%), implying that Cr
was not significantly affected by human activities. More-
over, Ni and Cr were not found to have a significant
positive correlation during the wet period (Table 3),
suggesting that the inputs from agricultural production
are affected by seasonal changes, which disturbed the
original correlation of Ni and Cr. Furthermore, a negative
correlation of metals in the dry period was found between
the elemental pairs Cd-Ni (—0.40) and Cd-Cr (-0.56),
indicating that the sources of Cd are different from those of
Cr and Ni. However, in the wet period, As-Cr (0.46) and
Cd-Ni (0.48) had a significant positive correlation. It is
reasonable to assume that the concentration distribution of
Cd and As could be affected by both natural processes (Wu
et al., 2015) and human activities (such as agricultural
sources).

In addition, the concentrations of Pb and Zn showed
relatively poor correlations with other metals. This could



578

Front. Earth Sci. 2018, 12(3): 569-582

Table 3 Pearson’s correlation matrix for the concentrations of heavy metals and groundwater properties

Cr Ni Zn As cd Pb Ca®™  Mg*" SO cr ORP EC pH SAL

Dry Cr 1
Period ; 0.62" |

Zn -0.03  0.08 1

As -0.01 0.01 0.01 1

cd 056" 040" 005 0.3 1

Pb —0.08 001 —0.05 -0.08 0.8 1

Ca®* —016 011 011 —0.10 0.07 -0.10 1

Mgt 0.09 0.10 000 -0.12 001 025 043" 1

S0,? 0.00 007 015 011 007 0.10 -0.01 005 1

Cr -0.02 012 009 002 -001 008 003 012 082" 1

ORP 0.04 028" 014 -026 001 019 014 029" 0.1 0.18 1

EC 0.09 0417 -0.06 031" -0.04 -0.07 -0.03 002  0.04 0.02 0.30" 1

pH 000  -007 018 023 -0.11 -0.12 -0.18 -026 -0.19 020 091" -026 1

SAL 0.12 043" 024 035 -002 -007 006 -003 0.13 008 043" 086" 042" 1
Wet Cr 1
Period Ni —0.02 !

Zn —0.07  —0.03 1

As 045" 023 -0.01 1

Cd 0.06 047" 021 0.14 1

Pb 0.10 0.03 006 002 029 1

Ca®t 020 039" 013 008 0507 0.3 1

Mgt 038" 035" —0.16 -007 028" 004 075 1

SO, -0.05 010 005 0.10 017 000 0.8  0.06 1

cr -0.03 035" —0.08 020 030" 013 0367 018 0.88" 1

ORP 0.01 020 002 004 026 -004 0477 015 046" 045" 1

EC -0.32" 0537 010 006 0507 0.08 0.8 081" 025 0407 034" 1

pH -0.05 -0.19 —0.05 -0.05 —027 005 -—048" -021 -038" —040" -094" 033" 1

SAL  -032" 053" 010 0.07 0507 007 082" 081" 024 0397 033 099" 033" 1

** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed).

be attributed to natural and anthropogenic source inputs for
these elements, which disturbed the original correlation.
Some water samples, such as from site G30, contained
relatively high Pb (Fig. 1, Table 1, and Table 2). The
concentrations of other elements (such as Cd, Cr, and As)
were low. Given unleaded petrol was first used in Shenfu
New District many years ago, contamination from storm-
water from transportation routes is unlikely. There are
some lead-zinc mines near Fusun City, such as galena,
anglesite, cerussite, and sphalerite. Pb can be found
naturally in anglesite (lead sulfate, PbSQ,), galena (lead
sulfide, PbS), minim (a form of lead oxide with the formula
Pbs0,), cerussite (lead carbonate, PbCO;), and other
minerals. When there is CO, in the groundwater and
porous rocks, galena may be the most important natural
source (Li et al., 2008). As for solubility trapping, CO,
dissolves and becomes miscible in groundwater. It then

migrates through dispersion, diffusion, and convection
with the aquifer’s regional hydrodynamic regime. In the
end, CO,-water-rock reactions can lead to mineral
dispersion into the groundwater (Smedley and Kinniburgh,
2002; Farquhar et al., 2015). Therefore, the distribution of
heavy metals can become modified by natural processes;
such as through water-rock interactions. Thus, when
considering the previous conclusion, these trace elements
may be the result of both anthropogenic pollution and
natural processes.

To identify clusters of metals, hierarchical cluster
analysis (HCA) was performed on the dataset of variables
(Fig. 11). The results of the dry period enabled the
identification of three main groups to describe the complex
reality of the area studied, which were designated A (As,
Cd, and Pb), B (Cr and Ni), and C (Zn). The results of
cluster analysis and correlation analysis were in agreement,
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Fig. 11 Tree diagram for six variables of ground water both in dry and wet periods. (a) Dry season; (b) wet season.
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Fig. 12 Spatial distribution of the heavy metal pollution index.

indicating that the above conclusion on metal sources is
credible. However, the dendrogram of metals in the wet
period displayed three different clusters. In the first cluster,
Pb and Cr were well associated with each other. The
second cluster was comprised of As, but was also linked
with Cd and Ni. In the third cluster, there was only Zn.
Differences in the results of HCA during the wet period
and the dry period could be due to changes in natural
conditions (such as rainfall infiltration and stream
recharge), which disturbed the original correlation.

3.5 Pollution assessment index and potential ecosystem risk
assessment

To calculate the HPI of the groundwater in Shenfu New
District, the concentrations of Cr, Ni, Zn, As, Cd, and Zn in
both dry and wet periods were considered. Table 4 shows
the detailed results of HPI with standard permissible values
(S;) and unit weighting (#;) for dry and wet periods at
91.85 and 70.87, respectively, below the critical value of
100. These results indicate that, in general, the ground-
water was not critically contaminated by heavy metals. The
HPI of each sampling point was calculated separately (see
Table 5), and the metal pollution index of each sampling

site was also determined. The HPI values indicated similar
trends at different sampling sites (Fig. 12), with only site
G54 above the critical value of 100.

The potential ecological risk of heavy metals was
analyzed based on the data collection and analysis.
Concentrations of Pb in groundwater exceeding
10 pug-L' imply heavy contamination. Additionally, a
concentration of Ni in groundwater exceeding 20 pg-L™
implies that it is unfit for human consumption. Even
though heavy metals do not show highly acute toxicity to
human beings, Ni and Pb did tend to exhibit higher levels
in some sites; for example, the concentrations of Pb in sites
G10 and G035, and Ni in site G12 exceeded safety values.
In comparison with other groundwater systems around the
world, the mean concentrations of heavy metals in the
Shenfu New District were lower than those of Yaoundé,
Cameroon, but significantly higher than those of Berk-
shire, UK (Table 5). In addition, the mean concentrations
of Cr and Cd in the Shenfu New District were much higher
than those in Hong Kong, China and Ubon Ratchathani,
Thailand. Similarly, the concentrations of Ni and Pb in
Shenfu New District were slightly higher than those in the
Yellow River region (Zhang et al., 2015b).

For individual heavy metals, Zn was the most commonly
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Table 4 HPI calculations for ground water of Shenfu New District

Front. Earth Sci. 2018, 12(3): 569-582

Metals MP MY S; I; Unit Weightage (W) Sub-index (Q/”)  Sub-index (Q;”) w0 w0
Cr 11.64 7.03 100 50 0.010 76.72 85.94 0.7672 0.8594
Ni 5.29 3.40 70 20 0.014 29.42 33.20 04119 0.4648
Zn 12.28 35.44 5000 1000 0.0002 24.69 24.11 0.0049 0.0048
As 2.30 3.36 10 - 0.100 23.00 33.60 2.3000 3.3600
Cd 0.61 1.01 5 3 0.200 119.50 99.50 23.9000 19.9000
Pb 3.62 7.66 15 10 0.067 127.60 46.80 8.5492 3.1356

M; = concentration, S; = standard value, J; = ideal value, 7 = wet season, D = dry season. > ;= 0.3912, Y W;0;° = 35.93, HPI” = 91.85; Y W,0," = 27.72, HPI" =

70.87.

Table 5 Concentration ranges and mean values of heavy metals in groundwater from different areas

Site Cr/(ng-L™) Ni/(ug-L™) Zn/(ug L) As/(ug-L™) Cd/(ug-L™") Pb/(ug-L ™) References
Range  Mean Range  Mean Range Mean  Range Mean Range Mean Range Mean
Hong Kong, 0.60-5.12 1.12 NA NA  7.39-92.39 4083 0.12-17.49 2.65 0.01-1.18 0.14 0.03-6.67 0.74 Leung Jiao
China (2006)
Ubon 0.29-2.14 058 1.34-156 6.13 694-302 634 0.25-6.44 1.06 0.13-0.23 0.15 0.95-66.90 16.7 Wongsasuluk et
Ratchathani, al. (2014)
Thailand
Berkshire, UK <1.00 < 1.00 2.00-11.00 3.00 1.30-34.00 9.90 1.00-4.00 2.00 <2.00 <2.00 2.00-10.00 6.40 Edmunds et al.
(2003)
Yaoundé 640-1330 920  250-630 440 NA NA NA NA 0-80 27.50 280-340 307.50 Defo et al.
(2015)
Yellow River NA NA 0-26.00 4.00 5.00-61400 7400 NA NA NA NA 0-10.00 3.00 Sun et al.
(2017)
Shenfu New 4.73-21.15 9.32 1.0347.94 435 0.71-607.40 24.15 1.094.66 283 0.17-1.07 0.81 1.98-2546 5.64 This study

District

NA = not available.

detected heavy metal in drinking water. Its presence under
normal conditions, however, did not pose a hazard to
human health. Our results showed that the concentrations
of the heavy metals varied under different climatic
conditions and human activities in different areas. The
levels of heavy metals in groundwater near the Hun River
were relatively high. This is because the sampling sites
were located in the heavy industrial areas of Northeast
China.

4 Conclusions

The seasonal and spatial variations and risk assessment of
Cr, Ni, Zn, As, Cd, and Pb were investigated in ground-
water. The hydrogeochemical properties of groundwater
can be affected by neutral and slightly acidic pH and low
EC. In addition, the concentrations of Ni, Cr, Zn, Cd, As,
and Pb in the groundwater indicated great seasonal
variation. The mean concentrations of Zn, As, Pb, and
Cd in the wet period were about twice those of the dry
period. These elements might be desorbed by and leached
from contaminated soils into shallow groundwater. The

spatial distributions of the heavy metals in groundwater
were region-specific. The highest concentrations of heavy
metals were mostly found along the Hun River. This was
due to the location of the sampling sites in a heavy
industrial area of Northeast China. Ni and Cr concentra-
tions indicate the same anthropogenic origin (i.e., waste-
water from agricultural product processing). Concen-
trations of Zn are high under natural conditions, and are
also affected by human activities (e.g., waste water from
foundry and instrument manufacturers). As, Cd, and Pb
were likely affected by both anthropogenic and natural
sources (e.g., agricultural sources and water-rock interac-
tions). The HPI values in wet and dry periods showed
similar trends, with the critical value over 100 observed in
site G54. Even though the ecological risk is currently low
in the Shenfu New District, there is a potential for toxic
effects in the future. This information could be used for the
development of effective management strategies to reduce
air pollution in the Shenfu New District.
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