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Abstract Heavy metals in domestic water are a serious threat
to human health. In this study, 139 groundwater samples were
collected from rural wells in the villages of five cities in the
middle region of the North China Plain along two transects.
Statistical analysis and human health risk assessment were
conducted to determine the distribution of heavy metals and
the associated human health risk from ingestion and dermal
adsorption of local groundwater. The results show that the
mean concentrations of heavy metals in local groundwater
are in the order:Mn>Zn>Cr>Ni>As>Se>Cu>Pb>Cd; with
the exception of some sampling stations of Mn and Ni, con-
centrations for all metals have not exceeded the drinking water
standard. Most of the highest pollution stations are in the
middle part of urban areas. Mn–As and Cr–Cu are divided
into groups by cluster analysis, indicating either the same
source or similar transport behaviors. All of the values of the
calculated HItotal (the non-carcinogenic risk) range from
1.28×10−2 to 5.54×10−1, indicating no or slight chronic risk
to residents from heavy metals in groundwater. Average
values of Ringestion (carcinogenic risk caused by ingestion)
for As, Cr, and Cd are between 1×10−6 and 1×10−4, indicat-
ing a slight carcinogenic risk from heavy metals in groundwa-
ter. Although several policies have already been implemented
in the study area to ensure the safety of drinking water for
residents, the local administration should continue to direct

significant attention to groundwater pollution from heavy
metals.
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Introduction

One third of the world’s population relies on groundwater
supplies (WHO 2006). In arid and semi-arid regions, ground-
water is the major source of drinking water to the residents
(Rina et al. 2013; Ravenscroft et al. 2013; Mtoni et al. 2013).
However, pollution caused by variable anthropogenic activi-
ties such as current urbanization, industrial manufacture, and
mining developments have been a great threat to groundwater
quality currently (Varghese and Jaya 2014; Han et al. 2014).
Owing to the toxicity and bio-accumulative nature, a great
deal of concern has been expressed over the heavy metal pol-
lution in groundwater, and significant researches have been
conducted on this topic (Dwivedi and Vankar 2014;
Upadhyaya et al. 2014). Wasserman et al. (2006) pointed out
that high manganese contamination in drinking water would
affect the intellectual functions of 10-year-old children;
nickel-sulfate and nickel-chloride ingestion could cause se-
vere health problems including fatal cardiac arrest (Knight
et al. 1997). Study conducted by Liu et al. (2010) at an aban-
doned tungsten mine in southern China demonstrated that the
local water resource had been severely contaminated with
arsenic. Furthermore, a number of studies focused on the re-
lated topics such as the pollution status and source distribution
of heavymetals in groundwater (Nouri et al. 2008; Khalil et al.
2008; Mudiam et al. 2012; Krishna and Mohan 2014), the
ecology and health risk associated with groundwater heavy
metals pollution (Kim et al. 2005; Lee et al. 2006; Pradhan
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and Kumar 2014; Ma et al. 2014; Perrodin et al. 2014), natural
and anthropogenic factors on groundwater quality (Varghese
and Jaya 2014; Khatri and Tyagi 2015), and the mechanism of
heavy metals leachate percolation to groundwater
(Parameswari and Mudgal 2014).

Among the researches mentioned above, correlation and
hierarchical cluster analysis are widely used to analyze the
similarity between metals in soil, surface water, and ground-
water and identify reactive processes, transfer behavior, and
potential pollution sources (Rahman et al. 2013; Upadhyaya
et al. 2014; Yuan et al. 2014; Tang et al. 2014). These analyses
provide a valuable tool for reliable management of water re-
sources and rapid solution to pollution problems (Wunderlin
et al. 2001; Muhammad et al. 2011). To determine the health
risk levels posed by various contaminants, health risk assess-
ment is an effective approach which has been conducted by
researchers worldwide (Wu et al. 2010; Yang et al. 2011; Ma
et al. 2014; Giri and Singh 2015; Hu et al. 2015).

The North China plain (abbreviated as NCP) is one of
global hotspots of groundwater depletion (Alley et al. 2002;
Zheng et al. 2010; Cao et al. 2013). More seriously, extensive
use of pesticides/fertilizers and disposal of municipal and in-
dustrial waste have caused severe pollution to soil, surface
water, and groundwater in the NCP (MEP 2011). Being the
main drinking water source, groundwater is of great impor-
tance to the residents in the NCP, and the evolution of ground-
water quality and associated human health risks should be
well concerned, while relative studies focused on the heavy
metal pollution in groundwater in the NCP are rare.

In the context of current needs, the specific objectives of
this study are to (1) determine the concentrations and distribu-
tion of heavy metals in groundwater in the central regions of
the NCP; (2) analyze the natural or anthropogenic sources of
heavy metals in local groundwater by cluster analysis and by
aquifer structure and lithology, and (3) identify the potential
human health risks from heavy metals in groundwater for
domestic supply based on the U.S. EPA risk assessment
methods.

Materials and methods

Study area

Locating in the eastern part of China with longitude from 112°
30′ to 119° 30′ and latitude from 34° 46′ to 40° 25′, the NCP is
the second largest plain and the political and economic center
of China (Fig. 1). The NCP is a typical alluvial plain with an
average elevation of 100 m, and it is relatively flat and slopes
slightly to Bohai Bay in the east. The Quaternary porous aqui-
fer system of the NCP consists of fluvial fans, alluvial fans,
and lacustrine deposits, which can be divided into four groups
(I–IV, Fig. 2) according to the lithological properties,

geological age, the distribution of aquifers and aquicludes,
and hydrodynamic conditions (Chen et al. 2003; Xing et al.
2013). Because of severe shortage of surface water and dis-
continuously distributing of saltwater in the shallow aquifer
(group II), group I and group III are the major groundwater
exploitation aquifers to sustain the industrial, agricultural, and
domestic use of water for the residents in the NCP (Zhang
et al. 2009).

Sample collection and analysis

Groundwater samples in 139 sampling stations in the central
region of the NCP were collected during 2010 to 2012. All of
the samples were obtained from rural pumping wells along
two transects, transect A–A′ was from Baoding to Cangzhou
and transect B–B′ was from Shijiazhuang to Dezhou (Fig. 1).
The groundwater samples were collected in high-density poly-
ethylene containers and kept refrigerated during transport to
the lab in Beijing. Electrical conductivity (EC) and total dis-
solved solids (TDS) were tested on-site by a multi-parameter
portable meter (YSI proplus, USA). It should be noted that the
TDS was calculated by the test values of EC and temperature
which mainly reflected the content of ions in groundwater. In
the study area, the major ions were the primary species in
groundwater and the contents of other species were relatively
negative (Zhang et al. 2009; Xing et al. 2013), and the calcu-
lated values of TDS could be considered to reflect the Btotal
dissolved solids^ in local groundwater. Manganese [Mn],
chromium [Cr], cadmium [Cd], arsenic [As], lead [Pb], sele-
nium [Se], nickel [Ni], copper [Cu], and zinc [Zn] were ana-
lyzed by inductively coupled plasma mass spectrometry (ICP-
MS, THERMOX-7, UK) using the People’s Republic of Chi-
na Drinking Water Standard Examination Methods (MOH
2006). The ICP-MS settings for the sample analysis were as
follows: measurement mode CCT, H2/He mixture (7.8 %),
5 mL/min; sample promotion speed 0.8 mL/min; cooling gas
13 L/min; and auxiliary gas 0.8 L/min.

Analysis and discussion

Statistical analysis

Table 1 provides the basic information of groundwater sam-
ples. The pH of samples range from 6.23 to 8.94, and the
average value is 7.76, indicating a slightly alkaline condition
of local groundwater. The TDS of groundwater samples range
from 230.1 to 1950.0 mg/L, and the average value is
708.9 mg/L. The pH and TDS of the samples exceed the
People’s Republic of China quality standard for drinking wa-
ter and groundwater in 17.8 and 17.7 %, respectively (MEP
1993; MOH 2006).

10390 Arab J Geosci (2015) 8:10389–10398



Concentrations of heavy metals in groundwater samples
are presented in Fig. 3 and Table 2. Fifty-eight, forty-eight,
and thirty-three samples were collected in 2010, 2011, and
2012, respectively. The concentration values of heavy metals
are combined and separated yearly for statistical analysis. The
mean concentrations of heavy metals decreased in the follow-
ing order: Mn>Zn>Cr>Ni>As>Se>Cu>Pb>Cd. With the
exception of some sampling stations of Mn and Ni, the mean
metal concentrations are within the standard thresholds. Con-
centrations of Mn and Ni are higher than the People’s Repub-
lic of China Quality Standard for Groundwater/Drinking Wa-
ter (MEP 1993; MOH 2006) in 3.25 and 4.11 % of samples,
respectively; concentration ofMn exceeds the DrinkingWater
Standards and Health Advisories (EPA 2012) in 7.32 % of
samples. Compared with the concentrations of heavy metals
in groundwater from other regions, for instance, studies car-
ried out in Heilongjiang, China (Ma et al. 2014), Unnao, India
(Dwivedi and Vankar 2014), and Shibganj, Bangladesh (Saha
and Zaman 2011), the concentrations of groundwater heavy
metals in the study area are relatively low, indicating that the

local groundwater is either unpolluted or suffering slight pol-
lution from heavy metals. Besides, the yearly concentration
distribution for most of the detected heavy metals is mainly
the same which varies within small ranges except for Cr and
Cu, of which the mean concentrations increase from 2010 to
2012. Though both of the maximal concentrations of Cr and
Cu are below the standard thresholds, the potential deteriora-
tion trend of local groundwater quality should be well
concerned.

The central part of the NCP consists of five cities named
Baoding, Cangzhou, Shijiazhuang, Hengshui, and Dezhou
(Figs. 1 and 2). Groundwater samples were collected from
the rural pumping wells of the villages that belonged to these
five cities. Field investigations indicate that domestic use
(drinking and washing, etc.), irrigation, and mixed use (for
both domestic use and irrigation) are the major use types of
local groundwater; the depth and exploited horizon of the
irrigation and domestic wells are roughly the same.

The groundwater heavy metal distribution of the two tran-
sects is mainly the same, indicating that these areas have

Fig. 1 Geographical location of the NCP and sampling stations and transects
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similar pollution trends. Most of the sampling sites with high
concentrations are detected surround the urban centers, espe-
cially for Shijiazhuang and Baoding, suggesting a higher pol-
lution level in these two cities than the others. Field investiga-
tions show that there are dozens of gasoline stations, chemical
factories, landfills, and breeding farms around the cities which
can be considered as potential groundwater pollution sources,

and a pollution tendency that spreads from the cities to the
countryside is demonstrated. Additionally, the different struc-
ture and lithological character of aquifers may influence the
distribution of heavy metal concentrations in groundwater.
Shijiazhuang and Baoding are located in the piedmont alluvial
plain, and the multi-layered sand aquifer (Fig. 2) is more per-
meable and therefore can facilitate pollutant migration. The
size of aquifer particles decreases from west to east, and the
lithology changes from gravel, sand to clay. Clay minerals
have a strong heavy metal adsorption ability (Sparks 2003;
Gu et al. 2010), which may inhibit the migration of heavy
metals in the vadose zone. In addition, the thickness of the
vadose zone in the middle and east of the study area roughly
exceeds 100 m, while heavy metals migrate downwards dur-
ing infiltration or irrigation, the concentrations of heavy
metals in soil pore water may decrease owing to precipita-
tion/adsorption, resulting in low heavy metal concentrations

Fig. 2 Aquifer structures and lithology of transect A–A′and B–B′ in the study area (Modified from Zhang and Fei 2009)

Table 1 Basic sampling test results

Min Max Mean Median

Depth of wells (m) 30 430 219.89 240

Depth for pumping (m) 12 300 106.14 100

pH 6.23 8.94 7.76 7.89

TDS(mg/L) 230.1 1950.0 708.9 624.0

EC(mS/cm) 0.20 2.53 0.87 0.69
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in local groundwater. With the exception of few sites at which
the heavy metal concentrations are high, the test results show
relatively low concentrations of heavy metals in local ground-
water at most of the sampling stations (Fig. 4).

Correlation and cluster analysis

In this study, the Pearson’s correlation test and cluster analysis
(Ward method) are used to determine the correlation results of
heavy metals and their potential sources. Ni and Pb are ex-
cluded from the analysis because of insufficient results are
detected above the detection limits. Analytical results indicate
that Cr-Cu (r=0.307, p<0.01) and Mn-As (r=0.309, p<0.01)
are positively correlated, suggesting that they may have a
similar source or transport pathway (Bhuiyan et al. 2010;
Prasanna et al. 2012); in contrast, Zn-Se are negatively corre-
lated (r=−0.246, p<0.05). Besides, there are no correlations
between Cd and the other metals, which indicate that Cd may
have a different source from the other metals. Cluster analysis

(Fig. 5) shows that there are two obvious groups: Mn–As and
Cu–Cr, which coincide with the correlation analysis results.
However, most of the metals cannot be divided into close
groups, and the correlations between them are weak, suggest-
ing complex origins or mixed sources of heavy metals in the
local groundwater. Furthermore, different reactive processes
and deposition behaviors will also affect the concentration
distributions of heavy metals in local groundwater.

Human health risks assessment

There are various pathways through which humans are ex-
posed to pollutants, for instance, ingestion (drinking), inhala-
tion (breathing), and dermal absorption (washing and
cleaning) (EPA 2001; De Miguel et al. 2007; Ma et al.
2014). Ingestion and dermal absorption are the major path-
ways for water (Ni et al. 2011; Ma et al. 2014). In this study,
the intake dose through ingestion and dermal absorption (μg·
kg−1·day−1) is calculated using the US EPA human health risk

Fig. 3 Cumulative heavy metal concentrations at groundwater sampling sites
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assessment methods (EPA 2004); the calculating equations are
as follows:

Intakeingestion ¼ Cwater � IRingestion � EF� ED

BW� AT ð1Þ

Intakedermal ¼ Cwater � Kp � t � CF� EV� SA� EF� ED

BW� AT
ð2Þ

Health risk assessment is generally based on a quantifica-
tion of the risk level in relation to two types of adverse effects:
chronic (non-carcinogenic) and carcinogenic (Krishna and
Mohan 2014). According to the list of carcinogen classifica-
tions provided by the monographs of the International Agency
for Research onCancer (IARC 2014) and the substances listed
in the Integrated Risk Information System of U.S. EPA, As,
Cd, Cr, Pb, and Ni are classified as carcinogenic substances,
while Cu, Mn, Se, and Zn are classified as non-carcinogenic

Fig. 4 Box plot diagram of
heavy metals in groundwater
samples

Table 2 Heavy metals concentration distribution in groundwater samples

C(ug/L) Min Max Mean

2010 2011 2012 total 2010 2011 2012 total 2010 2011 2012 total

Cd 0.01 0.01 0.00 0 0.65 0.69 0.16 0.69 0.09 0.10 0.03 0.08

Cr 0.00 0.18 6.17 0 8.92 30.17 30.84 30.84 2.05 3.66 10.83 4.45

Cu 0.07 0.11 - 0.07 2.04 4.76 - 4.76 0.40 0.57 - 0.46

Mn 0.02 0.10 0.29 0.02 118.20 112.10 155.70 155.7 21.80 16.75 15.35 18.53

Ni - 0.10 0.03 0.03 - 44.44 15.40 44.44 - 2.94 1.49 2.44

Se 0.01 0.16 1.24 0.01 8.50 7.08 4.47 8.5 1.20 2.58 2.06 1.9

Zn 0.76 1.52 1.49 0.76 18.43 23.14 15.10 23.14 7.61 6.34 5.14 6.61

As 0.85 0.25 - 0.25 4.69 4.80 - 4.8 2.65 1.36 - 2.03

Pb 0.00 - - 0 0.77 - - 0.77 0.14 - - 0.14

C(ug/L) Median ( total) Standard deviation (total) Quality Standard for
Groundwater-Level III
(MEP, 1993)

Quality Standard for
Drinking water
(MOH, 2006)

Drinking water Standards
and Health Adisories
(EPA, 2012)

Cd 0.04 0.13 10 5 5

Cr 2.01 5.5 50(Cr6+) 50(Cr6+) 100(total)

Cu 0.35 0.54 1000 1000 —

Mn 9.06 27.53 100 100 50

Ni 0.39 7.73 50 20 100

Se 1.36 1.85 10 10 50

Zn 5.08 4.47 1000 1000 5000

As 1.89 1.07 50 10 10

Pb 0.56 0.21 50 10 15
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substances. In this study, the non-carcinogenic risk (HItotal)
and the carcinogenic risk (Rtotal) are calculated using the fol-
lowing equations (Eqs. 3 to 8) (EPA 2004); HItotal>1 indicates
a potential adverse effect on human health. The reported ac-
ceptable levels of carcinogenic risk (Ringestion and Rdermal) in
the relative studies are variable, some quote thresholds of 1×
10−6 (EPA 2004), 1×10−5 (De Miguel et al. 2007; Ma et al.
2014), or 1×10−6 to 1×10−4 (Yang et al. 2011). In this study,
ranging from 1×10−6 to 1×10−4 is adopted as the level for
carcinogenic risk assessment, as it is the risk level typically
applied in China (Yang et al. 2011).

HIingestion ¼ Intakeingestion
RfDingestion

ð3Þ

HIdermal ¼ Intakedermal
RfDdermal

ð4Þ

HItotal ¼
Xn

i¼1

HIingestion þ HIdermal

� � ð5Þ

Ringestion ¼ Intakeingestion � SFingestion ð6Þ
Rdermal ¼ Intakedermal � SFdermal ð7Þ

Rtotal ¼
Xn

i¼1

Ringestion þ Rdermal

� � ð8Þ

In the above equations, intakeingestion is the intake dose
through ingestion (ug·kg−1·day−1); intakedermal is the intake
dose through dermal absorption (ug·kg−1·day−1); Cwater is the
concentration of pollutants in water (concentration of heavy
metals in groundwater samples in this study, ug/L); IRingestion

is the ingestion rate (L/day), which is 1.8 in this study (Schmitt
et al. 2005); EF is exposure frequency (days/a); ED is the

exposure duration (a); BW is the body weight (kg), which is
57.1 kg (the average of the average male weight and the av-
erage female weight in China (61.0 and 53.2 kg, respectively;
Yang et al. 2005); AT is the average exposure duration time in
days; EV is the frequency of bathing/cleaning (event/day); SA
is the exposed skin area (cm2); Kp is the dermal permeability
coefficient (cm/h); t is the event duration (h/event); CF is the
unit conversion factor (10−3, cm3/L); RfDingestion is the refer-
ence dose of pollutants through ingestion (ug·kg−1·day−1);
RfDdermal is the reference dose of pollutants through dermal
absorption (ug·kg−1·day−1); SFingestion is the cancer slope fac-
tor through ingestion ((mg·kg−1·day−1)−1); SFdermal is the can-
cer slope factor through dermal absorption ((mg·kg−1·
day−1)−1). The values of these parameters are summarized in
Tables 3 and 4 (EPA 2004; IRIS 2014). It should be noted that
the water conservancy departments in the study area are pro-
moting centralized water supply from the cities to the villages,
and the rural pumping wells will gradually be phased out or
replaced by deep wells (over 300 m) in the future; so, the ED
value used to calculate the carcinogenic risk in this study
varies on a decadal scale, from 10 to 70a.

Risk assessment is conducted for all of the groundwater
samples (n=139). The results of the non-carcinogenic
(chronic) risk assessment are summarized in Table 5. The
average values of HIingestion are 2 to 4 orders of magnitude
higher than the values of HIdermal, which indicates that inges-
tion of water is the dominant pathway through which the local
residents are exposed to heavy metals. All of the HItotal values
are smaller than 1 (from 1.28×10−2 to 5.54×10−1), indicating
no or a slight chronic risk to residents from heavy metals in
groundwater. Moreover, HIingestion order of heavy metals
(As>Cr>Se>Cd>Mn>Ni>Pb>Zn>Cu) and HIdermal order
(As>Cr>Se>Cd>Mn>Ni>Zn>Cu>Pb) are mainly the

Table 3 Parameters for human health risk assessment calculation

parameters IRingestion (L/day) EF (days/a) ED (a) BW (kg) AT (days) EV (event/day) SA (cm2) t (h/event)

Value 1.8 365 10~70 57.1 25550 1 18000 0.33

Fig. 5 Dendrogram derived from
the hierarchical cluster analysis of
metals
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same, indicating similar risk tendency from ingestion and der-
mal absorption. Besides, HI values of As, Cr, and Cd are
orders of magnitude higher than the other heavy metals, which
account for about 89 % (average values) of the HItotal as a
whole (ED=70a).

A carcinogenic risk assessment is carried out for As, Cd,
and Cr. The average values of Ringestion range from 7.02×10−5

to 1.00×10−5 for Cr, 9.59×10−5 to 1.37×10−5 for As, 9.17×
10−7 to 1.39×10−7 for Cd; the values of Rdermal range from
8.19×10−7 to 1.17×10−7 for Cr, 7.46×10−7 to 1.07×10−7 for
As, and 7.55×10−9 to 1.08×10−9 for Cd. The values of
Ringestion are 2 to 3 orders of magnitude higher than those for
Rdermal, which suggests a much higher risk through ingestion
than through dermal absorption. All of the calculated R values
are between 1×10−6 and 1×10−4, indicating a slight risk of
cancer from heavy metal ingestion for the residents, but the
risk would increase if the period of ingestion and heavy metal
concentrations in water increased, which agrees with the find-
ings of previous studies (Mo et al. 2006; Cui et al. 2013).
Compared to the health risks assessment of heavy metals in
groundwater that conducted in other regions of China, the
results for the carcinogenic risk assessments of heavy metals
in local groundwater are relatively low. For example, Ma et al.
(2014) stated that the highest Ringestion of heavy metals in
groundwater in Heilongjiang Province of China reached
1.5×10−3. Studies of As levels and health risks conducted
by Cui et al. (2013) in Shanxi showed that the mean cancer
risk was about 4 in 1000 exposure (n=131) and ranged from 4

in 10000 to 2 in 100, indicating a severe health risk in the
study area. As and Cr should be considered as primary pollut-
ants in local groundwater, as the risks to human health from
these metals are much greater than Cd (average Ringestion

values of Cr, As and Cd are 1.00×10−5,1.37×10−5 and
1.39×10−7, respectively).

Considered as a potential human health threat, heavy
metals in groundwater should be well monitored, especially
for As and Cr in the study area. The total values of HI show a
slightly decreasing tendency which change form 4.21×10−2 in
2010 to 1.72×10−2 in 2012 while the total values ofR increase
from 2.11×10−5 in 2010 to 2.16×10−5 in 2012, indicating
relative steady tendency of concentration and health risks of
heavy metals in local groundwater. However, it should be
noticed that the health risk assessment of Cr shows an increas-
ing tendency yearly of which the Ringestion values are 4.46×
10−6 in 2010, 7.91×10−6 in 2011 and 2.13×10−5 in 2012,
while Ringestion values of other heavy metals decrease from
2010 to 2012, indicating a possible aggravated Cr pollution
in local groundwater since 2010. Because of the complex
structure of vadose zone and lack of pollution monitoring
data, the origin of heavy metals in local groundwater cannot
be well explained and the contribution of natural and anthro-
pogenic sources of heavy metals need to be determined by
further work.

To protect the health of rural residents, and to ensure the
safety of drinking water, several policies have been imple-
mented in the study area. For instance, the first phase of the

Table 4 Toxicological parameters of heavy metals for human health risk assessment calculation

RfDingestion (ug·kg
−1·day−1) RfDdermal (ug·kg

−1·day−1) SFingestion (mg·kg−1·day−1)−1 SFdermal (mg·kg−1·day−1)−1 Kp (cm/h)

As 0.30 0.30 1.50 1.50 0.0010

Pb 3.60 3.60 – – 0.0001

Cr 3.00 3.00 0.50 0.50 0.0015

Cd 0.50 0.50 0.38 0.38 0.0010

Ni 20.00 20.00 – – 0.0002

Mn 140.00 140.00 0.0010

Se 5.00 5.00 0.0010

Zn 300.00 300.00 0.0006

Cu 40.00 40.00 0.0010

Table 5 Non-carcinogenic risk assessment results from heavy metals (ED=70a)

Values Cr Mn Cu Zn As Se Cd Pb Ni

HIingestion min 2.10E-5 4.95E-6 5.75E-5 7.99E-5 2.66E-2 7.57E-5 7.27E-5 3.50E-5 5.30E-5

HIingestion max 3.24E-1 3.51E-2 3.75E-3 2.43E-3 5.04E-1 5.36E-2 4.38E-2 6.74E-3 7.00E-2

HIingestion average 4.68E-2 4.17E-3 3.75E-4 6.95E-4 2.13E-1 1.20E-2 5.11E-3 1.22E-3 3.85E-3

HIdermal min 2.45E-7 3.85E-8 4.47E-7 3.73E-7 2.07E-4 5.88E-7 5.65E-7 2.72E-8 8.25E-8

HIdermal max 3.78E-3 2.73E-4 2.92E-5 1.13E-5 3.92E-3 4.17E-4 3.40E-4 5.24E-6 1.09E-5

HIdermal average 5.46E-4 3.24E-5 2.91E-6 3.24E-6 1.66E-3 9.30E-5 3.97E-5 9.53E-7 5.99E-6
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middle route of the South-to-North Water Diversion Project,
which conveys water from the Danjiangkou Reservoir to Bei-
jing via a branch of the Yangtze River, will be completed after
the fall of 2014 and will convey about 3.5 billion m3 of water
to Hebei Province (which accounts for the largest part of the
study area) each year, and will alleviate the shortage of water
resources in the study area. Moreover, centralized water sup-
ply projects have been set up among villages, in accordance
with the National Rural Drinking Water Safety Project,
outlined in the 12th Five-Year Plan (NDRC 2012). According
to field investigation, the percentage of use of domestic water
that pumped from rural wells is decreasing and lots of old rural
wells have been abandoned owing to the centralized water
supply projects, which means that the human health risk cal-
culated above are based on natural situations and the real
human health risk may be lower than expected. The propor-
tion of centralized water supplied to the rural population will
increase to about 80 % in 2015, ensuring rural residents will
have a safe drinking water supply.

Conclusion

Heavy metal pollution in local groundwater is more serious in
the suburban parts of cities, and the pollution tends to spread
from cities to villages. The groundwater concentrations ofMn,
Zn, Cr, and Ni are much higher than the concentrations of
other heavy metals in the study area. Mn–As and Cr–Cu are
divided into groups by cluster analysis, indicating the same
source or similar transport behaviors. Though most of the
heavy metals concentrations in the groundwater samples are
below the EPA and MOH drinking water standards, there
should be concern about the carcinogenic risk from ingesting
As, Cr, and Cd, and the safety of rural domestic water should
be emphasized in future.
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