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Abstract The study area is a part of the North China

Plain, where groundwater is heavily abstracted for

drinking and irrigation purposes. Groundwater quality

is adversely affected due to rapid economic develop-

ment and urbanization. Therefore, the purposes of this

study were to evaluate the suitability of groundwater

for drinking and irrigation purposes and to quantify the

associated human health risks in the southern part of

Gu’an County, North China Plain. The matter-element

extension method based on entropy weight was used to

evaluate the water quality for drinking, while sodium

adsorption ratio, sodium percentage (%Na), residual

sodium carbonate and magnesium hazard were used to

evaluate the water quality for irrigation. Non-carcino-

genic and carcinogenic health risks via different

exposure ways were evaluated for different age

groups. The study found that the quality of both deep

and shallow groundwater in this area was generally

suitable for drinking. Deep water quality has better

quality than the shallow water. However, 8.70% and

73.92% of water samples pose non-carcinogenic

health risks on adults and children, respectively.

Children and adults are also at cancer risk due to

Cr6? and As in drinking groundwater in this area. The

main responsible parameters for non-carcinogenic risk

are Cr6?, F- and Fe, and Cr6? is also responsible for
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carcinogenic risk. These toxic elements are mainly

from industries. Therefore, deterioration of ground-

water quality can be prevented by strengthening the

sewage management of various industries.

Keywords Water quality index � Groundwater

pollution � Water quality assessment � Heavy metal �
Health risk

Introduction

Groundwater is an important water resource to main-

tain natural ecosystems and support social and

economic development (Holland et al. 2015; Lu

et al. 2019; Wang et al. 2019). Rapid economic

development, however, has led to deterioration of

groundwater quality in some regions (Hua et al. 2015;

Li et al. 2017a; Wichelns and Qadir 2015). The

existing research indicated that groundwater quality

deterioration is controlled by both geogenic and

anthropogenic factors (Neshat et al. 2014; Zhang

et al. 2018; He and Wu 2019a; Kaur et al. 2019), and

the groundwater pollution can be disastrous to human

health and sustainable societal development (Zhou

et al. 2016; Li et al. 2019a; Li and Wu 2019a, b). For

example, He et al. (2019a) investigated the major ion

chemistry of groundwater in Wuqi County of the

Chinese Loess Plateau, finding that the human in the

area are at high risk due to the pollution of nitrate and

Cr6?. Li et al. (2019b) noted that fluoride contributes

the most to the total health risk in Tongchuan County,

Northwest China. The Gu’an County, one of the most

water-scarce regions in the world, is also facing the

serious groundwater quality deterioration, which may

also induce health risk to the residents.

The study area is located in the south of Gu’an

County in the North China Plain, including Peng

County, Qugou Town, Niutou Town, Lirangdian

Town and Mazhuang Town, with an area of about

390 km2. It is an important zone in the Beijing–

Tianjin–Hebei region (Liu 2011; Ding 2012). In 2015,

Gu’an is rated as one of the counties with strong

county economy. The electronic information industry,

automobile parts industry and modern equipment

manufacturing industry are the primary industries in

the region, which may produce iron, manganese,

fluorine and nitrate pollution. According to media

reports, the waste discharged by a color printing

company in the Niutou Town contained toluene,

butanone and other organic compounds, as well as lead

and other heavy metals. At the same time, the small-

and medium-sized rivers in the study area are

relatively developed, which are not only used for

diverting waterlogging, irrigation and drainage waters,

but also for the discharge of rural sewage and

industrial wastewater (Yu 2016). Definitely, the

hydraulic connection between the contaminated river

and the shallow groundwater is an important source of

groundwater pollution (Li et al. 2016). Liu et al.

(2018) reviewed that the surface water pollution

caused by human activities was the main source of

volatile phenols, As, Hg and Cr6? in the groundwater

in and around the study area. In addition, agricultural

and domestic pollution sources lead to the continuous

increase in ammonia nitrogen, nitrate and nitrite in

groundwater (Liu et al. 2018). However, groundwater

is the main source of water for drinking, agricultural

irrigation and industrial production in this area. And

the southern region is a concentrated area of tourism

and leisure, conference and exhibition, high-end

pension and other industries, as well as a concentrated

area of high-quality residential quarters. Exposure to

groundwater contaminated by above pollutants may

cause diarrhea, jaundice, cholera, dysentery or fluoro-

sis (Zhang 2014; Chica-Olmo et al. 2014; Su et al.

2017; Singh et al. 2018). Therefore, it is necessary to

assess the groundwater quality and health risks in the

region.

Many methods have been used to evaluate water

quality, such as WOI method (Şener et al. 2017), fuzzy

mathematics method (Karmakar and Mujumdar 2006;

Dahiya et al. 2007), TOPSIS approach (Li et al. 2012;

Gorgij et al. 2019) and grey cluster analysis method

(Gonçalves and Alpuim 2011). Su et al. (2019)

proposed a set pair analysis-Markov chain model for

groundwater quality evaluation and prediction.

Almost in the same time, Tian and Wu (2019)

integrated the set pair analysis and the game theory

to form a novel approach for groundwater quality

assessment. Each method has its own advantages and

disadvantages. For example, comprehensive evalua-

tion via fuzzy mathematics can fully reflect the

groundwater quality, and the membership degree of

each pollution element with respect to the standard

limits can be objectively calculated to avoid human

influence. However, the calculation processes are too
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complicated, and the results cannot be compared.

Matter-element extension analysis has been widely

used in the comprehensive evaluation of environmen-

tal quality (Tang et al. 2009; Li et al. 2017b, c),

ecological security (Ou et al. 2017; Yue et al. 2018),

land grade (Gong et al. 2012) and water quality

assessment (Li et al. 2018a). Compared with other

groundwater quality evaluation methods, the matter-

element extension evaluation model is not only

suitable for multi-index comprehensive evaluation,

but also can transform the incompatible problem into

the compatible problem by means of matter-element

transformation and structural transformation (Jin et al.

2012). In addition, entropy is a thermodynamic

physical concept, which represents the effective

utilization of heat energy in the process of heat work

conversion. In information theory, entropy reflects the

degree of information disorder. The larger the entropy

is, the lower the degree of order is, and the greater the

uncertainty is. Therefore, entropy is widely used to

determine the weight value, which is called entropy

weight method (Wu et al. 2015; Li et al. 2013). Based

on the matter-element extension theory proposed by

Cai (1994), Li et al. (2016) used the matter-element

extension method based on entropy weight to evaluate

the water quality and found that this modified

approach is more credible and practical than other

traditional methods. This method can avoid artificial

interference and fully reflect the internal relationship

between various indicators. In addition to traditional

water quality assessment, health risk assessment due

to exposure to contaminated water has also been

widely carried out by researchers (Adimalla et al.

2019; Adimalla and Li 2019; Karunanidhi et al.

2019a). These assessment studies on health risk are

mainly based on the risk assessment model proposed

by the United States Environmental Protection

Agency (USEPA). However, China has constructed

a country-specific health risk assessment system

(Cushman et al. 2001), which has the following steps:

hazard identification, dose–effect analysis, exposure

evaluation and risk characterization (Li et al. 2008).

This paper applied this analysis approach to identify

the degree of groundwater pollution in the study area

and its possible risks to human health.

The main aims of this study were to: (1) analyze the

hydrochemical characteristics of the groundwater, (2)

assess the suitability of groundwater quality for

drinking and irrigation purposes, and (3) evaluate the

health risks for adults and children, respectively, by

considering different exposure pathways. This study

identified the main factors affecting the groundwater

quality in this area and analyzed the possible sources

in detail, providing the necessary knowledge for the

Fig. 1 Study area and geomorphology
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decision-makers to manage and regulate groundwater

in this area.

Study area

Location and climate

The study area is located in the plain area to the east of

the Taihang Mountains. It is situated between the

longitudes 116� 060 E to 116� 280 E and latitudes 39�
070 N to 39� 310 N, covering an area of 696 km2

(Fig. 1). The general topography descends from

northwest to southeast with the slope of less than

1%. The ground surface elevation is about 10–30 m

above the mean sea level. The climate is humid and

semi-arid with distinct seasonal variation. The pre-

cipitation decreased from northwest to southeast with

the average annual precipitation of 515.4–546.3 mm

(Fig. 2) and the average annual evaporation of about

1315.9 mm.

Geology and hydrogeology

The outcropping stratum in the area is the Quaternary

loose deposits with a thickness of 350–500 m. The

deposits genetically originate from alluvial and pluvial

processes. In the northwest, Langfang fault is devel-

oped with the strike of NE-NEE. Niutuo town fault is

developed in the southeast with scattered fissures in

the south. The media are mainly silty clay which is rich

in calcium carbonate.

The study area belongs to the Yongding River

groundwater system. The Quaternary deposits can be

divided into four aquifers. The first and second

aquifers are the shallow groundwater aquifers com-

posed of fine sand and silty sand, ranging from 30 to

50 m in thickness. The depth of the aquifer bottom is

within 80–120 m below the ground surface and the

groundwater level depth ranges within 8–12 m

(Fig. 3). The third aquifer is deep groundwater

aquifer, with the bottom depth of 350–385 m below

the ground surface. The groundwater level depth is

less than 15 m in the northwest, and it gradually

increases towards the southeast. The fourth aquifer is

mainly composed of medium and fine sand with a

depth of 420–520 m and the thickness ranging from 20

to 40 m. The groundwater in this group is not

exploited due to great aquifer depth.

The shallow groundwater is recharged in the study

area by atmospheric precipitation, followed by agri-

cultural irrigation, surface water infiltration and lateral

inflow, while is discharged by mainly manual mining,

evaporation and lateral outflow. The dynamic of the

shallow groundwater is characterized by infiltration

and exploitation with the hydraulic gradient ranging

from 0.8 to 1.7% (Fig. 3). The recharge to deep

groundwater is mainly in the form of lateral inflow,

while the discharge is mainly in the form of artificial

drainage with minor lateral outflow. The hydraulic

gradient of the deep groundwater is 0.8–2.2% (Fig. 3).

The main rivers in the area are the Mangniu River

and Friendship River. Mangniu River is a tributary of

the Yongding River. It starts from the south of Xima

Fig. 2 Annual rainfalls in Gu’an County

Fig. 3 Hydrogeological profile of the study area
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village, Gu’an County, and flows south to Nanbai

village where it joins with Taiping River and then

flows east. The river bottom is 25–55 m in width, with

a length of 18.1 km, and the drainage area covers 754

km2. The Friendship River, also known as the

Xiongguba New River, is mainly used to drain

Table 1 Analytical methods, instrument and detection limits of physiochemical parameters

Project Container Storage Method Instrument Model Detection

limit

pH Field measurement Glass-electrode method pH meter PHSJ-4A 0.1

EC Field measurement Water analyzer Orion

VM-01

1lS/cm

(25 �C)

Alkalinity I Potentiometric titration – – –

TH I Low temperature

(0–4 �C) avoid light

EDTA titration – – 5.00 mg/

L

TDS I Low temperature

(0–4 �C) avoid light

Gravimetric method – – 4 mg/L

SO4
2- I Low temperature

(0–4 �C) avoid light

Ion chromatography Ion

chromatograph

ICS-

90A881

0.1 mg/L

CL- I Low temperature

(0–4 �C) avoid light

Ion chromatography Ion

chromatograph

881 0.04 mg/

L

HCO- I Low temperature

(0–4 �C) avoid light

Titration – – –

NO3-–N I Low temperature

(0–4 �C) avoid light

Ion chromatography Ion

chromatograph

881 0.04 mg/

L

NO2-–N I Low temperature

(0–4 �C) avoid light

Ion chromatography Ion

chromatograph

881 0.05 mg/

L

F- I Low temperature

(0–4 �C) avoid light

Ion chromatography Ion

chromatograph

881 0.02 mg/

L

Ca2? – Inductively coupled plasma atomic

emission spectrometry

ICAP-OES ICAP-

6300

0.01 mg/

L

Mg2? – Inductively coupled plasma atomic

emission spectrometry

ICAP-OES ICAP-

6300

0.002 mg/

L

K? II HNO3, HNO310 mL/

1 L

Inductively coupled plasma atomic

emission spectrometry

ICAP-OES ICAP-

6300

0.5 mg/L

Na? II HNO3, HNO310 mL/

1 L

Inductively coupled plasma atomic

emission spectrometry

ICAP-OES ICAP-

6300

0.2 mg/L

Fe III HNO3, HNO310 mL/

1 L

Inductively coupled plasma atomic

emission spectrometry

ICAP-OES ICAP-

6300

0.03 mg/

L

Mn2? III HNO3, HNO310 mL/

1 L

Inductively coupled plasma atomic

emission spectrometry

ICAP-OES ICAP-

6300

0.001 mg/

L

NH4
?–N I H2SO4, Ph\ 2 Micro-Kjeldahl Method Kjeltec System K1100F

As I H2SO4, pH\ 2 Atomic fluorescence spectrometry AFS-920 AFS-920 0.5 lg/L

Cr6? III NaOH, pH = 8–9 Diphenylcarbazide Spectrophotometer – 0.004 mg/

L

I, II, III and IV represent four washing methods, respectively:

I is washing once with detergent, three times with tap water, and once with distilled water;

II is washing with detergent once, washing with tap water twice, washing with 1 ? 3HNO3 once, washing with tap water three times

and washing with distilled water once;

III is washing once with detergent, twice with tap water, once with 1 ? 3HNO3, three times with tap water, and once with deionized

water;

IV is washing one time for chromic acid washing solution, three times for tap water and one time for distilled water
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excessive rainfall. Groundwater flows generally from

the northwest to the southeast. Due to the excessive

use of groundwater for agriculture, a groundwater

funnel is formed around the Mazhuang town, resulting

in the change in groundwater flow direction and

convergence of groundwater flow to the funnel center

(Fig. 4). In recent years, the groundwater level depth

in the funnel center is gradually deepening, and the

funnel area is increasing year by year.

Materials and methods

Sample collection and analysis

A total of 23 samples consisting of 16 shallow

groundwater samples (80–120 m in depth) and 7 deep

groundwater samples (150–350 m in depth) were

collected from pumping wells in this study. All

samples were collected from the sediment of the

Quaternary system. The lithology of shallow water

aquifer is mainly fine sand and fine powder sand, while

the lithology of deep aquifer is mainly medium sand

and fine sand. The sampling locations were selected

randomly in a way that they represent different

geological formations and landuse patterns at varying

topography of the study area. The locations of water

samples were recorded by GPS and are shown in

Fig. 1. The pH and electrical conductivity (EC) of the

groundwater were measured on site (Table 1), while

other water quality indicators were measured in the

laboratory. Samples were collected in pre-cleaned

white polyethylene bottles (Table 1), and the wells

were pumped for several minutes before sampling to

avoid the influence of stagnant water in the wells.

After collection, the samples were labeled and sealed

and were then immediately transported to the labora-

tory for further analysis. Further, fixative was added as

required before packaging and all the parameters

within a specified time to complete the test (Ministry

of Environmental Protection of P.R. China 2009). For

examples, groundwater samples for the K?, Na?, Fe

and Mn need to add HNO3, for NH4
? and As need to

add H2SO4, and for Cr6? need to add Na(OH) as fixing

agent. The specific addition requirements are shown in

Table 1.The specific sampling requirements, storage

conditions, test methods, instruments and models of

each indicator are shown in Table 1. Samples for the

total hardness, TDS, SO4
2-, Cl-, HCO3

-, NO3
-,

NO2
- and F- shall be kept at low temperature and

away from light potassium. To examine the precision

and the accuracy of the data, the analyzed parameters

were checked for consistency and accuracy using

standard approaches to make sure that all the data

obtained are reliable (Duraisamy et al. 2019; Sharma

et al. 2020). The charge balance errors were within

± 5%, and the recovery ratio was within ± 10%,

indicating that the measurement accuracy in the study

was reasonably good (Kumar et al. 2020).

Entropy-based matter-element extension analysis

Cai (1994) and Cai et al. (2000) proposed the matter-

element extension analysis method, and then it was

used in groundwater evaluation (Jin et al. 2012; He

et al. 2011). According to the theory of the matter-

element extension, a system is considered as a set of

matter elements, and each element consists of objects,

features and values that participate in a series of

transformation processes (Tang et al. 2009; Gong et al.

2012). The main concept of matter-element extension

analysis is as follows:

Matter-element extension method defines M to

represent the matter, and in this study it refers to the

groundwater quality. C is defined as the characteristics

of the matter, and V is the value of the characteristics.

Thus, they form an ordered triad R ¼ M;Ci;Vi½ � as the

Fig. 4 Distribution of groundwater level funnel
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basic form to describe the matter, which is called a

matter-element (Peng et al. 2009). If the matter has n

characteristics denoted as ci, it should be described by

n corresponding values expressed vi. The matter-

element then can be written as Eq. (1):

R ¼ M; Ci; Vi½ � ¼

M c1 v1

c2 v2

..

. ..
.

ci vi
..
. ..

.

cn vn

2
66666664

3
77777775

ð1Þ

where ci represents the physicochemical parameters of

the water sample and vi represents the value of

parameters in this study. Where i denotes the number

of the water quality parameter, and i ¼ 1; 2; . . .; n:.

When the matter-element is used to represent the

standard of water quality grade, Eq. (1) is converted to

the classical matter-element matrix (Rc) and is called

classical domain (Eq. 2.). If the water quality has m

standard intervals, there will be m classical domains.

Rc ¼ Nj; Ci; Vc
ij

� �
¼

Nj c1 ac1j; bc1j
� �

c2 ac2j; bc2j
� �

..

. ..
.

ci acij; bcij
� �

..

. ..
.

cn acnj; bcnj
� �

2
666666664

3
777777775

ð2Þ

In Eq. 2, Nj, Ci and Vc
ij represent water quality in

grade j, physicochemical parameters used in the

assessment and the standard value range of the jth

level for each parameter, respectively, where,

Fig. 5 Relationship between the concentration of a K? ? Na? and Cl-, b SO4
2- and Ca2? ? Mg2?, c 2(Ca2? ? Mg2?) and HCO3

-,

d 2(Ca2? ? Mg2?)–HCO3
-–2SO4

2- and Na? ? K?–Cl-
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i ¼ 1; 2; . . .; n, j ¼ 1; 2; . . .;m. The classical domain

represents the standard value range for the ith physic-

ochemical parameter and the jth grade. Based on the

classical domain (Rc), a section domain (Rs) can be

further defined, as shown in Eq. (3):

Rs ¼ P; Ci; Vs
i½ � ¼

P c1 as1; bs1½ �
c2 as2; bs2½ �
..
. ..

.

ci asi ; bsi½ �
..
. ..

.

cn asn; bsn½ �

2
666666664

3
777777775

ð3Þ

where P represent the number of grades and asi ; bsi½ �
denotes the value range of grade to which the

physicochemical parameters belong. Based on above

definitions, the matter-element of groundwater quality

evaluation in the study can be expressed as follows:

RðxÞ ¼

M c1 v1

c2 v2

..

. ..
.

ci vi
..
. ..

.

cn vn

2
66666664

3
77777775

ð4Þ

On the basis of the above, the correlation degree

and correlation function are established. Let Kj(vi) be

the correlation degree between the matter vi to be

evaluated and the corresponding standard jth grade.

The correlation function can be expressed as follows:

KjðviÞ ¼
�
qðxj; x0

ijÞ

x0
ij

���
���

xj 2 xij

qðxj; x0
ijÞ

qðxj; xpj Þ � qðxj; x0
ijÞ

xj 62 xij

8>>>><
>>>>:

ð5Þ

where qðxj; x0
ijÞ is the distance between xj and classical

domain, and qðxj; xpj Þ is the distance between xj and

Table 2 Physiochemical parameters of water samples

Parameters Unit Min Max Mean SD WHO standards NSELa NSEL%

pH – 7.45 8.24 7.92 0.28 6.5–8.5 0 0

EC ls/cm 718.35 2555.92 1119.98 19.75 – – –

TDS mg/L 219.50 771.71 339.20 28.76 1000.00 0 0

TH mg/L 52.84 602.21 182.83 18.78 450.00 2 8.70

Alkalinity mg/L 165.95 499.86 243.37 0.13 – – –

K? mg/L 0.30 1.25 0.77 131.72 – 0 0

Na ? mg/L 32.90 126.00 55.83 22.75 200.00 0 0

Ca2? mg/L 11.98 127.74 38.41 22.49 – 0 0

Mg2? mg/L 5.57 68.77 21.10 0.23 – 0 0

NH4
? mg/L 0.04 0.30 0.17 1.25 0.20 1 4.35

HCO3
- mg/L 202.36 609.54 296.77 0.01 – 8 34.78

Cl- mg/L 4.26 99.37 19.56 0.01 250.00 0 0

SO4
2- mg/L 6.90 95.50 33.17 0.18 250.00 0 0

F- mg/L 0.13 0.95 0.36 1.47 1.00 0 0

NO3
- mg/L 0.57 5.97 2.18 0.00 50.00 0 0

NO2
- mg/L 0.00 0.03 0.01 146.57 0.02 0 0

Cr6 ? mg/L 0.01 0.03 0.02 108.02 0.05 0 0

Mn mg/L 0.07 0.62 0.21 153.96 0.10 5 21.74

Fe mg/L 0.08 6.51 0.79 0.23 0.5 7 30.43

As lg/L 0.001 0.009 0.002 516.08 10 0 0

aNumbers of samples exceeding the limits
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section domain. Assume that the range of magnitude is

(aij
0, bij

0) and the module of interval x0
ij is a0

ij; b0
ij

�� ��,
then the distance from xj to interval x0

ij is:

qðxj; x0
ijÞ ¼ xi �

1

2
ða0

ij þ b0
ijÞ

����
�����

1

2
ðb0

ij � a0
ijÞ ð6Þ

The distance between xj and xpj is given by Eq. (7):

qðxj; xpj Þ ¼ xi �
1

2
ðapi þ bpi Þ

����
�����

1

2
ðbpi � api Þ ð7Þ

If KjðviÞ ¼ max Kj v1ð Þ;Kj v2ð Þ; . . .;Kj vnð Þ
� �

; j ¼
1; 2; . . .;m:, vi is rated as grade j, the comprehensive

correlation degree can be given as follows:

KjðPÞ ¼
Xn
j¼1

wiKjðviÞ ð8Þ

wherewi represents the weight of each parameter. If

KjðPÞ ¼-

, then the water quality of the sample belongs to grade

j. If KjðPÞ� 1, the evaluated object exceeds the upper

limit of the standard. If 0�KjðPÞ� 1, the object

conforms to the requirements of the membership

degree of the standard, and a higher value suggests the

higher proximity to upper limit of the standard. If

�1�KjðPÞ� 0, the object does not meet the require-

ments of the standard, though it may be converted to

conform to the standard. If KjðPÞ� � 1, the evaluated

objects neither meet the requirements of standard nor

can be transformed into standard objects (Tang et al.

2009).

Above procedure is highly constrained by the

determination of the weight for each water quality

parameter. Entropy is a common method to determine

the weights of parameters (Wu et al. 2015; Li et al.

2016). It is a method to determine the weight of an

index by a judgment matrix composed of the evalu-

ation index under objective conditions. Assume there

are m water samples with n different evaluation

parameters each to be evaluated, an eigenvalue matrix

X can be constructed as follows, where xij signifies the

value of the parameter:

X ¼

x11 x12 � � � x1n

x21 x22 � � � x1n

..

. ..
. . .

. ..
.

xm1 xm2 � � � xmn

2
6664

3
7775 ð9Þ

The indicators can be divided into the following 4

categories based on their characteristics: efficiency

type, cost type, fixed type and interval type (Tian and

Wu 2019). The initial eigenvalue matrix can be

converted to the standardized matrix Y as follows:

For efficiency-type parameters,

yij ¼
xij � ðxijÞmin

ðxijÞmax � ðxijÞmin

ð10Þ

For cost-type parameters,

yij ¼
ðxijÞmax � xij

ðxijÞmax � ðxijÞmin

ð11Þ

For efficiency-type parameters, a higher parameter

value represents good water quality, and for cost-type

parameters, the lower values reflect good quality.

After transformation, the standardized matrix can

be expressed as:

Y ¼

y11 y12 � � � y1n

y21 y22 � � � y1n

..

. ..
. . .

. ..
.

ym1 ym2 � � � ymn

2
6664

3
7775 ð12Þ

The following scale matrix P can be constructed

from the standard level matrix:

P ¼

p11 p12 � � � p1n

p21 p22 � � � p1n

..

. ..
. . .

. ..
.

pm1 pm2 � � � pmn

2
6664

3
7775 ð13Þ

where pij ¼ yijPm

i¼1
yij

and m represents the total number

of water sample points. Entropy weights are calculated

using the following formulas:

ej ¼ � lnm
Pn
i¼1

pij ln pij

wj ¼
1 � ej

Pn
j¼1

ð1 � ejÞ

8>>>><
>>>>:

ð14Þ

where ej is the information entropy and wj is the

entropy weight of parameter j, respectively. When

pij ¼ 0, pij ln pij ¼ 0.
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Health risk assessment

Health risk assessment evaluates the harmful effects of

exposure to chemicals in the contaminated environ-

ment on humans (Giri and Singh 2015; Liu et al.

2010). Groundwater poses health risks to human

health mainly through drinking and skin contact.

Therefore, health risks of drinking and skin contact

were evaluated separately in this study for children

and adults, whose physiology is different. Specifically,

the risks of F-, NO3
-, NO2

-, Fe ion (Fe2?, Fe3?),

NH4
?, Cr6?, Mn and As were considered in this study.

The non-carcinogenic risk from drinking and skin

contact was calculated as follows (He et al. 2020a; Li

et al. 2019a, b; Sharma et al. 2020; Wu

et al. 2019, 2020):

For drinking water intake:

Intakeoral ¼
C � IR � EF � ED

BW � AT
ð15Þ

HQoral¼
Intakeoral

RfDoral

ð16Þ

where C, IR, EF, ED, BW, AT and RfD represent the

pollutant concentration in groundwater (mg/L), the

daily ingestion rate of water (L/day), the exposure

frequency (day/a), the exposure duration (a), average

weight (kg), average exposure time (day) and the

reference dose of contaminant (mg/(kg day)), respec-

tively. The value of EF is taken as 365 day/a. IR, ED,

BW and AT and RfD are 1.5 L/day, 30 a, 70 kg and

10,950 days, respectively, for adults, and 0.7 L/day, 12

a, 15 kg, and 4380 day, respectively, for children.

RfDoral for F-, NO3
-, NO2

-, Fe ions (Fe2?, Fe3?),

NH4
?, Cr6?, Mn and As are 0.04, 1.6, 0.1, 0.3, 0.97,

0.003, 0.14 and 0.0003 mg/(kg day), respectively,

(Ministry of Environmental Protection of the P.R.

China 2014; Li et al. 2016).

For non-carcinogenic risk from skin contact (Li

et al. 2017b):

Intakedermal ¼
DA � EV � SA � EF � ED

BW � AT
ð17Þ

DA ¼ K � C � t � CF ð18Þ

Fig. 6 Piper diagram of groundwater samples in the study area
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SA ¼ 239 � H0:417 � BW0:517 ð19Þ

HQdermal ¼
Intakedermal

RfDdermal

ð20Þ

RfDdermal ¼ RfDoral � ABSgi ð21Þ

where EV, DA, SA, K, t, CF and H are the daily

exposure frequency (= 1 in this study) (Ministry of

Environmental Protection of the P.R. China 2014), the

exposure dose (mg/cm2), skin surface area (cm2), skin

permeability (= 0.001 cm/h), contact duration

(= 0.4 h/day), a conversion factor (= 0.001), average

height. ABSgi represents the parameter for gastroin-

testinal absorption. The ABSgi value for all parameters

is 1 except Cr6?, which has the value of 0.025

(Ministry of Environmental Protection of the P.R.

China 2014; USEPA 2015; He and Wu 2019a). H is

165.3 cm for adults and 99.4 cm for children.

The total non-carcinogenic risk was calculated as

follows:

HIi ¼ HQoral þ HQdermal ð22Þ

HItotal ¼
Xn
i¼1

HIi ð23Þ

where HI is non-carcinogenic risk index, which

indicates the total non-carcinogenic risk. HI[ 1

indicates unacceptable risk (Ministry of Environmen-

tal Protection of the P.R. China 2014; Wu and Sun

2016).

The carcinogenic risk from drinking water and skin

contact was calculated as follows (Ministry of Envi-

ronmental Protection of the P.R. China 2014):

For the carcinogenic risk from drinking water

intake (He and Li 2020; Kumar et al. 2020):

CRoral ¼ Intakeoral � SForal ð24Þ

CRdermal ¼ Intakedermal � SFdermal ð25Þ

SFdermal¼
SForal

ABSgi

ð26Þ

where SF is the slope factor of carcinogenic risk (mg/

(kg day)), and SF for Cr6? is 0.5 (mg/(kg day))-1 and

for As is 1.5 (mg/(kg day))-1 (Ministry of Environ-

mental Protection of the P.R. China 2014). Similarly,

the total carcinogenic risk was determined as follows:

CRtotal ¼ CRoral þ CRdermal ð27Þ

where CRtotal represents the total carcinogenic risk and

CRtotal[ 1 9 10-6 indicates a possible potential

carcinogenic risk.

Fig. 7 Spatial zonation of shallow groundwater quality

Fig. 8 USSL diagram for irrigation water classification
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Results and discussion

Hydrochemical parameters

The physicochemical parameters of groundwater were

statistically analyzed and compared with the WHO

standards (WHO 2011). The results are given in

Table 2.

The pH is between 7.45 and 8.24, with an average

of 7.92, indicating slightly alkaline groundwater

(Talib et al. 2019). Mean TDS and TH are

339.20 mg/L and 182.83 mg/L, respectively, which

are lower than the WHO standards (WHO 2011). The

average cation and anion concentrations are lower

than the Chinese drinking water quality standard

limits, except for HCO3
-. Concentration of HCO3

- is

between 202.36 and 609.54 mg/L and is higher than

the standard in 34.78% of the samples. This may be

because the groundwater is slightly alkaline, so the

main form of carbonic acid is HCO3
-, which is

consistent with the theory of carbonic acid equilibrium

(Lakshmanan et al. 2003). The abundance of anions

and cations in the research area is Na?, Ca2? and

Mg2?, with Na? content being the most abundant,

whereas HCO3
- is the main anion followed by Cl-

and SO4
2- (Table 2). In order to further analyze the

reasons for the high Na? content in the groundwater,

the relationship diagram between the major ions was

drawn, as shown in Fig. 5. The points of Cl- and

Na? ? K? are located below 1:1 (Fig. 5a), which

indicates that Cl- content is lower than Na?. Because

Cl- in groundwater is usually stable and is not easy to

react with other ions, or absorbed by plants and soil, it

is assumed that there are other sources of Na? except

the dissolution of halite, such as cation exchange or the

dissolution of albite. Meanwhile, industrial and agri-

cultural pollution in the study area may also be an

important factor in the increase in Na?. Generally,

Table 3 Water quality

assessment results using

entropy-based matter-

element extension analysis

Sample Kj (M) Grade Water quality

j = I j = II j = III j = IV j = V

W1 - 0.018 - 0.034 - 0.132 - 0.233 - 0.442 I Excellent

W2 0.029 - 0.096 - 0.193 - 0.280 - 0.508 I Excellent

W3 0.048 - 0.087 - 0.221 - 0.355 - 0.529 I Excellent

W4 0.061 - 0.086 - 0.230 - 0.364 - 0.525 I Excellent

W5 - 0.054 - 0.078 - 0.137 - 0.213 - 0.412 I Excellent

W6 - 0.001 - 0.097 - 0.148 - 0.212 - 0.387 II Good

W7 - 0.089 - 0.053 - 0.137 - 0.148 - 0.342 II Good

W8 - 0.015 - 0.008 - 0.074 - 0.202 - 0.355 II Good

W9 - 0.054 - 0.081 - 0.134 - 0.210 - 0.436 I Excellent

W10 0.051 - 0.096 - 0.271 - 0.382 - 0.539 I Excellent

W11 0.015 - 0.091 - 0.207 - 0.242 - 0.462 I Excellent

W12 0.018 - 0.095 - 0.205 - 0.353 - 0.504 I Excellent

W13 - 0.021 0.096 - 0.205 - 0.357 - 0.485 II Good

W14 0.048 - 0.109 - 0.243 - 0.372 - 0.545 I Excellent

W15 - 0.176 - 0.272 - 0.026 - 0.425 - 0.728 III Fair

W16 0.023 - 0.102 - 0.207 - 0.358 - 0.510 I Excellent

W17 0.049 - 0.093 - 0.226 - 0.358 - 0.549 I Excellent

W18 0.059 - 0.096 - 0.249 - 0.375 - 0.530 I Excellent

W19 0.025 - 0.080 - 0.239 - 0.369 - 0.526 I Excellent

W20 0.046 - 0.081 - 0.221 - 0.356 - 0.523 I Excellent

W21 0.027 - 0.106 - 0.244 - 0.373 - 0.528 I Excellent

W22 0.009 - 0.090 - 0.217 - 0.355 - 0.521 I Excellent

W23 0.038 - 0.090 - 0.199 - 0.326 - 0.526 I Excellent
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Ca2? in the groundwater comes from the dissolution of

gypsum and carbonate rocks. Therefore, the content of

Ca2? should be higher than that of HCO3
- and SO4

2-,

respectively. According to Fig. 5b, c, the content of

HCO3
- is higher than that of Ca2?. The discussion

above has indicated ion exchange in groundwater,

which was discussed further (Fig. 5d). Almost all of

the points are on the 1:1 line, and mostly on the upper

left, which means that the main ions in groundwater

have been affected by ion alternate adsorption,

expressions are as follows:

Ca2þ þ 2NaX ! CaX2 þ 2Naþ ð28Þ

Mg2þ þ 2NaX ! MgX2 þ 2Naþ ð29Þ

Ca2þ þ 2KX ! CaX2 þ 2Kþ ð30Þ

Mg2þ þ 2KX ! MgX2 þ 2Kþ ð31Þ

Trace metals are usually in low contents in

groundwater. In this study, only the Mn and Fe

concentrations among are higher than the standard,

which range within 0.07–0.62 mg/L and

0.08–6.51 mg/L, respectively.

Hydrochemical types of groundwater

The hydrochemical types of groundwater are con-

trolled by anions and cations, which are influenced by

land use/land cover (Aravinthasamy et al. 2019a; He

et al. 2019b; He and Wu 2019b). The hydrochemical

characteristics of groundwater were studied using the

Piper diagram (He and Li 2019), and the ions are

expressed in milliequivalents per liter (meq/L). The

groundwater recharge is abundant and the groundwa-

ter circulation is quick in the study area, which leads to

a single HCO3 hydrochemical type. According to

Fig. 6, the hydrochemical types in shallow ground-

water are mainly HCO3–Na�Ca and HCO3–Na�Mg�Ca

types, while those in deep groundwater are HCO3–

Na�Ca and HCO3–Na types. The deep and shallow

groundwaters have the similar hydrochemical charac-

teristics. However, the shallow water hydrochemical

types change to HCO3�SO4–Na near the groundwater

funnel where groundwater is heavily extracted in

Dongtaoyuan village of Mazhuang town (Fig. 4).

Figure 6 also shows that alkali earth metals and weak

acidic anions are predominant in the area over alkali

metals (Ca2? ? Mg2?[Na? ? K?) and strong

acidic anions (HCO3
-[Cl- ? SO4

2-), respectively.

Groundwater quality assessment for drinking

purpose

According to the national standards (Ministry of Health

of the P.R. China and Standardization Administration

of the P.R. China 2006), groundwater quality is divided

into the following five grades: excellent (grade I), good

(grade II), fair (grade III), poor (grade IV) and very poor

(grade V). All the groundwater samples were assessed

using the entropy matter-element extension analysis

method, and the results are shown in Table 3.

There are 11 (68.75%) of the 16 shallow water

samples belong to grade I which is suitable for various

uses, while 4 samples (25%) are classified into grade II

and 1 (6.25%) is sorted into grade III (Table 3). In

contrast, all 7 deep water samples are of excellent

water quality. In general, most of the groundwater is

suitable for drinking in the study area.

The spatial distribution of groundwater quality is

shown in Fig. 7. There are 5 water samples with non-

excellent water quality that are mainly distributed in

the east and southeast. The quality of these water

samples is mainly affected by Fe, Mn, TH, NH4
?,

Cr6? and NO2
-, while three grade II water samples are

affected by Fe and Mn that are distributed in and

Fig. 9 Wilcox diagram for evaluating the suitability of water

for irrigation
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around Niutuo town, which has iron, locomotive

accessories, fishing gear and other industries. There

are many industrial parks such as Gu’an High-tech

park, Daqinghe park and Airport industrial park in the

north of Gu’an. One grade II water sample is affected

by NH4
? and NO2

- in Dongtaoyuan village, Maz-

huang town, due to agricultural activities. The indus-

trial area near Nansong village has grade III water

quality due to the presence of Cr6?. The groundwater

in this area is from northwest to southeast, so the

groundwater pollution in the study area may be partly

from the upstream area.

In summary, the deep and shallow water quality in

the study area is generally good. However, the shallow

water in the east part is relatively poor. The main

influencing factors are Fe, Mn, Cr6? from industrial

pollution, and NH4
? and NO2

- from agricultural

pollution. According to the industrial plan of Gu’an

County from 2016 to 2030, Niutuo County is a hot

spring new town. Therefore, it will be a concentrated

area for residents. The deterioration of groundwater

quality may bring great harm to residents’ health.

Thus, strong management, effective treatment of

wastewater or zero discharge system are effective

ways of preventing the water quality from deteriora-

tion in this region. In addition, health risk may not be

ignored due to existence of some pollutants in

Fig. 10 Spatial zonation of non-carcinogenic risk, a risks to adults in shallow groundwater, b risks to children in shallow groundwater,

c risks to adults in deep groundwater, and d risks to children in deep groundwater
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groundwater, and it is mandatory to carry out the

health risk assessment study.

Groundwater quality assessment for irrigation

purpose

According to the industrial plan of Gu’an County from

2016 to 2030, the southern area of Gu’an is the modern

ecological agriculture sector. Groundwater is the main

source of irrigation. Therefore, it is necessary to

evaluate the quality of irrigation water with ground-

water in this area. The sodium adsorption ratio (SAR),

sodium percentage (%Na), residual sodium carbonate

(RSC) and magnesium hazard (MH), together with

USSL chart and Wilcox chart, were used to evaluate

the suitability of groundwater for irrigation (Li et al.

2018a, b; USSL 1954; Karunanidhi et al. 2013). SAR,

%Na and RSC are used to measure the alkali damage,

while MH is used to measure the magnesium damage.

Equations for each method are listed below, and ions

are expressed in meq/L.

Sodium adsorption ratio can measure the alkali

damage to crops and is widely used to determine the

suitability of groundwater for irrigation (Bouderbala

2017). If the SAR value is too high, soil alkalization

will be caused, which has a great impact on the

evaluation of the suitability of groundwater irrigation.

The calculation formula of SAR is as follows (Zhou

et al. 2020):

SAR ¼ Naþffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ca

2þ þ Mg2þ

2

q ð32Þ

The minimum, maximum and average SAR are

0.76, 4.74 and 2.12, respectively (Table 4). SAR for all

water samples are less than 18, indicating that water in

the study area is suitable for irrigation. A USSL

diagram was drawn based on the relationship between

EC and SAR (He and Li 2019, Fig. 8). Four water

samples fall in the C2S1 region, whereas 18 samples

fall in the C3S1 region, suggesting that deep ground-

water in the study area is suitable for irrigation. Only 1

water sample in the shallow groundwater is not

suitable for irrigation due to high EC value in the

C4S1 area, as it could cause salt damage (Alam 2014).

%Na was used to evaluate the suitability of

groundwater for irrigation. Large %Na in irrigation

water can reduce the permeability of soil, affecting

plant growth. %Na is calculated as follows:

% Na ¼ Naþ

Ca2þ þ Mg2þ þ Naþ þ Kþ � 100 ð33Þ

Fig. 11 Contribution of different contaminants to the non-

carcinogenic health risks

Table 4 Statistical summary of irrigation quality indices of groundwater samples

Indices Min Max Mean SD Permissible limit Unsuitable sample Suitable sample %

SAR 0.76 4.74 2.12 0.97 B 18 – 100.00

%Na 15.76 76.60 45.46 15.96 B 60 5 78.26

RSC - 2.21 4.04 1.19 1.26 B 2.5 1 95.65

MH 32.34 61.77 44.21 7.59 B 50 5 78.26
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According to %Na, 5 water samples (21.74%) are

not suitable for irrigation, including 1 in deep

groundwater. According to the Wilcox diagram

(Fig. 9), 21 samples (91.30%) including 7 deep water

sample points are located in excellent to the permis-

sible area. Two shallow groundwater samples (8.70%)

located in the southeast are not suitable for irrigation

because of the high EC.

RSC (residual sodium carbonate) indicates the

degree of alkali damage and is calculated as follows:

RSC ¼ CO2�
3 þ HCO�

3

� 	
� Ca2þ þ Mg2þ� 	

ð34Þ

According to Table 4, the minimum, maximum and

average RSC for the 23 groundwater samples are -

2.21, 4.04 and 1.19, respectively, with only one

shallow groundwater sample (4.35%) exceeding 2.5,

indicating unsuitability for irrigation. Long-term use

of water with high RSC for irrigation can affect

vegetation growth (Vasanthavigar et al. 2012; Zaidi

et al. 2015).

Increase in Mg2? relative to Ca2? content leads to

an increase in aggregates in soil, resulting in the

dispersion of clay particles and damage to soil

structure due to water conductivity reduction. Mag-

nesium hazard (MH) is used to characterize this factor

as follows:

MH ¼ Mg2þ

Ca2þ þ Mg2þ � 100 ð35Þ

The minimum and maximum of MH in 23 water

samples are 32.34 and 61.77, respectively. Among

them, 18 water samples (78.26%), including 7 deep

groundwater water samples, can be used for irrigation.

In general, the quality of deep groundwater is better

than the shallow groundwater for irrigation. Although

the shallow groundwater is generally suitable for

irrigation according to SAR, some of them may not be

suitable for irrigation according to the results of %Na,

RSC, MH, USSL chart and Wilcox chart. Shallow

groundwater in the study area may produce salinity

damage locally, and, therefore, adequate protection

measures should be undertaken. The high Na? content

in groundwater is the key factor that causes the

irrigation water to fail to meet the standards. Com-

bined with the above analysis of the water chemical

composition, Na? is mainly affected by ion exchange,

which causes its content to increase, which shows that

the aqueous medium in the study area has been

contaminated with Na? to a certain extent, and the

specific source of sodium contamination needs to be

further determined in conjunction with the soil pollu-

tion survey results in the area, and reasonable

measures should be taken accordingly.

Health risk assessment

Non-carcinogenic risks for adults through ingestion of

drinking water and skin exposure are shown in Table 5.

Regarding shallow groundwater (W1-W16), HItotal

ranges from 0.270 to 1.232, with an average of 0.691

Table 5 Non-carcinogenic risk through drinking water intake

and dermal contact

Sample Non-carcinogenic risk

HQoral HQdermal HItotal

Adult Child Adult Child Adult Child

W1 0.470 1.023 0.069 0.071 0.539 1.093

W2 0.454 0.988 0.068 0.070 0.522 1.058

W3 0.452 0.984 0.285 0.292 0.737 1.276

W4 0.399 0.870 0.170 0.174 0.569 1.044

W5 0.753 1.640 0.079 0.081 0.833 1.722

W6 1.055 2.298 0.091 0.093 1.146 2.391

W7 1.138 2.479 0.094 0.096 1.232 2.575

W8 0.835 1.818 0.082 0.085 0.917 1.903

W9 0.646 1.407 0.076 0.077 0.721 1.484

W10 0.210 0.458 0.059 0.061 0.270 0.519

W11 0.580 1.262 0.073 0.075 0.653 1.337

W12 0.494 1.075 0.266 0.272 0.759 1.348

W13 0.353 0.769 0.209 0.214 0.562 0.983

W14 0.351 0.765 0.168 0.172 0.519 0.937

W15 0.580 1.264 0.372 0.382 0.953 1.645

W16 0.500 1.089 0.287 0.294 0.787 1.383

W17 0.412 0.897 0.253 0.259 0.665 1.156

W18 0.275 0.599 0.113 0.116 0.388 0.715

W19 0.290 0.631 0.155 0.159 0.445 0.790

W20 0.375 0.816 0.210 0.215 0.585 1.031

W21 0.332 0.723 0.115 0.118 0.447 0.841

W22 0.502 1.094 0.307 0.315 0.810 1.409

W23 0.534 1.162 0.309 0.316 0.842 1.478

Min 0.210 0.458 0.059 0.061 0.270 0.519

Max 1.138 2.479 0.372 0.382 1.232 2.575

Mean 0.521 1.135 0.170 0.174 0.691 1.309
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for adults, and about 12.5% study sites show higher

HItotal values than the acceptable limit (HItotal[ 1).

About 87% of the study sites are showing the

unacceptable non-carcinogenic risk of health hazards

(HItotal[ 1) for children. Furthermore, regarding deep

groundwater (W17–W23), it poses significantly lower

non-carcinogenic risks than the shallow groundwater.

HItotal varies within 0.39–0.84 for adults and

0.72–1.48 for children, which indicates no risks to

adults. The spatial distribution of the non-carcinogenic

risk to adults and children indicates significant health

risk of shallow groundwater in northeast part of the

study area (Fig. 10a, b). However, the high-risk for

both adults and children are also associated with poor

deep groundwater quality in the southeast part

(Fig. 10c, d). What is more, F-, Fe and As are the

key factors of the health risk for adult in shallow

groundwater (He et al. 2020b), and Cr6? contributes

greater to the health risk in the deep groundwater for

adults (Fig. 11a). It also found that the high health risk

to children could be attributed to the exceptionally

high levels of F-, and Fe and As in shallow

groundwater, and As in deep groundwater (Fig. 11b).

These factors have been proved by many scholars to be

the main cause of health risks in various regions

(Karunanidhi et al. 2019b; Kaur et al. 2019;

Fig. 12 Spatial zonation of carcinogenic risk, a risks to adults in shallow groundwater, b risks to children in shallow groundwater,

c risks to adults in deep groundwater, and d risks to children in deep groundwater
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Aravinthasamy et al. 2019a, b). Therefore, certain

measures, such as controlling pollution and lowering

F-, Fe, As and Cr6? levels in the groundwater, must be

employed to reduce the non-carcinogenic health risk

(Li et al. 2016). Furthermore, greater attention should

be paid to the source of Fe in the groundwater of W8,

and W11. According to our field survey, it may be

caused by some industrial pollution.

Carcinogenic risk assessment was evaluated by

taking into account of the carcinogenic effects Cr6?

and As. As shown in Table 6, CRtotal ranges between

1.66 9 10-4 and 9.71 9 10-4, with an average of

4.48 9 10-4 for adults, whereas CRtotal is between

2.69 9 10-4 and 1.49 9 10-3, with a mean of

7.05 9 10-4 for children. Both ranges are above the

standard level (1 9 10-6) recommended by the Min-

istry of Environmental Protection of P.R. China

(2014), which indicates that the high potential car-

cinogenic risk from groundwater to both adults and

children. Similarly, the studies conducted in adjacent

regions by Zhao (2010) also reported the significant

risk from heavy metals in groundwater. The risk

distributions in shallow and deep groundwater for both

adults and children were demonstrated in Fig. 12. The

results show that samples with higher health threat to

both adults and children in shallow groundwater are

distributed in the southeast part of the study area

(Fig. 12a, b), and in deep groundwater are mainly

distributed in the southern and eastern sides of the

study area (Fig. 12c, d), while being lower in other

regions. With the groundwater flowing from northwest

to southeast, the health risk increased gradually

(Fig. 12), which demonstrated the strong relationship

and relatively consistent trend between the health risk

and the spatial distribution of the groundwater flow.

Moreover, children are more susceptible to the effect

of Cr6? and As compared with adults, and the

carcinogenic risks are significantly lower in deep

groundwater compared with shallow groundwater

(Fig. 13a, b). Obviously, Cr6? plays a dominant role

for the carcinogenic risk in both shallow and deep

groundwater (Fig. 13). According to our survey, most

Cr6? in the groundwater may come from the electro-

plating factories and other factories nearby. Therefore,

measures to strengthen the management of effluents

discharge and improve the capacity of sewage treat-

ment must be carried out in this area.

From the discussion above, it is clear that although

the water quality is generally good for irrigation and

drinking, human health risk, especially the carcino-

genic risk, remains. In addition, the risk assessment

has some sources of uncertainty, generally from

parameter uncertain. The statistical averages were

adopted for IR, ED, BW and AT, and therefore the

results represent the average risk values for adults and

children. The true risk to individuals may vary.

Moreover, other toxic contaminants that could cause

risks to human, such as pesticide (Mittal et al. 2014),

were not included in this paper. All of these may

increase the uncertainty of the assessment. However,

the results are still meaningful for the decision makers

to make their decisions to protect the groundwater

quality.

Conclusions

In this study, 23 groundwater samples were collected

and analyzed for 20 physicochemical parameters. The

matter-element extension analysis model based on

entropy weight was used to comprehensively evaluate

the groundwater quality, while the health risk was

assessed according to the age of the population and

Fig. 13 Contribution of different contaminants to the carcino-

genic health risks
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exposure pathways. The major findings of this study

are:

The groundwater in the study area is weakly

alkaline. The abundance of ions is Na?[Ca2?-

[Mg2? for cations and HCO3
-[ SO4

2-[Cl- for

anions. In general, the water quality in the study area is

generally good and can be used for drinking. Fe ions

(Fe2? and Fe3?), NO2
-–N, Cr6? and TDS are

contributed by industrial production, agricultural

production and natural processes.

Although SAR indicates all the shallow groundwa-

ter samples are suitable for irrigation, some shallow

groundwater samples may not be suitable for irrigation

due to salinity hazard. However, the deep groundwater

quality is generally better than the shallow ground-

water quality in the study area.

For adults, only 12.5% of the 16 shallow ground-

water samples are above the acceptable potential non-

carcinogenic risk level, while 87% of the samples

exceed the allowable level for children in shallow

groundwater. The non-carcinogenic risk is mainly

posed by F-, Fe and As. Regarding deep groundwater,

no non-carcinogenic risk is observed for adults, but

Cr6? contributes to non-negligible non-carcinogenic

risk for children. The CRtotal values for both adults and

children are higher than the recommended limit values

(\ 10-6) in shallow and deep groundwater, which

indicates that potential carcinogenic risks are non-

negligible. Therefore, adequate measures should be

implemented to reduce the concentration of toxic

parameters that cause health risk in groundwater.

Table 6 Carcinogenic risk

through drinking water

intake and dermal contact

Sample Carcinogenic risk

CRoral CRdermal CRtotal

Adult Child Adult Child Adult Child

W1 8.57E- 05 1.87E-04 8.05E-05 8.26E-05 1.66E-04 2.69E-04

W2 8.57E-05 1.87E-04 8.05E-05 8.26E-05 1.66E-04 2.69E-04

W3 3.11E-04 6.77E-04 4.14E-04 4.24E-04 7.25E-04 1.10E-03

W4 1.93E-04 4.20E-04 2.39E-04 2.45E-04 4.32E-04 6.65E-04

W5 1.18E-04 2.57E-04 8.17E-05 8.38E-05 2.00E-04 3.40E-04

W6 1.18E-04 2.57E-04 8.17E-05 8.38E-05 2.00E-04 3.40E-04

W7 3.43E-04 7.47E-04 9.01E-05 9.23E-05 4.33E-04 8.39E-04

W8 1.18E-04 2.57E-04 8.17E-05 8.38E-05 2.00E-04 3.40E-04

W9 1.18E-04 2.57E-04 8.17E-05 8.38E-05 2.00E-04 3.40E-04

W10 8.57E-05 1.87E-04 8.05E-05 8.26E-05 1.66E-04 2.69E-04

W11 8.57E-05 1.87E-04 8.05E-05 8.26E-05 1.66E-04 2.69E-04

W12 3.21E-04 7.00E-04 3.83E-04 3.93E-04 7.05E-04 1.09E-03

W13 2.36E-04 5.13E-04 3.03E-04 3.10E-04 5.38E-04 8.24E-04

W14 1.93E-04 4.20E-04 2.39E-04 2.45E-04 4.32E-04 6.65E-04

W15 4.29E-04 9.33E-04 5.42E-04 5.56E-04 9.71E-04 1.49E-03

W16 3.43E-04 7.47E-04 4.15E-04 4.25E-04 7.58E-04 1.17E-03

W17 2.79E-04 6.07E-04 3.66E-04 3.75E-04 6.45E-04 9.82E-04

W18 1.39E-04 3.03E-04 1.60E-04 1.64E-04 2.99E-04 4.67E-04

W19 1.82E-04 3.97E-04 2.23E-04 2.29E-04 4.06E-04 6.26E-04

W20 2.36E-04 5.13E-04 3.03E-04 3.10E-04 5.38E-04 8.24E-04

W21 1.71E-04 3.73E-04 1.61E-04 1.65E-04 3.33E-04 5.38E-04

W22 3.64E-04 7.93E-04 4.47E-04 4.58E-04 8.11E-04 1.25E-03

W23 3.64E-04 7.93E-04 4.47E-04 4.58E-04 8.11E-04 1.25E-03

Min 8.57E-05 1.87E-04 8.05E-05 8.26E-05 1.66E-04 2.69E-04

Max 4.29E-04 9.33E-04 5.42E-04 5.56E-04 9.71E-04 1.49E-03

Mean 2.14E-04 4.66E-04 2.34E-04 2.40E-04 4.48E-04 7.05E-04
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