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Abstract

The intensification of economic development, population growth, and energy consumption have led to the pollution of the
groundwater in Gaobeidian City. This may exert great influence on human health. In the study, the chemical characteris-
tics of the groundwater have been analyzed by Piper diagram and the possible health risks posed to the human health in
Gaobeidian City has been evaluated using the model recommended by the Ministry of Environmental Protection of China.
Furthermore, metal-species-weighted human health risk assessment is adopted for Cr®", which is the major contributor to
the carcinogenic health risk. The results show that groundwater is weakly alkaline, and the hydrochemical types is mainly
Ca-HCO;. Non-carcinogenic pollutants mainly include arsenic (As), F~, and Fe. Carcinogenic pollutants mainly include
Cr" and As. The carcinogenic risks of Cr®* and As in the groundwater of all sampling sites greatly exceed their maximum
acceptable limits, and contribution rate of Cr®* is higher than that of As. The most important chemical species of Cr®* is
Cr0,*", followed by CaCrO,(aq) and HCrO,~. The carcinogenic risk of above species is greater than the allowable limit.
Among them, CrO,~ exhibits the highest carcinogenic risk, and the maximum carcinogenic risk through ingestion to children
and adults is 1.27E—03 and 5.98E—04, respectively. The economy in this area has developed rapidly because of its superior
geographical location, but the groundwater pollution may have a great impact on the health of local residents, which must
be paid attention to by local decision makers.
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Introduction
59 Zhuo Liu Groundwater resources are indispensable for domestic drink-
12848197 @qq.com ing, irrigation, and industrial activities worldwide, especially

for arid and semiarid regions (Li et al. 2014a, b; Hu et al.
2015; Su et al. 2020; Zhai et al. 2017; Wang et al. 2020a).
Numerous problems related to groundwater, such as water
shortage, inadequate supply, deterioration of water qual-
ity and severe water pollution have caused human health
problems and threatened human life (Adimalla et al. 2019;
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He et al. 2020a). For example, heavy metal pollution and
nitrate pollution will increase the incidence rate of human
body (such as gastric cancer, esophageal cancer and skin
disease, etc. (Adimalla et al. 2019; Adimalla and Qian 2019;
He et al. 2020a). At the same time, they have also affected
the sustainable development of the ecology, environment
and the entire society (Li et al. 2018a, b). In particular, due
to the toxicity, persistence, and bioaccumulation of some
contaminants such as arsenic (As), chromium (Cr), man-
ganese (Mn), fluoride, nitrate or aniline (Li et al. 2019a, b;
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Wu et al. 2019, 2020; Zhou et al. 2020b; Wang et al. 2020b),
the health risks caused by such groundwater pollution has
been paid significant attention worldwide (Cai et al. 2015;
Chanpiwat et al. 2014; Chen et al. 2016; Olujimi et al. 2015;
Yang et al. 2015; Adimalla and Qian 2019; Adimalla and Li
2019). Groundwater was the only source of domestic water
in the study area. After the South-to-North Water Trans-
fer Project (in 2016), some urban residents obtained water
from the South-to-North Water Transfer Project. However,
residents in suburbs, rural areas, and other areas still rely on
groundwater for domestic water sources. If the groundwater
is polluted, it significantly harms the human health.

Gaobeidian City has a superior geographical position in
the economic circle around the Capital of Beijing, Munici-
pality of Tianjin, and Province of Hebei, and is an important
industrial city. A variety of metallurgy, machinery, automo-
bile manufacturing, and other large manufacturing industries
have developed rapidly in the study area. Moreover, there are
350 luggage and bag enterprises, more than 10,000 individ-
ual processing enterprises and over 4000 employees in this
area. Gaobeidian is considered as the largest production and
marketing base of luggage and bags. Furthermore, the rapid
growth of urban population has intensified the exploitation
of underground water in recent years. The rapid population
growth and fast economic development not only increase
fresh water demand but also bring problems associated with
water pollution. The industrial and domestic wastewater in
the area may induce a variety of pollutants, such as Cr, As,
F~, Cd, Cu, and Fe, which may cause certain harm to the
human health. Among them, heavy metal pollution is con-
cerned by scholars. Heavy metals are rich and difficult to
degrade in the environment (Li et al. 2015; He and Li 2020).
Metals can interact strongly with proteins, making them
inactive. If the human body comes in contact with heavy
metals present in groundwater beyond the limit that human
body can tolerate, it causes human poisoning, threatens the
health of people in the area, and even causes great harm to
human body (Li and Wu 2019a, b). For example, Cr®" is an
extremely inhalable poison. For humans, skin contact may
induce allergic symptoms and might cause genetic defects
in severe cases. Inhalation may increase the risk of cancer
(Ghosh et al. 2012; Zhang et al. 2017). As for the environ-
ment, there might be a long-term latent danger. Therefore,
exposure to high Cr®* poses adverse effects on human health,
causing a great public health and environmental concern on
underground water safety.

Total concentrations of heavy metal contaminants in
groundwater are often used for human health risk assess-
ments. In recent years, some studies have found that total
concentrations are not sufficient to assess the potential
impacts of contaminated sites (Reis et al. 2014; Mashal et al.
2015; Yang et al 2015; Gu et al. 2016). The toxicity, mobil-
ity, and bioavailability of metals in the environment depend
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to a large extent on the metal species and their state of metal
binding (Song and Ma 2017; Kelly et al. 2002; Ruby et al.
1996). Moreover, the human digestive system cannot fully
absorb the pollutants present in the conjugate (Yang et al.
2015). Many researchers reported that the chemical species
and bioavailability of heavy metals in the soil has become an
important method for assessing the risks due to heavy metals
in the soil (Liu et al. 2017; Lei et al. 2007; Guo et al. 2013;
Dai et al. 2018). Therefore, this study evaluated the health
risk due to contaminants in groundwater in the study area,
and deeply analyzed the sources and distribution character-
istics of pollution factors that bring great harm. In particular,
the chemical species of the main pollutants were analyzed
in order to provide scientific basis for groundwater pollution
control.

The main objectives of this study are as follows: (1) to
analyze the ions present in groundwater through water chem-
istry, and understand the current groundwater chemical char-
acteristics of Gaobeidian City; (2) to assess the pollutants
in groundwater through intake and skin contact according
to the groundwater pollution health risk assessment study.
Study of risks related to exposure to carcinogenic and non-
carcinogenic materials, providing importance of chemical
speciation assessment for the development of management
or treatment and remediation programs for risks due to con-
taminated groundwater.

Study Area
Location and Climate

Gaobeidian City is located in the central part of Hebei Prov-
ince, southwest of Beijing, China. The geographical coor-
dinates of the city are: 115°47'-116°12' E, 39°5'-39°23" N.
Gaobeidian is under the jurisdiction of Baoding City, with
a total area of 672 square kilometers. The location of the
study area is shown in Fig. 1. Gaobeidian City is a region
with temperate continental monsoon climate with an average
annual temperature of 12.4 °C, an average precipitation of
600 mm, and a frost-free period of 183 days. It is cold and
dry in winter, dry and windy in spring, and hot and rainy in
summer. Every year from June to August is the flood season
for Gaobeidian City. The annual precipitation in summer is
332.0 mm, accounting for about 67% of the entire year. The
average annual evaporation is 1315.9 mm (Shi 2016). The
study area is located in river alluvial plain area to the east
of the Taihang Mountains. The terrain gradually decreases
from northwest to southeast. The terrain is flat, and the ele-
vation is about 10-30 m, with a surface slope less than 1%.
The upper part of the alluvial plain of the river consists of
inclined land, alluvial lowland and highland, river floodplain
(Fig. 1).
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Fig.1 Study area location and groundwater sampling sites

Hydrogeology

The study area belongs to the Daqing River system of the
Haihe River Basin. Daqing River water system originates
from the Taihang Mountains, with many tributaries and
short-flowing sources. It is mainly divided into two tribu-
taries corresponding to the northward and the southward
flowing systems. The main tributary flowing through Gao-
beidian City is the Baigou River, which is the main flood
channel of Daqing River, and located in the middle reaches
of Daqging River. Baigou River has water all year round.
The river channel is a compound river channel and main
channel is about 200 m wide, and river bottom slope is
1/4000. The annual runoff distribution of Baigou River is
basically consistent with precipitation, and runoff mainly
changes with the amount of precipitation.

The study area is located in the Daqing River basin and
its aquifer can be divided into four layers according to the
lithology and occurrence conditions. As shown in Fig. 2,
the first and second aquifers are shallow groundwater, and
they are closely related to each other; the third and fourth
aquifers are deep groundwater. The lithology of the first
and second aquifer is mainly fine sand and medium fine
sand, with 20—-40 m in thickness. The bottom boundary is
about 150 m deep with 6—8 m in buried depth. The lithol-
ogy of the third aquifer is medium sand and fine sand,
60-80 m in thickness. The bottom boundary is 300-350 m
deep, and the buried depth is 8—10 m. The bottom bound-
ary of the fourth aquifer is 500-600 m deep, the lithology
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is medium fine sand and fine sand, and the water-richness
is poor.

The water sources in the study area are all from ground-
water sources, mainly used for farmland irrigation, residen-
tial life, urban public water, and industrial water. Water con-
sumption for farmland irrigation is the largest, accounting
for 4/5.

Materials and Methods
Sample and Sample Description

In this study, a total of 18 shallow water samples (80-120 m
below the ground surface) and 8 deep groundwater sam-
ples (150-350 m below the ground surface) were obtained.
The sampling sites are shown in Fig. 1. The water samples
were mainly taken from monitoring wells and pumped
wells during the 2019 monsoon season (July—September).
Water samples were taken, sealed, and transported in strict
accordance with the national technical regulations (Ministry
of Environmental Protection of P.R. China, 2004). Detailed
test methods, instrument specifications and detection limits
of each indicator are shown in Table 1. The pH and electrical
conductivity (EC) of the groundwater samples were meas-
ured at the site, while other indicators were measured in the
laboratory. Before collection, all the sampling containers are
required to be rinsed and washed according to the standard.
Samples for dissolved oxygen need to be sampled with a
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Table 1 Analytical methods, instrument, and detection limits of physiochemical parameters

Project Method Instrument Model Detection limit
pH Glass-electrode method pH meter PHSJ-4A 0.1

EC - Water analyzer Orion VM-01 1 puS cm™ (25 °C)
DO Todometry - - 0.2mgL™!
Ca®* Inductively coupled plasmaatomic emission spectrometry ICAP-OES ICAP-6300 0.01 mg L™
Mg** Inductively coupled plasmaatomic emission spectrometry ICAP-OES ICAP-6300 0.002 mg L~!
K* Inductively coupled plasmaatomic emission spectrometry ICAP-OES ICAP-6300 0.5mgL™!
Na* Inductively coupled plasmaatomic emission spectrometry ICAP-OES ICAP-6300 0.2mgL™!
Fe Inductively coupled plasmaatomic emission spectrometry ICAP-OES ICAP-6300 0.03 mg L™
Mn** Inductively coupled plasmaatomic emission spectrometry ICAP-OES ICAP-6300 0.001 mg L!
Pb Inductively coupled plasmaatomic emission spectrometry ICAP-OES ICAP-6300 0.05 mg L™
Cd Inductively coupled plasmaatomic emission spectrometry ICAP-OES ICAP-6300 0.006 mg L™!
As Atomic fluorescence spectrometry AFS-920 AFS-920 0.5pgL™!
Cr* Diphenylcarbazide Spectrophotometer - 0.004 mg L!
HCO4™ Titration - - -

TDS Gravimetric method - - 4mgL™!
Nl Ion chromatography Ion chromatograph ICS-90A881 0.1 mgL™!
ClI~ Ion chromatography Ion chromatograph 881 0.04 mg L™!
NO;™-N Ion chromatography Ion chromatograph 881 0.04 mg L™!
NO,™-N Ion chromatography Ion chromatograph 881 0.05mgL™!
NH,*-N Micro-Kjeldahl Method Kjeltec System K1100F

F Ton chromatography Ion chromatograph 881 0.02 mg L™

special dissolved oxygen bottle, and the others were sampled
with polyethylene bottles. Samples for K*, Na*, Fe, Mn*",
Pb, and Cd all need to add HNO; (10 mL in 1 L of water),
for As and NH**-N need to add H,SO, to make pH less than
2, and for Cr®* needs to be added with NaOH to make pH
between 8 and 9. After collection, all samples were labeled
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and transported immediately to the laboratory and analyzed
in the laboratory of the Hebei GEO University, using stand-
ard methods recommended by technical specifications for
environmental monitoring of groundwater (Ministry of
Environmental Protection of P.R. China 2004). Precision
and accuracy of the data have been examined by calculating
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the charge balance errors (within + 5%) and the recovery
ratio (within + 10%) (Li et al. 2016b). The charge balance
error percentage (%CBE) was calculated to determine the
accuracy of each sample as per Eq. (1), and the results are
shown in Fig. 3.

Y cation — Y anion

% CBE =
’ > cation + ). anion

x 100. (1)

Health Risk Assessment

Various industries such as metallurgy, automobile manufac-
turing, leather and luggage manufacturing, and electroplat-
ing industry are present in Gaobeidian city. In recent years,
the agricultural scale of Gaobeidian City has been increasing
year by year, the demand for agricultural water has increased
sharply, and the use of pesticides and fertilizers has changed
the distribution of groundwater ions. Presence of F~, NO,™,
Mn, Fe, Pb, Cr®*, Cd, NH,*, and As in groundwater was
evaluated by using the model recommended by the Min-
istry of Environmental Protection of China for non-carci-
nogenic and carcinogenic health risks. Both children and
adults may get exposed to the contaminated site for a long
time. Owing to different factors such as body weight and
daily water intake, the exposed population was divided into
three groups: children, female adults, and male adults. The
lifetime cancer risks of contaminants were assessed based
on exposure during children and adults. Notably, the non-
carcinogenic hazard effects of contaminants were generally
assessed based on children exposure.

Health risks due to contaminants in groundwater were
calculated and the risks of oral ingestion and skin exposure
to groundwater were assessed. The models recommended
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Fig. 3 %CBE of groundwater samples in the study area

by the Ministry of Environmental Protection of Environ-
mental Protection of the P.R. China are based on United
Stated Environmental Protection Agency (USEPA) mod-
els. However, the Chinese models assign unique param-
eters to reflect specific conditions in China (Wu and Sun
2016).

The average daily dose for oral and skin contact is as fol-
lows (Ji et al. 2020; Li et al. 2017):

Intake,, = C x IR X EF x ED’ @)
BW x AT
DA X EV x SA X EF X ED
Intak =
MAKE jo a1 BW X AT > (3)
DA = KX C xtxCF, 4)
SA =239 x H*"'7 x BW*"7, )

where intake ., is the average daily dose of oral intake route,
(mg (kg d)™!) and C is the concentration of pollutants in
groundwater (mg L™"), which depends on laboratory analy-
sis. DA and SA are defined as the exposure dose (mg cm™2)
and skin contact area (cm?) of each event, respectively. The
values of three types of sensitive groups through the intake
route and skin contact parameters are listed in Table 2.
Non-carcinogenic risk of oral intake:

Intake,,,
RfD oral

HQ,,, and RfD_,, are non-carcinogenic hazard quotients
and reference doses through oral intake route. In this study,
RfD value of F~, NO,~, Mn, Fe, Pb, Cr%*, Cd, ammonia
nitrogen (in terms of N), and As were found to be 0.04, 0.1,
0.14, 0.3, 0.0014, 0.0003, 0.003, 0.97, and 0.0003 mg (kg
d)~!, respectively (Ministry of Environmental Protection of
the P.R. China 2014).

The non-cancer risk is expressed by skin contact with
groundwater as follows:

HQoml = (6)

HQ _ Intakedermal
dermal — R fDdermal ’ (7)
RfD = RfD X BAS,;, (8)

where HQ o a1 and RfD ... represent the risk quotient
and reference dose (mg (kg ™Y of non-carcinogenic risk
through skin contact pathway, respectively. RfDyq .. 18
derived from RfD_,,, which is a gastrointestinal absorption
factor, except for Cr®* having an ABS,; value of 0.025 and
an ABS,; value of 1.

Non-carcinogenic risk of oral intake and skin contact
absorption is calculated as the total risk (Eqs. 9 and 10)
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Table 2 Health risk calculation parameters

Reference Unit Children Female Male Comment

IR Water infestation rate Ld! 1.0 2.2 2.2

EF Exposure frequency da’! 365 365 365

ED (non-carcinogenic) Exposure duration a 10 30 30

ED (carcinogenic) Exposure duration a 70 70 70

BW Average body weight kg 15 70 60

AT (non-carcinogenic)  Average time (life time) d 5475 10,950 10,950

AT (carcinogenic) Average time (life time) d 5475 10,950 10,950

EV Daily exposure frequency of dermal contact 1 1 1 Ministry of environmental
Protection of the P.R. China
2014

K Coefficient of skin Permeability cmh™'  0.001 0.001 0.001

t Contact duration hd™ 04 0.4 0.4

CF Conversion factor 0.001

H Average resident height cm 100 170 156

were set to 1.5 and 0.5 (mg (kg d)™1), respectively (Ministry

HIi = HQora[+HQderma[’ (9)
HI,,, = ) HL, (10)
i=1

where HI is a risk index. The HI refers to the sum of more
than one HQ for multiple substances and two exposure path-
ways. HQ and HI values less than 1 are considered safe for
human health. In contrast, when these values exceed 1, resi-
dents may face non-carcinogenic risks (Ministry of Environ-
mental Protection of the P.R. China 2014).

Carcinogenic effects on human health risks were meas-
ured by carcinogenic factors. The risk of carcinogenesis in
the periphery of residents has a certain negative impact on
the health of residents, which may cause common human
tumors such as lung cancer and digestive tract cancer. The
main carcinogenic factors found in the study area were Cr®*
and As. The carcinogenic risk of As and Cr®" through drink-
ing water intake and skin contact is calculated as follows:

CRoml = Intakeoral X SFoml’ (1 1)
CRdermal = Intakedermal X SFdermal’ (12)
SF
SF — oral ,
dermal ABSgi (1 3)
CRtoml = CRt)ml + CRdermal’ (14‘)

where CR indicates the risk of cancer. According to the
regulations of the Ministry of Environmental Protection of
China, the acceptable limit is 107°. SF is the slope factor of
carcinogenic pollutants. The SF,, values of As and Cr®*
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of Environmental Protection of the P.R. China 2014).

Metal-Species-Weighted Human Health Risk
Assessment

Quantitative and qualitative assessment of human health
risks caused by metals in groundwater was carried out
using metal-species-weighted human health risk assessment
(MSRA) (Zhang et al. 2017). MSRA was proposed to quan-
tify and distinguish the contribution of metal species risk on
human in site-specific groundwater. It could also compare
risk effects of exposure concentrations for metal species
with the level of total metal concentration (Ogunbanjo et al.
2016). Visual MINTEQ, a geochemical software code for
speciation of metals, was used to understand the concentra-
tion and activity of metals species. The concentration and
activity of each metal species were simulated by using the
Visual MINTEQ tool. Chemical equilibrium model is an
important tool to analyze metal morphology of groundwater.
This model can simulate the effect of many factors on metal
morphology in groundwater environment (Tipping 1994;
Mosley et al. 2015; Stefansson et al. 2015). Health risks of
Cr® morphologies in groundwater were assessed by modify-
ing the average daily dose from exposure pathways.

Visual MINTEQ3.1 system was used to obtain the con-
centration and activity of metal species of 26 groundwa-
ter samples in the study area. Inputs to Visual MINTEQ
included measured groundwater pH, temperature (25 °C),
and cations of Na*, K, Ca’*, Mg?*, and measured con-
centrations of target metals (mg L™'). Anions such as CI-,
HCO;~, CO4*~, and SO,*" and alkalinity need to be added
to the model.
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Exposure Assessment

The average daily dose was used for calculating the risk of
human exposure. The main ways of human exposure are
oral intake, skin contact, and exposure to the air environ-
ment (Ministry of Environmental Protection of the P.R.
China 2014). For the region where metal is mainly present
in groundwater, the source of exposure is mainly skin con-
tact and oral intake. There is a protective layer on the surface
of the skin, which has a small amount of water and a small
conversion of inhalation. The risk of skin contact health
is much less than the amount of oral intake (Nguyen et al.
2009) and the oral intake is calculated as follows (Li et al.
2016a; Zhang et al. 2018; He and Wu 2019; He et al. 2019):

M;; X IR X EF X ED

Intake, . = , 15
Gy BW x AT (15)
M}, ; X IR X EF X ED
Intake! . = , (16)
W BW X AT
CM; x IR X EF x ED
Intake; = 17)

BW x AT ’

where intake, ; is the modified average daily dose from inges-
tion of the j speciation in i heavy metal (mg kg~! d™}), and
intake\i,j is the average daily dose from ingestion of the j
speciation in heavy metal (mg kg~' d™!), CM,; is the concen-
tration of i heavy metal (mg L™").

Organism intake degree of metal determines human
health risk. The intake dose of heavy metals was inconsist-
ent with the amount of pollutants actually absorbed, which
could affect human health (Cai et al. 2015). A certain cor-
relation exists between the total concentration of pollutants
in groundwater and the extent to which these pollutants are
absorbed by the body. Therefore, it is necessary to rectify
the intake of substances by human. The average daily dose
of orally ingested metal was modified to more accurately
assess health risks and concentration correction based on
metal weight.

M;; = 1000 X C;; X M; X nj, (18)

M;; = z (1000 % C;; X M; X n;;) X w; . (19)
J

C[Jxrw-

A
ij
W= r= ; E wi; =11, (20)
Y (szz'xri,/)( XA ! )

where M'; ; is the concentration of j speciation (mg L7h,
C;; is the concentration of j speciation in i heavy metal in
groundwater (mol L™!), and A, ;is the activity of j speciation

in i heavy metal. M, is the relative atomic mass of the metal
(g mol™1), n;; is the number of target metal from the j specia-
tion in / heavy metal, w;; is the weight value of the j specia-
tion in i heavy metal, M; j is the modified concentration of
j speciation in i heavy metal in groundwater (mg L), and
r;; is the weight assignment of the j speciation in i heavy
metal. When the target metal is Cr®*, i takes a value of 1, and
j represents a different species morphology of Cr*, j=1,
2, ..., 0.
Risk characterization

CR;; = SF; X Intake,; 21
CRi = ), CR; (22)
CR!, = SF; x Intake] (23)
CRiow = 2, CRyj: 24)
CR; = SF, X Intake; (25)

where CR; ; represents the modified cancer risk of the j spe-
cies in i heavy metal, CR’; ; is the cancer risk of j speciation
in i heavy metal, CR;,,, is the total modified cancer risk of i
heavy metal, CR';,; is the total cancer risk of i heavy metal,
and CR is the cancer risk of i heavy metal.
Non-carcinogenic calculations (He et al. 2020b):

) Intake;J
HO = —— 26
0 RD, (26)
HI = Z HO,, 27)
H Intake,; ;
QiJ = R—fDi’ (28)
HI, = ) HQy. (29)
_ Intake;
= RD (30)

1

where RfD,; is reference dose of i heavy metal, and the value
for Cr°* is 0.003 (mg kg™' d™'). HQ,; is modified hazard
quotient of the j speciation in i heavy metal, HI the total
modified non-cancer risk of i heavy metal, HQ'; j is revised
hazard quotient of the j speciation in heavy metal, HI'; is the
total revised non-cancer risk of i heavy metal, and HQ; is
hazard quotient of i heavy metal.
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Results and Discussion
Hydrochemical Parameters

The range of pH of shallow groundwater is from 7.64 to
7.99, with an average value of 7.77, thus shallow ground-
water is weakly alkaline in Gaobeidian City. The salin-
ity ranges from 373.546 to 1427.84 mg L™, with a mean
value of 702.806 mg L~!, which is low salinity water.
According to TDS the types of shallow groundwater are
divided into fresh water and brackish water, of which fresh
water and brackish water account for 6.25 and 93.75%,
respectively. The total hardness of shallow ground-
water varies from 160.0 to 749.8 mg L~! with a mean
value of 321.8 mg L™!. The contents of Ca and Mg ions
in three samples are extremely high, and the total hard-
ness exceeds 450 mg L™!. According to the standard for
groundwater quality (Ministry of Health of the P.R. China
20006), the concentration of NO,™ in 2 samples (0.074 and
0.065 mg L™') exceeds the standard, the concentration of
F~ in 3 samples exceeds the standard (level III), and the
concentration of Fe in 9 samples (0.347-10.68 mg L)
exceed drinking water standard. Components of the shal-
low groundwater mainly include HCO, ™, Na™, Ca®*, Mg?™,
followed by SO,*~ and CI™. The main anion is HCO5™, the
range of variation is 247.7-1024.1 mg L™!, and the main
cations are Ca®* and Mg?* followed by Na*.

The range of pH of deep groundwater is from 7.78 to
8.04, with an average value of 7.88, thus deep ground-
water is weakly alkaline. The TDS ranges from 338.826
to 382.195 mg L', with a mean of 366.307 mg L™".

Fig.4 Piper diagram of ground-
water samples in the study area
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According to TDS, the type of deep groundwater in this
area is fresh water. One sample of Fe ion in groundwater
exceeds the groundwater standard, 0.445 mg L~'. The total
hardness varies from 106.2 to 184.4 mg L~!, with a mean
of 144.4 mg L~!. The components of deep groundwater
are mainly HCO;~, Na™, Ca”*, and Mg?*. The main anion
is HCO;™, and the main cations are Ca2*, Na*, followed
by Mg?*.

The chemical composition of shallow groundwater in the
Gaobeidian area is affected by human activities, producing
and discharging more C1~ and SO,*” into groundwater,
which leads to the change in its chemical composition. More
metallurgical industries in the region produce F~, Fe ions
(Fe?* and Fe*), and Cr®* and As into the groundwater and
cause contamination, which exert a negative impact on the
health status of residents in the area.

Types of Groundwater Based on Hydrochemical
Characteristics

In general, the Piper diagram is a graphical method for
analyzing the distribution characteristics of chemical ions
present in water (He and Li 2019; Piper 1944). It can be
used to visually reflect the general chemical characteris-
tics and water chemistry types of water samples (Li et al.
2016b). Groundwater chemical type in this area has obvi-
ous horizontal zoning from west to east (Fig. 4). In the
vicinity of the inclined land (Figs. 1 and 2), the aquifer
particles are coarse. The groundwater in this area is abun-
dant, and the type of water chemistry is relatively sim-
ple, which is mainly bicarbonate. Moreover, to the east
of Gaobeidian, with the gradual changes in groundwater

A. Calcium type

B. No dominant type
C. Magnesium type
D. Sodium type

E. Bicarbonate type
F. Sulfate type

G. Chloride type
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runoff conditions and the long-term effects of climate and
hydrogeochemical effects and human activities, shallow
groundwater hydrochemistry is changing. From west to
east, the proportion of Ca** decreases and that of Na* ions
increase gradually, and the distribution of salinity has a
certain regionality.

Hydrochemical type, indicated by Fig. 5, transits from
Ca-Mg-HCO; to Mg-Ca-HCOj;, Na-Mg-HCO; and then
to Na-HCO; type along the flow path, from northwest to
southeast. The type of water chemistry that appears in
the local part is of the bicarbonate-chloride type (Mg-Ca-
HCO;-Cl), which may be due to the excessive exploita-
tion and utilization of shallow groundwater by humans,
the increase of pollutants emissions from industrial and
agricultural wastewater discharges, and the unreason-
able discharge of urban domestic sewage. Chloride ions
and sulfate ions in groundwater increase the chemical
characteristics of shallow groundwater (Li et al. 2016a).
The impact of human activities on water sources close to
the surface is more obvious. The surface water samples
taken from the types are Na-Ca—Cl and Na-Ca -SO,-Cl
in Pingjing Town. Deep groundwater, similar to shallow
groundwater, has obvious water chemistry (Fig. 6). The
deep groundwater in the study area is distributed from
northwest to southeast: Ca-Mg-HCO;, Ca-Na-HCO;,
Na-Ca-HCO;.
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Fig.5 Spatial variation in groundwater type of the shallow ground-
water
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Fig.6 Spatial variation in groundwater type of the deep groundwater

Health Risk Assessment

Children, female adults, and male adults in the study area
are exposed to F~, NO,™, Mn, Fe, Pb, Cr%*, Cd, ammonia
nitrogen (in N), and As in groundwater through skin contact
or oral administration. Non-carcinogenic risks are listed in
Tables 3 and 4. The results indicated that irrespective of
the population being the children, adult female adults, or
male adults, the contact quotient of NO,™, Mn, Pb, Cro,
Cd, NH,*-N, and As in groundwater through two types of
exposure routes is less than 1. Thus the impact on human
health is small.

Calculation results revealed that there are 9 water sam-
ples containing F~ with non-carcinogenic risk, and all from
shallow groundwater. F~ enters the soil via adsorption and
migration, leaching into groundwater and causing its con-
tamination, thus affecting water quality and causing harmful
effects on human health. For groups affected by non-cancer
risk, children showed the greatest exposure to F~ through
skin contact and intake pathways, hazard quotient of children
ranged from 0.2423 to 1.984; followed by non-cancer risk
to female adults, the range was from 0.182 to 1.49; and the
non-cancer risks to male adults were all less than 1. The non-
carcinogenic risk to male adults is relatively small.

The hazard quotient of Fe?* ions in groundwater in $20
exceeds 1, which can lead to non-cancer risk. The concen-
tration of Fe ions (including Fe**, Fe’*) was 10.68 mg L™},
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Table 3 Non-carcinogenic risk assessment for children, female and male

Sample F~

NO,”

Mn

Pb

Fe

Children Female Male

Children Female

Male

Children Female Male

Children Female

Male

Children Female Male

S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14
S15
S16
S17
S18
S19
S20
S21
S22
S23
S24
S25
S26
S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14
S15
S16
S17
S18
S19
S20
S21
S22

1.236
1.549
0.314
0.993
0.282
0.720
1.474
0.269
0.359
1.735
0.542
0.304
1.955
0.244
0.244
0.244
1.141
0.541
0.723
0.242
1.649
1.649
0.653
1.984
0.311
0.291
0.013
0.011
0.013
0.011
0.011
0.011
0.016
0.013
0.013
0.011
0.011
0.011
0.011
0.011
0.011
0.011
0.011
0.011
0.011
0.011
0.011
0.011

0.716
0.897
0.182
0.575
0.163
0417
0.854
0.156
0.208
1.004
0314
0.176
1.132
0.141
0.141
0.141
0.661
0.314
0.419
0.140
0.955
0.955
0.378
1.149
0.180
0.168
0.008
0.006
0.008
0.006
0.006
0.006
0.009
0.008
0.008
0.006
0.006
0.006
0.006
0.006
0.006
0.006
0.006
0.006
0.006
0.006
0.006
0.006

0.583
0.731
0.148
0.468
0.133
0.340
0.695
0.127
0.169
0.818
0.256
0.143
0.922
0.115
0.115
0.115
0.538
0.255
0.341
0.114
0.778
0.778
0.308
0.936
0.147
0.137
0.006
0.005
0.006
0.005
0.005
0.005
0.007
0.006
0.006
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005

0.003
0.001
0.001
0.009
0.005
0.003
0.001
0.004
0.003
0.002
0.535
0.002
0.002
0.007
0.002
0.003
0.043
0.004
0.001
0.001
0.005
0.049
0.083
0.006
0.003
0.003
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002

0.002
0.001
0.001
0.005
0.003
0.002
0.001
0.002
0.002
0.001
0.310
0.001
0.001
0.004
0.001
0.002
0.025
0.002
0.001
0.001
0.003
0.029
0.048
0.003
0.002
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

0.002
0.001
0.001
0.004
0.003
0.002
0.001
0.002
0.002
0.001
0.252
0.001
0.001
0.003
0.001
0.001
0.020
0.002
0.001
0.001
0.003
0.023
0.039
0.003
0.001
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

0.108
0.044
0.004
0.075
0.022
0.037
0.032
0.004
0.004
0.108
0.007
0.004
0.103
0.004
0.004
0.004
0.101
0.035
0.048
0.004
0.128
0.132
0.022
0.955
0.004
0.003
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.006
0.001
0.001
0.001
0.001
0.001
0.008
0.002
0.002
0.002
0.002
0.006

0.062
0.025
0.002
0.043
0.013
0.021
0.018
0.002
0.002
0.062
0.004
0.002
0.059
0.002
0.002
0.002
0.058
0.020
0.028
0.002
0.074
0.076
0.013
0.553
0.002
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.003
0.001
0.001
0.001
0.001
0.001
0.005
0.001
0.001
0.001
0.001
0.003

0.051
0.021
0.002
0.035
0.011
0.017
0.015
0.002
0.002
0.051
0.003
0.002
0.048
0.002
0.002
0.002
0.048
0.016
0.023
0.002
0.061
0.062
0.011
0.450
0.002
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.003
0.001
0.001
0.001
0.001
0.001
0.004
0.001
0.001
0.001
0.001
0.003

0.239
0.239
0.239
0.239
0.239
0.239
0.239
0.239
0.239
0.239
0.239
0.239
0.239
0.239
0.239
0.239
0.239
0.239
0.239
0.239
0.239
0.239
0.239
0.239
0.239
0.239
0.074
0.098
0.418
0.098
0.098
0.074
0.098
0.344
0.344
0.098
0.147
0.074
0.098
0.074
0.098
0.074
0.074
0.123
0.074
0.074
0.049
0.098

0.138
0.138
0.138
0.138
0.138
0.138
0.138
0.138
0.138
0.138
0.138
0.138
0.138
0.138
0.138
0.138
0.138
0.138
0.138
0.138
0.138
0.138
0.138
0.138
0.138
0.138
0.043
0.057
0.244
0.057
0.057
0.043
0.057
0.201
0.201
0.057
0.086
0.043
0.057
0.043
0.057
0.043
0.043
0.072
0.043
0.043
0.029
0.057

0.113
0.113
0.113
0.113
0.113
0.113
0.113
0.113
0.113
0.113
0.113
0.113
0.113
0.113
0.113
0.113
0.113
0.113
0.113
0.113
0.113
0.113
0.113
0.113
0.113
0.113
0.036
0.047
0.202
0.047
0.047
0.036
0.047
0.166
0.166
0.047
0.071
0.036
0.047
0.036
0.047
0.036
0.036
0.059
0.036
0.036
0.024
0.047

0.024
0.053
0.016
0.786
0.042
0.239
0.067
0.016
0.013
0.140
0.083
0.022
0.115
0.024
0.030
0.036
2.380
0.458
1.285
0.099
0.018
0.025
0.094
0.644
0.016
0.016
0.223
0.178
0.178
0.446
0.446
0.668
0.446
0.446
0.446
0.446
0.446
0.223
0.178
0.223
0.223
0.223
0.446
0.223
0.446
0.223
0.446
0.223

0.014
0.031
0.009
0.455
0.025
0.139
0.039
0.009
0.008
0.081
0.048
0.013
0.067
0.014
0.017
0.021
1.378
0.265
0.744
0.057
0.010
0.015
0.054
0.373
0.009
0.009
0.129
0.103
0.103
0.258
0.258
0.387
0.258
0.258
0.258
0.258
0.258
0.129
0.103
0.129
0.129
0.129
0.258
0.129
0.258
0.129
0.258
0.129

0.011
0.025
0.007
0.371
0.020
0.113
0.031
0.007
0.006
0.066
0.039
0.010
0.054
0.011
0.014
0.017
1.123
0.216
0.606
0.047
0.008
0.012
0.044
0.304
0.007
0.007
0.105
0.084
0.084
0.210
0.210
0.315
0.210
0.210
0.210
0.210
0.210
0.105
0.084
0.105
0.105
0.105
0.210
0.105
0.210
0.105
0.210
0.105
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Table 3 (continued)

Sample F~ NO,~ Mn Pb Fe
Children Female Male Children Female Male Children Female Male Children Female Male Children Female Male

S23 0.011 0.006  0.005 0.002 0.001  0.001 0.002 0.001  0.001 0.098 0.057 0.047 0.446 0.258 0.210

S24 0.011 0.006  0.005 0.002 0.001  0.001 0.002 0.001  0.001 0.074 0.043  0.036 0.223 0.129  0.105

S25 0.011 0.006  0.005 0.002 0.001  0.001 0.002 0.001 0.001 0.123 0.072  0.059 0.223 0.129  0.105

S26 0.011 0.006  0.005 0.002 0.001  0.001 0.002 0.001  0.001 0.098 0.057 0.047 0.446 0.258 0.210

Tablfe4 Hl}man non—‘ . Sample Non-carcinogenic risk Carcinogenic risk

carcinogenic and carcinogenic

health risks in the groundwater HI CR

Children Female Male Children Female Male

S1 1.92 1.11 0.91 2.11E-04 1.23E—04 1.01E—04
S2 2.18 1.26 1.03 2.28E—04 1.33E—04 1.09E—04
S3 1.19 0.69 0.59 7.07E—04 4.12E—04 3.41E-04
S4 2.66 1.54 1.26 3.48E—04 2.02E—-04 1.66E—04
S5 1.15 0.67 0.55 3.48E—04 2.02E—-04 1.66E—04
S6 1.99 1.16 0.94 4.11E-04 2.39E—-04 1.95E—04
S7 2.37 1.38 1.13 3.48E—04 2.02E—-04 1.66E—04
S8 1.34 0.78 0.65 7.17E—04 4.17E—-04 3.44E—04
S9 1.42 0.83 0.69 7.17E—04 4.17E—-04 3.44E—04
S10 2.78 1.61 1.32 3.48E—04 2.02E—-04 1.66E—04
S11 2.02 1.17 0.96 4.22E—04 2.45E—-04 2.01E-04
S12 0.88 0.51 0.46 2.11E-04 1.23E—04 1.01E—04
S13 2.70 1.57 1.28 2.28E—04 1.33E—04 1.09E—04
S14 0.83 0.48 0.43 2.11E-04 1.23E—04 1.01E—04
S15 0.85 0.49 0.41 2.48E—-04 1.44E—04 1.19E—04
S16 0.84 0.48 0.44 2.11E-04 1.23E—04 1.01E—04
S17 4.44 2.57 2.14 3.11E-04 1.81E—04 1.48E—04
S18 1.64 0.95 0.78 2.85E—04 1.66E—04 1.36E—04
S19 2.83 1.64 1.34 3.11E-04 1.81E—04 1.48E—04
S20 0.90 0.52 0.43 2.11E-04 1.23E—04 1.01E-04
S21 2.55 1.48 1.21 2.74E—04 1.59E—-04 1.30E—04
S22 243 1.41 1.15 2.48E—04 1.44E—04 1.19E—04
S23 1.65 0.96 0.78 3.48E—04 2.02E—-04 1.66E—04
S24 4.14 2.40 1.96 2.11E-04 1.23E—04 1.01E—04
S25 0.93 0.54 0.45 2.85E—04 1.66E—04 1.36E—04
S26 1.11 0.64 0.53 3.48E—04 2.02E—-04 1.66E—04

The value of HQ greater than 1 is bold, and the value of Cr(VI) greater than 107 is bold

and the non-cancer risk to children, female adults, and
male adults was 2.380, 1.378, 1.123, respectively. The con-
centration of Fe ions in shallow groundwater in S23 was
5.767 mg L™!. Children were affected by non-carcinogen-
esis, and the hazard quotient was 1.285. Moreover, in case
of the non-carcinogenic risk caused by F~, Fe ions, As, and
NO,™ in groundwater, the risk of oral intake is much greater
than the risk due to skin contact. The non-carcinogenic risk
values for oral intake t children, female adults, and male

adults were 378, 346, and 300 times of skin contact, respec-
tively, accounting for 99.7% of non-carcinogenic risk.

The 26 water samples were considered for the total non-
carcinogenic speciation based on all influencing factors
(Tables 4, and 5, and Fig. 7). The non-carcinogenic risks
to children, male adults, and female adults were from 0.83
to 4.44, 0.41 to 2.14, and 0.48 to 2.57, respectively. The
HI of 20 samples for children, 13 for female adults, and
10 for male adults were more than 1, which indicates that
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HIchildren > HIfemale adults > HImale adults (Flg 7) For the pur-
poses of human health, there is a requirement for improved
understanding of the main influencing factors and, where
possible, the spatial distributions. The spatial distributions
of the non-carcinogenic risks to children in shallow and
deep groundwater are demonstrated in Fig. 8. The results

show that samples with significant health risk in shallow
groundwater are distributed in the west part of the study
area which are along the Baigou River (Fig. 8a). However,
the high risk in deep groundwater is distributed around
Xiaoxinzhuang and Guangedian (Fig. 8b). Furthermore,
exposure of residents to non-oncogenic pathways indicates

Table 5 Statistic of non-

N o Sample Children Female Male
carcinogenic risk through
drinking (oral) and skin Oral/dermal Oral/total Oral/dermal Oral/total Oral/dermal Oral/total
exposure (dermal)
min 19.562 0.951 17.929 0.947 15.549 0.940
max 231.782 0.996 212.433 0.995 184.024 0.995
Average 111.521 0.985 102.211 0.983 88.070 0.981
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Fig.8 Spatial zonation of non-carcinogenic risk, a risks to children in shallow groundwater and b risks to children in deep groundwater
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that the non-carcinogenic risk by oral intake to children,
female adults, and male adults is 1.21 x 102, 1.11 x 10?,
and 0.96 x 10? times that of non-carcinogenic skin contact,
respectively. Furthermore, exposure of residents to non-
oncogenic pathways indicates that the non-carcinogenic risk
of oral intake by children, female adults, and male adults is
1.21x10% 1.11x 10% and 0.96 x 10? times that of non-carci-
nogenic skin contact, respectively. They accounted for 98.5,
98.4, and 98.1% of the total non-cancer risk, respectively.

This indicates that the way in which residents of Gaobei-
dian City are exposed to non-carcinogenic risks is mainly
drinking.

The total carcinogenic risk present in groundwater in
study area is presented in Table 4. The statistics show that
the total carcinogenic risk for children, female adults and
male adults is from 2.108E—04 to 7.166E—04, 1.23E—04
to 4.17E—04 and 1.01E—-04 to 3.44E—04, respectively,
which in all the cases exceeds the allowable value of 10?
times (Table 6). The carcinogenic risk is in the order of
children > female adults > male adults (Fig. 9). Children are
lighter and have higher exposures, thus it can be inferred
that children in the same area are more likely to develop

cancer than adults. The spatial distribution of the carci-
nogenic risk to children indicates that significant health
risk of shallow groundwater is mainly distributed on both
sides of the river (Fig. 10a). It may be concluded that the
sources for high carcinogenic risk in shallow groundwater
may be identified as discharge of the polluted surface water.
What’s more, the areas with the highest shallow water risk
are mainly distributed in the southwest of the study area,
nearby the Baigou town. Baigou town is a luggage trading
center in North China, with more than 300 luggage enter-
prises. Cr®" produced by industries such as leather facto-
ries may cause some pollution to the shallow water in the
study area, which has brought a great risk of carcinogenic to
local residents, especially children. The carcinogenic risk in
deep water is mainly distributed in the southern part of the
study area, and the maximum risk is higher than that that in
shallow water (Fig. 10b). The three samples S3, S8 and S9
have relatively high health risk values, which are caused by
high concentration of Cr®*. Combined with the analysis of
water chemistry types, the types at these three groundwater
samples are all Na-HCOj;, while the main water chemistry
types of deep groundwater in the northern study area are

Talz!re 6 Carginogenic risk from Sample Cro As
Cr”" and As in all the samples
Children Female Male Children Female Male
S1 1.106E-04 6.46E—-05 5.34E-05 1.003E—-04 5.81E-05 4.73E-05
S2 1.474E-04 8.61E-05 7.12E-05 8.021E-05 4.64E-05 3.78E-05
S3 6.266E—04 3.66E-04 3.03E-04 8.021E-05 4.64E-05 3.78E-05
S4 1.474E-04 8.61E—05 7.12E-05 2.005E-04 1.16E-04 9.46E—-05
S5 1.474E-04 8.61E—05 7.12E-05 2.005E-04 1.16E-04 9.46E—-05
S6 1.106E-04 6.46E—-05 5.34E-05 3.008E-04 1.74E-04 0.0001419
S7 1.474E-04 8.61E—05 7.12E-05 2.005E-04 1.16E-04 9.46E—-05
S8 5.160E-04 3.014E-04 2.493E-04 2.005E-04 1.16E-04 9.46E—-05
S9 5.160E-04 3.014E-04 2.493E-04 2.005E-04 1.16E-04 9.46E—-05
S10 1.474E-04 8.61E-05 7.12E-05 2.005E-04 1.16E-04 9.46E—-05
S11 2.212E-04 1.29E-04 1.07E-04 2.005E-04 1.16E-04 9.46E—-05
S12 1.106E-04 6.46E—05 5.34E-05 1.003E-04 5.81E-05 4.73E-05
S13 1.474E-04 8.61E-05 7.12E-05 8.021E-05 4.64E-05 3.78E-05
S14 1.106E-04 6.46E—05 5.34E-05 1.003E-04 5.81E-05 4.73E-05
S15 1.474E-04 8.61E-05 7.12E-05 1.003E-04 5.81E-05 4.73E-05
S16 1.106E-04 6.46E—05 5.34E-05 1.003E-04 5.81E-05 4.73E-05
S17 1.106E—-04 6.46E—-05 5.34E-05 2.005E-04 0.0001161 9.46E—-05
S18 1.843E-04 1.076E-04 8.90E—-05 1.003E-04 5.81E-05 4.73E-05
S19 1.106E-04 6.46E—05 5.34E-05 2.005E-04 0.0001161 9.46E—-05
S20 1.106E—-04 6.46E—05 5.34E-05 1.003E-04 5.81E-05 4.73E-05
S21 7.372E-05 4.31E-05 3.56E-05 2.005E-04 0.0001161 9.46E—-05
S22 1.474E-04 8.61E-05 7.12E-05 1.003E-04 5.81E-05 4.73E-05
S23 1.474E-04 8.61E-05 7.12E-05 2.005E-04 0.0001161 9.46E—-05
S24 1.106E-04 6.46E—05 5.34E-05 1.003E-04 5.81E-05 4.73E-05
S25 1.843E-04 1.076E-04 8.90E-05 1.003E-04 5.81E-05 4.73E-05
S26 1.474E-04 8.61E-05 7.12E-05 2.005E-04 1.161E-04 9.46E—-05
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Fig.9 Carcinogenic risk of the s
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Fig. 10 Spatial zonation of carcinogenic risk, a risks to children in shallow groundwater and b risks to children in deep groundwater

Ca-HCO; or Mg-HCO;. The regional water flow direction
is from northwest to southeast, which shows that with the
flow of water, the exchange between cations may occur,
causing the increase of Na* and the decrease of Ca** and
Mg?*, which promotes the further dissolution of Cr®*. And
the concentration of HCO;™ increases, so the pH of the deep
groundwater increases. The pH of S3 is the highest in the
study area (8.04). High alkalinity environment of groundwa-
ter is conductive to the desorption of Cr®*, which may be one
of the reasons for the higher concentration of Cr®* in deep
groundwater. In addition, the DO value in shallow water is
lower than that in deep groundwater. This may be due to the
higher pollution of organic matter in shallow water, which
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consumes some dissolved oxygen. The oxidizing environ-
ment is also conducive to the enrichment of Cr®*, so this
may be the other reason for the higher concentration of Cr%*
in the deep water.

Obviously, Cr®" is the main factor for carcinogenic risk
in both shallow and deep groundwater (Table 7). Cr®" is an
essential element for human health and also a significant
health risk assessment index. As shown in Table 7, the health
risks of Cr®* to children, female adults and male adults
range from 7.372E—05-6.266E—04, 4.31E—05-3.659E—04,
3.56E—05-3.027E—04, respectively. At the deep groundwa-
ter sampling S3, the Cr®* concentration is the largest, which
is 0.017 mg L™!. The presence of high levels of Cr®* in
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Table 7 Proportion of the

) B 6t Average Max Min Percentage Proportion
carcinogenic risk from Cr
and As Cro*
Children 1.843E-04 6.266E—04 7.372E-05 0.55 0.87 0.35 0.59
Female 1.076E-04 3.659E-04 4.305E-05 0.55 0.88 0.35 0.60
Male 8.903E—-05 3.027E-04 3.561E-05 0.55 0.88 0.35 0.60
As
Children 1.519E-04 3.008E—-04 8.021E-05 0.45 0.42 0.38 0.42
Female 8.799E-05 1.742E-04 4.645E—-05 0.45 0.42 0.38 0.42
Male 7.168E—05 1.419E-04 3.784E-05 0.45 0.41 0.38 0.41

groundwater is a significant problem in many parts of China
(Liu et al. 2016; Li et al. 2018c, 2013) and many other stud-
ies surrounding the research area have also indicated the
similar results (Zhou et al. 2020a). Many other studies on
human health risk (Wongsasuluk et al. 2014) also indicate
that the public health risks of non-carcinogenic pollutants
to local residents are generally negligible, while the hazards
by carcinogenic pollutants can usually be much higher and
cannot be neglected. Effective way of decreasing the health
risk is of great concern in the study area, particularly in the
sampling sites where groundwater has high concentration of
Cr®* (Broadway et al. 2010).

Metal-Species-Weighted Human Health Risk
Assessment

According to the above analysis, the Cr®" present in ground-
water in Gaobeidian City was found to be the most contribu-
tive to the carcinogenic risk. The carcinogenic risk values
for children and adults were 7.372E—05 to 6.266E—04 and
3.56E—05 to 3.027E—04, respectively. The risk of carcino-
genesis of Cr®" greatly exceeded the maximum acceptable
limit (107°%). The main pollution pathway of Cr®* is oral
intake. Children and adults are exposed to the toxic heavy
metal Cr®" through intake route.

Based on the above results, Cr®* in groundwater was
assessed by MSRA. Different forms of Cr®" and their corre-
sponding concentration and activity were calculated by using
Visual MINEQ (VM) (Table 8). 10 species were found to
simulate Cr%": CaCrO,(aq), CrO,*~, H,CrO,(aq), NaCrO,",
Cr,0,%7, CrO,CI~, Cr0,S0,*~, HCrO,~, KCr,0,~, and
KCrO,~. Statistics and analysis of all forms of Cr°" indi-
cated CaCrO,(aq), CrO,>~, and H,CrO,(aq) to be the domi-
nant species.

The results of VM program indicate that CrO,*~ accounts
for an average of 75% of all species, and accounts for the
largest proportion of Cr®" species. The variation range of
Cr0O,* is 63.96-82.29%, which is privilege speciation of
Cr® in groundwater. CaCrO,(aq) is a subspecies, accounting
for 14.65-27.14%, with an average proportion of 21%. The
speciation CrO,~ and CaCrO,4(aq) reach a total of 95% of
Cr®" speciation. The species HCrO,™ has an average propor-
tion of 3% and NaCrO,~ accounts for about 1%. The concen-
tration and activity values of Cr,0,%~, CrO,CI~, Cr0,S0,*",
HCrO,", KCr,0;7, and KCrO," are relatively small, and
their aqueous components play a small role and are negligi-
ble. CaCrO,(aq), CrO,~, and HCrO,~ are still the dominant
species after modifying, and average daily dose of these spe-
cies exposed to the human body are still high. Average daily
dose of CaCrO,4(aq) and HCrO,~ were found to reduce. For
children, reduction of average daily dose was greater than

Table 8 Morphological

. T Species names Concentration (mol Activity m (mg LY Modified m (mg LY

concerét:atlons and activities of LY

the Cr
CaCrO, (aq) 5.07E-08 5.07E-08 2.64E-03 1.06E-03
Cr2072‘ 9.86E—15 7.27E-15 1.03E-09 2.95E-17
CrO;CI™ 4.26E-19 3.95E-19 2.22E—-14 6.94E-26
CrO3SO42‘ 1.18E—-17 8.71E—18 6.14E—13 4.24E-23
CrO42‘ 2.59E-07 1.91E-07 1.35E-02 2.04E-02
H,CrO, (aq) 2.14E-16 2.14E-16 1.11E-11 1.89E-20
HCrO,~ 1.56E—-08 1.45E-08 8.12E-04 9.32E-05
KCr,0,~ 9.62E—19 8.91E-19 1.00E—-13 3.53E-25
KCrO,~ 1.63E—11 1.51E-11 8.48E-07 1.02E-10
NaCrO,~ 1.80E—-09 1.67E—-09 9.38E—-05 1.24E-06
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Table 9 Non-carcinogenic health risks of different species of Cr®*
(Cr**=0.17mg L")

Species name  HQ HQ modified
Children Adults Children Adults

CaCrO, (aq) 1.40E-01 6.60E—02 4.27E-02 2.01E-02
Cr,0,%~ 2.03E-08 9.57E-09 1.65E-16 7.78E-17
CrO5CI7 1.81E—-13  8.52E-14 6.58E-26 3.10E-26
CrO3SO42" 4.35E-12 2.05E-12 3.03E-23 1.43E-23
Cro, > 727E-01 3.43E-01 8.46E-01 3.99E-01
H,CrO, (aq) 9.07E—11  4.27E-11 1.79E-20  8.44E-21
HCrO,~ 1.70E-02  8.03E—03 5.85E-04 2.76E-04
KCr,0,~ 2.20E—12 1.04E-12 243E-24 1.15E-24
KCrO,~ 5.08E-05 2.39E-05 5.19E-09 2.45E-09
NaCrO4~ 5.11E-03 241E-03 5.26E-05 2.48E-05
Table 10 Carcinogenic risk of different species of Cr*
(Cr**=0.17mg L™
Species names Risk values Modified risk values

CR Carcinogenic risk

Children Adults Children Adults
CaCrO4(aq) 2.099E-04 9.895E-05 6.401E-05 3.017E-05
Cr2072- 3.046E—11 1.436E-11 2475E-19 1.167E-19
CrO3Cl- 2.709E-16 1.277E—-16 9.866E—29 4.651E-29
CrO3S042- 6.528E—15 3.0777E—15 4.549E-26 2.144E-26
CrO42- 1.090E-03 5.139E-04 1.268E—03 5.979E—-04
H2CrO4(aq) 1.360E-13 6.411E—14 2.687E-23 1.267E-23
HCrO4- 2.555E-05 1.205E-05 8.773E-07 4.136E—-07
KCr207- 3294E—-15 1.553E-15 3.646E-27 1.719E-27
KCrO4- 7.613E-08 3.589E-08 7.789E—12 3.672E—12
NaCrO4- 7.659E-06 3.611E—06 7.883E—08 3.716E—08

that of adults. Nonetheless, the modified average daily dose
of children was still greater than that of adults. In contrast,
the dominant speciation of CrO,~ dose increased. Average
daily dose of other species decreased, and modified average
daily dose was very small, approaching zero.

For non-carcinogenic aspects (Table 9 and Fig. 10), the
non-carcinogenic risks (adults and children) of different spe-
cies of Cr®" are in the following order: CrO,*~ > CaCrO,(
aq) > HCrO,~ > NaCrO,” > KCrO,~ > Cr,0,°~ > H,CrO,(a
q) > Cr0;S0,%~ > KCr,0,” > CrO,CI~. However, the non-
carcinogenic risk value of all Cr®* species is less than hazard
quotient, indicating that different species of Cr®* in ground-
water do not cause large non-carcinogenic risks.

According to the Ministry of Environmental Protection
of the P.R. of China, the acceptable limit for carcinogenic
risk is 1075, The carcinogenic risk results of different Cr®*
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species related to groundwater are presented in Tables 10
and 11. The morphological carcinogenic risk value of
Cr%" in groundwater in study area is more than 107¢ for
Cr0,*~, CaCrO,(aq), HCrO,~, and NaCrO,~. Children and
adults in the study area exhibited the highest exposure to
Cr0O,*" and CaCrO,(aq) through oral intake. Carcinogenic
risk is between 10~ and 1073, For the children and adults,
the maximum carcinogenic risk of CrO,>~ is 09E—03 and
5.14E-05, respectively. The modified carcinogenic risk of
CrO,*” increases, and the maximum value for children and
adults is 0.00127 and 0.000598, respectively. Carcinogenic
risk of CaCrO,4(aq) decreases, and HCrO,™ is found to be
a high-risk contaminant, with carcinogenic risk at 107° to
1073. Moreover, when the modified risk carcinogenesis of
HCrO,™ was reduced (< 107%), its harmful effect on human
health is also reduced. In some areas of Gaobeidian City,
modified carcinogenic risk for NaCrO,™ is > 107, and the
modified carcinogenic risk is lower than the allowable
value (CR ijgren = 3-85E—08, CR 4, =1.8147E—08). The
datum indicates that different species of Cr®* have higher
carcinogenic hazards to children than to adults.

The modified carcinogenic risk of different species of
Cr®" was CrO,*~ (1.93E—04 for children, 9.02E—05 for
adults) > CaCrO,(aq) (1.80E—05 for children, 8.34E—06
for adults) > HCrO,~ (8.37E—07 for children, 3.89E—-07
for adults) > NaCrO,~ (1.66E—O08 for children, 7.83E—09
for adults) > KCrO,~ (4.5E—12 for children, 2.06E—12 for
adults) > Cr,0,?~ (2.25E—19 for children, 7.15E—19 for
adults) > H,CrO,(aq) (1.67E—-21 for children, 7.74E—22
for adults) > CrO3SO42‘ (5.23E—24 for children, 2.44E—24
for adults) > CrO;Cl1™ (2.14E—26 for children, 1.00E—-26
for adults) > KCr,0,~ (3.82E—27 for children, 1.59E-27
for adults). The carcinogenic risk of Cr2072_, CrO5CI7,
Cr0,S0,°~, KCr,0,~, HCrO,~, and KCrO,~ was close to
zero, thus they could be ignored (Fig. 6). This also indi-
cates that the carcinogenic risk of Cr%" is derived from the
species HCrO,~, CaCrO,(aq), and CrO,*".

Although groundwater has been widely used for irriga-
tion, drinking, and economic development, human health
risks still exist, especially carcinogenic risks, which can be
clearly seen from the results above. However, there might
be uncertainties in the health risk assessment used in this
report. Under the assumption that the individual indexes
are average, such as AT, ED and IR, the calculation results
are inevitably deviate. In addition, other toxic pollutants
that may cause harm to the human body, which are not
calculated in the health risk assessment, such as pesticides
pesticide (Skevas 2020; Kiefer et al. 2019), will also cause
deviations in the results. Nevertheless, the results of calcu-
lation can still lay a foundation to the decision makers to
improve the current situation about groundwater.
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Tablg 11 Revised different . Sample pH Ca>*  Modified carcinogenic risk Modified carcinogenic risk

species of hexavalent chromium

carcinogenic risk Children Adults

CaCrO,(aq) CrO,* HCrO,~  CaCrOaq) CrO,>~ HCrO,~

S1 772 395 9.97E-06 1.56E-04 6.02E-07 4.70E-06 7.36E—-05 2.84E-07
S2 796 315 6.12E-06 1.27E-04 1.17E-07 2.89E-06 5.99E-05 5.52E-08
S3 8.04 259 6.40E-05 1.27E-03 8.77E-07 3.02E-05 5.98E-04 4.14E-07
S4 7.63 259 3.53E-05 6.79E-04 3.11E-06 1.67E-05 3.20E-04 1.47E-06
S5 783 515 2.35E-05 1.10E-04 2.51E-07 1.11E-05 5.17E-05 1.18E-07
S6 790 37.1 1.27E-05 1.37E-04 1.76E-07 5.97E-06 6.47E-05 8.32E—-08
S7 7.80 451 1.22E-05 1.21E-04 2.32E-07 5.77E-06 5.70E-05 1.09E-07
S8 795 323 3.23E-05 4.34E-04 448E—-07 1.52E-05 2.05E-04 2.11E-07
S9 785 547 2.22E-05 1.77E-04 5.28E-07 1.04E-05 8.36E-05 2.49E-07
S10 7.64  78.6 2.36E-05 1.09E-04 4.04E-07 1.11E-05 5.16E-05 1.90E-07
S11 7.70 587 1.27E-05 1.37E-04 1.76E-07 5.97E-06 6.47E-05 8.32E—-08
S12 785 395 1.34E-05 1.20E-04 1.96E-07 6.33E-06 5.64E-05 9.22E-08
S13 7.65 435 1.04E-05 1.22E-04 4.56E-07 4.90E-06 5.77TE-05 2.15E-07
S14 799 41.1 1.36E-05 1.20E-04 1.02E-07 6.40E-06 5.64E-05 4.81E-08
S15 795 395 1.01E-05 8.98E-05 9.27E-08 4.74E—-06 424E-05 4.37E-08
S16 793 103.4 2.14E-05 7.85E-05 7.24E-08 1.01E-05 3.70E-05 3.41E-08
S17 792  41.1 7.24E-06 5.94E-05 7.04E-08 3.42E-06 2.80E-05 3.32E-08
S18 7.79 587 1.16E-05 8.82E-05 1.68E-07 5.46E—06 4.16E-05 7.90E-08
S19 7.77 387 1.98E-05 1.80E-04 4.26E-07 9.32E-06 8.48E-05 2.01E-07
S20 781 455 5.77E-06 6.08E-05 1.09E-07 2.72E-06 2.87E-05 5.15E-08
S21 751 723 2.01E-05 1.12E-04 7.63E-07 9.48E-06 5.30E-05 3.60E-07
S22 7.67 423 1.80E-05 1.37E-04 1.12E-05 8.46E—-06 6.48E—05 5.30E-06
S23 7.74 455 143E-05 1.19E-04 3.08E-07 6.72E-06 5.60E-05 1.45E-07
S24 756  47.1 8.97E-06 5.73E-05 3.54E-07 2.66E-07 1.70E-06  1.05E-08
S25 7.78  61.5 1.19E-05 8.79E-05 1.77E-07 5.62E-06 4.14E-05 8.33E—08
S26 7718 575 2.75E-05 1.39E-04 3.01E-07 1.30E-05 6.55E-05 1.42E-07

Conclusions

Exposure to a contaminated environment can pose serious
risk to human health based on considering the weight of the
residents in the area, exposure time, and exposure route. A
qualitative and quantitative evaluation of human health risks
has been assessed in the study and the main conclusions are
as follows:

The pH of groundwater is weakly alkaline. The TDS
ranged from 338.826 to 1427.84 mg L™, except for three
water samples, and the values for others were less than
500 mg L~!. Total hardness was 144.6-749.8 mg L~". Fluo-
ride, iron ions, and nitrite of shallow groundwater in the
study area exceeded the allowable values of groundwater
quality standards, and the deep groundwater iron ions in
one site exceeded the groundwater quality standards (III
level). The shallow groundwater was polluted by iron ions,
F~, Cr®", and arsenic (As) to some extent.

Non-carcinogenicity is mainly caused by As, F~, and
Fe ions (including Fe?*, Fe’*), and the health risks due

to oral intake are higher than that due to skin contact.
Oral intake exposure to risk can reach 98.5% of the total
risk value. Cr®* and As are the main pollutants caus-
ing cancer risk, and their presence in groundwater at all
groundwater samples is carcinogenic, and the order is
CR pitdgren > CRiemate > CR e The carcinogenic risk value
of As and Cr®* contaminating groundwater through the
intake route far exceeded the allowable limit value, which
may cause carcinogenic damage to human health.

The speciation of Cr®* in groundwater was modified in
contact with human body. This difference is small when
the concentration of Cr®* in groundwater was low, and
strengthened when the content of Cr®" is high. The domi-
nant speciation of Cr®" in groundwater was CrO,>", fol-
lowed by CaCrO,(aq) and HCrO,~. The health risk dis-
tribution of different species of Cr®* was in the following
order: CrO,*>~ > CaCrO,(aq) > HCrO,~ > NaCrO,~ > KCr
0,”> Cr,0,*” > H,CrO,(aq) > Cr0;S0,*” > KCr,0,” > C
rO;CI™. All of its non-carcinogenic hazards were less than
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1, and the carcinogenic risk values of CrO42_, CaCrOy(aq),
and HCrO,~ were greater than the allowable value of 107°.
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