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Abstract

This research was conducted to understand the seasonal characteristics of water quality for domestic purpose in Hancheng
City of the Guanzhong plain, China. The health risks were also assessed using the water quality monitoring data collected
from the Hancheng Center for Disease Control and Prevention. For this study, 48 samples were collected from the drinking
water distribution system (chlorinated water and terminal tap water) in the dry and wet seasons, and were analyzed for pH,
total hardness (TH), total dissolved solids (TDS), CI~, SO42_, F~, NH,-N, NO;-N, Cré, As, Hg and Mn. The water quality
was assessed using the entropy water quality index (EWQI) and the results show that above 80% of the water samples are of
good quality which is suitable for drinking and other domestic purposes. The potential non-carcinogenic risks of Cr®*, As,
F~, and NO;-N and carcinogenic risks of Cr®* and As to consumers were assessed by the model recommended by the US
Environmental Protection Agency (USEPA). The non-carcinogenic health risks in the dry season are higher than the risks in
the wet season for both adults and children. Water quality indicators considered in the risk assessment contribute with dif-
ferent degrees to the total non-carcinogenic risk during the dry and wet seasons. The order of the average non-carcinogenic
risk values of the chlorinated water and terminal tap water in the dry season was F~ > As>NO;-N > Cr®, while that in the
wet season was F~>NO;-N> Cr®" > As. People face higher carcinogenic risk in the wet season in terms of terminal tap
water consumption, while they face higher carcinogenic risk in the dry season in terms of the chlorinated water. Children
face almost twice higher the carcinogenic risks than the adults.
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Introduction groundwater is also an indispensable water resource for irri-

gation, industrial production, urbanization and other activi-

Groundwater is an important source of drinking water in
China (Li et al. 2018a; Su et al. 2019). In China, approxi-
mately two-thirds of cities utilize groundwater as a pri-
mary water supply (Zhang et al. 2020). At the same time,
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ties related to social development (He and Wu 2019a; He
et al. 2019a; Li et al. 2016a; Oiste 2014; Velis et al. 2017,
Zhang et al. 2018). However, with the continuous popula-
tion growth and rapid economic development, the demand
for clean fresh water has increased and the water crisis is
stressed (Su et al. 2019). Particularly, groundwater over-
extraction and wastewater effluents affect the quality and
availability of groundwater resources (Mohabansi et al.
2011). Chemical pollutants from human activities such as
industry and agriculture cause water pollution problems that
directly threaten or pose potential risks to human health (Li
and Wu 2019; Milovanovic 2007). According to the WHO
(2011), the water as the pollutant carrier can induce 70% of
the diseases, and in the world 20% of cancers are associated
with water pollution.

Among the various pollutants, long-term exposure to
nitrate contaminated water is risky to consumers, especially

@ Springer


http://orcid.org/0000-0001-6423-1762
http://crossmark.crossref.org/dialog/?doi=10.1007/s12403-020-00357-6&domain=pdf

470

Y. Jietal

to infants who are usually prone to a disease known as “blue
baby syndrome” caused by exposure to nitrate contaminated
drinking water (Mencio et al. 2016; Tian and Wu 2019).
Recently, He et al. (2019b) and Li et al. (2019a) reported in
their research that children were associated with higher risk
than adults when they experienced the similar exposure. In
addition, waterborne diseases caused by fluoride are usu-
ally regionally endemic (Mahvi et al. 2012). Long-term con-
sumption of water with fluoride exceeding the standard lim-
its (1 mg/L for the Chinese drinking standards and 1.5 mg/L
for the WHO guidelines) will lead to dental and skeletal
fluorosis (Ali et al. 2016, 2018, 2019; Edmunds and Smedley
2013). Fluoride concentration in drinking water is not only
usually controlled by natural factors, such as fluorine-bear-
ing minerals (Adimalla et al. 2018), but is also influenced
by anthropogenic contamination (Borgnino et al. 2013; Li
et al. 2014a, 2019b). Arsenic (As) and hexavalent chromium
(Cr®") are toxic to human beings. They can cause irrevers-
ible damage to the human body (Kumar et al. 2010; He and
Wu 2019b; He et al. 2019b; He and Li 2020). For example,
arsenic in drinking water can cause various skin diseases,
neurological and digestive disorders, and cancer. Long-term
exposure to Cr® may cause sensitive and fragile skin and
respiratory tract (El-Sikaily et al. 2007; He et al. 2020a). Liu
et al. (2003) stated that arsenic had been identified as a major
risk factor for blackfoot disease. In the study by Shen et al.
(2010), a linear relationship between fluoride concentration
and the prevalence of dental fluorosis has been identified. In
addition, Li et al. (2016b, 2018b, 2019a, b) have done tre-
mendous work on groundwater quality and evaluated health
risks, particularly in semi-arid regions of northwest China.
All of these studies have proved that securing drinking water
quality safety is important for safeguarding the human health
and maintaining the sustainable development of society.
The study area, Hancheng City, is located in the Guan-
zhong Plain of northwest China and belongs to the arid and
semi-arid climate zone. There were many villages in this city
suffering from endemic diseases many years ago. For exam-
ple, the drinking water fluorosis was a typical endemic dis-
ease in this city because of high F~ concentration in drinking
groundwater. Several villages had also suffered from high-As
groundwater. About 17 years ago, the provincial Department
of Water Resource and the local Centers for Disease Control
and Prevention carried out some water quality improvement
projects and began to supply high-quality groundwater in the
study area. As a result, the endemic diseases have almost
been cured till now. Regular annual water quality monitoring
has been carried out since then. However, the assessment
of drinking water quality and associated health risk has not
been conducted in this study area. Therefore, this study was
conducted (1) to delineate the physicochemical water quality
parameters of drinking water in dry and wet seasons, (2) to
evaluate drinking water quality using entropy water quality
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index (EWQI), and (3) to assess the health risks of F~, As,
Cro™, NO;-N to adults and children through oral drinking
water intake pathway. This study provides a reference for
further strengthening local drinking water supply manage-
ment and water quality monitoring.

Study Area
Location and Climate

Hancheng City is located on the west bank of the Yellow
River in the northeast of Shaanxi Province (Fig. 1). It is
a part of the Guanzhong basin, and is 244 km away from
Xi’an, the provincial capital city of Shaanxi Province.
Hancheng is situated to the west of the Yellow River, and is
adjacent to Huanglong County in the west, Yichuan in the
north, and Heyang in the south. It ranges from east longi-
tude 110°07'19" to 110°37"24", and north latitude 35°18'50"
to 35°52'08". The maximum distance from east to west is
42.2 km, and the maximum width from south to north is
50.7 km, covering an area of 1621 km?. It has a popula-
tion of 426,000, including six towns and two administrative
districts.

Hancheng experiences warm temperate semi-humid to
semi-arid climate, which is a continental monsoon climate
with distinct seasons (Fig. 2). According to the amount of
precipitation, three seasons are divided: pre-monsoon (Feb-
ruary to May), monsoon (June to September), and post-mon-
soon (October to the following January). The annual average
temperature is 13.5 °C. The hottest month is July with an
average temperature of 27.1 °C and the coldest month is
January with the average temperature of — 0.6 °C. The pre-
cipitation in Hancheng is greatly affected by the monsoon
rainfall belt in eastern China. The annual average rainfall in
this area is 559.7.7 mm, with 63.56% of it concentrated in
the monsoon season (wet season hereafter) and 21.26% in
the pre-monsoon season (dry season hereafter). Evaporation
rate in the study area is high. The annual evaporation rate in
this area is over 1800 mm, with approximately 63% occur-
ring in the months of April to August.

Hydrogeology

Hancheng is characterized by a variety of topographies,
including mountains, rivers and plains. The study area can
be divided into four different areas according to the geology,
geomorphology, and conditions of groundwater occurrence
and circulation: the Yellow River and its tributaries area,
the loess tableland area, the hilly area and the limestone
karst area.

The Yellow River and its tributaries area includes the
Yellow River floodplain, secondary and tertiary terraces
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Fig. 1 Geographical locations
of the study area and sampling
sites
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of the Yellow River, and the primary and secondary ter-
races of the tributaries. The upper layer of the secondary
and tertiary terraces of the Yellow River is composed of
loess, while the lower part consists of fluvial and lacus-
trine deposits. The tributaries are overlain with loess in
the primary and secondary terraces, and the lower part is
alluvial-lacustrine facies. Groundwater occurs in the pores
of unconsolidated deposits, and pores and fissures of loose
rocks. The groundwater level depth varies with the terrain.
It is usually less than 7 m in the Yellow River floodplain,
while it increases to 30-50 m in the terraces of the Yellow
River and 20 m in the tributary terraces.

The loess tableland area is composed of river and lake
facies deposits in the lower section of the profile, which
is covered with loess of over 100 m thick in the upper
section. The surface elevation is high in the west and low
in the east, but the general landform is relatively flat. The
groundwater level depth in the loess tableland is more than
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30-100 m, and the specific yield of the well is usually less
than 10 m%/h (Li et al. 2019b).

The hilly area is distributed in the northwest of the city,
accounting for 70% of the total area of the city. This area
is mainly composed of Cambrian, Ordovician, Carbonifer-
ous, Permian, Triassic sandstone and coal-bearing strata.
Groundwater mainly occurs in sandstone pores and frac-
tures, and can be classified into unconfined water and con-
fined water.

The limestone karst area is locally distributed in the study
area where Ordovician and Cambrian strata are formed.
Ordovician and Cambrian strata have a big productivity of
groundwater. However, the karst groundwater is rarely used
as it is usually of poor quality with high total hardness and
high salinity.

Precipitation, irrigation infiltration and lateral recharge
are the main sources of groundwater recharge. The ground-
water flows from northwest to southeast as per the general
topography. The groundwater level depth in the study area
is relatively shallow, so evaporation is one of the main dis-
charge routes. Tectonic springs are formed in local areas,
which is a way of groundwater discharge. In addition,
mining activities in this area are intense, and mine water
discharge and artificial abstraction are important ways of
groundwater discharge.

Materials and Methods
Sample Collection and Analysis

For this study, 48 water samples were collected from the
drinking water distribution system in both dry (May) and
wet (September) seasons in 2018. These sampling sites cover
all the six towns and two districts administrated by the city.
Twenty-four chlorinated water samples (12 in the dry sea-
son and 12 in the wet season) were collected from the water
treatment plants where raw water (groundwater) is chlorin-
ated for water treatment before the water is supplied to con-
sumers, and the other 24 samples (also 12 in the dry season
and 12 in the wet season) were collected from the pipeline
terminals (tap water samples) where consumers can use the
chlorinated water. Each of the terminal tap water sampling
locations is adjacent to its corresponding chlorinated water
sampling location, so they were labeled using the same sam-
ple numbers (1 to 12). The dry season samples were labeled
as KW1 to KW12, and wet season samples were labeled as
FWI1 to FW12, respectively. The sampling locations were
recorded using portable GPS device and are shown in Fig. 1.

Each water sample was collected using a 2.5-L. white
pre-cleaned plastic bottle and two 1000-mL glass jars.
Before sampling, all containers were washed thoroughly
with the water to be collected. Portable pH meter was used
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to measure the pH on site. The samples analyzed for arse-
nic (As), nitrate (NO;—N) and ammonia nitrogen (NH,—N)
were added with H,SO, solution to maintain their stability
before analysis, and the samples for the analysis of Mn and
Cr% were added with HNO; solution. After collection, all
water samples were sent to the Hancheng Center for Dis-
ease Control and Prevention for physicochemical analysis.
Analyzed physicochemical indices include total dissolved
solids (TDS), total hardness (TH), SO42_, Cl17, trace metals
(Hg, Mn, As and Cr), nitrate (NO;—-N), ammonia nitrogen
(NH,-N), and fluoride (F"). TDS was determined through
traditional drying and weighing approach, and EDTA titri-
metric method was used to determine the content of total
hardness (TH). NO5-N was measured by thymol spectropho-
tometry. F~ was analyzed by fluorine spectrophotometry, Mn
was measured by atomic absorption spectrophotometry. Hg
and As were measured by atomic absorption method. Cr®*
was analyzed by diphenylcarbohydrazide spectrophotometric
method. During the analysis, replicates were introduced to
ensure the accuracy of the analysis. The relative errors of the
replicates were within + 5%, indicating acceptable analytical
accuracy.

Entropy Water Quality Index

Water quality index (WQI) was first developed by Horton
in 1965 (Horton 1965), for which ten commonly used water
quality variables such as dissolved oxygen, pH, alkalin-
ity and chloride were used for the calculation of the WQI
(Shweta et al. 2013; Amiri et al. 2014). Since then WQI has
been widely accepted and applied in various water quality
studies worldwide. The entropy concept was first introduced
by Shannon (1948), and it was integrated into traditional
WQI by Li et al. (2010) and formulated the entropy water
quality index (EWQI, Li et al. 2018c; Wu et al. 2017).

Due to the clear concept and objective weight determi-
nation, the EWQI has been widely applied by scholars in
groundwater quality assessment (Amiri et al. 2014; Li et al.
2018c; Su et al. 2017, 2018; Wu et al. 2011, 2013). The
steps of calculating the EQWI are as follows (Li et al. 2010;
Wang et al. 2019).

The initial matrix Xij (i=1.2,....m; j=1,2,...,n) should
be established based on the results of the physicochemical
analysis as follows, where m represents total number of sam-
ples to be assessed and n means the number of water quality
indicators for each of the samples.

X Xz o A
X=| 22 (1)

Xml Xm2 " X
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The initial data should be normalized according to
Eq. (2), where y; is the normalized data value, (x;Y
and (x;) i, are the maximum and minimum values for
indicator j. After standardization the standardized matrix
Y can be obtained as Eq. (3).

Xif_(xi/)/rnin

oy (efficiency type)
yl] = () n;a);_ _';jmm (2)
—rm Y (cost type
o Gy O OPO)
Yin Y2 =t Y
y=| 2 0p 3)

Ym1 Ym2 =" Ymn
After the standardization, the information entropy for
indicator j (ej) can be achieved according to Egs. (4) and

(5). The constant 107* in Eq. (4) is the correction factor
(Tian and Wu 2019).

y;+ 107
P = 4
2 (v +1074) @
i=1
e = - i In 5
77 Inm izlp” Pi )

After the ¢; is obtained by Eq. (5), the entropy weight
of indicator j (w;) can be calculated as per Eq. (6). The
quality rating scale (g;) can be calculated by Eq. (7),
where C; is the concentration of water quality indicator j
(mg/L) and §; represents the standard limit of each indi-
cator (mg/L).

3 1- e
Wi= S 6)
X (l-¢)
j=
C:
J
q; = o x 100 @)

]

Finally, EWQI can be obtained by Eq. (8).
EWQI = Y w;xgq 8)
j=1

According to Li et al. (2014b), water quality can be
classified into five ranks based on EWQI, ranging from
excellent to extremely poor quality and the classification
standards are listed in Table 1.

Table 1 Classification criteria of groundwater quality based on EWQI

EWQI Rank Water quality

<25 1 Excellent quality
25-50 2 Good quality

50-100 3 Medium quality
100-150 4 Poor quality

>150 5 Extremely poor quality

Human Health Risk Assessment

Health risk assessment is a method that links pollutant
loads with human health, and then evaluates the potential
hazards of contaminants to the health of humans (Giri and
Singh 2015; Yu and Tang 2013; Wu et al. 2020). Accord-
ing to the United States Environmental Protection Agency
(USEPA), there are four steps in the health risk assessment,
including hazard identification, dose—response assessment,
exposure assessment and risk characterization (Li et al.
2014b; Momot and Synzynys 2005). A complete health
risk assessment should consider all exposure pathways and
all possible contaminants in a given environment (USEPA
1989). In this study, however, only the exposure pathway
of drinking water intake was considered (Adimalla et al.
2019a, b, 2018), for the most of the contaminants in water
have little effect on human health through other exposure
pathways as indicated by other water research (Chen et al.
2017; Li et al. 2019b). This research considered the pol-
lutants Cr*, As, F~, and NO;-N for non-carcinogenic risk
assessment, and considered Cr®* and As for carcinogenic
risk assessment. The chronic daily intake per unit weight
through oral exposure pathway [mg/(kg day)] can be cal-
culated by Eq. (9), where C is the concentration of the
contaminants in water (mg/L), IR represents the water
ingestion rate (L/day, IR =1.5 L/day for adults and 0.7 L/
day for children), EF is the exposure frequency (days/year,
EF =365 days/year), ED denotes the exposure duration
(years, ED =30 years for adults and 6 years for children),
BW indicates the average body weight (kg, BW =60 kg
for adults and 15 kg for children), and AT means the aver-
age exposure time (days, AT =10,950 days for adults and
2190 days for children).

C x IR X EF X ED 9
BW x AT ©)

Intake, ., =

The non-carcinogenic hazard quotient (HQ) through
oral pathway can be calculated by Eq. (10), and j is the
water quality indicator. In this equation, RfD_,,; means the
reference dosage for non-carcinogenic through oral intake
exposure pathway. RfD,__,; =0.003 mg/(kg day) for Cr®,

ora
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0.04 mg/(kg day) for F~, 0.0003 mg/(kg day) for As and
1.6 mg/(kg day) for NO5-N (USEPA 2019).

Intake .,

/= RMD (10)

oral

The non-carcinogenic hazard index (HI) can be calculated
by Eq. (11)

HI = Z HQ (1)
j=1

Cr® and As are also major risk factors for chemical car-
cinogens (Cabral Pinto and Ferreira da Silva 2019). The car-
cinogenic risk can be calculated by Eq. (12), where SF is the
slope factor of the carcinogenic contaminants mg/(kg day),
which is 1.5 mg/(kg day) for As, and 0.5 mg/(kg day) for
Cr%* (USEPA 2019). For carcinogenic risk, the exposure
duration (ED) in Eq. (9) should be 70 years for adults and
children due to the life-long effects of the carcinogenic risk.
Correspondingly, the AT value should be 25,550 days for
adults and children.

CR; = Intake,, X SF; (12)

oral

Result and Discussion

Physicochemical Water Quality Parameters
Chlorinated Water

The physicochemical parameters of the chlorinated water

samples in the dry season are listed in Table 2. As Table 2
shows, pH values for water samples are slightly alkaline,

ranging from 7.07 to 7.73 in the dry season and 7.29 to
7.85 in the wet season. According to the standards set by
China (Ministry of Health of the P.R. China and Standardi-
zation Administration of the P.R. China 2017), the accept-
able pH range for drinking water is 6.5-8.5. Therefore, all
the chlorinated water samples in both dry and wet seasons
are suitable for drinking purpose with respect to pH. It is
also noticeable that the water has a slightly higher pH in the
wet season than the dry season due to stronger water—rock
interactions in the wet season.

TDS represents the water salinity (Li et al. 2017; Wu
et al. 2019). TDS of the chlorinated water ranges from 305
to 662 mg/L with an average value of 400 mg/L in the dry
season and varies from 240 to 1100 mg/L with an average
value of 563 mg/L in the wet season with one sample (FW8)
exceeding the permissible TDS limit for drinking water
(1000 mg/L). Higher TDS is observed in the wet season
probably due to the greater evaporation rate and the high
concentration of SO, in the wet season.

TH reflects the total concentration of Ca?* and Mg?*
in water, which is an important indicator for water qual-
ity monitoring (Jin et al. 2012; Li et al. 2018c). Water
can be classified as extremely soft water (TH <75 mg/L),
soft water (75 < TH < 150 mg/L), moderately hard water
(150 < TH < 300 mg/L), hard water (300 < TH <450 mg/L),
and extremely hard water (TH> 450 mg/L). Water with
high TH will affect its suitability for domestic uses. The
permissible limit of TH for drinking purpose is 450 mg/L
according to the Chinese national standard (Ministry of
Health of the P.R. China and Standardization Administra-
tion of the P.R. China 2017). In this study, TH ranges from
164.9 to 539.3 mg/L in the dry season and varies from 127.5
to 323.0 mg/L in the wet season. Among the chlorinated
water samples collected in the dry season, one water sample
exceeds the acceptable limit of TH for drinking (KW10).

Table 2 Statistical analysis results for various parameters of chlorinated water in different seasons

Parameters Units Minimum Maximum Mean SD Permissible limits
Dry Wet Dry Wet Dry Wet Dry Wet
TH mg/L  164.9 127.5 539.3 323.0 267.21 206.56 93.68 60.02 450
TDS mg/L 305 240 662 1100 400.00 563.00 93.12 256.64 1000
ClI~ mg/L  11.2 11.2 166.6 127.1 44.67 40.99 53.75 42.00 250
SO42_ mg/L 5 46 167 290 92.75 157.41 53.42 69.11 250
NH,-N mg/L  0.01 0.06 0.01 0.24 0.01 0.12 0.00 0.06 0.5
NO;-N mg/L  0.70 0.25 5.35 29.70 2.34 3.51 1.49 8.28 20
Cr* mg/L. 0.002 0.002 0.012 0.031 0.003 0.005 0.003 0.009 0.005
F mg/L. 0.03 0.19 0.07 0.60 0.39 0.30 0.13 0.12 1
As mg/L.  5.00E—-04 5.00E-04 6.10E-03 5.00E-04 1.80E-03 5.00E—04 2.00E-03 0O 0.01
Hg mg/L.  5.00E-05 5.00E-05 5.00E—-04 4.00E-04 1.21E-04 1.04E—04 2.00E-04 1.00E-04 0.001
Mn mg/L. 0.025 0.010 0.025 0.030 0.025 0.013 0.043 0.006 0.1
pH - 7.07 7.29 7.73 7.85 7.5 7.59 0.19 0.17 6.5-8.5
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One sample (KW3) is classified as hard water, and the rest
10 samples are classified as moderately hard water. In the
wet season, all water samples are below the standard limit
for drinking purpose. Among all the chlorinated water sam-
ples in the wet season, one sample is classified as soft water
(FW1), two samples are hard water (FW8, FW11), and the
rest nine samples are moderately hard water.

S0,>~ and CI™ are common water quality indicators, and
generally they do not have health concerns (WHO 2011).
However, they may affect the taste of drinking water, and
sometimes they are indicators of anthropogenic water pol-
lution (Lin et al. 2018). The Chinese drinking water quality
standards (Ministry of Health of the P.R. China and Stand-
ardization Administration of the P.R. China 2017) set the
acceptable limits for both SO,*~ and CI~ at 250 mg/L. In this
study, SO,*~ ranges from 5 to 167 mg/L in the dry season
and 46 to 290 mg/L in the wet season. CI™ ranges from 11.2
to 166.6 mg/L in the dry season and 11.2 to 127.1 mg/L in
the wet season. In this study, only one water sample col-
lected in the wet season exceeds the permissible limit of
SO,>~ (FW9). SO,*~ shows higher concentration in the wet
season than the dry season due to the higher evaporation
rate and stronger water-rock interactions in the wet season,
while CI” shows lower concentration in the wet season, prob-
ably because of the low Cl™ in the recharge water such as
precipitation.

Nitrogen and its compounds play an important role in
agricultural production (Zhang et al. 2018). The concen-
tration of nitrate is commonly used to reflect the nonpoint
agricultural pollution in agricultural areas (Chen et al.
2016; Barros et al. 2012). The maximum permissible limits
of NH,-N and NO;-N are 0.5 and 20 mg/L, respectively,
according to the Chinese groundwater quality standard. In
this study, NH,-N concentration in the chlorinated water is
low in the dry season (0.01 mg/L), while NO5-N ranges from
0.70 to 5.35 mg/L in the dry season, which indicates that the
chlorinated water is suitable for domestic uses in the dry sea-
son. In the wet season, NH,-N and NO;-N of the samples are
in the ranges of 0.06 to 0.24 mg/L and 0.25 to 29.70 mg/L,
respectively. One sample exceeds the permissible limit of
NO;-N for domestic uses (FW11).

Fluoride (F7) is an essential element for human health
at low concentrations (Adimalla and Venkatayogi 2017,
Odiyo and Makungo 2018; He et al. 2020b), but is toxic at
high levels (Fordyce et al. 2007; Li et al. 2014a). Generally,
the desirable concentration of F~ in drinking water ranges
from 0.5 to 1.0 mg/L (Wu et al. 2015). WHO (2011) has
set the maximum acceptable level of F~ in drinking water
as 1.5 mg/L, while the Chinese national standard limit is
1.0 mg/L (Ministry of Health of the P.R. China and Stand-
ardization Administration of the P.R. China 2017). In this
study, F~ ranges from 0.03 to 0.07 mg/L in the dry season
and 0.19 to 0.60 mg/L in the wet season. As can be seen

from the table, all the chlorinated water samples are within
the acceptable limit of F~ for drinking purpose. This has
to be attributed to the water quality improvement projects
carried out by the Shaanxi Provincial Department of Water
Resources and the Hancheng Centers for Disease Control
and Prevention in this area, which have helped a lot to reduce
the prevalence of drinking water fluorosis. In general, there
are two ways of reducing the fluoride content in drinking
water: (1) find a new source of water with low fluoride
content (2) use physical and chemical methods such as pre-
cipitation—flocculation, ion exchange, lime softening and
other measures to reduce the fluoride concentration. How-
ever, finding a new source of water with low fluoride is the
most convenient, economical, and effective way to control
drinking water fluorosis. Therefore, the local government
drilled new wells and supplied low fluoride groundwater
to residents.

Cr®* is toxic to human health and is a source of carcino-
gens to human health (He and Li 2020). The maximum per-
missible limit of Cr®* for drinking purpose is 0.005 mg/L
(Ministry of Health of the P.R. China and Standardization
Administration of the P.R. China 2017). In this study, the
Cr’" concentration in the chlorinated water samples ranges
from 0.002 to 0.012 mg/L in the dry season and 0.002 to
0.031 mg/L in the wet season. One sample (KW7) in the
dry season and two samples (FW4, FW10) in the wet season
exceed the permissible limit of Cr®" for drinking purpose.
All the chlorinated water samples show low concentrations
of As, Hg and Mn. They are below the acceptable limits for
drinking water.

Terminal Tap Water

The statistical analysis results for the terminal tap water sam-
ples are listed in Table 3. Similar to the chlorinated water,
TDS of the terminal tap water is higher in the wet season.
Especially, one terminal tap water sample in the wet season
exceeds the acceptable limit of TDS for drinking (FW9). TH
of the terminal tap water is in the range of 168.4—-348.3 mg/L
in the dry season and 138.9-350.9 mg/L in the wet season.
All water samples are considered suitable for domestic pur-
pose with respect to TH in both dry and wet seasons.

For anions, SO,>~ ranges from 5 to 165 mg/L in the dry
season and 84 to 260 mg/L in the wet season. None of the
samples in the dry season exceeds the limit of SO,>~ for
drinking purpose, but one terminal tap water sample
exceeds the acceptable limit of SO42‘ (FW9) in the wet
season. Cl™ ranges from 12.9 to 172.3 mg/L and 11.1
to 124.9 mg/L in the dry and wet seasons, respectively,
and all terminal tap samples in the dry and wet seasons
are below the permissible limit of CI™ for drinking pur-
pose. The concentration of NO;-N ranges from 0.62 to
9.10 mg/L in the dry season, and 0.25 to 29.70 mg/L in
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Table 3 Statistical analysis results for various parameters of terminal tap water in different seasons

Parameters Units Minimum Maximum Mean SD Permissible limits
Dry Wet Dry Wet Dry Wet Dry Wet

TH mg/L.  168.4 138.9 348.3 350.9 252.42 211.92 63.00 272.21 450

TDS mg/L 305 280 527 1090 370.00 600.83 44.60 63.50 1000

CI~ mg/L 129 11.1 172.3 124.9 54.01 43.60 55.06 41.46 250

SO42_ mg/L 5 84 165 260 91.67 161.50 52.19 52.14 250

NH,-N mg/L  0.01 0.06 0.01 0.34 0.01 0.13 0.00 0.08 0.5

NO;-N mg/L  0.62 0.25 9.10 29.70 2.46 4.00 2.48 8.30 20

Cré* mg/L. 0.002 0.002 0.011 0.033 0.003 0.007 0.003 0.010 0.005

F mg/L. 0.04 0.20 0.70 0.56 0.38 0.30 0.18 0.10 1

As mg/L.  5.00E-04 5.00E-03 6.40E—03 5.00E-04 1.45E-03 5.00E-04 1.60E—03 0O 1.00E-02

Hg mg/L.  5.00E-05 5.00E-05 3.00E-03 5.00E-03 1.75E-04 1.17E—-04 9.00E—05 1.30E-04 1.00E-03

Mn mg/L. 0.025 0.010 0.025 0.030 0.025 0.013 0.000 0.006 0.1

pH - 7.06 7.23 7.69 7.88 7.48 7.58 0.18 0.19 6.5-8.5

the wet season with one sample (FW11) exceeding the
standard limit. The concentration of NH,-N in the dry
season samples is low (0.01 mg/L), and ranges from 0.06
to 0.34 mg/L in the wet season. In this study, the concen-
tration of F~ collected in the dry season ranges from 0.04
to 0.70 mg/L, and Cr®" ranges from 0.002 to 0.011 mg/L.
In wet season, F~ and Cr®" range from 0.20 to 0.56 mg/L
and 0.002 to 0.033 mg/L, respectively. All terminal tap
water samples are suitable for drinking with respect to
F~, while some samples (KW7, FW1, FW4, FW10 and
FW11) have higher Cr®* concentration than the permis-
sible limit. With respect to other trace metals such as As,
Hg and Mn, the concentrations are within the acceptable
limits for drinking purpose.

In this study, the sampling locations of the terminal
tap water are adjacent to the corresponding chlorinated
water sampling locations, so in the dry and wet seasons,
the physicochemical water quality parameters of the ter-
minal tap water and the corresponding chlorinated water
samples taken from the same sites generally show simi-
lar trends. The mean pH, TDS, SO,*, Cr®*, NH,-N and
NO;-N values of both the chlorinated water and the ter-
minal tap water are higher in the wet season than in the
dry season, indicating the stronger impacts of climate and
agricultural activities in the wet season. While the mean
concentrations of TH, CI7, F, As, Hg and Mn are lower in
the wet season than in the dry season, suggesting the dilu-
tion effects of recharge water on the source water. With
respect to water quality indices in a given season, some
rules can also be observed. For water samples collected
in the dry season, the mean levels of pH, TH, TDS, SO42‘,
As and F~ are lower in the terminal tap water, while the
mean concentrations of CI” and NO3-N become higher in
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the tap water compared to those in the chlorinated water.
With respect to water samples in the wet season, the mean
concentrations of all water quality indices except pH are
higher in the terminal tap water than those in the chlorin-
ated water.

Water Quality Assessment Using EWQI

In this study, the water quality parameters of As, Cr®F,
NO;-N, F~, TH and TDS were selected to perform the over-
all water quality assessment using the EWQI, and the calcu-
lation results of the EWQI for chlorinated water samples and
terminal tap water samples are shown in Table 4.

EWQI values of all the chlorinated water samples col-
lected in the dry season range from 24.42 to 44.53. Three
samples are classified as excellent-quality water (rank 1)
and 9 samples are classified as good-quality water (rank 2),
which are suitable for various purposes without treatment
(Su et al. 2018). The assessment results for the wet season
samples range from 25.03 to 61.90 based on EWQI. Eleven
samples are classified as good-quality water (rank 2) and one
sample is medium-quality water (rank 3) that can be used
for drinking purpose after some initial treatment. The study
results show that the chlorinated water quality in both dry
and wet seasons is generally suitable for drinking purpose.
In addition, the water quality in the dry season is generally
better than that in the wet season except at the No. 1, 7 and
12 sampling sites. The reasons may be the high tempera-
ture and high evaporation rate during the wet season, which
is responsible for evaporation and concentration effect of
the groundwater. In addition, the rise of surface water level
and groundwater level in the wet season makes it easier for
the surface water, which is vulnerable to environmental
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Table 4 Assessment results of water quality based on EWQI
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pollution such as animal excrement, human waste and so
on, to infiltrate into groundwater.

In Table 4, the EWQI values of all the collected termi-
nal tap water samples in the dry season are from 23.83 to
42.55. All the terminal tap water samples collected in the
dry season belong to good-quality category (rank 2), except
one sample being classified as excellent-quality water (rank
1). In the wet season, EWQI values for the collected termi-
nal tap water samples range from 23.20 to 66.37, including
one excellent-quality water sample (rank 1), ten good-qual-
ity water samples (rank 2) and one medium-quality water
sample (rank 3). The results show that all the terminal tap
water samples collected in both wet and dry seasons are
of good quality for domestic purpose. However, similar to
the chlorinated water, the water quality of the terminal tap
in the dry season is generally better than that in the wet
season except at the sampling sites 5, 6 and 12. Drinking
water is transported through pipes, and high temperature
will also affect the reproduction of microorganisms in the
pipes, then an increase in bacteria, microorganisms, leads
to an increase in metabolites, thus affecting comprehensive
quality of water. The main factors affecting water quality are
TDS and NO;-N. The concentration of NO5-N in different
seasons is related to the agricultural activities. Maize and
wheat were planted in the study area mainly after May, and
therefore, the concentration of groundwater NO;-N in the
wet season was higher than that in the dry season. TDS is a
measure of groundwater salinity. TDS is higher in the wet
season may be attributed to the evaporation and concentra-
tion effect of groundwater.

Overall, the water quality of both the chlorinated water
and the terminal tap water is good for domestic purposes.
For both the chlorinated water and the terminal tap water,
water quality in the dry season is better than that in the wet
season. This indicates that climatic factors can have signifi-
cant impacts on groundwater quality. Comparison of the
chlorinated water and the terminal tap water shows that the
chlorinated water has relatively better quality than the ter-
minal tap water. According to the investigation, most of the
chlorinated water has water supply and disinfection equip-
ment, but most of the terminal tap water will not be further
sterilized. In addition, the quality of the terminal tap water
is greatly affected by the material and the year in use of
the pipelines. The chlorinated water is corrosive, and it is
likely to lead to the increase of Fe, Mn and microorganisms
in the terminal tap water. High temperature and microbial
growth will consume residual chlorine, so the amount of
chlorine for disinfection should be properly adjusted, and
appropriately raised in the dry season and reduced in the
wet season to ensure good water quality. The terminal tap
water should also be filtered using home-use devices before
being consumed.
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Health Risk Assessment

Risk assessment uses relevant models and study area specifi-
cities to identify and quantify the potential risks to human
health due to exposure to contaminants via various exposure
pathways (Varol and Davraz 2016). Many previous stud-
ies (Adimalla and Li 2019; Adimalla and Wu 2019) have
shown that there will be potential health risks even the con-
centrations of water quality indices are within the drinking
water standard limits (He and Li 2020). Therefore, health
risk assessment is an important and supplementary to tradi-
tional water quality assessment. In the study area, previous
endemic diseases include Kashin-Beck disease, waterborne
fluorosis, and drinking water arsenism (Yousefi et al. 2019;
He et al. 2020b). Therefore, Cr*, As, F~ and NO;-N were
selected to perform the non-carcinogenic health risks, and
Cr%" and As were used for quantifying the carcinogenic
health risks for adults and children through drinking water
intake in the study area.

Chlorinated water

Health risk assessment results of the chlorinated water are
shown in Table 5. As shown in Table 5, the non-carcino-
genic hazard index (HI) of the chlorinated water in the dry
season ranges from 0.313 to 0.798 with a mean of 0.456
for adults, indicating that the total non-carcinogenic risk
of all chlorinated water samples is within the acceptable
limit (HI=1) for adults. With respect to each individual
water quality parameter, the non-carcinogenic HQ values
of Cr%*, As, F~ and NO;-N for adults are in the ranges of
0.017-0.100, 0.042-0.508, 0.156-0.431 and 0.011-0.084,
respectively, which suggested that adult consumers are in
low health risk with respect to exposure to these water qual-
ity indices in the dry season. In the wet season, the HI values
range from 0.200 to 0.722 with a mean of 0.329. The risks of
all chlorinated water samples in the wet season are consid-
ered low to adults and are within the acceptable limit value
(HI=1). The ranges of HQ for Cr%*, As, F~ and NO;-N are
0.017-0.258, 0.042-0.042, 0.119-0.375 and 0.004-0.464 in
the wet season.

With respect to the non-carcinogenic health risk to chil-
dren due to intake of the chlorinated water, the HI values
in the dry season range from 0.585 to 1.490 with a mean of
0.852. Risk of two samples (KW 11 and KW12) exceeds the
acceptable limit (HI=1). The non-carcinogenic HQ values
of Cr*, As, F~ and NOj;-N range from 0.031 to 0.187, 0.078
to 0.949, 0.291 to 0.805 and 0.020 to 0.156, respectively,
which suggests that the non-carcinogenic risk of individual
contaminant is acceptable to children in the dry season. In
the wet season, HI varies from 0.373 to 1.348 with an aver-
age value of 0.614. The risk of one sample (FW11) exceeds
the permissible limit. HQ values for Cr*, As, F~ and NO;-N
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are in the ranges of 0.031-0.482, 0.078-0.078, 0.222-0.700
and 0.007-0.866, respectively, for children.

The greatest non-carcinogenic risks to adults and chil-
dren in the dry season are caused by F~ which contributes
53.97% to the value of HI, while the Cr®* contributes the
least to the total non-carcinogenic risk. As and NO;-N con-
tribute 32.87% and 8.00% to the total non-carcinogenic
risks, respectively. In the wet season, HQ of F~ is highest for
both adults and children (57.34%) and followed by NO5-N
(16.60%), Cr®* (13.36%) and As (12.70%). In summary, the
average non-carcinogenic risks to adults and children are in
the order of F~> As>NO;-N > Cr®" in the dry season and
F>NO;-N> Cr® > As in the wet season (Fig. 3).

The carcinogenic risks due to exposure to As and Cr®*
are shown in Table 5. As shown in Table 5, the total carci-
nogenic risk (CR) for adults in the dry season ranges from
4.38E—05 to 2.54E—04 with an average of 1.03E—04, while
that in the wet season varies from 4.38E—05 to 4.07E—04
with an average of 8.45E—05. With respect to children,
the total carcinogenic risk in the dry season ranges from
8.17E-05 to 4.74E—04 with an average value of 1.92E—04,
and in the wet season the CR value ranges from 8.17E—05
to 7.58E—04 with an average of 1.58E—04. The results show
that the carcinogenic risk values in dry and wet seasons are
higher than the acceptable limit of 1E—06 (Ministry of
Environmental Protection of the People’s Republic of China
2014) for both adults and children. As per the average val-
ues of CR, As contributes 65.60% to the total CR, and Cr®*
accounts for 34.40% of the total CR in the dry season. Cr®*
accounts for 77.75% of the CR and As accounts for 22.25%
of the CR in the wet season.

In summary, adults and children face higher non-carcino-
genic and carcinogenic health risks in the dry seasons than
in the wet seasons, because higher F~ and As concentrations
were observed in the dry season than in the wet season. In
addition, children face higher health risks than adults in both
dry and wet seasons, which is in accordance with previous
research (Wu and Sun 2016).

Terminal Tap Water

The health risk estimated for the terminal tap water is shown
in Table 6. In the dry season, the total non-carcinogenic risk
of the terminal tap water for adults ranges from 0.254 to
0.721 with a mean value of 0.421, indicating that the total
non-carcinogenic risk of all terminal tap water samples is
within the permissible limit value (HI=1) for adults. The
non-carcinogenic HQ values of Cr®*, As, F~ and NO;-N
for adults are in the range of 0.017-0.092, 0.042-0.533,
0.027-0.438 and 0.010-0.142, respectively. Similarly, in
the wet season, the total non-carcinogenic risk of the ter-
minal tap water for adults ranges from 0.193 to 0.847 with
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Fig.3 Pie chart showing the
contribution of different con- a
taminants to the total non-car-

cinogenic risk of the cholrined

water. a Dry season, and b wet

season

Cr®*

a mean value of 0.351. All the terminal tap water samples
show lower risk value than the acceptable limit (HI=1) for
adults in the wet season. The non-carcinogenic HQ values
of Cr%", As, F~ and NO;-N in the wet season range within
0.017-0.275, 0.042-0.042, 0.131-0.350 and 0.004-0.464,
respectively.

With respect to children, the HI value in the dry season
ranges from 0.473 to 1.347 with a mean value of 0.785. The
HI values in three samples (KW1, KW11 and KW12) sur-
pass the acceptable limit, indicating a relatively higher risk
to children than adults. The non-carcinogenic HQ values of
Cr®*, As, F~ and NO;-N range from 0.031 to 0.171, 0.078
t0 0.996, 0.050 to 0.817 and 0.018 to 0.265, indicating that
the risk is acceptable regarding the individual water qual-
ity parameter. In the wet season, the HI value for children
ranges from 0.361 to 1.582 with a mean value of 0.655.
The HI values of two samples (FW10 and FW11) in the wet
season are higher than the acceptable limit. The range of HQ
for Cr®*, As, F~ and NO;-N is 0.031-0.513, 0.078-0.078,
0.233-0.653 and 0.007-0.866 in the wet season for chil-
dren. The total non-carcinogenic risk in the dry season is
contributed mostly by F~ (56.51%), while is least contrib-
uted by Cr®" (5.46%). As and N O;-N contribute 29.00% and
9.03% to the total non-carcinogenic risks, respectively. In
the wet season, HI is contributed mostly by F~ (52.69%)
and followed by NO;-N (17.83%), Cr* (17.61%) and As
(11.87%). According to the average values of HQ, the non-
carcinogenic risk of the terminal tap water to adults and
children is F~> As>NO;-N > Cr®" in the dry season and
F">NO;-N> Cr®* > As in the wet season (Fig. 4). The order
is the same to that of the chlorinated water.

In terms of the carcinogenic risk (CR) for adults in the dry
season, the values range from 4.38E—05 to 2.65E—04 with
an average of 8.91E—05, while in the wet season, the value
of total CR ranges from 4.38E—05 to 4.32E—04 with an
average of 1.12E—04. Similarly, in the dry season, the total
CR for children ranges from 8.17E—05 to 4.95E—04 with an
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(16.60%)

average value of 1.66E—04, while in the wet season, the total
CR value ranges from 8.17E—05 to 8.05E—04 with a mean
of 2.08E—04. As shown above, the carcinogenic health risks
are higher than the acceptable level of 1IE—06 (Ministry of
Environmental Protection of the People’s Republic of China
2014) in both dry and wet seasons for adults and children.
In addition, the carcinogenic risk is higher in the wet season
than in the dry season for both adults and children as per the
mean CR values. Children face higher carcinogenic risk than
adults in both seasons, and children bear almost twice the
total carcinogenic risks than the adults, because children are
more sensitive to the health risk damage of these contami-
nants, which is similar to the results of previous research (He
and Wu 2019a). This is due to the physiological differences
between children and adults. According to the average val-
ues of CR, As (61.39% of the total CR) contributes more to
the total carcinogenic risks than Cr®" (38.61% of the total
CR) in the dry season, while Cr’* (83.18% of the total CR)
contributes to a greater degree to the total carcinogenic risk
than As (16.82% of the total CR) in the wet season.

In summary, the non-carcinogenic risk caused by individ-
ual water quality indices of the terminal tap water is gener-
ally within the acceptable level in both seasons with respect
to both adults and children. However, adults and children
face higher non-carcinogenic risk of the terminal tap water
in the dry season according to the mean HI values, because
the concentrations of F~ and As are higher in the dry season.
As for the non-carcinogenic HQ values, the HQ values of
As and F~ are higher in the dry season, while the values of
F~ and NO;-N are higher in the wet season. Both adults and
children face higher carcinogenic risk in the wet season than
in the dry season in terms of terminal tap water intake.

Comparison of the health risk via the intake of the chlorin-
ated water and the terminal tap water in the dry and wet sea-
sons shows that the order of the non-carcinogenic health risks
of the chlorinated water and the terminal tap water showed
consistent rules, and the order is F~ > As>NO;-N> Cr* in
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Fig.4 Pie chart showing the =
_— . 5.46%
contribution of different con- a Cr*

taminants to the total non-carci-
nogenic risk of the terminal tap
water. a Dry season, and b wet
season

the dry season and F~>NO;-N> Cr%" > As in the wet season.
The non-carcinogenic HQ values of As and F~ are higher in
the dry season and the values of Cr%" and NO;-N are higher in
the wet season for both the chlorinated water and the terminal
tap water. In the dry season, the average non-carcinogenic HI
value of the chlorinated water is higher than that of the termi-
nal tap water, while opposite results are observed in the wet
season. Similarly, in the dry season, the average total CR value
of the chlorinated water is higher than that of the terminal tap
water for adults and children, while in the wet season, the aver-
age total CR value of the chlorinated water is lower than that
of the terminal tap water.

Improving the rural environment and drinking water
hygiene is closely related to the physical health of the resi-
dents. It is an inevitable requirement for realizing the harmo-
nious development of human and environment. China has
invested a lot of funds, manpower and material resources to
prevent and cure the endemic fluorine disease and improve the
drinking water quality. Some achievements have been made,
and the prevalence of fluorosis has decreased after the water
quality improvement projects were carried out. However, to
maintain the effectiveness of prevention and treatment in the
long run, two aspects must be considered.

From the perspective of governmental departments, they
need to support more water improvement projects and find
high-quality water source for domestic supply. What is even
more important is that the protection, maintenance and man-
agement of water supply facilities must be strengthened to
maintain the performance of these water improvement pro-
jects. At the same time, regular monitoring of more drinking
water quality parameters should be carried out, as the overall

@ Springer

F (56.51%)

Cré
(17.61%)

F- (52.69%)

(17.83%)

water quality is controlled by many individual parameters.
From the perspective of the local residents, household filters
and water boiling should be encouraged to improve the termi-
nal tap water quality before consumption. This will be effective
in reducing the health risks.

Conclusions

In this study, based on the water quality monitoring data
in Hancheng City in 2018, the seasonal changes of water
quality and the potential health risks to human health
through oral exposure pathway in the study area were
assessed. The main conclusions are as follows.

(1) For the chlorinated water and the terminal tap water,
the average concentration of pH, TDS, SO42_, NH,-N,
Cr%" and NO,-N is greater in the wet season than in the
dry season, while the mean concentrations of TH, CI~,
F~, As, Hg and Mn are higher in the dry season. For
water samples collected in the dry season, the mean
levels of pH, TH, TDS, SO,*~ and F~ are higher in the
terminal tap water, while the mean concentrations of
CI” and NO;-N become higher in the tap water com-
pared to those in the chlorinated water. With respect to
water samples in the wet season, the mean concentra-
tions of all water quality indices except pH are higher
in the terminal tap water than those in the chlorinated
water.

(2) Above 80% of the water samples are of good qual-
ity which is suitable for drinking and other purposes
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according to the EWQI. The water quality in the dry
season is better than that in the wet season. The evapo-
ration and concentration effect of groundwater is an
important reason responsible for the relatively poorer
water quality in the wet season. The water level rise in
both surface water and groundwater in the wet season
makes it easier for pollutants to enter the groundwa-
ter, resulting in the deterioration of the source water.
Human activities, such as pesticide residues and ferti-
lizer application in the wet season, may also affect the
comprehensive water quality.

(3) The individual non-carcinogenic risk of Cr*, As, F~
and NO5-N is within the acceptable level. For adults,
the HI values of all the chlorinated water and termi-
nal tap water in the dry and wet seasons are within
the acceptable limit. For children, the HI values of
the chlorinated water KW11, KW12 and the terminal
tap water KW1, KW11 and KW12 in the dry season
exceed the permissible limit, while in the wet season,
one chlorinated water sample (FW11) and two terminal
tap water samples (FW10, FW11) surpass the accept-
able limit. This indicates that attention is required to
reduce the total non-carcinogenic risks to ensure the
safety of children though the HQ values of individual
contaminants are below the acceptable limit.

(4) The carcinogenic risks of the chlorinated water and the
terminal tap water to both adults and children in both
seasons should not be overlooked. Children bear almost
twice the carcinogenic risks than adults. Although the
endemic disease had been eliminated by improving the
drinking water quality, the carcinogenic health risk still
exists and needs particular attention.
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