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Abstract Groundwater quality significantly affects
public health. In order to better understand groundwater
suitability, a total of 887 shallow groundwater samples
were collected from the Hetao Plain (HP), Inner
Mongolia, China; the maximum and minimum health
guideline values of each element were established in this
work. Subsequently, the desirability functions (DFs)
theory was employed to evaluate the human health risk
of groundwater. The results indicate that 780 of the
samples were unsuitable for drinking purposes due to
the iron, total dissolved solids (TDS), arsenic, strontium,
fluoride, and manganese concentrations present, all of
which exceeded their maximum guideline value
(MaGV). Only 107 samples were suitable for drinking
use; however, these samples also have adverse effects
on human health to some extent, due to the extremely
lower concentrations of nutrient elements and existence
of non-nutrient elements. Based on the observed results,
groundwater that is unsuitable for drinking use must
undergo bacteriological treatment prior to consumption.
It was necessary for residents in the western, central, and
northeastern parts of the study area are required to be
supplied with certain nutrient elements, such as iron,
iodine, molybdenum, manganese, and lithium.
According to the human health risk assessment of
groundwater, the general public can safely and
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reasonably consume the groundwater for drinking, ag-
riculture irrigation, and industrial purposes.
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Introduction

Safe drinking water is the birthright of all humankind,
and as much a birthright as clean air (TWAS 2002).
Groundwater is the primary water supply source for
large cities and counties in the Hetao Plain (HP), the
pollution of which is slowly reaching an alarming stage.
It is well known that groundwater contamination is
harmful not only to crops and industrial products, but
also to human health. There have been various attempts
to assess groundwater quality for drinking, agriculture
irrigation, and industrial purposes (Jalali and
Merrikhpour 2007; Goyal et al. 2010; Yidana and
Yidana 2010; Singh et al. 2012). The water quality index
(WQI) was established to evaluate groundwater quality
using the fuzzy set theory (Muhammetoglu and
Yardimci 2006), the Bhargava method (Avvannavar
and Shrihari 2008), the multivariate analysis (Stigter
et al. 2006; Yidana and Yidana 2010), and the probabi-
listic neural networks (Nikoo et al. 2011).
Undoubtedly, the aforementioned methods are useful
to the public for assessing groundwater quality.
However, each approach has its inherent limitations.
First, the meaning of WQI can differ depending on the
paper in which the term is used. For example,
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Muhammetoglu and Yardimci (2006) reported compu-
tation WQI values varying in range from 1 to 200,
categorizing contamination level as low, moderate, high,
and very high pollution. Yidana and Yidana (2010) used
a numbered range spanning from 0 to 300, dividing the
groundwater quality into excellent, good, and poor. It is
difficult for the general public to understand the differ-
ence in quality between “good” and “excellent” water.
Second, it should be noted that both the higher and
lower concentrations of nutrient elements in drinking
water have adverse impacts on living organisms (Phan
et al. 2010). However, these investigations only consid-
ered the health effects resulting from higher concentra-
tions of hydrochemical elements, rather than those from
extremely low concentrations of nutrient elements.
Good groundwater quality should have two characteris-
tics: first, the lower the concentrations of non-nutrient
elements, the better the groundwater quality. The ideal
case is when each non-nutrient element concentration is
equal to 0 in the groundwater system (Dauvalter and
Kashulin 2010). Second, the concentrations of nutrient
elements should remain within a certain range that is
functionally intrinsic to the human body in reasonable
concentrations (World Health Organization (WHO)
(2006)). Manganese in water, like other nutrient ele-
ments, both deficiencies and excesses can lead to severe
metabolic disorders. Epidemiological studies (GB 5749-
2006 2006; WHO 2006; Homoncik et al. 2010) have
described low manganese level results in manganese
deficiency disorders, such as weight loss, hypo sexual-
ity, and gray hair, while high level of manganese causes
Wilson disease and parkinsonism syndrome.

Generally speaking, the most frequent and common
route of nutrient element intake occurs through the
consumption of food and drinking water. In the case of
manganese, drinking water, nuts, tea, and vegetable are
all major sources of ingestion; their contributions to
manganese are 37, 28, 15, and 20 %, respectively
(Iwami et al. 1994). Therefore, the nutrient element
contents should remain in a reasonable range in the
groundwater system to maintain physiological balance
and stabilization of the body. The early studies stated
that lower concentrations of these elements mean a
lower WQI and better groundwater quality. Those re-
searchers did not take into account the adverse effects of
drinking water with extremely low concentrations of
nutrient elements on human beings.

Accordingly, the objectives of this paper are (1) to
identify which groundwater samples are unsuitable for
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drinking use due to one or more element concentrations
exceeding their maximum guideline value (MaGV); (2)
to calculate the health risks of the groundwater samples
that are suitable for drinking purposes. There are two
causes for potential health risks. First, cases wherein the
concentrations of nutrient elements are lower than their
minimum guideline value (MiGV), which would lead to
some nutrient element deficiencies in the human body,
resulting in growth as well as mental retardation.
Second, although the non-nutrient elements concentra-
tions do not exceed the MaGV for these groundwater
samples, they can still cause adverse impacts on human
health to some extent; and (3) to characterize the distri-
bution range of the nutrient elements with extremely
low concentrations in groundwater samples that are
suitable for drinking use.

For the purposes of this article, the human health risk
assessments of groundwater were carried out using the
desirability functions (DFs). This approach is different
from previous studies in several respects. First, health
risk assessments in this work consider not only the
MaGV of nutrient elements, but also the MiGV; second,
the overall desirability (D) was computed using the DFs.
This value does not classify groundwater quality into
different types; it only tells the general public which
groundwater sample is unsuitable for drinking; and how
great the health risks are in the groundwater sample that
are suitable for drinking purposes.

Groundwater is the major drinking water source in
HP, which has a typical continental climate (Yu et al.
2010). A vast groundwater quality assessment in HP has
been carried out over recent years (Guo et al. 2011;
Neidhardt et al. 2012; Yang et al. 2012; Zhang et al.
2013). However, the MiGV of nutrient elements are
firstly considered to evaluate the human health risks of
groundwater in HP.

Materials and methods
Study area

HP is located in the western part of the Inner Mongolia
Autonomous Region of China, to the south of the
Yellow River, to the east of the Daqing Mountain, to
the north border of Lang and Wulaer Mountains, with a
total area of 13, 040 km* and a population of 900, 000.
Since the Qin Dynasty, the Yellow River has been
employed across this area for irrigation purposes; an
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annual average of approximately five billion cubic me-
ters of water from the Yellow River is delivered into HP
for agriculture irrigation. Due to a shallow water table
and strong evapotranspiration, about half the surface
soils are saline, which leads to seasonal accumulation
of salts in this plain. The climate is semi-arid with an
annual rainfall between 150 and 400 mm; evaporation
runs between 2, 000 to 2, 500 mm with an average value
of 2, 180 mm. The average annual air temperatures are
between 5.6 and 7.8 °C. The average elevation ranges
from 900 to 1, 200 m in the HP area. The following lake
and rivers represent the surface water hydrology in the
study area: Wuliangsuhai Lake, the Yellow River, and
the Dahei River. The shallow groundwater has a close
hydraulic connection with the surface water; it is mainly
recharged by irrigation water, surface water, and verti-
cally infiltration precipitation and discharged mainly by
evaporation, drainage, and human extraction. There are
two aquifer systems: one is an unconfined aquifer sys-
tem; its sediments are derived from the Lang, Wulaer,
and Daqing Mountains and partly from fluvial deposits
of the Yellow River, which are comprised of alluvial-
pluvial sand, sandy silt, lacustrine and fluvial-lacustrine
sandy silt, silt clay, and clay rich in organic matter in the
central part of the plain. The general direction of
groundwater flow is from recharge areas to discharge
areas. Figure 1 describes the shallow groundwater level,
this figure shows the shallow groundwater flows from
the Yellow River recharge areas to discharge into drains
and lake in western of HP, these flow paths are compar-
atively short; in eastern of HP, horizontal groundwater
flow is directed toward east-west. The other system is a
confined aquifer recharged from the leaking recharge;
the lithology is medium sand, coarse sand, and silt sand.

Sample collection

The first aquifer is the current major source for human
consumption; out of the 887 collected groundwater
samples, 612 were from tube wells and 275 were from
open wells in this aquifer for hydrochemical variable
analysis. These wells are directly used for drinking,
irrigation, and industrial purposes without future treat-
ment prior to consumption. In the case of the wells, the
water samples were collected after pumping for 10—
20 min. This was done to remove groundwater stored
in the well. For all collected samples, the electrical
conductivity (EC), temperature (T), total dissolved
solids (TDS), and pH values were measured in situ using

a multi parameter water quality meter. The remaining
variables, such as major elements and trace elements,
were analyzed at the laboratory of the Institute of
Hydrogeological and Environmental Geology immedi-
ately after transportation to the laboratory. In these sam-
ples, sodium and magnesium are the predominant cat-
ions, while chloride and bicarbonate are the predomi-
nant anions; 887 samples can be divided into 28 distinct
water types. Of samples, 8.34 % are rich in sodium,
magnesium, chloride, and bicarbonate reflecting Na-
Mg-CI-HCOj; type, which is the dominant water type
in HP; the Ca-Mg-HCOs is the second dominant water
type. The percent of these samples that fall in this type
can reach 7.66 %; the third groundwater type belongs to
the Na-Mg-Cl-SO4-HCO3; type, which is present in
6.31 % of the samples.

Desirability functions

The DFs theory, developed by Harrington (1965), has
often proved to be a useful tool in dealing with multi-
response problems. The basic idea of the DFs is to
convert a multiple response problem into a single re-
sponse problem by means of mathematical transforma-
tions. In this article, x; element was converted into an
individual desirability function (d;) with a value between
0 and 1 according to the equations below.

1) Larger the best (LTB) type

L [0, 1) xX; < MaGV;
d’ - { 1 Xi zMaGV, (1)

2) Smaller the best (STB) type

0 X,‘EMGGV,‘
d; = (0, 1) MiGV; < x; < MaGV;
1 x,SMzGV,

(2)
3) Nominal the best (NTB) type

[o, 1) x < MGV,
di=q 1 MGV<x; < MaGV; (3)
0 )C,'Z MaG V,'

where x; represents the concentration of ith element;
MaGYV; is the MaGV of ith element; MiGV; is the MiGV
of ith element; d; denotes the desirability function of x;
element; i=1, 2, ..., m, m is the number of elements.
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Fig. 1 Study area and shallow groundwater type
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There are three forms of the desirability function
depending on hydrochemical variable’s characteristic:
(1) the LTB type, it means the higher concentration of
ith element, the greater is the d; value; however, this
characteristic is not consistent with the actual situation
of drinking water quality assessment; (2) the STB type
denotes the non-nutrient element, the d; value decreases
as the ith non-nutrient element concentration increases
in groundwater; when the ith non-nutrient element con-
tent falls above its MaGV; value, the d; value decreases
to 0, it means groundwater is unsuitable for drinking
use; (3) the NTB type reflects the ith nutrient element,
when the ith nutrient element content between MiGV;
and MaGV;, value, the d; value is equal to 1, it demon-
strates groundwater has no adverse effects on human
health; if ith nutrient element concentration is greater
than MaGV;, groundwater is unsuitable for drinking use,
and therefore, d; value is equal to 0; if this element
content falls within MiGV,, groundwater is suitable for
use in drinking; however, it can still cause health risk on
human body for long periods of time, d; value is less
than 1.

Subsequently, the overall desirability function (D)
can then be calculated using the geometric mean of d
values according to Eq (4).

D= (ﬁ di(xi)”’f>ﬁ (4)

where w; represents the weight coefficient of x; element.
In Eq. (4), w value between 0 and 1, and w;+w,+w;...
w,,=1 (Li et al. 2007).

D value exists in the range from 0 to 1. For a value of
D close to 1, the combination of different criteria is
globally optimum, i.e., the variable values are near the
target values; if its value is equal to 0, the element
exceeds the desirable value. In recently years, DFs are
widely applied in industrial management (Li et al.
2003), drug production (Li et al. 2007), volatile organic
compounds (VOCs) pollution assessment (Cojocaru
et al. 2009), and water quality analysis (Zobkov 2012).
However, it has not been used for human health risk
assessments of groundwater.

Human health risk assessment

Fifty-six hydrochemical elements were measured in this
work; however, the concentrations of copper, lead,

aluminum, nickel, and mercury in groundwater were
between MiGV and MaGV. More importantly, their
content was distributed homogeneously in study area.
Therefore, these elements were not incorporated into
human health risk assessments of groundwater; only
16 elements (TDS, bromide, fluoride, iron, iodine, am-
monium, nitrate, nitrite, pH, arsenic, barium, lithium,
manganese, molybdenum, strontium, and zinc) were
selected to evaluate the health risks associated with
groundwater using the DFs theory.

More details regarding the computation process of
the drinking water health risks assessments are shown in
the following steps. The first step was to establish the
MiGV and MaGYV for hydrochemical elements in drink-
ing water. A number of studies reported that the lower
the concentration of each element, the better the ground-
water quality. Therefore, the researchers only ensured
that no element concentration exceeded the MaGV for
evaluation of groundwater quality (Avvannavar and
Shrihari 2008; Haritash et al. 2008; Yidana and Yidana
2010; Ketata et al. 2011). However, in a real situation,
this assumption is only suitable for non-nutrient ele-
ments; there is no indication or medical evidence
supporting that arsenic, bromide, barium, nitrate, and
nitrite are essential elements for human health. In con-
trast, fluoride, iron, iodine, pH, lithium, manganese,
molybdenum, strontium, and zinc are nutrient elements
(Iwami et al. 1994; Haddadin et al. 2002), and therefore,
their concentrations in groundwater should be remained
within a certain range (Dauvalter and Kashulin 2010;
Phan et al. 2010).

With regard to the nutrient elements, the MaGV were
easily established according to the various water quality
standards (GB/T 14848-93 1993; GB 15193.18-2003
2003; GB 5749-2006 2006; WHO 2006) and early
studies (Muhammetoglu and Yardimci 2006; Jalali and
Merrikhpour 2007; Goyal etal. 2010; Singh et al. 2012);
the MiGV in drinking water was calculated using
Eqgs. (5)~(6), which are defined as follows:

MiGV = (RNI* P)/C (5)

MiGV = (Al * P)/C (6)

where reference nutrient intake (RNI) is the recom-
mended nutrient intake (mg/day); if RNI values for
some nutrient elements are not proposed, application
of the adequate intake (Al) (mg/day) instead of RNI to
calculate MiGV; P represents the fraction of the RNI/AI
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Table 1 MiGV, MaGYV, and weight coefficient of each hydrochemical element in study area mg/1

Parameters Characteristic MiGV MaGV Weight (w) Relative weight (W) W; = —*
3
i=1

TDS Non-nutrient element 0 1, 000 1 0.0204

Br Non-nutrient element 0 6 2 0.0408

F Nutrient element 0.1500 1 5 0.1020

Fe Nutrient element 0.0400 0.3 3 0.0612

1 Nutrient element 0.0150 0.2 4 0.0816

NH,4 Non-nutrient element 0 0.2 3 0.0612

NO, Non-nutrient element 0 0.2 4 0.0816

NO;3 Non-nutrient element 0 50 3 0.0612

pH Nutrient element 6.5 8.5 1 0.0204

As Non-nutrient element 0.0012 0.01 5 0.1020

Ba Non-nutrient element 0 0.7 4 0.0816

Li Nutrient element 0.02 0.06 2 0.0408

Mn Nutrient element 0.1150 04 2 0.0408

Mo Nutrient element 0.0045 0.07 3 0.0612

Sr Nutrient element 0.19 1.9 3 0.0612

Zn Nutrient element 0.275 1 4 0.0816

m m
21 w; =49 Zl W; = 1.0000
i= i=

allocated to drinking water; C is a daily drinking water
consumption (L/day). There is variation in both the
volume of water consumed by and the body weight of
consumers; therefore, some assumption is employed to
calculate the MiGV. The default assumption for water
consumption by an adult is 2 L/day, while the default
assumption for body weight is 60 kg (WHO 2006).
The MaGYV of the non-nutrient elements, such as
arsenic, ammonium, nitrate, and nitrite, were established
according to the aforementioned studies and drinking
water standards. Even though these non-nutrient ele-
ments are present at extremely low concentrations in
drinking water, many of them can raise considerable
toxicological concerns. The ideal case is when these

=

S 1.00 1.00 7
o lanr)
3 Z
RNI UL =

= 0.50 0.50 2
S w
=} [¢]
4 gs]
“ =
=) 0o &

Increasing Dietary Intake

>

Fig. 2 Relationship of RNI values to risk of nutrient element
inadequacy and risk of adverse health effects
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element concentrations are equal to 0; at that point, the
groundwater is the most suitable for human consump-
tion and has no danger to human health. Therefore, this
paper let the MiGV of these non-nutrient elements be
equal to 0. In spite of the fact that TDS is a nutrient
element, drinking water with extremely low concentra-
tion of TDS may be also unacceptable to consumers
because of its flat and insipid taste; most people can gain
adequate levels of TDS from other sources. Therefore,
the TDS was defined as a non-nutrient element in this
paper; the MaGV was assigned 1,000 mg/l according to
the WHO (2006), and the MiGV was also given 0.
Currently, the MiGV and MaGV of every variable are
listed in Table 1. The second step was to assign a weight
coefficient to each element. In general, higher levels of

1.001Y

0.50

0

Fig.3 Relationship of nutrient element concentration to desirabil-
ity function value (d)
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Fig. 4 Relationship of non-nutrient element concentration to de-
sirability function value (d)

sodium, calcium, magnesium, and chloride can cause
high blood pressure, heart disease, and renal calculi;
however, the contribution of drinking water to the daily
intake of these elements is small, and their concentra-
tions in groundwater have an insignificant impact on
human beings. In contrast, if people who have been
exposed to higher concentrations of trace elements in
drinking water over long periods of time began to dem-
onstrate an increase in bone disorders, skin cancer,
ventricular tachycardia, muscle weakness, and paralysis,
it would be likely that those trace elements played a key
role in the human body. Based on the above analysis,
each element was given a weight coefficient according
to its significance on human health. Subsequently,
Eq. (7) was used to calculate the relative weight (/) of
each hydrochemical element (Table 1).

W= (7)

where w; is the weight value of ith hydrochemical ele-
ment; W; is the relative weight of ith hydrochemical
element.

Third, each element was transformed to d value that
varied over a range of 0<d<1 according to the DFs
theory. The nutrient element content should range be-
tween MiGV and MaGV for good groundwater; there-
fore, it is the NTB type for an objective function re-
quired to achieve a particular target value in the DFs.
Figures 2 and 3 are used to transform the nutrient
elements to d values, more details of the transformation
process are described in the following section.

1. Refereeing Fig. 2 to establish the conversion curve
(Fig. 3) for ith nutrient element;

2. Inputting the MiGV and MaGV of ith nutrient ele-
ment into Fig. 3;

3. The MATLAB program is used to interpolate the
curve, after which the d; value of ith nutrient ele-
ment can be calculated;

4. Repeating the steps (2)-(3), the d value of each
nutrient element was established.

Figure 2 is developed by the Food and Agriculture
Organization of the United Nations (FAO) (Suitor and
Meyers 2007), which can provide risk information of
nutrient element inadequacy and excess intake on hu-
man body. The risk decreases as long as the dietary
intake (DI) increases from 0 to RNI; when the DI value
is between RNI and upper intake level (UL), the nutrient
element can meet the physiological balance of human
body; it has no adverse effects on human body, health
risk is close to 0; when the DI value is greater than UL,
the risk increases with an increase in the DI value, it
means that individuals whose DI value exceeds the UL
may be at risk of adverse health impacts due to the
excess intake.

Based on refereed Fig. 2, Figs. 3 and 4 were
established using Egs. 2 and 3, the MiGV, MaGYV, and
d (d=1-health risk value) values corresponding to the
RNI, UL, and health risk values in Fig. 2. Figure 3
reveals that when the concentration of the ith nutrient

Table 2 Statistical summary of the hydrochemical element from
wells in the study area mg/l

Parameters ~ Min Max Mean Stand. dev
TDS 136.92 9,702 1,467.6654  1,295.7147
Br 0.05 10.6 0.3213 0.6928

F 0.05 20 0.9139 1.375

Fe 0.02 55 1.7068 3.6834

1 0.01 3 0.1127 02114
NH4 0.02 28 0.3352 1.6985
NO, 0.001 88 0.6445 3.9895
NOs 0.02 495 24.0697 56.3519
pH 7.15 9.26 7.8657 0.3455

As 0.0001  0.9172 0.0431 0.0919

Ba 0.012 2.7998 0.143 0.2026

Li 0.003 0.2862 0.0287 0.0276
Mn 0.0005  5.9757 0.3157 0.5642
Mo 0.003 0.0867 0.0054 0.0074

Sr 0.083 19.1243  1.5613 1.3583
Zn 0.001 1.7903 0.0258 0.0679
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Fig. 5 Health risk assessment results of groundwater samples

element falls within the MiGV; and the d; value falls
between 0 and 1, it means the consumer is not totally
satisfied with this groundwater quality. Extremely low
concentration of this element can result in health risks
from inadequate ith nutrient element intake over long
periods of time. If the concentration of ith nutrient
element ranges from MiGV, to MaGV;, and the d; value
is close to 1, it represents that the ith nutrient element
content in groundwater has no adverse effects on human
health and can maintain the physiological equilibrium of
human body. A large body of studies have proven that
human and animal exposure to high-dose of nutrient
elements can cause a series of disorders, including mus-
cle weakness and paralysis, heart trouble, and premature
aging. When the ith nutrient element concentration is
above the MaGV; and d; is set equal to 0, it denotes that
groundwater is unsuitable for drinking use.

The lower the concentrations of non-nutrient elements
and TDS, the better the groundwater quality. These ele-
ments belong to the SBT for an objective to be minimized
value in the DFs. Figure 4 was used to convert the non-
nutrient elements and TDS to d values using a similar
method for the nutrient elements. Figure 4 shows the d;
value decreased as the concentration of the ith non-
nutrient element increased from 0 to MaGV, and when
the ith non-nutrient element concentration exceeded their
MaGV;, the d; decreases to 0, which reflects the ground-
water is unsuitable for use in drinking.

The d value of each element was obtained, at which
point the final step was to calculate the overall desirability
(D) according to Eq. (4). The D value denotes the degree
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Drain
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of synthesis satisfaction with the groundwater sample.
The higher the D value, the better the groundwater qual-
ity, and the lower the groundwater’s health risks on
human. Its value falls within a ranges of 0<D<1, which
is defined by aggregating the geometric mean of different
d values. The primary goals of DFs applications in this
paper are obtained as follows. If one or more elements
exceed the MaGV, their d values are equal to 0.
According to Eq. (4), D value is also equal to 0, which
means this groundwater sample is unsuitable for drinking
use. A value of D close to 1 implies that all the nutrient
element contents are within a desirable range [MiGYV,
MaGV] and the non-nutrient elements concentrations
are simultaneously close to 0, reflecting this groundwater
sample as totally suitable for human consumption. For D
values ranging from 0 to 1, the groundwater is suitable for
drinking use; however, if people were exposed to this
groundwater for long periods of time, it could lead to
health risks. There are two reasons for this risk; the first is
nutrient element concentrations lower than MiGV,
resulting in inadequate nutrient element intake from

Fig. 6 a Arsenic concentration spatial distribution map of p
groundwater samples in cluster 1. b Fluoride concentration spa-
tial distribution map of groundwater samples in cluster 1. ¢ Iron
concentration spatial distribution map of groundwater samples in
cluster 1. d Manganese concentration spatial distribution map of
groundwater samples in cluster 1. e Strontium concentration
spatial distribution map of groundwater samples in cluster 1. f
TDS concentration spatial distribution map of groundwater sam-
ples in cluster 1. In Fig.6, the higher the concentration of
element, the larger the circle diameter and the deeper the color
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drinking water. Second, with respect to the non-nutrient
element, although their concentrations fall within the
MaGYV in groundwater, it can still cause adverse impacts
on the human body to some extent.

Results and discussion

A statistical summary of the hydrochemical variables
analyzed for this study is presented in Table 2.
According to this table, the pH values in these ground-
water samples varied from 7.10 to 9.26 with an average
value of 7.86. Of samples, 8.31 % exceeded the MaGV
of 8.5 (WHO 2006); the concentration of arsenic varied
from 0.0001 to 0.917 mg/l with a mean value of
0.043 mg/l; 45.29 % samples exceeded the MaGV of
0.01 mg/l. The fluoride concentration was very high
ranging from 0.05 to 20 mg/l with an average value of
0.91 mg/l. Of samples, 15.13 % fell above the MaGV
(1.50 mg/1) specified for fluoride. The concentration of
nitrate varied from 0.02 to 495 mg/l with a mean value
of 24.07 mg/l; 12.41 % of samples were above the
MaGV of 50 mg/l, while 14.03 % of samples exceeded
the MaGV (0.20 mg/1) of nitrite with the concentration
ranging between 0.001 and 88.00 mg/l, with a mean
value of 0.64 mg/l. It is obvious from Table 2 that
groundwater pollution has reached concerning levels
in HP, and it is therefore necessary to evaluate human
health risks of groundwater.

The groundwater samples were divided into two
clusters according to their D values; the first cluster
included 780 (88.04 %) samples, with D values equal
to 0, which means these samples are at the highest risk
of being unsuitable for drinking use (Fig. 5); the second
group consisted of 107 (11.96 %) samples with D values
ranging from 0 to 1; this denotes that the groundwater is
suitable for drinking purposes; however, if people were
exposed to this drinking water over the long term, they
would still confront some health risks. The groundwater
sample with the maximum D value (0.98) is located in
the Hangjinhouqi, which indicates that it has the best
groundwater quality in HP. It is apparent that this sample
has no health risks from nutrient or non-nutrient ele-
ments. The concentrations of nutrient element exist in
the range between MiGV and MaGV, and the non-
nutrient element content are simultaneously close to 0
for this sample. The concentration of each element in
this groundwater sample can meet the physiological
demand of human body. The calculation results

presented here demonstrate that the evaluation of health
risks can characterize the suitability of groundwater in
HP.

According to Table 1, it was found that the concen-
trations of some elements, such as iron, TDS, arsenic,
fluoride, manganese, and strontium, exceeded the
MaGYV, resulting in 780 samples that are unsuitable for
drinking use. Their concentration spatial distribution
maps in cluster 1 are described in Fig. 6. Out of 780
samples, 64.94 % of samples are found to be above the
MaGV for iron; these samples are located primarily in
the northwestern and northeastern parts of the study
area; 58.74 % of sample contents fell above the MaGV
for TDS. It is obvious that most of the outline values of
TDS concentrations appeared at Lang Mountain front;
49.66 % of samples show arsenic concentrations higher
than MaGV (0.01 mg/l) in the groundwater. These sam-
ples were also located in the northeastern and northwest-
ern sections of the study area. Of strontium concentra-
tions, 28.90 % were found to be exceeding the MaGV. It
is observed that the strontium concentrations were ap-
preciably greater than MaGYV, reflecting its pollution
was not serious. Of samples concentrations, 33.36 %
fell above the MaGV for fluoride; 31.41 % of samples
indicated manganese concentrations higher than the
MaGYV (0.40 mg/l) for groundwater.

High trace elements in groundwater have posed sig-
nificant health impacts on thousands of millions of
people. In general, the groundwater contamination prob-
lems occur only under special natural circumstances
relating to geochemical environment and hydrological
condition, and therefore, two necessary conditions are
met: (1) abundant source of pollutants and (2) its trans-
portation from the source to water and accumulation. It
is well known that arsenic existence in drinking water is
mainly due to human activities in south of China (He
and Charlet 2013); on the contrary, it mainly derives
from nature process in arid and semi-arid north of
China. The authors’ previous investigation has indicated
that water rock interaction responsible for higher con-
centration of arsenic in HP, which is not influenced by
anthropogenic activities (Zhang et al. 2013). Although
the arsenic content in mineral in HP is lower than
background value of total arsenic in rocks/soil of
China (5 mg/kg), it can release from aquifer sediment
under reducing conditions and accumulate in some spe-
cial regions due to the special hydrogeology condition
and land uses, causing adverse effects on human body.
Previous studies have demonstrated that water table,
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land use, clay layer, and hydraulic gradient of ground-
water have significant impacts on groundwater arsenic
concentration (Guo et al. 2012; Zhang et al. 2013).
There are many irrigation channels from south to north
in northwestern of HP; the density of irrigation channels
is high, at 0.52 km/km? in this region, where the Yellow
River was used for irrigation. The infiltration of irriga-
tion water recharged the shallow groundwater, causing
the rising of groundwater table. In addition, owing to the
gentle land surface in northeastern of HP, groundwater
flow conditions are generally sluggish; their hydraulic
gradient is less than 0.67%, and therefore, groundwater
moves extremely slowly in this region. Both the land
surface irrigation and slow groundwater flow can restrict
dispersion of atmospheric oxygen into the aquifers,
causing reducing condition in this aquifer system, which
promoted the release of arsenic from the aquifer sedi-
ments. Therefore, the arsenic content is higher in north-
western and northeastern sections of the study area.
Figure 6b indicates that higher concentration of fluo-
ride mainly distributes in northeastern of study area; this
region is the main discharge zone of HP. In addition, due
to the stronger evaporation process, TDS and pH con-
tent are higher in this region. The hydroxide ion can
replace the exchangeable fluoride from F-bearing min-
erals and enhance the groundwater fluoride content
under the alkaline conditions. Agricultural activities
have directly or indirectly influenced the concentrations
of a large body of hydrochemical variables (Baba and
Tayfur 2011), groundwater fluoride contamination
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results from fertilizers and pesticides used in agricultural
activities in HP.

Based on the above analysis, the following conclu-
sions can be drawn: with respect to iron and manganese,
some ions release from aquifer sediment together with
the arsenic under the reduction conditions; the others
derive from the anthropogenic activities, such as indus-
trial sewage/sludge discharge, agricultural pesticides
and fertilizers, waste disposal sites, imperfect well con-
struction, air pollution, and mining tailing. Therefore,
the higher concentrations of TDS, iron, arsenic, fluoride,
and manganese in shallow groundwater are a result of
water rock interaction, evaporation, and anthropogenic
activities.

One hundred seven groundwater samples in group 2
were suitable for drinking use over the short term. These
groundwater samples were located in the northern bank
of the Yellow River (Fig. 7). Owing to the extremely
low concentrations of nutrient element and non-
nutrient element emergency, people exposed to this
groundwater would experience certain disorders for
long periods of time. Comparisons are made to the
nutrient element MiGV in Table 1, to identify which

Fig. 8 a Iron concentration spatial distribution map of groundwa- p
ter samples in cluster 2. b Iodine concentration spatial distribution
map of groundwater samples in cluster 2. ¢ Lithium concentration
spatial distribution map of groundwater samples in cluster 2. d
Manganese concentration spatial distribution map of groundwater
samples in cluster 2. e Molybdenum concentration spatial distri-
bution map of groundwater samples in cluster 2
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Fig. 8 (continued)

nutrient element content does not satisfy people physio-
logical demands. It is found that the percentages of io-
dine, molybdenum, manganese, lithium, and iron that
have extremely lower concentrations than their MiGV
in cluster 2 are 84.91, 79.25, 78.30, 71.70, and 38.70 %,
respectively. Figure 8 shows that the samples with such
low concentrations of these nutrient element are distrib-
uted in the western, central, and northeastern parts of the
study area. There are several reasons for this: first, the
aforementioned nutrient element concentrations in the
Yellow River, the Dahei River, and Wuliangsuhai Lake
are lower (Bulletin of Yellow River Resources 2011; Qin
et al. 2011); there are close hydraulic connections and
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frequent conversion relationships between the surface
water and shallow groundwater in these three regions.
The lake and rivers are major controlling factors of
groundwater quality. Second, it is important to note that
groundwater is so severely exploited in these three areas
that it has a larger renewal rate. Therefore, the quality of
the shallow groundwater is similar to the surface water
resources with extremely low concentrations of iodine,
iron, fluoride, and manganese.

The results from the present study can be utilized to
appreciate the suitability of shallow groundwater for
drinking, agricultural irrigation, and industrial uses in
HP. For example, 107 groundwater samples in cluster 2
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can be used for drinking; out of 780 groundwater samples
in group 1, the samples with higher concentrations of
arsenic, fluoride, iron, manganese, and strontium are only
suitable for industrial use; if it used for irrigation purposes,
these elements can accumulate in the edible parts of crops,
posing considerable health risk to humans and animals; the
samples with higher TDS are unsuitable for use in irriga-
tion and industrial. The high TDS groundwater can not
only result in the formation scale effect, the barbotage
effect, and the corrosive effect for industrial purpose, but
also lead to the salinity hazard and permeability problem
for agriculture irrigation use, the problems of which in the
latter case will reduce the osmotic activity of plants and
thus interfere with the absorption of water and nutrients
from the soil (Shi et al. 2013). Accordingly, the irrigation
water mainly depends on the Yellow River, evidenced by
high density agriculture channels in HP.

Conclusions

From the human health risk assessments, 780 groundwa-
ter samples were found to be unsuitable for drinking use;
if no effective measures are taken, it will result in harmful
effects on human life, such as diabetes, high blood pres-
sure, skin cancer, and kidney cancer. Only 107 ground-
water samples were suitable for drinking purposes; the
residents in the western, central, and northeastern parts of
the study area must be careful of the nutrient element
equilibrium, supplementing the iron, iodine, lithium,
manganese, and molybdenum through diet or medica-
tion. The safest groundwater is found in Hangjinhouqj; it
has no adverse impacts on the human body and is totally
suitable for drinking use. Therefore, this article can pro-
vide significant information for the non-technical deci-
sion maker to achieve sustainable groundwater resource
management in HP over the coming years.
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