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Abstract: Confined groundwater is important for the domestic water supply in arid and semiarid
regions that have salty phreatic water. A systematic investigation was conducted in the Wuyi region,
a typical central area of the North China Plain (NCP), regarding the confined groundwater
geochemistry. A total of 59 samples were collected from confined aquifers across the region
for in situ parameter determination and laboratory analysis. The results showed the confined
groundwater was neutral to slightly alkaline, and dominantly soft fresh. The moderately hard
brackish water and very hard brackish water accounted for 1.69% and 6.78% of the total samples,
respectively. The hydro-chemical faces are mainly SO4·Cl–Na type with a few of the HCO3–Na type.
The entropy-weighted water quality index assessment demonstrated that 21.3% of the groundwater
samples came under the medium to extremely poor quality, and were unsuitable for drinking purposes
due to the high content of major ions. Various populations are at a chronic health risk at some local
sites by high levels of F- and Fe in groundwater, with susceptibility in the order of adult females
< adult males < children < infants. The poor groundwater quality and health threats result from
the natural water–rock interactions (including mineral dissolution and cation exchange) rather than
anthropogenic inputs. This research can provide references for groundwater resource development
and management in the NCP and other similar regions worldwide.

Keywords: hydrogeochemical signature; confined groundwater; drinking water quality;
health risk assessment; North China Plain

1. Introduction

Groundwater serves as the dominant or even only source of water for potable usage in many
regions all over the world, especially in semiarid and arid regions, due to the scarcity of precipitation
and surface water [1,2]. The availability of groundwater has been recognized to have profound
impacts on approximately one third of the world’s population [3–6]. As a consequence of global
environmental change and rapid population growth, the dependence on groundwater is expected
to increase in the near future [7,8]. The element enrichments in groundwater result from human
society, and natural circumstances have depleted groundwater quality, which greatly hampers the

Water 2020, 12, 3052; doi:10.3390/w12113052 www.mdpi.com/journal/water

http://www.mdpi.com/journal/water
http://www.mdpi.com
https://orcid.org/0000-0001-8070-9244
https://orcid.org/0000-0002-6414-8384
http://dx.doi.org/10.3390/w12113052
http://www.mdpi.com/journal/water
https://www.mdpi.com/2073-4441/12/11/3052?type=check_update&version=3


Water 2020, 12, 3052 2 of 23

availability of groundwater for domestic usage [9]. Thus, it is urgent to conduct a comprehensive
study on groundwater chemistry and exploitation to ensure the quality and safety of groundwater for
anthropogenic usage [10,11].

The North China Plain (NCP) is one of the most typical regions where groundwater plays
a significant role in domestic usage, and in industrial and agricultural practices [6,12,13].
Groundwater of the NCP provides approximately 70% of the supplying water resource for various
purposes [14,15]. There is no doubt that groundwater has greatly supported the regional developments
in the past decades [16], and will continue to play an essential role in human society in the foreseeable
future. Meanwhile, the groundwater system has experienced unprecedented changes (for example,
tremendous decline of groundwater level and significant change of groundwater chemistry) with the
intense intervention of human society [12,17]. Attention from not only China but also the international
community has been focused on the availability and sustainability of the groundwater resource in the
NCP [6,13,18–20], because it is one of the most extensively altered regions of groundwater depletion
by human activities in the world [16,21]. The research and management practices of the groundwater
resource in the NCP can provide significant experiences and references to other regions worldwide
that greatly rely upon groundwater resources in their developments.

Much research has been carried out to reveal the behaviors of the groundwater system under
both natural and anthropogenic driving in the NCP [22–26]. For example, Matsumoto et al. [27]
introduced radio-krypton in groundwater dating of basin scale aquifers of the NCP, and firstly
reported that the age of groundwater can reach 0.5–1 million years in the NCP aquifers. Zhan et al. [28]
emphasized the evolution of groundwater major components between 1975 and 2005, and demonstrated
the major components of groundwater in the NCP increased since the 1970s. Su et al. [22] used the tool
of isotope tracers to reveal the responses of the aquifer system in the NCP to intensive exploitation,
and indicated the fraction of the “old” water of pumping groundwater becoming larger and larger over
time and the whole aquifer system being depleted. These studies greatly promoted the understanding
of regional groundwater flow pattern [27], hydro-chemical characteristics, and sustainability [22,29–33].

For groundwater quality, previous research mainly focused on the origin and formation of some
specific chemical elements, like fluoride, iodine, arsenic, etc., at both local and regional scales [30,34–36],
and overall hydro-chemical features and suitability of groundwater at the local scale, especially in the
shallow aquifers of the upper stream areas [6,31,32,37–40]. For instance, Li et al. [9], Zhang et al. [34],
Liu et al. [35], and Yin et al. [41] emphasized the occurrence and origin of specific contaminants, such as
iodine, fluoride, and nitrate, of groundwater in the NCP aquifers. Li et al. [6] focused on the heavy
metals in groundwater and assessed their potential health risk along two typical transects, from the
piedmont to coastal areas of the NCP. Lu et al. [42] and Li et al. [31] investigated the quality and
pollution characteristics of groundwater in the piedmont alluvial plain of the NCP. Zhou et al. [39]
and Zhou et al. [43] stated the local scale hydro-chemical characteristics and evaluated the overall
water quality and suitability of shallow groundwater in upper and lower reaches at the local scale
for various purposes. Totally speaking, although the understanding of groundwater chemistry in the
NCP has been greatly gained, few studies focused on the hydrogeochemical quality and formation
mechanisms of confined groundwater in middle-lower stream areas. Confined groundwater is
important because shallow groundwater is salty and not suitable for domestic usage in this area [21,44].
Thus, more attention should be paid to the confined groundwater regarding its hydro-chemical features,
quality, and potential health risks, and to the mechanism that oversees the origin of poor water quality.

The present study was conducted to further promote the comprehensive understanding of the
overall hydro-chemical status of confined groundwater in middle-lower stream areas of the NCP,
where phreatic water is unsuitable for human usage. The specific aims are to: (1) illustrate the
geochemical signatures and distribution of groundwater; (2) determine the overall water quality
for potable usage and the potential human health risk; (3) distinguish the hydro-chemical elements
resulting in poor water quality and health threats; and (4) reveal the sources of these actors and
governing mechanisms. This research can provide a better understanding of the hydrogeochemical
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characteristics and water quality in confined aquifers of the middle-lower reaches of large sedimentary
plains like the NCP, and benefit the water resource management not only in the NCP but also in other
similar regions worldwide.

2. Materials and Methods

2.1. Study Area

The study area, Wuyi County, lies in the central area of the NCP (Figure 1), with the latitude
extending from 37◦37′48”N to 38◦0′25”N and the longitude ranging between 115◦44′52”E and
116◦7′34.23”E. This region covers an area of approximately 822 km2. It is characterized by a continental
semi-arid monsoon climate. The average annual precipitation is about 520 mm, with ~75% of
precipitation occurring during the raining season between June and September [9]. The annual
evaporation is in the range of 1000–2000 mm [45], which is approximately 2–4 times the mean
annual rainfall.

Figure 1. Location of (a) the North China Plain, (b) the study area and (c) groundwater sampling sites.

The Wuyi region is relatively flat, with the terrain slightly declining from the southwest to
northeast. The elevation of this region is in the range of 15–23 m above sea level (ASL). This region
belongs to the alluvial lacustrine plain of the NCP, which is a large sedimentary basin formed during
the Cenozoic and Mesozoic era. The Quaternary strata are widely distributed in the study area, with the
thickness varying from 300 to 500 m. Quaternary deposits construct an alternating lithological structure,
with the lithology varying from pebble to clay and silt (Figure 2). These thick sediments provide a large
space for forming Quaternary groundwater systems. The first thick and continual clay layer is found in
the depth of 50–70 m. Generally, aquifers above this layer are regarded as phreatic aquifers, and below
this layer are defined as confined aquifers. Phreatic aquifers dominantly receive water from lateral and
vertical flow, as well as the infiltration of precipitation, irrigation water, and surface water (rivers and
lakes), while confined aquifers are only recharged by lateral and vertical flow. Groundwater leaves
phreatic aquifers in the forms of evaporation and lateral and vertical flow. Confined groundwater
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discharges mainly through lateral flow and exploitation. Regionally, groundwater in both phreatic
and confined aquifers flows from the northwest to east (Figure 1c) [35]. There is a large area of salty
groundwater distributing in the upper parts of Quaternary system and mainly in the phreatic aquifers
(Figure 2) [21,44]. The concentration of total dissolved solids (TDSs) of these salty waters is greater
than 2 g/L and not suitable for daily usage. Thus, the confined groundwater, which is relatively fresh,
is the most available potential water resource for various purposes.

Figure 2. Hydrogeological section along the A-A’ in the study area.

2.2. Sample Collection and Analysis

In the present work, a total of 59 groundwater samples were collected from boreholes of confined
aquifers across the study area during the raining season of 2018. The sampling locations were
determined with the aid of a potable GPS device and presented in Figure 1c. All boreholes had been
pumped for three borehole volumes to remove the stagnant water. Parameters like water temperature
(T), electrical conductivity (EC), and pH were monitored in situ, and groundwater was only collected
after these parameters were stable. Groundwater was filtered using 0.45 µm filter membranes before
sampled in 2.5 L high-density polyethylene bottles, which were pre-washed thoroughly using the target
sampling water. All samples were stored and transported in a low temperature (4 ◦C) environment
with the aid of portable incubators, and sent to laboratory for analysis within 48 h.

In situ parameters like T, EC, and pH were measured at the field using a portable multi-parameter
instrument (Multi 350i/SET, Munich, Germany). Hydro-chemical analysis was performed at
the Laboratory of Groundwater Sciences and Engineering in the Institute of Hydrogeology and
Environmental Geology, Chinese Academy of Geological Sciences (Shijiazhuang, Hebei Province,
China). TDS was determined using the gravimetric method. HCO3

− was determined using acid-base
titration. Other major cations (SO4

2− and Cl−), NO3−, NO2−, and F- were analyzed with the aid of
ion chromatography (Shimadzu LC-10ADvp, Japan). NH4

+, major cations (K+, Na+, Ca2+, Mg2+),
and Agilent 7500ce ICP-MS, Tokyo, Japan). Ionic charge balance was checked for all samples to ensure
the accuracy of hydro-chemical analysis in laboratory. All groundwater samples were observed with
the ionic balance error percentage within the acceptable limit of ± 5%, suggesting reasonably good
accuracy of laboratory analysis.
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2.3. Entropy-Weighted Water Quality Index

The water quality index (WQI) is an effective approach to integrate large numbers of hydro-chemical
components into a single score, which can reflect the overall water quality. Accurate results rely on
the reasonable weights of each parameter in the WQI assessment. In the traditional WQI method,
weights are subjectively assigned based on the experience of experts or practical conditions [46].
The entropy-weighted water quality index (EWQI) is one of the improved WQIs. It determines
the weights of hydro-chemical parameters according to the information entropy of provided data.
The EWQI approach can avoid the potential errors of subjectivity in the weight assignment of
conventional WQI [47,48].

Five steps should be followed in the procedure of EWQI assessment. Prior of the procedure,
hydro-chemical indices involved in EWQI assessment should be selected based on the understanding
of overall water chemistry of the target water and standardized with the aid of the following equation:

yi j =
xi j − (xi j)min

(xi j)max − (xi j)min
(1)

where xij is the value of the jth hydro-chemical index of sample I, and (xij)max and (xij)min signify the
maximum and minimum values of the selected hydro-chemical indices of all samples, respectively.

The first step is to construct the eigenvalue matrix “Y” of all water samples and selected
hydro-chemical indices. The matrix “Y” can be obtained using the following equation:

Y =


y11 y12 · · · y1n
y21 y22 · · · y2n

...
...

. . .
...

ym1 ym2 . . . ymn

 (2)

where m represents the water samples number and n signifies the hydro-chemical indices number of
each sample.

The second step is to determine the entropy weight “wj” of each hydro-chemical index following
the procedure below:

w j =
1− e j

n∑
i=1

(1− e j)

(3)

where ej is the information entropy, which can be calculated by Equation (4) below:

e j = −
1

ln m

m∑
i=1

(Pi j × ln Pi j) (4)

where Pij signifies the index value ratio of the jth index of sample i, and can be obtained with the aid of
the following Equation:

Pi j =
yi j

m∑
i

yi j

(5)

The third step is to compute the quality rating scale “qj” of each hydro-chemical index by the
following equation:

q j =
C j

S j
× 100 (6)

where Cj is the value of the jth hydro-chemical index, and Sj represents the permissible limit of the
standard for drinking purposes from the World Health Organization or Chinese General Administration
of Quality Supervision for hydro-chemical index j.
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The fourth step is to calculate the EWQI value with the aid of Equation (7) below:

EWQI =
m∑

j=1

(w j × q j) (7)

The last step is to determine the water quality classification according to the EWQI criteria
presented in Table 1.

Table 1. Classification criteria of water quality based on the EWQI.

Rank EWQI Water Quality

1 <50 Excellent
2 50–100 Good
3 100–150 Medium
4 150–200 Poor
5 >200 Extremely poor

Water with EWQI < 50 is regarded as excellent quality, EWQI in the range of 50–100 as good quality,
EWQI between 100–150 as medium quality, EWQI from 150 to 200 as poor quality, and EWQI > 200 as
extremely poor quality.

2.4. Human Health Risks Assessment

Human health risks assessment is a quantitative methodology proposed by the US Environmental
Protection Agency (USEPA) to reveal the potential health threats by contaminants in water [49].
Previous research noted that populations with different age and gender have different sensitivity to
contaminants in water [50]. The main exposure pathways of humans to contaminants in water mainly
include oral ingestion, dermal contact, and inhalation. Generally, the risk of contaminants in water
through oral and inhalation pathways is negligible [51]. Thus, non-carcinogenic risk via oral ingestion
for various populations (infant, children, adult females, and males) should be assessed.

The chronic daily intake (CDI) dose of contaminants in drinking water can be computed by
Equation (8), suggested by USEPA [52]:

CDIi = (Ci × IR × EF × ED) / (BW × AT) (8)

where Ci is the concentration of the ith contaminant in water, and IR refers to the rate of water
oral ingestion. EF and ED indicate exposure frequency and duration, respectively. BW represents
the average body weight. AT signifies the average exposure time, which can be calculated using
Equation (9) as follows:

AT = ED × 365 (9)

The hazard quotient (HQi) denotes the potential non-carcinogenic risk from contaminant i. It can
be obtained using the following equation:

HQi = CDIi/RfDi (10)

where RfDi expresses the reference dose of contaminant i via an oral ingestion pathway.
The hazard index (HI) is defined as the overall potential non-carcinogenic risk from multiple

contaminants and expressed as the following equation:

HI = HQ1 + HQ2 + . . . + HQi (11)

Parameters involved in the non-carcinogenic risk assessment in this study are demonstrated in Table 2.
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Table 2. RfD and exposure parameters involved in the human health risk assessment.

Composition
RfDoral Exposure Value

(mg/(kg × day)) Parameter Infants Children Adult Females Adult Males

NO2
− 0.1a IR (L/day) 0.65d 1.5d 2.66d 3.62d

F 0.06b EF
(days/year) 365c 365c 365d 365c

NH4
+ 0.97a ED (years) 0.5d 6d 30d 30d

Mn 0.14c BW (kg) 6.94d 25.9d 64.0d 73.0d

Fe 0.7c

a refer to [53]; b refer to [52]; c refer to [49]; d refer to [54].

3. Results and Discussion

3.1. General Hydrogeochemistry

The statistics of groundwater chemical parameters are presented in Table 3. Groundwater in
the confined aquifers of the study area had water temperature varying from 11.30 to 28.30, with an
average of 21.27. The value of the pH ranged from 6.9 to 9.5, with an average of 8.3, indicating a nearly
neutral to slightly alkaline nature. Most of the sampled groundwater was within the pH limits of
6.5–8.5, and 33.90% of groundwater samples were found slightly beyond the permissible limit of 8.5.
Groundwater had a wide range of EC values, which varied from 718 µS/cm to 3750 µS/cm, averaging
at 1274 µS/cm. The value of the TDS varied from 522 mg/L to 2796 mg/L, with an average of 786 mg/L.
The standard deviation was 590 µS/cm for the EC and 450 mg/L for the TDS. Groundwater in the
confined aquifers was predominantly fresh, with the TDS within the permissible limit of 1,000 mg/L,
and about 10.17% of the sampled groundwater was brackish water, with the TDS in the range of
1000–10,000 mg/L. The value of total hardness (TH) was observed in a wide range, from 22.52 mg/L to
880.20 mg/L, with an average of 120.04 mg/L. More than 96% of groundwater samples were found
with TH values within the guideline of 450 mg/L. Groundwater samples were demonstrated in the
integrated water quality diagram composed by TDS and TH (Figure 3). It can be seen that groundwater
in the confined aquifers of the study area was predominantly soft-fresh water. One groundwater
sample (1.69%) belonged to the moderately hard brackish category, and four samples (6.78%) were
classified in the very hard brackish category.

Figure 3. Scatter plots of TH versus TDS demonstrating groundwater quality.
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Table 3. Statistical analyses of physicochemical parameters and drinking water standard.

Index Unit Min Max Mean SD * Guideline % of the Sample
Exceeding the Guideline

T ◦C 11.30 28.30 21.27 3.25 /
pH / 6.9 9.5 8.3 0.5 6.5–8.5 ** 33.90%
EC µS/cm 718 3750 1274 590 /
TH mg/L 22.52 880.20 120.04 197.71 450 ** 3.39%
TDS mg/L 522 2796 786 450 1000 ** 10.17%
K+ mg/L 0.06 66.48 1.89 8.57 /

Na+ mg/L 173.40 598.90 242.03 83.84 200 **** 72.88%
Ca2+ mg/L 4.00 159.00 21.89 30.78 75 *** 3.39%
Mg2+ mg/L 2.44 142.00 15.87 30.03 50 *** 6.78%
Cl− mg/L 97.13 746.50 185.34 142.10 250 ** 10.17%

SO4
2− mg/L 98.70 928.70 197.91 153.68 250 ** 10.17%

HCO3
− mg/L 106.40 458.90 196.09 71.05 /

NO3 mg/L 0.10 5.43 1.44 1.43 50.0 ***
NO2 mg/L 0.001 0.036 0.002 0.005 0.02 ** 1.69%
NH4 mg/L 0.02 2.50 0.07 0.32 0.2 ** 1.69%

F- mg/L 0.57 2.59 1.29 0.38 1.0 ** 77.97%
Zn mg/L 0.001 0.470 0.032 0.078 1.0 **
Mn mg/L 0.0005 0.6090 0.0537 0.1110 0.1 ** 10.17%
Fe mg/L 0.00 11.80 1.04 2.18 0.3 ** 45.76%
As mg/L 0.0005 0.0070 0.0012 0.0010 0.01 **

* Standard Deviation; ** Chinese Guideline [55]; *** WHO Guideline [56]; **** refer to [53].

Na+ was found to be the dominate cation in the confined groundwater. The concentration of
Na+ varied from 173.40 mg/L to 598.90 mg/L, with an average of 242.03 mg/L, and more than 72% of
sampled groundwater was found with the Na+ exceeding the guideline of 200 mg/L. Ca2+ and Mg2+

were the secondary cations of the groundwater, with the concentration in the range of 4.00–159.00 mg/L
and 2.44–142.00 mg/L, respectively, with an average of 21.89 mg/L and 15.87 mg/L. Almost all sampled
groundwater was within the guideline of Ca2+ and Mg2+. The K+ was found in a relatively low
concentration when compared with other major cations, and ranged from 0.06 mg/L to 66.48 mg/L,
with an average of 1.89 mg/L. There was no dominant anion in the confined groundwater. The major
anions, i.e., SO4

2−, HCO3
−, and Cl−, have similar contents based on the mean value (197.91 mg/L for

SO4
2−, 196.09 mg/L for HCO3

−, and 185.34 mg/L for Cl−) (Table 3). The SO4
2− and Cl− had a relatively

wide range of 98.70–928.70 mg/L and 97.13–746.50 mg/L, respectively, with a standard deviation of
153.68 mg/L and 142.10 mg/L. While HCO3

− had a relatively narrow range of 106.40–458.90 mg/L,
with a standard deviation of 71.05 mg/L. Overall, groundwater was dominantly an SO4·Cl−Na type
with a few of the HCO3−Na type (Figure 4).

Other major contaminants, like nitrogen, fluoride, iodine, arsenic, and toxic metals,
were determined. Groundwater was observed with the NO3

−, NO2
−, and NH4

+ in the range of
0.10–5.43 mg/L, 0.001–0.036 mg/L, and 0.02–2.50 mg/L, respectively, averaging at 1.44 mg/L, 0.002 mg/L,
and 0.07 mg/L. All groundwater had an NO3

− concentration far less than the permissible limit of
50.0 mg/L. The majority of the sampled groundwater had NO2

− and NH4
+ concentrations within the

Chinese guideline, and only one groundwater sample (1.69%) was found beyond the permissible limit
of NO2

− (0.02 mg/L), and one sample (1.69%) had an NH4
+ concentration exceeding the guideline of

0.2 mg/L. The F- in groundwater varied from 0.57 mg/L to 2.59 mg/L, with an average of 1.29 mg/L.
Fluoride is a wide distribution contaminant in groundwater, and 77.97% of the sampled groundwater
was found with F- exceeding the permissible limit of 1.0 mg/L. The concentration of As in groundwater
ranged from 0.0005 mg/L to 0.0070 mg/L, and averaged at 0.0012 mg/L. All groundwater had an As
concentration within the permissible limit of 0.01 mg/L [55]. For the toxic metals, the concentrations
were in the range of 0.001–0.470 mg/L for Zn, 0.0005–0.6090 mg/L for Mn, and 0.00–11.80 mg/L for
Fe, averaging at 0.032 mg/L, 0.0537 mg/L, and 1.04 mg/L, respectively. All groundwater had a Zn
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concentration within the Chinese Guideline of 1.0 mg/L. Groundwater with an Mn and Fe concentration
exceeding the permissible limit of 0.1 mg/L and 0.3 mg/L accounted 10.17% and 45.76% of the whole
sampled groundwater.

Figure 4. Piper trilinear diagram for groundwater samples.

3.2. Assessment of Groundwater Quality for Drinking Purposes

3.2.1. Groundwater Quality Assessment Based on EWQI

The overall groundwater quality was determined with the aid of the EWQI approach. A total
of 19 hydro-chemical parameters, including pH, EC, TH, TDS, nitrogen (NO3−, NO2−, NH4

+),
toxic metals (Zn, Mn, Fe), F−, As, major anions (Cl−, SO4

2−, HCO3−), and cations (Ca2+, Mg2+, Na+,
K+), were involved in the EWQI assessment.

The results suggested that the EWQI value of sampled groundwater had a wide range from 39.4
to 541.6, suggesting excellent (rank 1) to extremely poor (rank 5) quality for confined groundwater in
the study area. As demonstrated in Figure 5, most of the sampled groundwater (approximately 79.7%
of the total samples) had an EWQI value less than 100, implying excellent (rank 1) and good (rank 2)
water quality. This groundwater was suitable for drinking purposes. About 8.5% of the groundwater
samples (five samples) had an EWQI value ranging from 100 to 150, indicating medium water quality
(rank 3). Approximately 5.1% of the sampled groundwater (three samples) was found with an EWQI
value in the range of 150–200, demonstrating poor water quality (rank 4). Other sampled groundwater
(four samples, accounting for 6.8% of the total samples) was observed with an EWQI value exceeding
200, and even reached approximately 541.6. This groundwater was identified as having extremely
poor quality and should be avoided to use for drinking purpose.

The spatial distribution of the EWQI rank for confined groundwater in the study area is
demonstrated in Figure 6. It can be seen that confined groundwater had a water quality of rank 1 and
rank 2 in most of the study area, implying excellent and good water quality. Groundwater that had
relatively poor quality was found mainly distributed in the west, east, and central-south part of the
study area. This relatively poor groundwater was dominantly identified as rank 3 (medium) quality,
while groundwater that belonged to rank 4 (poor) and rank 5 (extremely poor) quality was spatially
limited. Thus, groundwater in confined aquifers is safe and suitable for drinking purposes in most of
the study area. However, attention should be paid to the relatively poor groundwater quality area if
the confined groundwater is considered for a local drinking water supply.
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Figure 5. Scatter plot of the TDS versus entropy-weighted water quality index (EWQI) of groundwater.

Figure 6. Spatial distribution of the confined groundwater quality rank based on the EWQI.

3.2.2. Potential Health Risk Assessment

As described before, there were five contaminants, including NO2−, NH4
+, F−, Mn, and Fe, in the

groundwater of the study area that were found to exceed the permissible limits for drinking purposes.
Generally, these contaminants in drinking water may pose potential threats to various populations.
Thus, a human health risk assessment was conducted to figure out the potential overall health risks of
these contaminants to human beings and the responsibility of each contaminant.

The results of the human health risk assessment for infants, children, adult females, and adult
males were expressed like HQ and HI [57], and are statistically listed in Table 4 and presented
Figure 7. It can be seen that there existed potential noncarcinogenic health risks to all populations,
including infants, children, adult females, and adult males, based on the overall assessment results,
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i.e., HI of multiple elements (NO2−, NH4
+, F−, Mn, and Fe). For the minors, the HI value varied

from 9.62 × 10−1 to 4.11 × 100, with an average of 2.19 × 100 for infants, and between 5.95 × 10−1 and
2.54 × 100 with an average of 1.35 × 100 for children. For the adult females and males, the HI value
ranged from 4.27 × 10−1 to 1.82 × 100 and between 5.09 × 10−1 to 2.17 × 100, respectively, and averaged
at 2.93 × 10−1 and 1.16 × 100. The younger ages seemed more prone to be threatened by contaminants
in groundwater than the older [50,51]. Additionally, males are more sensitive to the harmful chemical
substances in drinking water than females. Overall, the total chronic non-carcinogenic health risk was
in the order of adult females < adult males < children < infants.

Table 4. Statistics of health risks assessment results through drinking water intake.

Population HQNO2 HQNH4 HQF HQMn HQFe HI

Infants

Min 9.37 × 10−4 1.93 × 10−3 8.90 × 10−1 3.34 × 10−4 1.34 × 10−3 9.62 × 10−1

Max 3.37 × 10−2 2.41 × 10−1 4.04 × 100 4.07 × 10−1 1.58 × 100 4.11 × 100

Mean 1.67 × 10−3 6.42 × 10−3 2.01 × 100 3.59 × 10−2 1.39 × 10−1 2.19 × 100

SD 4.30 × 10−3 3.12 × 10−2 5.88 × 10−1 7.43 × 10−2 2.92 × 10−1 6.60 × 10−1

Children

Min 5.79 × 10−4 1.19 × 10−3 5.50 × 10−1 2.07 × 10−4 8.27 × 10−4 5.95 × 10−1

Max 2.08 × 10−2 1.49 × 10−1 2.50 × 100 2.52 × 10−1 9.76 × 10−1 2.54 × 100

Mean 1.03 × 10−3 3.97 × 10−3 1.24 × 100 2.22 × 10−2 8.57 × 10−2 1.35 × 100

SD 2.66 × 10−3 1.93 × 10−2 3.63 × 10−1 4.59 × 10−2 1.80 × 10−1 4.08 × 10−1

Females

Min 4.16 × 10−4 8.57 × 10−4 3.95 × 10−1 1.48 × 10−4 5.94 × 10−4 4.27 × 10−1

Max 1.50 × 10−2 1.07 × 10−1 1.79 × 100 1.81 × 10−1 7.01 × 10−1 1.82 × 100

Mean 7.41 × 10−4 2.85 × 10−3 8.92 × 10−1 1.59 × 10−2 6.15 × 10−2 9.70 × 10−1

SD 1.91 × 10−3 1.38 × 10−2 2.61 × 10−1 3.30 × 10−2 1.30 × 10−1 2.93 × 10−1

Males

Min 4.96 × 10−4 1.02 × 10−3 4.71 × 10−1 1.77 × 10−4 7.08 × 10−4 5.09 × 10−1

Max 1.79 × 10−2 1.28 × 10−1 2.14 × 100 2.16 × 10−1 8.36 × 10−1 2.17 × 100

Mean 8.84 × 10−4 3.40 × 10−3 1.06 × 100 1.90 × 10−2 7.34 × 10−2 1.16 × 100

SD 2.28 × 10−3 1.65 × 10−2 3.11 × 10−1 3.93 × 10−2 1.55 × 10−1 3.49 × 10−1

Figure 7. Spatial distribution of the overall potential noncarcinogenic health risks through drinking
pathway for (a) infants, (b) children, (c) adult females, and (d) adult males.
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Generally, if water has an HI value less than 1, the potential non-carcinogenic risk is very low and
can be ignored. If the HI value is in the range of 1–4, medium chronic risk is implied, and a value beyond
4 is regarded as high chronic risk. In the present study, about 98.3% of sampled groundwater had an
HI value exceeding 1 for infants, suggesting the chronic risks to infants cannot be ignored, while most
of the samples (approximately 96.6%) had HI values falling in the range of 1−4, implying medium
chronic risk. Only one sample (accounting for ~1.7% of the total samples) had an HI value beyond 4,
demonstrating high chronic risk. For children, about 18.6% of the sampled groundwater was found
with an HI value within 1, implying negligible risk. The other 81.4% of groundwater had an HI
value in the range of 1–4, suggesting medium chronic risk, while for the adult females and males,
approximately 55.9% and 35.6% of the sampled groundwater was observed with an HI value less than
1. Thus, their potential non-carcinogenic risks can be ignored. The maximum value of HI for adult
females and males were all within 4, indicating only medium chronic risk and no high chronic risk
for adults.

The spatial distribution of potential non-carcinogenic risk for infants, children, adult females,
and adult males are presented in Figure 7. It can be clearly seen that the areas of potential health risk
for different populations are in the order infants > children > adults (females and males), indicating the
young ages are more at risk than the older in the study area. This confirmed the aforementioned
conclusion that young populations are more prone to the harmful substances in groundwater. Spatially,
confined groundwater in the northwestern region had better water quality and low health risk for all
populations based on the HI values. The high potential chronic risk by groundwater ingestion was
sporadically distributed in the study area and only for infants.

3.3. Responsibility of Hydrochemical Indices for Poor Water Quality

The EWQI assessment suggested that confined groundwater with relatively poor quality was
mainly distributed in the west, east, and central−south part of the study area. In order to determine
the responsibility of hydrogeochemical indices for poor water quality, various chemical indices were
examined by comparing with the EWQI results.

As demonstrated in Table 3, a total of 13 chemical indices, including pH, TDS, TH, Ca, Mg, Na,
Cl−, SO4

2−, NO2
−, NH4

+, F−, Fe, and Mn were found beyond the guidelines for drinking purposes
at some local sites. These exceeding parameters potentially led to the poor quality of groundwater.
As all groundwater was illustrated as neutral to slightly alkaline nature water, with the pH in the
range of 6.9−9.8 with an average of 8.3, pH should not be the dominant factor contributing to poor
groundwater quality in the study area. Thus, the other 12 exceeding indices were examined, and their
spatial distribution is presented in Figure 8. It can be clearly seen that the distribution of groundwater
with high TDS, TH, Ca, Mg, Na, Cl−, and SO4

2− was almost the same in the study area. This indicated
that the high concentration of major ions, including Ca, Mg, Na, Cl−, and SO4

2−, were responsible
for the high TDS and TH of confined groundwater in the study area. Additionally, some of these
aforementioned areas were found to have high NO2

−, NH4
+, F−, Fe, and Mn, while the distribution of

high F− groundwater was widespread, and mainly in the eastern study area. The high Fe groundwater
was also found in the central region of the study area adjacent to the Wuyi town.

Comparing the distribution of EWQI results (Figure 6) and exceeding indices (Figure 8), it can be
seen that the distribution of poor groundwater was consistent with the spatial distribution of high TDS
and TH groundwater. This indicated that the exceeding major ions were essentially responsible for the
overall poor quality of confined groundwater in the study area. Figure 6 illustrates that the relatively
poor quality (rank 3: medium quality) groundwater was also distributed in the central region close to
the Wuyi town, where groundwater had high Fe and F−, but no high major ions, suggesting that minor
elements also contributed to the poor quality of groundwater. However, groundwater in many regions
with high F− was not found to be poor quality groundwater (Figures 6 and 8j), implying that the high
F− was not the main factor leading to overall poor quality of confined groundwater in the study area.
In a word, the overall poor quality of confined groundwater in the study area was predominantly led
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by the high content of major ions (represented by TDS, TH, Ca, Mg, Na, Cl−, and SO4
2−) and also

contributed to by the high concentration of other minor elements, including NO2
−, NH4

+, F−, Fe,
and Mn to some degree.

Figure 8. Spatial distribution of (a) TDS, (b) TH, (c) Ca2+, (d) Mg2+, (e) Na+, (f) Cl−, (g) SO4
2−, (h) NO2

−,
(i) NH4

+, (j) F−, (k) Fe, and (l) Mn in groundwater.

Although the minor elements (NO2
−, NH4

+, F−, Fe, and Mn) that exceeded the guideline had small
contributions to the overall poor water quality assessed by EWQI approach, they can potentially pose
health risk to human health in daily water ingestion. As demonstrated in Figures 7 and 9, the overall
non-carcinogenic health risk exists for all populations according to the human health risk assessment.
To reveal the contribution of each contaminant (i.e., NO2

−, NH4
+, F−, Fe, and Mn) that exceeded

the guideline to the potential health risk, the HQ of an individual contaminant was examined with
box plots in Figure 9. It can be seen that the HQ value of NO2

−, NH4
+, and Mn was less than the

permissible limit of 1 for both minors and adults (Figure 9b,c,f), indicating that the potential health
risk posed by individual contaminants of NO2

−, NH4
+, and Mn was negligible for all populations.

The HQ value of Fe was found beyond the permissible limit (HQ = 1) only for infants at two sites
(Figure 9e) located in the west and southeast of the study area, with relatively high Fe groundwater
(Figure 8k), while the HQ value of F− was found exceeding the permissible limit of 1 at many sites for all
populations. The HQ value of F− for infants, children, adult females, and adult males was in the range
of 0.89–4.04, 0.55–2.5, 0.40–1.79, and 0.47–2.14, respectively, and averaged at 2.01, 1.24, 0.89, and 1.06.
It can be clearly seen from Figure 9a,d that the HQ value of F− contributed a dominant proportion of
the HI value. Additionally, the distribution of overall potential non-carcinogenic health risk (Figure 7)
was almost consistent with the spatial distribution of high fluoride groundwater (Figure 9). The above
demonstrates that the potential non-carcinogenic health risks to various populations is mainly caused
by the high fluoride in groundwater.
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Figure 9. Box plots of (a) the overall non-carcinogenic health risk, and the hazard quotient of
non-carcinogenic health risk due to (b) NO2

−, (c) NH4
+, (d) F−, (e) Fe, and (f) Mn.

Totally, the overall poor quality of groundwater was mainly due to the high concentration of
major ions (TDS, TH, Ca, Mg, Na, Cl−, and SO4

2−). The minor elements that exceeded the guideline
(i.e., NO2

−, NH4
+, F−, Fe, and Mn) were also responsible for the overall poor quality of groundwater in

the study area, but their contribution was limited and small. The potential non-carcinogenic health risks
for various populations are essentially caused by high fluoride in groundwater. High concentration of
Fe in groundwater can also pose potential health hazards to infants at some sporadic sites, while the
health threats from NO2

−, NH4
+, and Mn are very low and can be ignored for all populations. Thus,

attention should be paid to the high concentration of major ions, fluoride, and Fe in groundwater when
exploiting the confined groundwater for domestic water supply.

3.4. Formation Mechanisms of Poor Groundwater Quality

In order to reveal the mechanisms governing the hydrochemistry of groundwater in confined
aquifers, the Gibbs diagrams were introduced in the presented study. The Gibbs diagrams, which were
constructed by the relationship of TDS versus Na+/((Na++Ca2+) and Cl−/(Cl−+HCO3

−), divided the
natural formation mechanisms of groundwater chemistry into three categories, i.e., rock, evaporation,
and precipitation dominance. As shown in Figure 10, all sampled groundwater was plotted in the rock
dominance, indicating that the hydrogeochemical composition of groundwater in confined aquifers is
predominantly governed by the water−rock interactions.
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Figure 10. Gibbs diagrams demonstrating the mechanisms governing groundwater chemistry. (a) TDS
versus Na+/(Na++Ca2+), (b) TDS versus Cl−/(Cl−+HCO3

−).

To further illustrate the interactions regulating the composition of groundwater, ion correlation
analysis was performed in the present study. If the dissolution of carbonate and sulfate minerals
is the dominant processes contributing Ca2+, Mg2+, HCO3

−, and SO4
2− to groundwater, then the

milliequivalent ratio of Ca2+ + Mg2+ and HCO3
− + SO4

2− is approximately 1:1. As shown in Figure 11a,
the majority of groundwater samples plot below the 1:1 line, showing an excess of Ca2+ and Mg2+.
Thus, carbonate and sulfate mineral dissolution should not be the only sources of Ca2+ and Mg2+ in
groundwater. Generally, if the Ca2+ and Mg2+ in groundwater are all from the dissolution of dolomite
(Equation (12)) and calcite (Equation (13)), the milliequivalent ratio of Ca2+ + Mg2+ and HCO3

− should
be close to 1:1, while, except a few of the samples, the majority of the sampled groundwater was
observed below the 1:1 line (Figure 11b), suggesting that the dissolution of carbonate minerals like
dolomite, calcite, and aragonite were not the dominant sources of Ca2+ and Mg2+ for groundwater,
or there exists some processes decreasing the content of Ca2+ and Mg2+ in groundwater. Additionally,
the relationship between Ca2+ and HCO3

− was examined in Figure 11c. It can be seen that most of
sampled groundwater was below the 2:1 line, confirming the aforementioned reference.

CaMg(CO3)2 + 2CO2 + 2H2O→Ca2+ + Mg2+ + 4HCO3
− (12)

CaCO3 + CO2 + H2O→Ca2+ + 2HCO3
− (13)

Fresh water in a natural environment generally has a low abundance of SO4
2− and mainly originates

from the dissolution of gypsum (Equation (14)) and anhydrite (Equation (15)). The milliequivalent
ratio of Ca2+ and SO4

2− should be 1:1. It can be seen from Figure 11d that all groundwater samples
were situated below the 1:1 line of gypsum dissolution, implying the existence of some hydro-chemical
processes that can decrease the content of Ca2+, such as the cation exchange process.

Theoretically, the milliequivalent ratio of Na+ and Cl− is 1:1 if these two ions in groundwater
originate only from halite dissolution (Equation (16)). In this study, most of the samples plotted
above the halite dissolution line (1:1 line), exhibiting that the content of Na+ was higher than Cl−

(Figure 11e). This suggests that Na+ in groundwater is not only from halite dissolution, and that some
other processes also contribute Na+ to water in the confined aquifers.
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Figure 11. Scatter plots of (a) Na+ versus Cl−, (b) Ca2+ versus SO4
2−, (c) Ca2+ versus HCO3

−,
(d) Ca2+ + Mg2+ versus HCO3

−, and (e) Ca2+ + Mg2+ versus HCO3
− + SO4

2− of groundwater.

CaSO4 2H2O→Ca2+ + SO4
2− + 2H2O (14)

CaSO4→Ca2+ + SO4
2− (15)

NaCl→Na+ + Cl− (16)

The end−member diagrams proposed by Gaillardet, et al. [58] were constructed in the present study
to illustrate the involved rocks in the water−rock interaction processes. The types of rocks contributing
to the hydrochemistry can be identified from three rock type end−members, including evaporites,
silicates, and carbonates, with the aid of the ratios of Mg2+/Na+ and HCO3

−/Na+ versus the ratio
of Ca2+/Na+. It can be seen from Figure 12 that sampled groundwater situated in the zone from
evaporites to silicates. This confirmed the aforementioned conclusions that the dissolution of evaporites
(halite and sulfate) is one of the dominant processes contributing the major ions to groundwater.
Additionally, the weathering of silicates (Equation (17)) is a predominant source of Na+ and HCO3

− in
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groundwater, resulting in higher Na+ and HCO3
− than Cl− (Figure 11e) and Ca2+ + Mg2+ (Figure 11b),

respectively. As shown in Figure 12, none of the sampled groundwater was found in the zone of
carbonates, implying that the dissolution of carbonate minerals (dolomite, calcite, and aragonite) is not
the main source of Ca2+ + Mg2+ and HCO3

− in groundwater. This evidenced the conclusion above
from Figure 11b,c.

2NaAlSi3O8 + 2CO2 + 11H2O→Al2Si2O5(OH)4 + 4H4SiO4 + 2Na+ + 2HCO3
− (17)

Figure 12. Scatter plots of (a) (Mg2+/Na+) versus (Ca2+/Na+), and (b) (HCO3
−/Na+) versus (Ca2+/Na+).

The major cations exhibited an excess of Na+ and deficiency of Ca2+ and Mg2+ in groundwater
(Figure 11). This phenomenon is usually caused by the ion exchange process between water and the
aquifer medium. The relationship of Na+ + K+ + Cl− versus Ca2+ + Mg2+

− HCO3
−
− SO4

2− can
be used to examine the occurrence of ion exchange in the aquifer [43]. As presented in Figure 13a,
most of the groundwater samples situated along the 1:1 line in the lower right part of the bivariate
diagram, suggesting that the composition of major ions in groundwater is influenced by the cation
exchange reaction (Equations (18) and (19)) in aquifers. The chloro-alkaline indices (CAI-1 and CAI-2)
were computed to further verify the occurrence of a cation exchange reaction. If the cation exchange
reaction is one of the dominant hydro-chemical processes governing groundwater chemistry, the CAI-1
(Equation (20)) and CAI-2 (Equation (21)) should both be negative. If all chloro−alkaline indices
demonstrate positive, then a reverse cation exchange reaction occurs. It can be seen that the majority
of samples situated in the lower left part of the bivariate diagram composed by CAI-1 and CAI-2,
exhibiting negative chloro−alkaline indices. This evidenced that the cation exchange reaction is one of
dominant processes controlling the abundance of major ions in groundwater.

Ca2+ + 2NaX→2Na+ + CaX2 (18)

Mg2+ + 2NaX→2Na+ + MgX2 (19)

CAI-1= (Cl−−(Na++K+))/Cl− (20)

CAI-2= (Cl−−(Na++K+))/(HCO3
−+SO4

2−+CO3
2−+NO3

−) (21)
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Figure 13. Scatter plots of (a) Na+ + K+
−Cl− versus Ca2+ + Mg 2+

−HCO3
−
−SO4

2−, and (b) chloro−alkaline
indices CAI–1 versus CAI–2.

For further illustrating the contribution of specific mineral dissolution to hydro-chemical
composition, the saturation status of related minerals in groundwater was examined with the aid of
the saturation index (SI) of selected minerals. The SI values were computed using PHREEQC software.
As demonstrated in Figure 14, most of the sampled groundwater was observed with a saturation index
of carbonate minerals, including dolomite, calcite, and aragonite, greater than 0, implying oversaturated
status. This confirmed the aforementioned conclusion that the dissolution of carbonate minerals is not
the main source for major ions in groundwater. For the evaporate minerals, including halite, anhydrite,
and gypsum, almost all groundwater was found with a saturation index below 0, indicating evaporate
mineral (if existing) dissolution can greatly contribute to the abundance of major ions in groundwater.
This evidenced that the dissolution of halite, anhydrite, and gypsum is the main source of major ions
in the groundwater of the confined aquifers.

Figure 14. Saturation index of selected minerals in groundwater of the study area.

As discussed before, groundwater with relatively high F− was widespread in the study area.
Generally, fluoride in groundwater originates from natural fluoride-bearing mineral dissolution
rather than from the anthropogenic inputs, especially in the relatively closed groundwater system.
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The sampled confined aquifers were deeply buried in the study area, with greater than 50 m of low
permeability layers above them (Figure 2). Thus, anthropogenic sources of F− from the surface are
hard to input into the sampled aquifers, and the relatively high concentration of F− in the groundwater
was from geogenic origin. NO3

− is a common contaminant from human society, is generally less than
10 mg/L in natural groundwater [50], and can be used as the indicator of anthropogenic pollution.
It can be seen from Table 3 that all sampled groundwater had an NO3

− concentration below this limit,
suggesting no anthropogenic inputs in sampled aquifers. This confirmed the natural origin of F−

in groundwater. As presented in Figure 14, all sampled groundwater was found with a saturation
index of fluoride below 0, indicating that the high concentration of F− in groundwater is caused by the
natural dissolution of fluoride minerals. As aforementioned, Fe in groundwater was also found in
high concentrations at some local sites and potentially threatened groundwater quality. Nearly all
groundwater had a saturation index of Fe-bearing minerals (jarosite, melanterite, and siderite) of less
than 0, suggesting that Fe in groundwater could potentially come from the dissolution of Fe-bearing
minerals, if existing. Thus, the relatively high concentration of Fe in groundwater at sporadic sites is
also caused by geogenic genesis.

Overall, the high concentration of major ions in groundwater is dominantly caused by the natural
dissolution of silicates and evaporates (including halite, gypsum, and anhydrite), as well as the cation
exchange reaction. The widespread distribution of relatively high F− in groundwater originates from
fluoride-bearing mineral dissolution. The high content of Fe in groundwater at sporadic sites is from
the dissolution of Fe-bearing minerals like jarosite, melanterite, and siderite on aquifer mediums.

4. Conclusions

Confined groundwater is the main water source for drinking purposes in the central area of the
semi-arid North China Plain (NCP) due to the salty phreatic groundwater. Comprehensive investigation
was conducted to reveal the hydrogeochemical characteristics, water quality status, and its formation
mechanisms in confined aquifers of Wuyi County, a typical central area of the NCP in this present
study. The main findings are as follows:

(1) Groundwater in confined aquifers of the central NCP is naturally neutral to slightly alkaline
water. TDS and TH values of confined groundwater are in the range of 522–2796 mg/L and
22.52–880.20 mg/L, respectively. Soft fresh water is predominantly (91.53%) occupied in confined
aquifers of the study area, followed by very hard brackish water (6.78%) and moderately hard
brackish water (1.69%). Confined groundwater has the major cations in the order of Na+ > Ca2+

> Mg2 > K+, but no dominant anions. Hydro-chemical types are dominantly SO4·Cl−Na type
with a few of the HCO3−Na type. Nitrogen was found to exceed the permissible limits at local
sites and dominantly in the form of NO2

− (1.69%) and NH4
+ (1.69%). Toxic metals, including Mn

and Fe, exceed the permissible limits, and account for 10.17% and 45.76% of the total samples,
respectively. F− is a wide distribution contaminant (77.97% of samples exceeding the permissible
limit) in confined groundwater, but the maximum is not too high and only 2.59 mg/L.

(2) Groundwater quality in confined aquifers varies from excellent to extremely poor quality according
to the EWQI assessment. Approximately 21.3% of the total groundwater samples come under the
medium to extremely poor quality, and should be avoided as drinking water, whereas 79.7% of
the sampled groundwater comes under the excellent and good quality and is most suitable for
drinking purposes. Groundwater with relatively poor quality and dominantly medium quality
are mainly distributed in the west, east, and central−south part of the study area, while that
with poor and extremely poor quality is spatially limited. The overall poor quality of confined
groundwater is predominantly led by the high content of major ions (represented by indices of
TDS, TH, Ca, Mg, Na, Cl−, and SO4

2−).
(3) The susceptibility to total chronic non-carcinogenic health risk is virtually in the order of adult

females < adult males < children < infants. Approximately 98.3%, 81.4%, 44.1%, and 64.4%
of the total groundwater samples have potential non-carcinogenic risk (HI > 1) to infants,
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children, adult females, and adult males, respectively. Most groundwater samples with potential
non-carcinogenic risk are of only medium chronic risk for various populations, and only one
groundwater sample has high chronic risk to only infants. Spatially, confined groundwater in the
northwestern region has low health risk for all populations. The high chronic risk is sporadically
distributed in the study area and only for infants. The health threats are essentially caused by
high fluoride and high Fe in groundwater, and threats caused by NO2

−, NH4
+, and Mn are very

low and negligible.
(4) Groundwater chemistry in confined aquifers of the study area is predominantly governed by

the natural mechanism of water−rock interactions but has no anthropogenic factor. The high
content of major ions in confined groundwater which lead to overall poor water quality is
caused by cation exchange and natural dissolution of silicates and evaporates (including halite,
gypsum, and anhydrite). Elements potentially threatening human health are also natural in origin.
The widespread distribution of relatively high F− in groundwater is caused by the dissolution
of fluoride-bearing minerals. The sporadically high Fe in groundwater originates from the
dissolution of Fe-bearing minerals, like jarosite, melanterite, and siderite on aquifer mediums.
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