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Abstract: The purpose of this research was to understand the hydrogeochemical characteristics
and assess the quality of phreatic and confined groundwater in southern Hebei Province. A total of
107 groundwater samples were collected, representing different aquifer conditions over the study area.
Multivariate statistical analysis, hydrochemical maps, ionic ratio coefficients, geographic information
system (GIS) and geochemical simulation were comprehensively and systematically used to reveal
the hydrochemical characteristics of groundwater and its controlling mechanism. The results revealed
that both phreatic (pH = 7.02-9.08) and confined groundwater (pH = 7.00-10.60) were slightly alkaline.
The hydrochemical types were mainly present as the HCO3-Ca-Mg type in the western premontane
area and mixed Ca-Mg-5SO4-Cl and Na-Cl-SOy4 types in the eastern plains. The hydrochemical compo-
sition was dominated by water—rock interactions of natural processes, including silicate weathering,
dissolution of sulfate minerals (gypsum, anhydrite), and cation-exchange adsorption. Anthropogenic
activities were the main factor causing NO3; ™~ content in some groundwater samples to exceed the
geochemical baseline. The hydrogeochemistry of groundwater in different aquifers was significantly
varied. The average contents of TH, TDS, Na*, Ca?, Mg2+, Cl™ and SO42~ in phreatic aquifers were
significantly higher than those in confined aquifers. The Entropy Weighted Water Quality Index
(EWQI) results revealed that 17.78% of phreatic and 50% of confined water samples were meeting the
purpose of drinking water. The groundwater samples with EWQI values exceeding 100 were mainly
situated in the Handan urban area and the eastern region of Xingtai City, which should be avoided
for direct utilization and needs to be improved through protection and management measures, to
enhance the quality of groundwater. Correlation analysis showed that groundwater quality was
significantly dominated by TH, TDS, Na*, Mg2+, Cl~ and SO4%~ concentrations.
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1. Introduction

Groundwater is a fundamental resource that is essential to ensuring sustainable so-
cioeconomic development [1,2]. Groundwater resources account for about 99% of all liquid
freshwater resources in the world, and more than 50% of the world’s residents” domestic water
comes from groundwater, and about 25% of agricultural irrigation water also comes from
groundwater [3,4]. Therefore, groundwater resources play an essential role in ensuring human
survival, sustaining industrial and agricultural development and controlling the ecological bal-
ance [5-7]. However, explosive global population growth and accelerated industrialization
have led to dramatic decrease of global groundwater resources. Many regions in the world
are facing multiple pressures on groundwater resources and groundwater environmental
problems, such as groundwater resource shortage, groundwater pollution and frequent
occurrence of extreme hydrogeological conditions [8-10]. When groundwater resources in
some areas, especially in underdeveloped areas, are completely depleted and there are no
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other sources of water to utilize, the survival of the local people will be unsustainable, and
they can only leave their homes and become “water refugees” [11,12]. Once such a situation
occurs, it will threaten the security and stability of the world situation to a great extent.
Therefore, the protection of groundwater resources is related to the common well-being of
natural ecosystems and human beings, and it is urgent.

Hydrogeochemical research is the theoretical basis for realizing the rational utilization
of groundwater resources and the effective protection of the groundwater environment,
which can reveal the influence and relationship of various hydrogeochemical effects and
anthropogenic activities on various geological phenomena during the formation of ground-
water [13,14]. Further understanding the hydrochemical characteristics and quality status
of groundwater resources is essential to help people select suitable water sources, for-
mulate scientific water management policies and prevent groundwater pollution [15,16].
The hydrogeochemical characteristics can reflect the evolutionary patterns and control
mechanisms of groundwater, which are divided into natural processes and anthropogenic
activities [17]. Natural processes mainly include dissolution of carbonates, sulfates, sili-
cates, halite and cation exchange [18-20]. To comprehensively grasp and understand the
hydrochemical composition and control mechanisms of groundwater, many scholars have
used multivariate statistical analysis methods to classify hydrogeochemical parameters
and effectively extract the major components that determine the hydrogeochemical compo-
sition [21,22]. Major ion ratio coefficients can be used to conclude the physical similarity
of groundwater chemical components and the hydrogeochemical processes undergone. A
piper trilinear diagram is able to reveal the hydrogeochemical types, but cannot present
the distribution and evolution of the hydrogeochemical classification on the spatial scale.
Hydrogeochemical models are able to simulate the saturation indices of specific minerals
but are also deficient in presenting spatial characteristics. The geographic information
system (GIS) has been widely used in the research of various fields with its powerful
graphics and visualization functions [23]. Therefore, it is reasonable and feasible to study
hydrogeochemical characteristics and quality assessments of groundwater by combining
GIS and a hydrochemical graphic method.

The southern plains of Hebei Province are extremely scarce in water resources, and
urban industrial and agricultural production, living, and ecological water rely on ground-
water resources to a large extent [24,25]. In recent years, under the double pressure of
severe water resource shortage and sustainable economic and social development, a series
of geological and environmental problems such as the decline of groundwater level, the
drying of aquifers and the deterioration of water quality have appeared which are due to
the long-term overexploitation of groundwater. The excessive consumption of regional
groundwater resources and environmental pollution have caused great pressure on the
local ecological environment [26-29]. Many scholars have previously performed a lot of
research on groundwater in the Hebei Plain, mainly focused on the amount of groundwater
resources [30,31], but relatively little research on the environmental aspects of groundwater
in the region. In particular, the hydrogeochemical characteristics and spatial distribution
patterns of water quality of shallow phreatic and deep karst confined groundwater in the
southern Hebei Province needs to be urgently clarified. Therefore, to meet the needs of the
construction of a regional water conservation function area and ecological environment
support area, and to guarantee the safety of groundwater resources and the ecological
environment, it is especially necessary to carry out investigations and research on the
groundwater environment in the southern Hebei Province.

Groundwater samples from 45 phreatic monitoring wells and 62 pressurized water
monitoring wells were investigated to gain insight into the hydrochemical characteristics
and water quality of different aquifers in the southern region of the Hebei Province. The
present research aims to (1) systematically reveal the hydrochemical characteristics and
control mechanisms of groundwater from different aquifers in southern Hebei Province by
using a variety of methods; (2) to simulate and deduce the hydrogeochemical processes
and evolution of groundwater; (3) use EWQI and GIS to spatially classify groundwater
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quality and evaluate its feasibility for drinking water; and (4) to reveal the indicators that
mainly affect the quality of groundwater and to propose corresponding protection and
countermeasures. The results of this study will fill the lack of research on the groundwater
environment in the southern Hebei Province, and provide a scientific basis for regional
groundwater environmental protection and pollution prevention and remediation. The
main innovations of this study were as follows:

(1) In this paper, ArcGIS spatial analysis is combined with the hydrochemical graphic
method to systematically reveal the spatial distribution characteristics of groundwater
hydrochemistry, which effectively makes up for the deficiency in the hydrochemical
graphic method in studying spatial scale.

(2) A clustering analysis was introduced to reveal the source similarity of ions and its
influence relationship.

(3) The correlation analysis and entropy weight water quality index were combined to
identify and optimize the main impact indicators of water quality, and further reduce
the cost of water quality monitoring.

2. Study Area

The study area is bounded by the Taihang Mountains in the west and the North China
Plain in the east and extends between 36°03'-37°47’ N latitude and 113°30'-115°50" E
longitude (Figure 1). The terrain is arranged in a ladder form from the west to the east
mountains, hills and plains [32]. The study area has the warm-temperate semi-humid and
semi-arid continental monsoon climate, with an average annual precipitation of 566.8 mm
and an average annual evaporation of 1702.5 mm [33]. The eastern plain is rich in various
agricultural products and cash crops, while the western plain is rich in mineral resources,
providing diversified resources for local economic development.
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Figure 1. (a) Geographical location map of Hebei Province, (b) Location map of the study area in
Hebei Province, (c) Map of sampling locations.



Water 2023, 15, 3791

4 of 24

The spatial distribution of lithology in the study area from west to east is characterized
by quartz sandstone, gneiss, limestone and quaternary loose beds. Groundwater types
mainly include loose rock pore water, limestone karst water and metamorphic rock fissure
water. The flow direction of pore water in the quaternary loose rock type is generally
consistent with the topography. Karst groundwater is stored in the carbonate rock strata of
the Lower Paleozoic and is mainly distributed in the pre-mountain plains around Xingtai,
Shahe, Neigiu and Lincheng. Metamorphic rocks and magmatic fissure water are widely
exposed in the mountainous areas, with short flow and shallow burial without obvious
recharge, runoff and discharge areas.

3. Materials and Methods
3.1. Sample Collection and Analysis

Groundwater samples were collected in August 2021 from 107 wells in the southern
Hebei Province, including 45 quaternary pore-phreatic and 62 karst confined groundwa-
ter samples (Figure 1c). To ensure the freshness of the water samples collected, water
was pumped for 15 min before sampling. The water samples were filtered through a
0.45 um pore size microporous membrane to remove suspended solids, and then stored
in two 100 mL polyethylene plastic bottles. The one bottle of water sample for cation
testing was acidified to pH < 2 with high-purity nitric acid, while the other bottle of water
sample for anion testing did not require the addition of other reagents. All groundwater
samples were sealed in a dark box at 4 °C and sent to the Hebei Environmental Monitoring
Institute for ion testing within 48 h. Temperature (T), pH and dissolved oxygen (DO)
were measured in situ using a high precision, portable, multi-parameter water quality
meter (Multi 350i/SET, Munich, Germany) produced by WTW. For the indoor analysis, the
main cation components were analyzed by an inductively coupled plasma atomic emission
spectrometer (Agilent 5100 ICP-OES, Santa Clara, CA, USA). Anionic components were
measured by ion chromatography (Thermo ICS-1100, Stoney Creek, CA, USA). The anion
and cation balances for all samples were within 5% (1). Data were processed and analyzed
using SPSS version 2022; groundwater chemistry was mapped using Origin 2021; and
hydrogeochemical simulations were carried out using PHREEQC2.11.

TZt —TZ~
%CBE = ————— x 100% (1)
TZT+TZ
In Formula (1), TZ* = Na* + Kt + Mg?* + Ca?*, TZ~ = HCO; ™ + SO42~ + NO;™ +
Cl- +F.

3.2. Hydrogeochemical Modeling

PHREEQC2.11 is computer software for calculating hydrogeochemical reactions based
on the ionic conjugate water model [34]. The software is widely used to calculate mineral
saturation indices (SI), to infer the possible dissolution or precipitation of minerals in
different hydrogeochemical pathways and to reveal the possible evolution of groundwater
chemistry. Saturation index is a thermodynamic index that qualitatively represents the
tendency of various minerals to precipitate and dissolve in groundwater. The calculation
formula is as follows:

SI = lg% @)

In Formula (2), IAP is the ionic activity product and K is the equilibrium constant. If
SI < 0, the solution is unsaturated. SI = 0 when the solution is saturated; SI > 0 means that
the solution is supersaturated and precipitation is possible.
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3.3. Entropy Weighted Water Quality Index (EWQI)

Entropy weighted water quality index (EWQI) is the evaluation model developed
based on the information entropy theory to completely reflect the groundwater quality
information through the real weights of several physicochemical parameters [35]. It is
widely used in the quantitative assessment of groundwater quality by virtue of its simplicity
and accuracy and can solve the problems existing in other groundwater quality evaluation
techniques [36]. The main calculation process is as follows:

Step 1: Firstly, the characteristic matrix X is constructed.

X11  X12 o X
X21  X22 - Xop
X=]. . . 3)
: : Xl‘]‘ .
Xm1 Xm2 oo Xmn

where, m is the number of groundwater samples collected, and the valueisi=1,2... m;n
indicates the selected quality parameter, the value is j = 1, 2... n; x;; is the jth parameter of
the ith sample.

Step 2: Standardized data.

xij o (xj>min

€ (0,1 4
xj)max_ (xj)min ( ) ( )

%’j:(

where, (x;) . and (x;)  arethe min and max values of the jth hydrochemical index in
the initial matrix, respectively.
Step 3: Determine the weight.

Yij
Pi= — 0,1 5
! Zizl(]/ll) € 1) ©
1 m
6]' = —ln(m)izzl (Pij h’IPZ']') (6)
__L-g
ZU] = m S (0/ 1) (7)

where, ¢; is the information entropy of hydrochemical parameter index, and w; is the
entropy weight of the hydrochemical indicator.
Step 4: Determine the quantitative standard of classification.

- (cj/sj) x 100
= {|(CipH - 7])/](8.5 —7) x 100 (8)

where, ¢; is the content of each physicochemical parameter in the groundwater sample, and
s; is the permissible limit of the physicochemical parameter specified in the drinking water
standard.

Step 5: Calculating EWQI.

EWQI = ) wjg; ©)
j=1

where, g; is the quality rank corresponding to each groundwater sample.

3.4. Research Content and Technical Route

The program and technical route of the study was shown in Figure 2. The detailed
steps of the program were as follows:
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Figure 2. Technology roadmap.

Step 1: Data collection and selection.

The major anions (SO4%~, HCO3~, Cl7), cations (Na*, Ca®*, Mgz*, K*) and physical
parameters (pH, TH, TDS) of 107 collected groundwater samples were measured, and the
water quality evaluation index parameters were selected.

Step 2: Hydrogeochemical characteristics and control mechanism.

Based on the hydrochemical parameters, the characteristics of the major anions and
cations were analyzed. The chemical types and spatial distribution of phreatic and confined
groundwater were revealed by ArcGIS and piper maps. Multiple methods including Gibbs
diagrams, ionic ratios, chlor-alkali indices, saturation indices, and cluster analyses were
comprehensively applied to elucidate the hydrochemical characterization of groundwater
and its controlling mechanisms.

Step 3: Groundwater quality assessment.

The entropy-variable weighted water quality index and ArcGIS spatial analysis were
used to spatially classify groundwater quality ranks, and correlation analysis was used to
reveal the main index parameters affecting water quality.

4. Results and Discussion
4.1. Hydrochemical Characteristics

Hydrochemical characteristics can preserve and invert the information of groundwater
affected by regional geological structure, hydrodynamic conditions and human activities.
In this study, several statistics of 12 physicochemical parameters in phreatic and confined
groundwater were analyzed by descriptive statistics, and the results are presented in Table 1.
Groundwater of phreatic and confined aquifers in the southern Hebei Province presented
as slightly alkaline, with average pH values of 7.45 and 8.02, respectively. The ranges of TH
and TDS in the phreatic groundwater were 268~2646.00 mg/L and 342~5843.00 mg/L, and
those in the confined groundwater were 11.60~2337.00 mg/L and 154.00~5052.00 mg /L.
The average concentrations of TH and TDS in the groundwater of the phreatic aquifer in
the study area were significantly higher than those in confined aquifers, and both of them
were higher than the limit values permitted by the drinking water standards (Table 1).
The TH and TDS concentrations exceeding the recommended limit values were mainly
concentrated in the east-central and southeast of the study area, showing an evolutionary
pattern of gradually increasing concentrations from the western mountainous areas to the
eastern plain (Figure 3).
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Table 1. Statistical analysis of physicochemical parameters in phreatic and confined groundwater

samples.

Phreatic Groundwater

Confined Groundwater

Parameters Guideline - 5
Min. Max. Ave. SD CV (%) Min. Max. Ave. SD CV (%)
pH 6.5-8.5* 7.02 9.08 7.45 0.39 5.31 7.00 10.60 8.02 0.87 10.87
TH 450 * 268 2646.00 825.10 624.72 75.71 11.60 2337.00 478.20 509.26 106.49
TDS 1000 * 342 5843.00 177222 1354.46 76.42 154.00 5052.00 1062.35 1080.78 101.73
Nat 200 * 2.69 1127.00 318.72 302.14 94.79 9.35 996.00 207.97 233.43 101.73
K* 0.34 4.46 1.53 0.97 63.69 0.36 8.41 1.38 1.06 77.40
Ca?* 75 ** 4.87 480.00 131.39 98.58 75.03 0.98 288.00 78.33 70.02 89.39
Mg2+ 50 ** 1.29 490.00 120.71 115.30 95.51 1.90 398.00 68.97 92.92 134.73
Cl— 250 * 4.20 1672.00 328.06 355.92 105.98 8.50 1439.00 223.30 318.83 142.78
5042_ 250 * 3.66 2114.00 594.26 588.77 129.07 8.65 2192.00 329.48 480.54 145.84
HCO;~ 25.00 1321.00 485.51 248.94 51.27 16.00 771.00 276.77 150.17 54.25
NO3~ 50 ** 0.29 145.00 9.85 22.72 230.65 0.15 359 4.08 6.30 194.39
F~ 1.0* 0.20 2.99 0.83 0.58 70.44 0.16 3.10 0.91 0.75 113.40
Note: * Chinese Guideline [37]; ** WHO Guideline [38].
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Figure 3. Spatial patterns of TH and TDS in phreatic and confined groundwater.

The order of concentration for conventional anions and cations in groundwater from
two different aquifers was listed as SO42~ > HCO;~ > Cl~ > NO;~ > F~ and Na* > Ca?*
> Mg?* > K*. Except for F~, the concentrations of other ions in phreatic aquifer were
significantly higher than those in confined aquifer. It was mainly due to the high pH in the
confined aquifer, and the alkaline environment was more favorable for the adsorption and
enrichment of F~. The box plots of major anion and cation concentrations in groundwater
from phreatic and confined aquifers are presented in Figures 4 and 5. It can be seen that



Water 2023, 15, 3791

the concentration of each ion varies significantly, especially Na*, Mg2+, Cl—,S042~, and
NO; ™ which have larger SD and CV values than the other ions. According to the mean and
median values, the concentrations of Na*t, Ca2*, Mg2+, SO4%2~,HCO3~, and Cl~ in phreatic
and confined groundwater all exceeded the limit values for drinking purposes, indicating
that the groundwater in the south of Hebei Province was highly mineralized and the water

quality needed to be further improved.

5
1800
1200+ - 500 500 -
= ] =
= m 1600
10001 4
- 400 = 4001 1400
3004 1200 -
3 300 3004 1000
3 600 5 = =y 2
g™ 2 g g £ 800
2 200 2001
400 600+
4001
100 100
200 1 2001
04 0 0 0
0 -200
Box plots Na* Box plots K™ Box plots Ca> Box plots Mg*" Box plots CI”
2500 160
1400 3.0 m
= 140 "
2000 1200 »s
120 ’ L] Legend
1000 .
1500 100 2.0 ]
200 B 25%~75%
é é’ 5 80 s T 1.50R range
10001 E 600 £ E — Median
% 1.0 - - mean line
400 -
500+ 40 B mean
200 05 8 Qutlier
20
04
0 — 0.0
0
Box plots SOf’ Box plots HCO;~ Box plots NO; Box plots F~
Figure 4. Box plots of major ions in phreatic groundwater.
10 1600
1000 = 300 = 400 E 1400 =
8- " .
250
500 1200
300 H -
6l 200 - 1000 .
600 = -
| | .| = 2 ]
= S 150 0200 En -]
E g 4 £ E g 600
400 . L]
100
N itd 400
200 ; 55 200
0 04 0 B 0
200
Box plots Na™ Box plots K* Box plots Ca”* Box plots Mg™ Box plots CI”
2500 40
800 -
- 700 » - 3 i
2000 . B Legend
] 30
600 [ -
1500 500 2 ) B 259%-75%
% " %400 20 = 5 E ll\j?iR e
£ 1000 E E . g cdian
] 300 15 B 1 - - mean line
200 10 f  mean
500 8 Qutlier
100
0 ’ 0
0 0
Box plots 5042’ Box plots HCO, Box plots NO,~ Box plots F~
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The hydrochemical type of groundwater is a concentrated reflection of the chemical
composition of groundwater, and it is also an important part of the study of the hydro-
geochemical characteristics of groundwater. The piper diagram was an essential method
used to identify the hydrogeochemical phases of groundwater [39]. In this study, a piper
diagram of phreatic and confined groundwater was plotted using Aqua Chem version 2014
software (Figure 6). In all phreatic groundwaters, Ca-Mg-HCOj3, Na-Cl-504, Na-HCOs5-
Cl, Ca-Mg-504-Cl and Ca-Mg-SO; types of water accounted for 28.88%, 22.22%, 6.67%,
26.66% and 13.33%, respectively. Confined groundwaters were mainly classified into three
types, including Ca-Mg-HCO3, Ca-Mg-504-Cl and Na-Cl-SO4 types. Along the path of
groundwater runoff, the hydrochemical type gradually evolved from fresh HCO3-Ca-Mg
water to brackish C1-504-Na water. In general, most groundwater hydrochemical types
in the southern plain of the Hebei Province were fresh HCO3-Ca and brackish Ca-Mg-Cl
mixed types. Compared with phreatic groundwater, confined groundwater displayed
fresher characteristics.

A.[Ca*] type (1) Ca-Mg-HCO, type

B.[Mg*] type (2) Na-Cl-SOx type

C.[Na*] type (3) Na-HCOs-Cl type

D.[HC(Z)_'J ] type @ Ca-Mg-S04-Cl type

o
@ Na-HCO, type

Y/ phreatic water

confined water

Hydrogeochemistry
evolution trend

. 2 SR i
Ca? Na+K* HCO5 1COs a

Figure 6. Piper diagram for phreatic and confined groundwaters.

Understanding the spatial distribution pattern of groundwater hydrochemical types
not only helps to recognize the hydrogeochemical characteristics of regional groundwater,
but also contributes to the in-depth study of the circulation characteristics and hydrody-
namic characteristics of regional groundwater. To further study the spatial distribution
characteristics and evolutionary patterns of groundwater types, geospatial analysis was
introduced to spatially classify the hydrogeochemical types of phreatic and confined
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groundwater (Figure 7). Figure 7 revealed that the hydrochemical type of phreatic ground-
water was fresh HCO3-Ca-Mg type water in the northwest and southwest of the study
area, Ca-Mg-SO4-Cl type water in the central region, and Na-Cl-SO4 type water in the
eastern margin. Compared to the western mountainous areas, the intensity of groundwater
extraction in the central and eastern plains is high, the water table gradually decreases,
the thickness of the gas-saturated zone increases, and the natural chemical balance in the
groundwater aquifers is disrupted, resulting in increased concentrations of C1~, SO42~
and Na*. For confined aquifers, fresh Ca-Mg-HCOj3 type water is dominant in the western
piedmont area, while Na-Cl-50, and Ca-Mg-504-Cl types of water are dominant in the
central and eastern plain areas. Compared to phreatic groundwater, confined groundwa-
ter presents fresher characteristics in the western premontane area, while it shows more
brackish characteristics in the central and eastern plains.
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kM

(b) e gﬁ
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Figure 7. Spatial map of hydrochemical types for (a) phreatic groundwater and (b) confined groundwater.

4.2. Mechanism Controlling Groundwater Hydrochemistry
4.2.1. Natural Factors Affecting Groundwater Hydrochemistry

The water chemistry in groundwater can reflect the characteristics of the groundwater
flow system and is generally controlled by different factors. According to R.J. Gibbs, the
various effects on the hydrogeochemical composition are mainly divided into three mecha-
nisms: concentration crystallization, atmospheric precipitation, and rock weathering and
dissolution [40]. The Gibbs plot can clearly represent the dominant factors of the chemical
composition of groundwater. Figure 8a,b revealed that most samples were mapped in
the region of rock dissolution and only a few phreatic samples fell in the region of evap-
otranspiration, suggesting that rock dissolution is the dominant factor in the chemical
composition of groundwater in phreatic and confined aquifers. Evaporation mainly af-
fected a small amount of shallowly buried phreatic water samples in the east. Notably, the
Na*/(Na* + Ca?*) ratios of the water samples were scattered in different intervals from
0 to 1, suggesting that cation exchange processes existed in the two aquifers at different
depths. The ion three-terminal diagram can reveal the type of water—rock interaction that
occurs during the evolution of groundwater chemistry [41]. Most of the water samples
were plotted in the silicate-dominated region, and only a few water samples from the
deep, confined aquifer fell near the carbonate region (Figure 8c,d), suggesting that the
water—rock interaction in the two aquifers is mainly dominated by silicate dissolution, and
the dissolution of carbonate has a potential impact mainly on the deep confined aquifer.
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Figure 8. The Gibbs diagram revealing the hydrochemical mechanisms controlling phreatic and
confined groundwater, (a) TDS versus Na*/(Na* + Ca®*), (b) TDS versus Cl~/(Cl~ + HCO;™),
and scatter plots of molar ratios (c) (Mg?*/Na*) versus (Ca?*/Na*), (d) (HCO;~ /Na*) versus
(Ca%* /Nat).

Ion ratios are useful to improve understanding in depth of hydrogeochemical processes
in groundwater [42] Most of the water samples were observed below the 1:1 line (Figure 9a),
indicating that Na* concentrations in both aquifers are excessive relative to the CI™~ content,
besides, halite dissolution(10), ion-exchange(11) and silicate-dissolution (12) processes
are also material sources of Na* in groundwater. This also confirmed the conclusions
in Figure 7 above. The molar ratios of Ca?* and SO4%~ (Figure 9b) revealed that most
groundwater samples plotted along a 1:1 line, implying SO42~ and Ca?* in phreatic and
confined groundwaters are probably sourced from the dissolution of sulfate minerals
(gypsum (13) and anhydrite (14)). Some phreatic groundwater samples were observed
above the 1:1 line (Figure 9b), suggesting that there may be other sources of SO42~ in
the phreatic aquifer besides dissolved sulfate minerals [43]. In addition, the depletion
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of Ca?* in groundwater by cation exchange also leads to an excess of SO42~ relative to
Ca?* in aquifers. Therefore, it is concluded that the dissolution of gypsum and anhydrite
significantly contributes to Ca?* and SO,4?~ in phreatic and confined groundwater within
the study area, and the dissolution of other sulphate minerals and cation exchange are
also potentially involved in the hydrogeochemical mechanisms of phreatic groundwater.
Therefore, the contents of Ca** and SO4%~ in phreatic and confined groundwater in the
southern Hebei Province were mainly affected by the dissolution of sulfate minerals, and
cation-exchange interactions also potentially contributed to the hydrogeochemistry of the
phreatic groundwater.

NaCl — Na®™ +Cl~ (10)

Ca?" +2NaX — 2Na™ + CaX, (11)

2NaAlSizOg +2CO;, + 11H,O — 2Na™ + ALSi,O5(OH), + 3H,SiO4 + 2HCO;  (12)
CaSO, — Ca*™+S03~ (13)

CaS04-2H,O0 — Ca?™ + 502~ + 2H,0 (14)

The ratio coefficient of Mg?* /Ca®* can reveal and distinguish the contribution of
dissolution from different carbonate and silicate minerals to the chemical composition of
groundwater [44]. When the Mg?* /Ca2" ratio is higher than 1, equal to 1 and less than 0.5,
respectively, it indicates that the ions originate from the dissolution of silicates, calcite (15),
and gypsum (16), respectively. In this study, the phreatic water samples mainly fell above
1:1 and near the 1:2 line, indicating that the chemical composition of phreatic groundwater
was mainly derived from the dissolution of sulfate and silicate minerals. Most of the karst
confined groundwater samples were distributed below 1:1 (Figure 9¢c), indicating that the
chemical composition of confined groundwater was mainly from the dissolution of calcite
and silicate minerals.

The (Ca?* + Mg?*) and (HCO3 ™~ +SO42~) bivariate maps can effectively distinguish the
potential contribution of ion exchange interactions, carbonate and sulfate dissolution to the
hydrochemical composition of groundwater. The milliequivalent ratio equal to 1 indicates
that sulphate and carbonate dissolution is the dominant process, and the ratio greater than
1 or less than 1 indicates cation-exchange processes or reverse cation-exchange processes.
Most of phreatic and karst confined water samples were observed to be distributed along
the 1:1 line, indicating a dissolution process of sulfate and carbonate minerals (Figure 9d).
However, some phreatic and confined groundwater samples were plotted above the 1:1 line,
suggesting that cation exchange leads to excessive concentrations of HCO3~ and SO, in
groundwater relative to Ca®* and Mg?*.

CaCO; + CO;, + HyO — Ca?™ 4 2HCO; (15)

CaMg(CO,); +2CO; + 2H,0 — Mg?™ + Ca*"™ + 4HCO; (16)

(Na* + K* — C17)/[(Ca®" + Mg?*) — (HCO3~ + SO4%7)] can be used to analyze the
effect of ion exchange on groundwater [45]. From Figure 9a, it was known that the distribu-
tions of water samples all fell in or close to the—(1:1) straight line, and the groundwaters
of phreatic and confined aquifers in the southern Hebei Province were all affected by
ion-exchange action. Confined groundwater samples were mainly concentrated near the
origin of coordinates, while some phreatic water samples were far away from the origin,
indicating that ion exchange interaction in the phreatic aquifer was more intense, resulting
in the elevation of the Na* concentration. The chlor-alkali index is an effective examination
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of ion exchange in groundwater [46]. When CAI-I and CAI-II are both negative (17,18), it
means that Ca?* or Mg?* replaces Na* or K* in aqueous media in groundwater, while when
CAI-I and CAI-II are positive, there is reverse cation exchange. Figure 10b revealed that
CAI-I and CAI-II of 80% of the phreatic and 72.58% of the confined groundwater samples
were distributed in the third quadrant, indicating that both cation exchange and reverse
cation exchange processes are present in phreatic and confined groundwater systems and
cation exchange is the dominant process.
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Figure 9. Scatter plot of major ion concentrations in phreatic and confined groundwater (a) C1~
versus Na™, (b) SO,2~ versus Ca?*, (c) Mg?* versus Ca?*, (d) HCO3~ + SO,4%~ versus Ca?* + Mg?*.
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The saturation index (SI) is one of the most widely used metrics in groundwater
hydrochemical studies, and SI values can reliably reveal the dissolved state of specific
minerals. When the SI values are <0, =0 and >0, it indicates the minerals are in dissolved,
equilibrium and saturated states in the groundwater, respectively. In this research, the
SI values of calcite, dolomite, gypsum, anhydrite, aragonite and halite in phreatic and
confined groundwater were calculated to further reveal the material sources of hydrogeo-
chemical components using PHREEQC2.11 software, and the spatial distributions of the
saturation indices of minerals were shown in Figures 11 and 12. The SI values of aragonite,
calcite, and dolomite in phreatic groundwater varied from —1.29-0.69, —1.15-0.84, and
—2.53-2.45, respectively. Figure 11b—d shows that aragonite, calcite, and dolomite minerals
were oversaturated within a broad range of phreatic groundwaters in the southern Hebei
province, and dissolved only in the northwestern mountainous zone. This evidenced the
results of Figure 8c, indicating that dissolution of carbonates did not have the dominant
role in controlling the hydrogeochemical components of the phreatic groundwater. The SI
values for halite, gypsum and anhydrite were —9.46—4.44, —3.88-—0.31 and —4.19--0.61,
respectively, indicating the three minerals were dissolved in phreatic aquifer and showed an
increasing trend from the western mountainous areas to the eastern plains (Figure 11a,e,f).

In confined groundwater, the SI values ranged from —0.93~0.74, —0.79~0.88 and
—4.20~2.62 for aragonite, calcite and dolomite, respectively. Aragonite and calcite gradually
evolved from the oversaturated state to the dissolved state along the runoff path from west
to east (Figure 12b,c). Different from phreatic groundwater, carbonate minerals (aragonite
and calcite) in confined groundwater were dissolved in the eastern plain, implying that
dissolution of aragonite and calcite had potential contributions to the hydrogeochemical
component of confined groundwater. The SI values for anhydrite, gypsum and halite were
in the range of —4.64 to —0.70, —4.33 to —0.40 and —8.67 to —4.55, respectively, suggesting
that dissolution of these three minerals had a significant contributing role in the chemical
composition of confined groundwater. The dissolution degree of gypsum and anhydrite
minerals gradually increased along the path of the confined groundwater runoff, while
the dissolution degree of halite gradually decreased (Figure 12a,e,f). Consequently, it is
comprehensively concluded that the dissolution of aragonite, calcite, gypsum, anhydrite
and halite are the main material source of ions in confined groundwater.
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Figure 11. Spatial distribution of main mineral saturation index (SI) in phreatic water samples.

4.2.2. Anthropogenic Factors

In addition to natural processes, the hydrogeochemical components of groundwater
are also greatly affected by various anthropogenic activities [47-49]. Nitrate was widely
used to reveal the effects of anthropogenic activities on groundwater, and the hydrogeo-
chemical limit for nitrate levels in natural groundwater is 10 mg/L. Figure 13a showed that
approximately 27% of phreatic and 15% of confined water samples had nitrate concentra-
tions exceeding 10 mg/L (Figure 13a), suggesting a potential anthropogenic influence on
groundwater hydrochemistry. As an important anion in groundwater, C1~ may be derived
from external anthropogenic inputs besides halite dissolution by natural processes. In
Figure 13a, a positive correlation was observed between NO; ™ and CI™ in groundwater
samples beyond the nitrate geochemical baseline, meaning that these two ionic materials
were of similar origin and anthropogenic input. In Figure 13b, (NO3~ + C17)/HCO3 ™ and
TDS were positively correlated in groundwater samples, confirming the input of NO3 ™
and Cl~ components in groundwater caused by external anthropogenic activities.
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Figure 12. Saturation index plots with selected minerals in confined water.

The spatial distribution maps of nitrate concentrations revealed that NO3;~ concen-
trations in phreatic and confined aquifers within the eastern plain of the region were
lower than the geochemical baseline of the natural groundwater (Figure 14), suggesting
that NO3; ™ in this region derived from hydrogeochemical processes rather than external
inputs of anthropogenic activities. In the study area, phreatic groundwater samples with
nitrate concentration exceeding 10 mg/L were mainly situated in Xingtai, Handan, Cixian,
Ningjin and Nanhe counties. This indicated that phreatic groundwater in these areas was
influenced by anthropogenic activities such as irrigation backseepage, garbage dumping
and urban sewage discharge. Confined groundwater samples with NO3 ™~ concentrations
exceeding the baseline, were observed concentrated in the western premontane floodplain
area, which may potentially be influenced by irrigation re-infiltration from agricultural
practices and deep mining activities in this region. Therefore, protective measures are
recommended in the urban areas of Xingtai and Handan as well as in the pre-mountain
alluvial plain area to control potential sources of contamination such as municipal sewage,
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surface solid wastes, and irrigation back-seepage from seeping into the aquifer and leading
to deterioration of water quality. In addition, it is also recommended to introduce various
isotopes such as '80-NOj3 and >N-NO; to distinguish the effects of groundwater quality
deterioration caused by different human activities.
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Figure 13. Correlation diagrams of (a) C1~ vs. NO3~, and (b) TDS vs. (NO3~ + C17)/HCO;3 ™.
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Figure 14. Spatial pattern map of NO3 ™ for (a) phreatic groundwater and (b) confined groundwater.

4.3. Source Statistical Analysis

To identify the relationships between the different variables in groundwater, the corre-
lation coefficient matrices of 12 different variables in phreatic and confined groundwater
samples (Table 2) were calculated using Origin version 2021 software. The Pearson cor-
relation coefficient revealed that K¥, HCO3~, NO3;~ and F~ were weakly correlated with
each indicator in groundwater samples. This indicated that K*, HCO3~, NO; ™ and F~
were relatively independent influencing factors among the 12 selected indicators and could
reflect the environmental quality of groundwater from different aspects. However, the
correlation coefficients between TH, TDS, Na*, Ca?*, Mg2+, Cl~ and SO4%~ were mostly
above 0.5, indicating a high correlation and information overlap among the indicators. For
phreatic water samples, strong positive correlations were observed for TDS-Na*, TDS-Mg?*,
TDS-C1—, TDS-SO4%~ and TDS-TH, indicating that the presence of Na*, Mg2+, Cl—,S042~
and TH greatly influenced the TDS. Meanwhile, significant positive correlations of Na*,
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SO4%~, TH and TDS indicated geological weathering and hydrogeochemical evolution of
high ion concentrations which might be related to human activities. Notably, the significant
positive correlations between Na*-Cl~ (r = 0.84), Na*-SO42~ (r = 0.86) and Cl~-SO,2~
(r = 0.86) indicate the potential influence of evaporation and agricultural activities on shal-
low groundwater systems. Except for pH and Ca?*, none of the studied variables were
observed with a significant correlation with F~.

Table 2. Correlation coefficient matrix of physicochemical parameters of phreatic and confined

groundwater.
TH TDS pH Na* K* Ca* Mg?* Cl- SO42~ HCO;~ NO3- F-
Phreatic groundwater samples (1 = 45)
TH 1
TDS 0.91 ** 1
pH —0.47 ** —0.31* 1
Na* 0.67 ** 0.91 ** —0.11 1
K* 0.17 0.10 1
Ca2* 0.73 ** 0.50 ** —0.45 ** 0.16 0.28 1
Mg2+ 0.93 ** 0.93 ** —0.38 ** 0.80 ** 0.44 ** 1
Cl~ 0.87 ** 0.93 ** —-0.21 0.84 ** 0.17 0.43 ** 0.91 ** 1
SO4%~ 0.89 ** 0.97 ** —0.30* 0.86 ** 0.50 ** 0.91 ** 0.86 ** 1
HCO3~ 0.20 0.37 * —0.37* 0.52 ** —0.19 —0.11 0.32* 0.20 0.26 1
NO;~ —0.24 0.45 ** 0.59 ** —-0.19 —-0.12 —-0.12 —0.18 1
F~ 0.11 0.49 ** 0.28 —0.19 —0.33* 0.26 —0.24 1
Confined groundwater samples (1 = 62)
TH 1
TDS 0.90 ** 1
pH —0.51 ** —0.22 1
Na* 0.61 ** 0.89 ** 0.15 1
K* 1
Ca% 0.82 ** 0.58 ** —0.74** 0.18 0.21 1
Mg2+ 0.97 ** 0.94 ** —0.35 ** 0.73 ** 0.64 ** 1
Cl™ 0.78 ** 0.88 ** 0.83 ** 0.39 ** 0.86 ** 1
S04~ 0.88 ** 0.95 ** —0.26 * 0.79 ** 0.63 ** 0.89 ** 0.70 ** 1
HCOs~ 0.28* 0.24 —0.46 ** 0.15 0.28* 0.24 0.23 1
NO3;~ -0.19 —0.34* —-0.37* 0.28 0.38 ** —-0.19 —0.25* -0.15 1
F~ 0.26 * 0.29* 0.55 ** —0.14 —0.29 * 0.29* 0.15 0.20 —0.29* 1

Note: ** and * indicate significant correlation at the 0.01 and 0.05 levels (2-tailed), respectively.

The correlation matrix results for the confined groundwater samples were similar to
those for the phreatic groundwater samples. TH-TDS, Na*-TDS, Mgz*—TDS, Cl—-TDS,
SO42-TDS, Ca?*-TH, Mg?*-TH, SO,?>~-TH, Na*-Cl~, Mg?*-Cl~ and Mg?*-SO4%~ were
strongly correlated in confined groundwater. Na*-TH, Ca?*-TDS, Na*-Mg?*, Ca?*-Mg?*,
Ca2*-8042~ and Cl~-SO42~ were observed to have significant positive correlations at the
0.01 level. It was notable that the correlation of Na—Ca (r = 0.18) was poor, which may be
caused by cation exchange. In addition, the weak correlation of NO3 ~—Ca?* (r = 0.38) and
the negative correlation of NO3 ~-Na* (r = —0.37) suggests that the source of NO3 ™~ might
derive from agricultural activities.

Hierarchical cluster analysis (HCA) was an effective method to analyze the source
and influencing factors of hydrogeochemical parameters [50-52]. In this research, the simi-
larity of hydrogeochemical parameters was measured by the Ward linkage method and
Euclidean distance squared. The dendrogram generated by HCA divided the physicochem-
ical parameters into three clusters, and the clustering results for phreatic and confined
water samples are shown in Figure 15a,b. Cluster 1 for phreatic and confined water, mainly
included Na*, Mg?*, HCO;3~, SO42~, CI, TH, TDS, indicating mineral dissolution and
rock weathering processes. Cluster 2 included pH and F~, indicating that a slightly alkaline
pH environment is conducive to the dissolution and enrichment of F~. Cluster 3 comprised
K*, Ca?*, NO; ™, suggesting that K* and NO3~ in groundwater may have originated from
local agricultural activities.
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Figure 15. Dendrogram for (a) phreatic and (b) confined groundwater samples showing clustering of
hydrogeochemical variables.

4.4. Groundwater Quality Evaluation

Groundwater quality evaluation is an essential component of groundwater resource
evaluation and protection. Through water quality assessment, it is possible to understand
and grasp the change trend of water quality, and provide a scientific basis for the utilization,
protection, planning and management of groundwater resources. EWQI is an evaluation
model that comprehensively reflects the water quality condition through the weights of
several physicochemical parameters. Based on groundwater quality monitoring data,
EWQI was used to comprehensively evaluate the water quality conditions of phreatic and
confined aquifers in southern Hebei Province. Twelve parameters in groundwater were
selected to participate in EWQI calculation and evaluation, including pH, TH, TDS, C1~,
SO4*~, Ca**, K¥, Mg?*, Na*, NO3~, HCO;3~ and F~. The information entropy (ej) and
entropy weight (wj) of each indicator involved in the calculation of the water quality index
are presented in Table 3.

Table 3. Information entropy and entropy weight of each physicochemical parameter in groundwater.

Index

Category TH TDS pH Na* K Ca®* Mg¥* ClI- SO~ HCO;~ NO;~ F-

Information
entropy (e))
Entropy
weight (wj)

Phreatic groundwater 0929 0927 0918 0.886 0918 0928 0.899 0874  0.881 0.963 0.676  0.909
Confined groundwater  0.891 0.874 0921 0.849 0920 0.895 0.847 0.804 0.824 0.959 0.796  0.898
Phreatic groundwater ~ 0.055 0.057 0.063 0.088 0.064 0.056 0.078 0.097  0.092 0.029 0.250  0.070
Confined groundwater  0.071 0.083 0.052 0.099 0.053 0.069 0.101 0.129 0.115 0.027 0.134  0.067

The EWQI values of phreatic and confined groundwater in the southern Hebei
Province were 8.64~3519 and 9.45~2724 as calculated by Equations (3)-(9). For phreatic
groundwater samples, 6.67% were excellent, 11.11% were good, 13.33% were medium,
8.89% were poor and 60.00% were extremely poor. While for confined groundwater sam-
ples, 20.97% were excellent, 29.03% were good, 14.53% were medium, 9.67% were poor
and 25.80% were extremely poor. In general, groundwater with good or excellent quality
grades is suitable for drinking, otherwise, other rankings of groundwater need to be treated
before being utilized as drinking water. In this survey, a total of 17.78% of shallow phreatic
groundwater and 50.00% of deep confined groundwater meet the quality for drinking
purposes, and the quality of deep confined groundwater is significantly better than phreatic
groundwater. The spatial distribution patterns of the EWQI values of phreatic and deep
confined groundwater samples in the southern Hebei Province were plotted in Figure 16.
High EWQI values for phreatic groundwater were mainly concentrated in the south and
northeast, while high EWQI confined groundwaters were centered in the southeast. There-
fore, attention should be paid to areas with high EWQI values, and groundwater quality
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should be improved by strengthening the groundwater environmental monitoring and
improving groundwater protection and management measures.
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Figure 16. (a) Spatial pattern map of EWQI values for phreatic groundwater; (b) Spatial pattern map
of EWQI values for confined groundwater.

In order to further analyze the influence of groundwater indicators on EWQI, Pearson
correlation analysis was conducted between 12 selected indicators and EWQI, and the
results are shown in Figure 17. The weak significance of K*, HCO3~, NO;~, and F~ with
EWQI in the phreatic and confined aquifers indicated that K*, HCO3~, NO3~, and F~ had
little influence on the environmental quality of groundwater. Figure 16 revealed that TH,
TDS, Mg?*, CI~ and SO42~ were all significantly correlated with the EWQI of both phreatic
and confined water, indicating that TH, TDS, Mg2+, Cl~ and SO42~ have a significant
influence on groundwater quality. Hence, in future groundwater quality monitoring, it is
necessary to optimize the monitoring indicators and focus on the indicators that contribute
more to the groundwater environmental quality, so as to reduce the monitoring costs.
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Figure 17. Correlation between EWQI and (a) phreatic and (b) confined groundwater quality indexes.



Water 2023, 15, 3791

21 of 24

4.5. Corresponding Protection and Management Measures

Groundwater quality assessment is the basis of groundwater resource protection and
the scientific basis of groundwater pollution prevention. According to the above ground-
water quality evaluation results, the following measures should be taken to strengthen the
protection and sustainable utilization of groundwater resources in southern Hebei Province.

(1) Groundwater wells with EWQI values exceeding 100 should be stopped until remedial
action is taken.

(2) The use of nitrate-rich fertilizer and stockpiling of the waste ore and garbage should be
reduced in the western piedmont plain, and appropriate ecological measures should
be used to reduce nitrate concentrations.

(3) Groundwater filtration equipment should be installed to reduce the concentrations of
Mg?*, SO42~, C1~, TH and TDS values in groundwater with high EWQL.

(4) Real-time water quality monitoring systems and early warning platforms to enhance
monitoring capabilities should be established.

(5) A sound and scientific water resources management system, and rational plan for the
development and utilization of groundwater should be established.

5. Conclusions

In this study, the hydrogeochemical characteristics and control mechanisms of shallow
phreatic and deep confined groundwater in the southern plain of Hebei Province were
discussed in depth. The entropy variable weight water quality index was also introduced
to evaluate the feasibility of groundwater for domestic drinking purposes. The main
conclusions of this study were as follows:

Both phreatic and deep karst confined groundwater in the plains of southern Hebei
Province were weakly alkaline freshwater, and karst confined groundwater was fresher
than phreatic groundwater. The main anion abundance order in aquifer groundwater
was SO4%~ > HCO3~ > Cl~, and the cation order was Na* > Ca?* > Mg?* > K*. The
water chemistry of phreatic groundwater was mainly HCO3-Ca-Mg and Ca-Mg-SO4-Cl,
and the karst confined groundwater was HCO3-Ca-Mg and Na-CI-SO, type water. The
hydrochemical composition of phreatic groundwater was dominated by gypsum, anhydrite,
halite mineral dissolution and cation exchange, and was also potentially influenced by
evapotranspiration and anthropogenic activities. The deep karst confined groundwater
was dominated by the dissolution of carbonate minerals (dolomite, calcite, aragonite) and
sulfate mineral. The results of groundwater quality evaluation showed that phreatic and
confined groundwater meeting the purpose of drinking water in the study area accounted
for 17.78% and 50.00%, respectively. Phreatic groundwater samples with poor water quality
were mainly concentrated in the Handan urban area and the eastern region of Xingtai City.
The quality rankings of confined groundwater samples were mainly excellent and good,
and the water quality was significantly better than phreatic groundwater. The results of
EWQI and correlation analyses revealed that the main physicochemical indicators affecting
water quality were TH, TDS, Mg2+, Cl—, and SO,42~. In general, it is recommended to
give priority to the utilization of karst confined groundwater for domestic and drinking
purposes, and corresponding protection and management measures should be taken for
the phreatic groundwater to realize the sustainable use of local groundwater resources.
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