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Abstract: Groundwater function zoning is an important means to ensure that groundwater plays
its various functions, which can provide a scientific basis for the protection and development of
groundwater resources. Water resources are scarce in the Central Plains Urban Agglomeration
(CPUA), so it is of great significance to evaluate groundwater vulnerability and to zone groundwater
function in this area. In this study, the resource supply function (RSF), eco-environment function
(EEF), and geo-environment function (GEF) of groundwater were analyzed using the analytic hier-
archy process (AHP), maximum method, and dominant mark method, so as to divide the shallow
groundwater function in the plain of the CPUA. The results show that the reservation areas (32.0%)
are distributed in the areas from Luoning County to Yanjin County, Changyuan County to Xinzheng
County, and the areas near mountainous in the south of the CPUA. The geological-disaster-prone
areas (29.5%) are distributed in the areas from Ruyang County to Luohe City, Weihui County to
Jiyuan City, Xingyang County to Changge County, Changyuan County to Yuanyang County, and
Kaifeng City. The development and utilization areas (6.4%) are distributed near mountainous areas in
the CPUA. The ecologically vulnerable areas (7.5%) are distributed in the east of Kaifeng City and the
northeast of Xinxiang City. The conservation areas (24.6%) are distributed in the areas from Ruyang
County to Wuyang County, Xinzheng County to Xingyang County, the north of Xuchang City, the
east of Luohe City, Kaifeng City, and Xinxiang City. In order to better manage the groundwater,
this study evaluates the vulnerability of the groundwater using the DRASTIC model and makes a
single indicator sensitivity analysis. The results show that the accuracies of indicators D, A, and I are
particularly important for this vulnerability evaluation. According to the groundwater vulnerability
and the land use types, some suggestions were put forward. The research results can provide a
reference for groundwater management and development in the CPUA and other areas.

Keywords: Central Plains Urban Agglomeration; groundwater function zoning; AHP; groundwater
vulnerability evaluation; DRASTIC model; single indicator sensitivity analysis

1. Introduction

As a natural resource, groundwater is very important to the development of regions
and countries. Under the conditions of increasing world population and increasing climate
change, human society is facing a series of serious groundwater problems, such as a deteri-
oration in the water quality and increasing scarcity, which seriously affect the sustainable
development of human society. Groundwater function zoning is an important basis for
sustainable utilization and management of groundwater, which is of great significance to
the sustainable development of human society.

Groundwater function refers to the effect of groundwater in quality, quantity, and tem-
poral and spatial distribution on society and environment, mainly including the resource
supply function (RSF), eco-environment function (EEF), and geo-environment function
(GEF) [1]. RSEF refers to the groundwater that has certain conditions of recharge, storage
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and renewal, and has relatively independent and stable recharge source and groundwater
resource supply guarantee ability [2]. EEF refers to the effect of groundwater on the benign
maintenance of surface vegetation, lake, wetland or land quality, and a change in the
groundwater results in a corresponding change in the eco-environment. GEF refers to the
fact that groundwater supports and protects the stability of the geo-environment it exists in,
and the geo-environment changes accordingly when groundwater changes [1]. Groundwa-
ter function zoning refers to the scientific and comprehensive analysis and estimation of the
quantity, quality, temporal, and spatial distribution characteristics and development and
utilization conditions of groundwater resources in a certain system, aiming at groundwater
development, utilization, and protection planning. It combines with regional hydroge-
ology and water resources administrative division boundaries, to carry out reasonable
function evaluation and zoning of groundwater resource protection, development, and
utilization. At the beginning of the 21st century, groundwater function evaluation and
zoning began, and corresponding technical specifications have been introduced succes-
sively. However, the selection and rating criteria of indicators remain to be discussed [3].
For example, Qu et al. [4] used the dissipation theory to carry out groundwater function
zoning in Puyang City, and believed that the evaluation results better represented the main
geo-environment problems in this area. Wang et al. [5] created a theoretical method for
groundwater function evaluation and regionalization in arid and semi-arid regions in view
of how to determine the needs of groundwater ecological function protection areas, basic
farmland quality protection areas, and function areas of mining resources in the middle and
lower reaches of inland basins in northwest China, and carried out groundwater function
zoning in Shiyang River Basin.

The Central Plains Urban Agglomeration (CPUA) is an area lacking in water resources
in China. Surface water is not abundant and the degree of groundwater exploitation
and utilization is high. After the 1990s, groundwater exploitation accounted for more
than 60% of the total water. According to statistics [6,7], in 2021, the per capita water
resource of the CPUA was 506.23 m3, which is close to the international water shortage
standard (500 m® per person), and the CPUA belongs to a severely water-scarce region.
With the rapid economic development and continuous population growth in the CPUA,
the unreasonable exploitation of groundwater and the massive discharge of “three wastes”
have led to increasingly serious groundwater pollution. It has become a major challenge
for the plain area of the CPUA in the future to ensure that groundwater can meet the
water supply demand of the rapidly growing population in the short or long term. In
order to reasonably protect and develop the water resources of the CPUA, ensuring the
sustainable development of society, economy, resources, and the environment in this area,
it is necessary to carry out groundwater vulnerability evaluation to judge the possibility of
groundwater pollution and groundwater function zoning to determine the functional use
of groundwater.

Therefore, in this study, the plain of the CPUA will be studied, in this area the shallow
groundwater function zoning will be conducted by RSE, EEF, and GEF. Thus, providing a
scientific basis for the protection, development, and utilization of groundwater in the CPUA,
and also providing a reference for the management and development of groundwater in
other regions.

2. Study Area

The CPUA is located in the northwest of Henan Province, China, and includes nine
cities of Zhengzhou, Luoyang, Kaifeng, Xinxiang, Jiaozuo, Xuchang, Jiyuan, Pingding-
shan, and Luohe, with an area of 58,809 km2. The location coordinates are roughly
111°00'-115°30" E, 33°00'-35°55’ N (Figure 1). The study area belongs to the warm temper-
ate subhumid climate area with obvious continental monsoon climate characteristics. The
average annual precipitation is 524-766 mm, which is smaller in the eastern plain and the
plain north of the Yellow River, and decreases from south to north (Figure 2a). There are
mainly loamy clay, silty sandy clay, silty clayey loam, sandy clayey loam, silty loam, sandy
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loam, and sandy soils. Loam and sandy soils are the most widely distributed, followed by
silty clayey loam and sandy loam (Figure 2b).
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Figure 1. Location of the study area.

Shallow aquifers in the study area are mainly composed of sandy gravel strata
(Figure 2c). The shallow aquifers have a hydraulic conductivity of 0-32 m/d (Figure 2d),
and are mainly recharged by rainfall, and mainly discharged by evaporation, artificial
mining, and runoff drainage. The vadose zone above the shallow aquifer is composed
of silty clay, silt, and gravel, among which silt is the most widely distributed, followed
by gravel (Figure 2e). The depth of groundwater in the west of Xinxiang City and the
northeast of Kaifeng City is less than 4 m, and in most areas is 4-8 m, followed by more
than 16 m, and then 8-16 m (Figure 2f).

In recent years, the economic development of the study area has been relatively rapid,
human activities are frequent, land use types are diverse. Land use types in the study area
mainly include industrial land, agricultural land, urban construction land, garden land,
and unused land (Figure 2g).

The shallow groundwater pollution in the study area is generally moderate and mild,
local groundwater pollution is severe, and there is a small amount of serious pollution.
The characteristics of the groundwater pollution are as follows: urban domestic pollution
causes groundwater hardness, total dissolved solids and “tri-nitrogen” (ammonia nitrogen,
nitrate, and nitrite) exceeding the standard; industrial pollution caused by volatile phenol,
chromium, cyanide, and other harmful components exceeded the standard; agricultural
pollution caused an increase in ammonia nitrogen, organic nitrogen, heavy metals, and
harmful substances. Among these, the nitrogen pollution caused by agricultural activities
mainly comes from the application of agricultural fertilizer. When the fertilizer is applied,
part of it is absorbed by crops, while the other part stays in the soil and seeps into the ground
with the atmospheric precipitation and crop irrigation water, polluting groundwater.
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Figure 2. Conditions of the study area: (a) annual average rainfall; (b) soil type; (c) shallow aquifer;
(d) hydraulic conductivity of shallow aquifer; (e) vadose zone media; (f) depth of groundwater;
(g) land use.
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At the same time, a large amount of groundwater exploitation leads to the formation of
groundwater depression cones, which further leads to geo-environment problems such as
land subsidence and land desertification [8]. Since the 1970s, groundwater overexploitation
in the study area has formed different degrees of groundwater level funnels. In Xuchang
City, Shanggiu County, Zhengzhou City, and other places, local groundwater depression
cones have been formed due to serious overexploitation of groundwater, and overexploita-
tion of groundwater has appeared in most areas. Centralized exploitation has affected
the water consumption in the areas adjacent to the water supply source. In addition, land
subsidence is caused by overexploitation of groundwater in some areas. According to the
preliminary evaluation, land subsidence has occurred in Kaifeng City, Luoyang City, and
Xuchang City, with the maximum accumulated subsidence reaching 170 mm [9]. In the
area surrounding the saltwater zone, groundwater exploitation is causing the water table
to fall, leading to saltwater intrusion into freshwater aquifers.

3. Method

Groundwater resources refer to the groundwater stored in the crust surface for human
utilization [10], which is an important part of water resources. Groundwater not only
provides water for human production and life, but also plays an important role in ensuring
eco-environment safety and maintaining the stability of the geo-environment [11]. In
recent years, the over-concentrated exploitation of groundwater in the CPUA has led to
the formation of groundwater depression cones in this area, and different degrees of land
subsidence have occurred in many areas, and the shallow pore water, deep confined water,
and karst water in most cities have been polluted to varying degrees [12], which is different
from the previous emphasis on the RSFE. Therefore, the RSF, EEF, and GEF of groundwater
are considered comprehensively in the groundwater function zoning in this study. As
groundwater development and utilization is mainly in the plain area, so this study is aimed
at the groundwater function zoning in the plain area.

Taking the shallow groundwater of the plain of the CPUA as the study object, based
on the conditions (among them, the data of the geology, hydrogeology, engineering geology,
water quantity, and water quality come from Henan Geological Environment Monitoring
Institute. The status quo of land desertification and vegetation cover index were derived
from the cloud platform of geographical conditions monitoring in 2016) of the CPUA. The
shallow groundwater function is evaluated through the three functions of groundwater
(RSF, EEF, GEF) and the comprehensive index method, the analytic hierarchy process (AHP),
the dominant mark method, and the maximum method. Finally, MapGIS software is used
to map the function zoning of shallow groundwater in the study area, and suggestions will
be put forward for the development and protection of groundwater.

3.1. RSF Evaluation

To evaluate the RSF, the groundwater quantity should be considered first to ensure
the sustainable development and utilization of groundwater. Secondly, we should also
consider the groundwater quality requirements, groundwater quality protection is also an
important factor to achieve resource security. Therefore, the RSF is evaluated from two
aspects: quantity and quality.

3.1.1. Groundwater Quantity Evaluation

Groundwater can be divided into renewable and nonrenewable, and the nonrenewable
is mainly deep groundwater [10,13]. This study mainly focuses on shallow groundwater,
so the groundwater exploitable modulus is used to evaluate the water quantity of RSE. The
groundwater exploitable modulus is defined as the quantity of exploitable groundwater
per unit area. The quantity of exploitable groundwater refers to the maximum amount
of water allowed to be extracted from aquifers within a foreseeable period of time, under
the condition that eco-environment deterioration and geo-environment problems are not
caused by economically reasonable and technically feasible measures. To determine the
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quantity of exploitable groundwater is to seek the balance point between the benefits
obtained from groundwater resources exploitation and environmental losses [10,14,15].
Considering that most of the groundwater in mountains is discharged on the surface
in the form of river base flow and spring outcrops, and most mountains do not have
the conditions for large-scale exploitation and utilization of groundwater, and so the
exploitation and utilization of groundwater in mountains will not increase the total amount
of water resources available, this study only calculates the shallow groundwater availability
in the plain area of the CPUA. The groundwater exploitable modulus in the plain area is
calculated using the exploitable coefficient method (Equation (1)):

Me:Qr'P/S @

where Q); is the annual average groundwater recharge (m3/a), p is the exploitable coefficient,
M, is the groundwater exploitable modulus (10* m3/km?), and S is the area of water
resources (km?).

3.1.2. Groundwater Quality Evaluation

Groundwater quality is evaluated according to the national standard “groundwater
quality standard” [16]. First of all, this consists of the evaluation of single components,
including pH value, total hardness, total dissolved solids, sulfate, chloride, iron, manganese,
copper, zinc, molybdenum, cobalt, volatile phenols, permanganate index, nitrate, nitrite,
ammonia nitrogen, fluoride, iodide, cyanide, etc., with 19 items in total. According to the
classification and limit indicators listed in this standard, the indicator i is divided into the
classes I, II, III, IV, and IV, from the best to the worst, and the corresponding ratings F; are 0,
1,3, 6, and 10, respectively. According to F;, the comprehensive score F of all indicators of a
groundwater sample is calculated (Equations (2) and (3)), and the groundwater quality level
is divided by this value. Finally, according to the F of all shallow groundwater samples,
GIS technology is used for spatial interpolation, and then the shallow groundwater quality
classification map in the study area is obtained.

-2
F" +F2
F: zmax (2)
_ 1

where F and Fy;,y are the mean and maximum of F;, respectively, and 7 is the total number
of indicators.

According to the groundwater quality and the size of the exploitable modulus, the
RSF is evaluated and mapped.

3.2. EEF Evaluation

(1) Indicator selection and rating

The groundwater EEF refers to the function or effect of groundwater on the benign
maintenance of terrestrial vegetation, lakes, wetlands, or land quality. In other words, the
stronger the EEF is, the more the eco-environment is dependent on groundwater and the
more sensitive it is to changes in groundwater. As a result of groundwater overexploitation
and the decline in the groundwater table in the CPUA, the eco-environment has deteriorated
in some areas, mainly including spring depletion, wetland shrinkage, and land quality
change [17]. Baiquan of Huixian County is a natural drainage point of karst water. Since
1978, more than 140 karst wells have been built in the spring domain, and the karst
water exploitation has reached 7.360 x 10’ m3/a. As a result, the groundwater table has
dropped, resulting in frequent flow interruption in Baiquan. Some areas have also seen
the disappearance of rivers and swamps, which has made some fish and other creatures
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lose their habitats. Therefore, the development and utilization of groundwater affects
the eco-environment mainly through the decline of the groundwater table. The main
effects of groundwater development and utilization on land quality change include land
desertification and soil salinization. According to the actual situation of the study area,
only land desertification is considered in the evaluation.

Based on the above analysis of the eco-environment problems caused by groundwater
overexploitation in the CPUA, considering the relationship between eco-environment prob-
lems and groundwater resource development and utilization, depth of groundwater, land
desertification situation, ecological function, and vegetation cover index are selected as the
evaluation indicators of EEF. The lowering of the groundwater table will lead to the severing
of river flow in some areas, and the reduction or disappearance of marshland and wetland
areas, leading to the deterioration of the eco-environment. Furthermore, when the depth of
groundwater is small, the groundwater is very vulnerable to pollution. Therefore, the lower
the depth of the groundwater, the stronger the dependence of the eco-environment above
the groundwater on the groundwater. The more serious land desertification is, the more
easily the eco-environment is affected by groundwater change. The land desertification
area of the CPUA is mainly distributed in Zhengzhou City, Kaifeng City, and Xinxiang City.
Different ecological functions have different demands for water resources. The more im-
portant the ecological function is, the greater its demand for groundwater, that is, the more
dependent it is on groundwater. The environmental maintenance of vegetation reflects
the maintenance effect of groundwater on the survival and development of the surface
vegetation ecosystem (artificial grassland, natural vegetation, and oasis). In this study, the
vegetation cover index is adopted to show the interaction between groundwater and the
surface vegetation ecosystem. The lower the vegetation cover index is, the more sensitive
the eco-environment of the area is to changes in the groundwater.

(2) Determination of weight

AHP is used to determine the weight of evaluation indicators. The process is carried
out in the Yaahp software. AHP is a multi-objective decision-making analysis method
combining quantitative and qualitative analysis. Based on in-depth analysis of the na-
ture, influencing factors, and internal relations of complex decision-making problems, it
quantifies the decision-making thinking process of decision makers using less quantitative
information. It not only considers the subjective judgment of evaluators, but also quantifies
the decision-making thinking process of decision makers. In addition, various complex
factors of the evaluation object are expressed in a hierarchical structure and evaluated and
analyzed layer by layer, which is suitable for application in complex multi-factor problems
that are interrelated and mutually restricted [18]. AHP first divides the problem into a
target layer, criterion layer, and indicator layer, and then constructs the indicators judgment
matrix according to the importance of indicators, and preliminarily calculates the weights
of the indicators. Then, the consistency ratio (CR) of the judgment matrix is determined to
verify the rationality of the weight obtained (when CR < 0.1, the weight is reasonable), and
the weights of the indicators are finally determined.

Groundwater overexploitation is serious in the CPUA which has produced groundwa-
ter depression cones to varying degrees, resulting in common eco-environment problems.
Therefore, the depth of groundwater has a relatively large impact on the EEF, that is, it takes
a larger weight in the EEF evaluation. The study area has a small area of land desertifica-
tion, so it is less affected by land desertification, and the impact of land desertification on
groundwater EEF is relatively small. Firstly, a judgment matrix of the evaluation indicators
is established according to the importance of each indicator analyzed above, and then the
CR value is calculated to obtain the final weights.

According to the ratings and weights, the CI of EEF is calculated by the comprehensive
index method (Equation (4)) and graded equally from large to small and mapped.

CI=Y" R¢W, (4)
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where CI is the comprehensive index and R; is the rating of indicator i; W; is the weight of
indicator 7; and # is the total number of indicators.

3.3. GEF Evaluation

The influence of groundwater on the geo-environment is mainly that the development
and utilization of groundwater affects the stability of the crust and the occurrence of geo-
environment problems. The stronger the GEF, the more the change in groundwater can
affect the geo-environment, that is, the more sensitive the geo-environment is to the change
in groundwater. In the study area, the geo-environment problems caused by unreasonable
groundwater development mainly include groundwater pollution, saline water intrusion,
and land subsidence. Therefore, this study selected depth of groundwater, salt water situa-
tion, regional crustal stability, and type of rock and soil mass as the evaluation indicators of
GEF. According to certain grading standards, the four evaluation indicators are divided
into three classes and rated, which correspond to the strong, moderate, and weak GEFs,
respectively.

AHP is used to calculate the weight of each evaluation indicator. In the study area, the
main geo-environment problems caused by the continuous lowering of the groundwater
table include salt water intrusion and land subsidence, so the depth of the groundwater is
relatively important. The influence of groundwater development and utilization on the
crust stability is mainly due to the development of groundwater during the implementation
of major projects, so the influence is relatively small for the whole study area. Similarly, a
judgment matrix is established and verified to obtain the final weight.

According to the ratings and weights of the indicators, the CI of GEF is calculated
(Equation (4)) and graded equally into three classes from high to low and mapped.

3.4. Groundwater Function Zoning

Different classes of RSF, EEF, and GEF correspond to different groundwater devel-
opment and utilization prospects (Table 1). Groundwater function is evaluated using the
dominant mark method. The dominant mark method, also known as the dominant factor
method, refers to the selection of dominant factors that have symbolic significance for
zoning on the basis of a comprehensive analysis of the combination or the interaction of
factors. It is the most commonly used method in zoning studies [1,19]. On the basis of the
evaluation of three groundwater functions, the relationship between groundwater func-
tions is comprehensively compared to determine the dominant function of groundwater
utilization in the evaluation area and the development and utilization prospect. According
to the needs of exploitation and utilization of groundwater resources and the objectives of
protection and maintenance of the eco-environment and geo-environment, refer to relevant
studies [20,21], groundwater function zoning criteria are established, and groundwater
function zoning is implemented.

Table 1. Prospects of development and utilization for three groundwater functions at different

categories.
Function Categories Prospect of Development and Utilization

Strong Large-scale exploitation

RSF Moderate Regulated exploitation
Weak Prohibited exploitation
Strong Unexploitable

EEF Moderate Conservational utilization
Weak Large-scale utilization
Strong Unexploitable

GEF Moderate Conservational utilization

Weak Large-scale utilization
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4. Results
4.1. RSF
4.1.1. Groundwater Quantity Evaluation Results

The exploitable coefficient adopts empirical values, which are generally related to
lithology and the characteristics of the groundwater. The values for loose rock pore wa-
ter areas are generally 0.75 to 0.85, carbonate rock karst fissure water areas are generally
0.45 to 0.55, and bedrock fissure water areas are generally 0.35 to 0.45 [22]. According
to the obtained data, the exploitable coefficient method (Equation (1)) is used to calcu-
late the groundwater exploitable quantity of each calculation unit in the CPUA, and the
groundwater exploitable modulus of each water resource unit (Table 2). The exploitable
modulus is divided into three classes (Figure 3): large (>200,000 m3/km?), moderate
(150,000-200,000 m3 /km?) and small (<150,000 m3/km?).

Table 2. Exploitable modulus of groundwater in the study area.

Groundwater Exploitable Exploitable Quanti Exploitable Modulus
Resource Unit Total Recharge (10% m?) Copefﬁcient P (10* m3) v P(104 m3/km?)
1 30,764 0.71 21,842.44 17.6
2 1347 0.71 956.37 24.8
3 3580 0.71 2541.8 17.6
4 5705 0.71 4050.55 17.6
5 1225 0.71 869.75 17.6
6 73,384 0.77 56,505.68 12.8
7 7882 0.77 6069.14 12.8
8 10,915 0.77 8404.55 12.8
9 17,171 0.83 14,251.93 27.1
10 1746 0.83 1449.18 27.1
11 14,788 0.83 12,274.04 27.1
12 1736 0.83 1440.88 27.1
13 6085 0.83 5050.55 27.1
14 2233 0.74 1652.42 124
15 4618 0.74 3417.32 24.8
16 32,358 0.78 25,239.24 16.1
17 57,996 0.78 45,236.88 16.1
18 21,135 0.78 16,485.3 16.1
19 8811 0.78 6872.58 16.1
20 11,816 0.83 9807.28 17.7
21 15,856 0.83 13,160.48 17.7
22 15,441 0.83 12,816.03 17.7
23 8117 0.83 6737.11 17.7
24 44,990 0.78 35,092.2 12.5
25 27,580 0.78 21,512.4 13.0
26 2170 0.78 1692.6 13.0
27 38,407 0.74 28,421.18 12.4

It can be seen from Figure 3 that the areas with a small groundwater exploitable
modulus are in the south of the study area, mainly Kaifeng City, Xuchang City, Luohe
City, and Pingdingshan City. The areas with a moderate groundwater exploitable modulus
are in the north of the study area, mainly including Jiaozuo City, Xinzheng County, and
Zhengzhou City. The areas with a large groundwater exploitable modulus are mainly
Jiyuan City and Luoyang City.
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Figure 3. Groundwater resource units and exploitable modulus of the study area.

4.1.2. Groundwater Quality Evaluation Results

Based on the comprehensive water quality rating F (calculated by Equations (2) and
(3)), the groundwater quality is graded (good: 0.80-2.50; moderate: 2.50—4.25; relatively
poor: 4.25-7.2; poor: >7.2) and mapped (Figure 4). According to Figure 4, areas with good
and moderate water quality, accounting for 36.2% of the study area, are mainly distributed
in the areas from Luoning County to Yanshi County, Xingyang County to Changge County,
Ruzhou City to Changping County, Jiyuan City, and Linying County. The areas with
relatively poor water quality are the largest, accounting for 60.8%, mainly distributed in
the plain area north of the Yellow River, the areas from Zhengzhou City to Luohe City, and
Ruyang County to Wuyang County. The areas with poor water quality are the smallest,
accounting for 3.0%, mainly distributed in the areas from Huojia County to Xinxiang
County, Wen County, and Weihui City.
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Figure 4. Groundwater quality of the study area.

4.1.3. RSF Evaluation Results

The groundwater quality is rated as 4, 3, 2, and 1 from good to extremely poor.
The groundwater exploitable modulus is graded from large to small as 3, 2, and 1. The
RSF is rated as 3, 2, and 1 from strong to weak. After overlaying the groundwater quality
evaluation map and the groundwater exploitable modulus classes map, the RSF is evaluated
and mapped (Figure 5) based on the evaluation rules (Table 3).

Table 3. Groundwater RSF evaluation criteria of the study area.

Groundwater Quality
Exploitable Modulus Good Moderate Relatively Poor Poor
Rating 4 3 2 1
Large 3 3 3 2 2
Moderate 2 2 2 2 1
Small 1 1 1 1 1

As can be seen from Figure 5, areas with strong RSF are the smallest area, accounting
for 14.4% of the study area, distributed in Luoyang City and Jiyuan City. Areas with
moderate RSF are the second, accounting for 37.6%, mainly distributed in Jiaozuo City,
Xinxiang City, Zhengzhou City, and Ruyang County. Areas with weak RSF are the largest,
accounting for 48.0%, mainly distributed in Pingdingshan City, Luohe City, Xuchang City,
Kaifeng City, Wen County, Huojia County, Xinxiang County, and Weihui County.
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Figure 5. Groundwater RSF of the study area.

4.2.

on

EEF

Referring to the relevant literature [3,4], the indicators are graded as 3, 2, and 1 based
their impact on the EEF of groundwater, from large to small (Table 4). The weight

values of the depth of groundwater, land desertification, ecological function zoning, and
vegetation cover index calculated by AHP are 0.395, 0.141, 0.232, and 0.232, respectively.
Using the comprehensive index method, the CI of the EEF is calculated to be 1.0 to 3.0,
which is evenly divided into three classes from large to small, corresponding to strong,
moderate, and weak EEFs of groundwater (Figure 6). As can be seen from Figure 6, areas
with a strong EEF of groundwater are the smallest, accounting for 8.4% of the CPUA,
distributed in Kaifeng City and Xinxiang City. Areas with a moderate EEF of groundwater
are the largest, accounting for 46.5% of the CPUA, mainly located in the southeast and
northeast of the study area. The low EEF areas of groundwater, accounting for 45.1% of the
CPUA, are mainly distributed in the middle and west of the CPUA.

Table 4. Indicator ratings of groundwater EEF.

Categories and Ratings

Indicators
3 2 1
Land desertification situation Land desertification - No land desertification
Ecological function Important Common Other
Depth of groundwater (m) <8 8-16 >16

Vegetation cover index <0 0-0.2 >0.2
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Figure 6. Groundwater EEFs of the study area.
4.3. GEF
According to the contribution to the GEF, the depth of groundwater, salt water distri-
bution, regional crustal stability, and rock and soil mass types are divided into three classes,
with ratings of 3, 2, and 1, respectively. The greater the contribution, the higher the rating
(Table 5).
Table 5. Indicator ratings of groundwater GEF.
Categories and Ratings
Indicators 8 5
3 2 1
Depth of groundwater (m) <8 8-16 >16
Salt groundwater situation Mountains Salt groundwater Fresh groundwater
Regional crustal stability Unstable Relatively stable Stable
. ft rock formation Hard rock formation dominated b
Rock and soil mass type Clay, loess Soft rock fo © ocx 1o o eabdy

dominated by clastic rock carbonate and clastic rocks

The weights of the depth of groundwater, salt water distribution, regional crustal
stability, and rock and soil mass type calculated using the Yaahp software are 0.391, 0.195,
0.138, and 0.276, respectively. Using the comprehensive index method, the CI of the
groundwater GEF is calculated to be 1.0 to 3.0, which is divided into three classes from
large to small, corresponding to strong, moderate, and weak GEFs, respectively (Figure 7).
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Figure 7. Groundwater GEFs of the study area.

As can be seen from Figure 7, most of the areas with a weak GEF of groundwater,
accounting for 33.0% of the CPUA, are distributed in mountainous areas. Areas with a
moderate GEF of groundwater, accounting for 25.4% of the CPUA, are mainly distributed
in the areas from Mengzhou County to Xiuwu County, Yuanyang County to Changyuan
County, Yichuan County to Luohe City, Tongxu County to Qi County, and in the vicinity of
mountains. Areas with a strong GEF of groundwater are the largest, accounting for 41.6%
of the CPUA, and are basically distributed in the plain areas.

4.4. Groundwater Function Zoning Results

The RSE, EEF, and GEF of the CPUA are rated 3, 2, and 1 from strong to weak. With
reference to relevant literature [3,23-25], using the dominant mark method, the criteria for
groundwater function zoning of the study area are obtained (Table 6), and the study area is
divided into development and utilization areas, ecologically vulnerable areas, conservation
areas, geological-disaster-prone areas, and reservation areas (Figure 8).



Water 2023, 15, 3158 15 of 20

Table 6. Criteria for groundwater function zoning of the study area.

Functional Area Coordinates (x, y, z)
Development and utilization area (3,2,2),3,2,1),3,1,2),G3,1,1),2,1,1)
Ecologically vulnerable area (2,3,2),(2,3,1),(1,3,2),(1,3,1),(,3,3)
Geological-disaster-prone area 2,2,3),2,1,3),(1,2,3),(1,1,3)
Conservation area 2,2,2),(2,2,1),(2,1,2),(1,2,2),(1,2,1),(1,1,2)
Reservation area (3,3,3),(3,3,2),(3,3,1),(3,2,3),(3,1,3),(2,3,3), (1,1, 1)
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Figure 8. Groundwater functions of the study area.

It can be seen (Figure 8) that the reservation areas are the largest, accounting for 32.0%
of the study area, and distributed in the areas from Luoning County to Yanjin County,
Changyuan to Xinzheng County, and in the vicinity of the mountains in the south. The
geological-disaster-prone areas are the second largest, accounting for 29.5% of the study
area, distributed in the areas from Ruyang County to Luohe City, Changyuan County to
Yuanyang County, and Kaifeng City. The development and utilization areas accounting for
6.4%, are distributed in the vicinity of the mountains. The ecologically vulnerable areas
accounting for 7.5%, are distributed in Kaifeng City and the east of Xinxiang City. The
conservation areas accounting for 24.6%, are distributed in the areas from Ruyang County
to Wuyang County, Xinzheng to Xingyang County, Kaifeng City, Xinxiang City, the east of
Luohe City, and the north of Xuchang City.
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5. Discussions
5.1. Groundwater Vulnerability

Groundwater vulnerability refers to the possibility of groundwater pollution under the
action of natural conditions or human activities [26]. Groundwater vulnerability evaluation
can classify the groundwater vulnerability in different regions and identify the potential
of groundwater pollution, which is an important basic work for rational development,
utilization, and protection of groundwater resources and an important basis for preven-
tion and control measures of groundwater pollution [27-30]. The evaluation methods of
groundwater vulnerability mainly include the overlay index method, process simulation
method, and statistical methods [30-32]. Among them, the overlay index method is a com-
monly used method with advantages such as simplicity and easy acquisition of data [30,31].
The DRASTIC model is the most widely applied and mature model in the overlay index
method [33,34]. It selects seven representative indicators (depth of groundwater (D), net
recharge (R), aquifer media (A), soil media (5), topography (T), impact of vadose zone (I),
and hydraulic conductivity of aquifer (C), and their weights are 5, 4, 3, 2, 1, 5, 3, respectively.
Different categories of each evaluation indicator are rated on a scale of 1-10. The smaller
the rating, the lower the groundwater vulnerability [27]. Then, groundwater vulnerability
index is calculated to evaluate the groundwater vulnerability.

Usually, net recharge is replaced by rainfall because data are difficult to obtain [35,36].
Among the seven indicators, D determines the shortest path for pollutants to enter the
groundwater from the surface. The deeper the depth of the groundwater is, the harder it is
for pollutants to reach the groundwater, that is, the lower the groundwater vulnerability
is. R and T determine the infiltration amount of water from the surface. As the carrier of
pollutants, the infiltration amount of water determines that of pollutants. The smaller the R
is and the larger the topographic slope is, the smaller the pollutant infiltration is and the
lower the groundwater vulnerability is. S, I, and A affect the transport rate of pollutants
from the surface, mainly through the type and size of media particles, thus affecting the
groundwater vulnerability. The finer the particles are, the smaller the rate of pollutants
passing through, and the longer they stay in the surface water, the more likely they are
to be degraded. As a result, the groundwater is less susceptible to pollution, that is, the
lower the groundwater vulnerability. C is considered to be an important factor affecting
the diffusion of pollutants in groundwater. The smaller C is, the less easily the pollutants
in groundwater diffuse, that is, the lower the groundwater vulnerability.

Based on the situation of the study area and referring to the relevant literature [28,35,37,38],
each evaluation indicator of the DRASTIC model is rated as 1, 3, 5, and 7, corresponding
to different categories of indicators. The greater the rating, the greater the contribution to
groundwater vulnerability (Table 7). The groundwater vulnerability indexes calculated
by the comprehensive index method (Equation (4)) are 47-145 for the DRASTIC model,
which is divided into four classes from low to high, corresponding to extremely low, low,
moderate, and high vulnerability. It can be seen from the groundwater vulnerability map
(Figure 9) that the extremely low vulnerability areas are distributed in the northeast of
Jiyuan City, Lushan County, the areas from Xin’an County to Mengjin County, and the areas
near the mountains in the middle of CPUA, with an area of 365.2 km?2, accounting for 1.0%
of the study area. The low vulnerability areas are distributed in the areas from Fengqiu
County to Changyuan County and the areas near mountains, with an area of 5773.3 km?,
accounting for 15.0% of the study area. The moderate vulnerability areas are distributed
in Xinxiang City, Luoyang City, Xuchang City, Jiaozuo City, and Luohe City, with an area
of 23,321.3 km?, accounting for 60.6%. The high vulnerability areas are distributed in the
east and south of Kaifeng City, northeast of Luoyang City, south of Xuchang City, north of
Luohe City, east of Zhengzhou City, and southeast of Pingdingshan City, covering an area
of 9004.8 km?, accounting for 23.4%.
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Table 7. Ratings of DRASTIC model indicators.

Indicators Unit Categories and Ratings
D m >16 8-16 4-8 <4
1 3 5 7
R mm 500-600 600-700 700-800 >800
1 3 5 7
. } Sandstone Others Sandy gra.vel stratum, karst
A limestone
- 3 5 7
- Silty sandy clay, Sandy clayey loam, silty Silty loam, loam Sandy soil, sandy loam
S loamy clay clayey loam
1 3 5 7
o _ - - <5
T - - - 7
I - - Silty clay Silt Gravel
- 3 5 7
C m/d 0-6 7-13 14-21 22-32
1 3 5 7
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Figure 9. Groundwater vulnerability from DRASTIC model.

Single indicator sensitivity can indicate the contribution of a single indicator to the
evaluation result using an effective weight, and judge the importance of the indicator’s
accuracy to the evaluation. The effective weight W,; of indicator 7 is calculated using
Equation (5). Sensitivity analysis of single indicators for the DRASTIC model (Table 8) show
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that the effective weights of A, S, T, and I (18.49%, 8.87%, 7.01%, and 25.14%, respectively)
are higher than the theoretical weights (13.04%, 8.70%, 4.35%, and 21.74%, respectively). The
effective weights of other indicators are lower than their theoretical weights. The theoretical
and effective weights of D, A, and I are high, indicating that these indicators have a great
influence on the groundwater vulnerability, and their accuracy is more important for the
groundwater vulnerability evaluation.

©)

Table 8. Single indicator sensitivity analysis of DRASTIC model.

Weight D R A S T I C
Theoretical (%) 21.74 17.39 13.04 8.70 435 21.74 13.04
Min 427 2.92 2.56 1.60 4.83 13.04 2.56

Effective (%) Mean 17.23 12.26 18.49 8.87 7.01 25.14 11.01
ective (Vo Max 37.31 41.79 32.31 21.54 14.89 43.86 25.93
Std. 7.00 6.00 5.00 5.00 1.00 5.00 6.00

5.2. Human Activities, Groundwater Vulnerability, and Groundwater Function Zoning

Groundwater vulnerability indicates the possibility of groundwater pollution, while
land use types indicate certain human activities and possible pollution sources. Combining
groundwater vulnerability, land use types, and groundwater function zoning can manage
and utilize groundwater more reasonably.

Geological-disaster-prone areas are widely distributed, and in these areas possible ge-
ological disasters include ground subsidence, land desertification, and other groundwater-
related disasters. Therefore, in these areas, special attention should be paid to the ex-
ploitation of groundwater, and groundwater cannot be allowed to be overexploited to
form groundwater depression cones. Measures should be taken to improve the situation
in areas where groundwater depression cones have formed, such as saving water and
collecting precipitation during the rainy season. The groundwater vulnerability in the
geological-disaster-prone areas is mainly low, moderate, and high. In these areas, the
land types are mainly urban construction land and agricultural land. The low vulnera-
bility of groundwater does not mean that it will not be polluted, and attention should
also be paid to preventing groundwater pollution when paying attention to preventing
geological disasters.

The ecology of ecologically vulnerable areas is relatively vulnerable, and the main
land used type is agricultural land. During agricultural irrigation, more water should be
saved, and attention should be paid not to cause ecological damage when developing and
utilizing groundwater. The groundwater vulnerability in these areas is moderate or high.
While protecting the ecology from damage, it is necessary to strictly control the discharge
of pollutants to avoid causing groundwater pollution.

Reservation areas are areas where the current level of groundwater development is
not high and are reserved for the sustainable use of water resources in the future. In these
areas, the land use types are agricultural land and industrial land, and the groundwater
vulnerability is low, moderate, and high, attention should be paid to the use of fertilizers,
and the discharge of industrial pollutants.

The development and utilization areas are designed to meet industrial and agricultural
production, urban life, etc. The land use types in these areas are mainly garden land and
agricultural land. Despite the low groundwater vulnerability in this area, attention should
be paid to the use of fertilizers, etc.

Conservation areas are areas where groundwater development is restricted in order
to maintain a certain amount of gushing water from important springs or to conserve
water sources. In these areas, the land use type is agricultural land and the groundwater
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vulnerability classes are moderate and high; attention should be paid to the use of fertilizers
and pesticides.

6. Conclusions

This study conducts a function zoning of shallow groundwater in the plain area of
the CPUA using the RSF, EEF and GEFE. The results show that the reservation areas are
the largest (32.0%), and distributed in the areas from Luoning County to Yanjin County,
Changyuan to Xinzheng County, and in the vicinity of mountainous regions in the south.
The geological-disaster-prone areas (29.5%) are distributed in the areas from Ruyang
County to Luohe City, Changyuan County to Yuanyang County, and Kaifeng City. The
development and utilization areas (6.4%) are distributed in the vicinity of mountainous
areas. The ecologically vulnerable areas (7.5%) are distributed in Kaifeng City and the east
of Xinxiang City. The conservation areas (24.6%) are distributed in the areas from Ruyang
County to Wuyang County, Xinzheng to Xingyang County, Kaifeng City, Xinxiang City, the
east of Luohe City, and the north of Xuchang City.

In order to better manage groundwater, this study used the DRASTIC model to evalu-
ate the vulnerability of shallow groundwater in the study area and made a single indicator
sensitivity analysis. The results show that the high, medium, low, and extremely low vul-
nerability areas account for 23.4%, 60.6%, 15.0%, and 1.0%, respectively, and the accuracies
of D, A, and I are particularly important for groundwater vulnerability evaluation.

Based on the land use type, the groundwater vulnerability map, and groundwater
function zoning map, scientific and reasonable suggestions for groundwater development
and protection are proposed in the CPUA.
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