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Abstract

Groundwater resources have an important impact on the geo-environment and ecological environment. The exploitation of
groundwater resources may induce geo-environmental issues and has a negative impact on the ecological environment. The
assessment of groundwater sustainable development can provide reasonable suggestions for the management of groundwa-
ter resources in coastal cities. In this study, an assessment method for groundwater sustainable development based on the
resource supply function, geo-environment stability function, and ecological environment function was provided. Considering
the groundwater quantity and quality; the vulnerability of karst collapse, land subsidence, and seawater intrusion; and the
distribution of groundwater-dependent ecosystems (GDEs) and soil erosion, the groundwater in the Pearl River Delta was
divided into concentrated groundwater supply area (21.97%) and decentralized groundwater supply area (48.22%), ecologi-
cal protection area (20.77%), vulnerable geo-environment area (8.94%), and unsuitable to exploit groundwater area (0.10%).
ROC curve and single-indicator sensitivity analysis were applied in the assessment of geo-environment vulnerability, and
the results showed that the VW-AHP model effectively adjusted the weights of the indicators so that the assessment results
were more in line with the actual situation in the Pearl River Delta, and the accuracy of the VW-AHP model was higher than
that of the AHP model. This study provides a scientific basis for groundwater management in the Pearl River Delta and an
example for the assessment of groundwater sustainable development in coastal cities.

Keywords Groundwater sustainable development - Geo-environment vulnerability - Analytic hierarchy process - Variable
weight theory - Pearl River Delta

Introduction

As an important part of the earth’s water resources, ground-
water plays an important role in the stability of the geo-envi-
ronment and the balance of the ecosystem (Gholami et al.
2010). Groundwater is an important source of domestic,
industrial, and agricultural water (Amiri et al. 2016; Bian
et al. 2016; Panahi et al. 2017). However, the decline of the
groundwater level caused by the unreasonable utilization of
groundwater may lead to karst collapse, land subsidence,
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and seawater intrusion (Bordbar et al. 2020; Fidelibus et al.
2011; Hakim et al. 2020a). Therefore, groundwater sustain-
able development is extremely important.

Groundwater is a natural resource that cannot be directly
observed, so it is a challenging task to assess this resource
(Allafta et al. 2021). Observation holes and stratum analy-
sis are the most reliable and standard methods to identify
the location of aquifers, groundwater quality, and hydraulic
characteristics of aquifers, but they require a lot of time and
manpower (Jha et al. 2010). Geophysical methods are impor-
tant for determining the location of aquifers, groundwater
recharge zones, and discharge zones, but they depend on
physical nature distinctions and logistical support (Gugu-
lothu et al. 2020). GIS is an effective tool for spatial analy-
sis, display, and analysis of topographic data and integra-
tion with geographic data to solve well-defined problems
by presenting geospatial data (Langat et al. 2020; Soyaslan
2020; Vahidnia et al. 2009). Simplified output can help
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decision-makers and other stakeholders make effective deci-
sions (Slama and Sebei, 2020). Therefore, GIS technology
can be used to assess groundwater sustainable development.

Multi-criteria decision analysis (MCDA) is considered an
important tool for environmental decision-making to visu-
alize and solve competitive decision-making issues (Asefi
et al. 2020; Gupta et al. 2021; Janssen 1992; Sangrat et al.
2020; Steele et al. 2009). MCDA combines the advantages
of qualitative standards and quantitative standards, so it
has become the core of integrated solutions to solve issues
(Tangestani 2004). The analytic hierarchy process (AHP) is
the most appropriate MCDA technology to solve complex
issues (Kumru and Kumru 2014; Vaidya and Kumar 2006).
AHP is a theory that determines the relative importance of
indicators through pairwise comparison and expert judg-
ment, which can combine subjective and objective criteria
(De Marinis and Sali 2020; Lee and Chan 2008). In this
method, the complex issue is divided into several indica-
tors. According to the relationship between the indicators,
the indicators are combined to form a multilevel analysis
structure model (Manca and Brambilla 2011; Wang et al.
2017). The analysis structure can be applied to explain the
relationship between the system and the environment and
the membership relation of the factors of the system (Hou
et al. 2008). However, the application of AHP is limited
because of a great number of assessment criteria, contradict-
ing expert estimates, and incompatible matrices obtained
(Podvezko 2009). The determination of the weight of the
indicator is heavily affected by individual or group prefer-
ences, and decision-makers may find it difficult to make
accurate judgments in many practical situations (Javanbarg
et al. 2012; Yaraghi et al. 2015). To solve these issues, schol-
ars have adopted a variety of methods to improve the AHP
model, such as particle swarm optimization (Javanbarg et al.
2012), goal programming (Yu 2002), fuzzy technique (Turk
and Ozkok 2020), and interval rough numbers (Pamucar
et al. 2018). In addition, the weight of the indicator calcu-
lated by AHP is constant under different conditions. But in
fact, the value of the indicator changes under different con-
ditions, so AHP cannot express the weight of the indicator
under different conditions (Chen et al. 2017). Changes in the
value of indicators can lead to the “barrel effect,” which can
play a decisive role in assessment after extreme deterioration
(Zheng et al. 2020). The essence of variable weight theory
is to introduce a state variable weight vector based on the
constant weight of the indicator to ensure that the weight
can be changed according to the value of the indicator or the
diversified specific conditions (Yan et al. 2020). Therefore,
the above problems can be effectively solved.

Groundwater sustainability is defined as a way to
develop and use groundwater for an infinite time with-
out causing environmental, economic, or social con-

sequences, which is time and space dependent (Alley
et al. 1999; Pandey et al. 2011; Zhou et al. 2012). As
the core issue of groundwater development, assess-
ment and management of groundwater sustainability
have received extensive attention (Chen, 2012). The
essence of groundwater sustainability is to deal with
the relationship between society, economy, environ-
ment, and groundwater resources, which implies the
use of groundwater resources and future development
in a sense to ensure the sustainable development of
the environment and economy (Chen 2012; Singh and
Bhakaru 2021). In this sense, groundwater sustainable
development refers to the effective management of
existing groundwater resources to meet current needs
and to maintain storage capacity and recovery ability
to meet future needs, which means that groundwa-
ter must be exploited and used efficiently and fairly
to maintain its quality and environmental diversity
(Das Gupta and Onta 1997; Raghavendra and Deka
2015). Currently, research on groundwater sustainable
development focuses on identifying and predicting the
potential of groundwater recharge (Adiat et al. 2012;
Jhariya et al. 2016; Machiwal et al. 2015; Mandal et al.
2016; Sallwey et al. 2019; Singh et al. 2018) and estab-
lishment of indicator system and assessment method
(Bui et al. 2019; Jia et al. 2019; Pandey et al. 2011).

The European Environment Agency (EEA) has intro-
duced a driving force-pressure-state-impact-response
(DPSIR) framework based on the principle that the pres-
sure of social and economic development on the environ-
ment causes the environmental state to change (EEA 2003).
An expert group convened by United Nations Educational,
Scientific and Cultural Organization (UNESCO), Interna-
tional Atomic Energy Agency (IAEA), International Hydro-
logical Programme (IHP), and International Association for
Hydrogeology (IAH) put forward a report based on DPSIR
and systematically introduced the goals and methods for
the establishment of assessment indicators (Vrba and Lip-
ponen 2007). Scholars around the world have carried out
a lot of research on the assessment methods and indica-
tors of groundwater sustainable development (Chen et al.
2015; Jothibasu and Anbazhagan 2018; Hosseini et al. 2019;
Majidipour et al. 2021). As the most appropriate MCDA
technology, AHP has been applied in the assessment of
groundwater sustainable development at community scale
(Sullivan 2002), urban scale (De Carvalho et al. 2009),
watershed scale (Kang and Lee 2011), and national scale
(Jia et al. 2019). Al-Zu’bi et al. (2002) proposed an AHP-
based decision support system whose input was generated
by Modflow (groundwater), stochastic, Penman Montieth
models, and water productivity for agricultural and indus-
trial sectors, and made recommendations for the long-term
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sustainability of water resources in the Azraq Basin in Jor-
dan. Karamouz et al. (2018) calculated the planning for sus-
tainable use index based on AHP and assessed the impact of
the artificial groundwater recharge on the groundwater sus-
tainable development in the Gorveh-Dehgolan Plain. Aslan
and Celik (2021) considered ten indicators whose weights
were determined by AHP and calculated the groundwater
potential index of the Harran Basin in Turkey. Dilekoglu
and Aslan (2021) used the weighted overlay analysis method
and the fuzzy analytical hierarchy process to identify the
groundwater potential area of the Ceylanpinar Plain in Upper
Mesopotamia. Even if the research on AHP of various spa-
tial scales and its improvement methods is sufficient, the
quality and reliability of the indicators still need to be evalu-
ated by appropriate standards (Pires et al. 2017). Therefore,
it is necessary to introduce a concept to clarify the relation-
ship between an indicator and its comprehensive index (Bui
et al. 2018).

At present, there is a lack of work related to the
assessment of groundwater sustainable development
on a global scale as well as a comprehensive analysis
of quantitative composite indicators (Hosseini et al.
2019). Therefore, more research on assessment meth-
ods is needed. The amount of groundwater recharge
is the total number of renewable resources. To avoid
groundwater depletion and geological and ecological
problems caused by the decline of groundwater level,
groundwater extraction should be less than groundwa-
ter recharge (Guo et al. 2019; Paz et al. 2020). There-
fore, indicators can be selected from three functions of
groundwater to assess the sustainable development of
groundwater (CGS 2006).

Function 1. Resource supply function emphasizes the
potential of groundwater development, including ground-
water quantity and quality.

Function 2. Geo-environment stability function is used to
identify geo-environmental issues arising from groundwater
development.

Function 3. Ecological environment function is used
to assess the impact of groundwater development on the
ecosystem.

Water resources are abundant in the Pearl River Delta.
With the development of the economy, water consumption
has continued to increase, and surface water pollution has
become increasingly serious (Wang and Jiao 2012; Zhang
et al. 2015, 2019a; Jia et al. 2018). Therefore, groundwater
has become an important source of water supply. Ground-
water resources in the Pearl River Delta region are une-
venly distributed (IHEG 2010). Unreasonable exploitation
of groundwater leads to karst collapse, land subsidence,
and seawater intrusion (Gao et al. 2019). In the last two
decades, seawater intrusion has gradually become severe,
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which severely affected the freshwater resources (Huang
et al. 2004; Liu et al. 2018). Reduced quantity and increased
pollution of groundwater also have adverse effects on the
ecosystem (Liu et al. 2018). In response to these problems,
China has adopted some effective groundwater manage-
ment measures, such as the promulgation of the Water Law
of the People’s Republic of China and the Guidelines for
the assessment of zones of groundwater overdraft (GB/T
34,968-2017) (MLR 2017a). However, these measures are
remedial and cannot fundamentally prevent overexploita-
tion of groundwater. Therefore, assessing the groundwater
sustainable development and delimiting the supply areas and
protection areas of groundwater are effective measures to
realize the management of groundwater resources. In this
study, taking the Pearl River Delta as the study area, the
groundwater sustainable development is assessed in combi-
nation with the resource supply function, geo-environment
stability function, and ecological environment function. For
example, the groundwater supply areas are determined based
on groundwater quality and quantity. A model that combines
AHP and variable weight theory (VW-AHP model) is used
to determine the vulnerable geo-environment areas. The
distribution areas of the groundwater-dependent ecosystems
and the distribution areas of soil erosion are identified as
ecological as ecological protection areas. The main purpose
of this study is to provide a plan for groundwater sustain-
able development in the Pearl River Delta and groundwater
management in coastal cities.

Study area

The Pearl River Delta is located in the south-central part
of Guangdong Province, adjacent to the South China Sea
to the south, across 112°0'E-115°24'E longitude and
21°43'N-23°56'N latitude, covering an area of 41,698 km?
(Fig. 1d). The altitude of the study area is low in the middle
and high in the west, north, and east (Fig. 1¢). The alluvial
plain is the main landform of the study area, and low moun-
tains, hills, and tablelands are distributed in the west, north,
and east of the study area (Hou et al. 2018; Liu et al. 2017).
The surface water system is widely distributed, such as the
Xijiang River and the Dongjiang River, which originated
in mountains and were merged into the South China Sea
(Wei and Wu 2011). The climate in the study area is warm
and humid, and the annual average temperature is 14-22°C
(Wu et al. 2016). Affected by the monsoon, rainfall varies
greatly in time and space, concentrated in summer (Huang
et al. 2018). The average annual precipitation is 1600 mm,
which can reach 2000-2600 mm in some mountainous areas
(Fig. 1b).

Groundwater in the study area mainly occurs in loose sed-
iment pores, carbonate rock fractures, and bedrock fractures.
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Fig. 1 Location, altitude, precipitation, and hydrogeology of the study area: a hydrogeology, b precipitation, ¢ altitude, and d location

The loose sediment pore water is distributed in alluvial
plains, and the lithology of the aquifer is mainly medium-
coarse sand and gravel, with medium or rich water (Fig. 1a)
(CGS 1979, 1981). The water quality in hilly areas and
mountainous areas in the northwest of the study area is
relatively good, and the water quality near the coastal and
the Pearl River estuary is poor due to seawater intrusion and
pollution from human activities (Li et al. 2020b; Liu et al.
2014; IHEG 2010; Wang et al. 2016; Zhang et al. 2020). The
main recharge source of loose sediment pore water is the
surface overflow formed by atmospheric precipitation, which
infiltrates directly through the sand layer and discharges to
nearby rivers (Zhang et al. 2019a). The hydraulic relation-
ship between groundwater and surface water is complex
(Zhang et al. 2005).

The uncovered carbonate rock fissure-cave water is scat-
tered, and the lithology of the aquifer is mainly limestone,
dolomite, marble, and argillaceous limestone, with poor or
medium water (Fig. 1a) (CGS 1979, 1981). The covered
carbonate rock fissure-cave water is mainly distributed in
the northwest of the study area. The lithology of the aqui-
fer is mainly limestone, marble, and argillaceous limestone,
with well-developed fissures (CGS 1979, 1981). The water
quantity is medium or rich, and the water quality is generally
good (Fig. 1a) (IHEG 2010).

The main sources of groundwater recharge include atmos-
pheric precipitation infiltration, river infiltration, and irriga-
tion infiltration. In low mountainous areas and hilly areas,
groundwater is mostly discharged to neighboring valleys or
in the form of springs (Zhang and Li 2005). The fissure
water flows into the plain areas through the hilly areas,
part of which replenishes the pore water, and the other
part becomes an underground undercurrent (IHEG 2010).
The groundwater in plain areas generally flows from north
to south and finally discharges into the South China Sea
through the Pearl River and Lingdingyang Sea (GHST 1981;
Wang et al. 2016). The main influencing indicator of the
changes in groundwater level and reserves is precipitation,
followed by irrigation infiltration, showing seasonal changes.

The decline of groundwater level due to unreasonable
exploitation of groundwater is the main reason for seawater
intrusion in the study area (Wu et al. 2020). Affected by sea-
water intrusion, brackish water, saline water, and salty water
distinguished by total dissolved solids (TDS) are widely dis-
tributed in coastal plains near the Pearl River estuary (Wu
et al. 2020). As a result of large-scale exploitation of ground-
water, a large number of karst collapses occurred around
the groundwater source area (Dong et al. 2012). Large-scale
drainage in engineering construction is also an important
cause of karst collapse (WCGS 2015). At present, more
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than 100 karst collapses have occurred in the study area.
Overexploitation of groundwater is the main cause of land
subsidence (Zhang and Li 2005). Besides, the compression
of aquifers caused by large-scale high-rise building construc-
tion and underground space development are also inducing
indicators for land subsidence (WCGS 2015).

Methods
Technical route

In this study, the functions of groundwater are summarized
as resource supply function, geo-environment stability func-
tion, and ecological function. Geo-environment stability
function is assessed using the VW-AHP model, which is
combined with groundwater quantity, quality, and ecological
environment to assess the groundwater sustainable develop-
ment (Fig. 2).

Analytic hierarchy process

AHP was proposed by Saaty (1980) with a simple princi-
ple and reliable theoretical basis. A large number of practi-
cal cases prove that AHP has strong practicality in solv-
ing complex multi-objective competitive decision-making

problems (Bao et al. 2016; Besikci et al. 2016; Nouri et al.
2018; Peng and Peng 2018; Yadegaridehkordi et al. 2018;
Zarghami et al. 2018; Zhang et al. 2021). AHP usually
consists of three steps.

Step 1. Construction of the hierarchical structure. The hier-
archical structure is to explain the system of interactions
between the various components within a complex issue
(Unver and Ergenc 2021). The determination of indicators
mainly relies on the knowledge and experience of decision-
makers and relevant experts.

Step 2. Pairwise comparison of indicators. According to the
judgment of decision-makers or experts, the relative impor-
tance of indicators is determined through the pairwise com-
parison. A scale from 1 to 9, including odd numbers, even
numbers only as a compromise value, is used in the pairwise
comparison (Reddy et al. 2014). The judgment matrix A
obtained by pairwise comparison is used to calculate the
weight of each indicator. The judgment matrix A is calcu-
lated by Eq. 1. The dimension » of the matrix is the number
of indicators.

A=| i o (1)
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To prevent the element values in judgment matrix A from
varying too much, the elements in the matrix are normalized.
The calculation method of the elements in the normalized
matrix is shown in Eq. 2.

a;j

bj=<— 2
! i1 @

To calculate the eigenvector that matches the maximum
eigenvalue, Eq. 3 is used to calculate the average value of
the row elements of the normalized matrix.

by
- n

W, 3)
The calculation of the maximum eigenvalue value can be

found in Eq. 4.
1 n (Aw),
Amax = = —_—
s HEﬁIM “)

Step 3. Check of consistency ratio. Whether a decision-
maker can make the right decision is determined by the
consistency of the pairwise comparison. The higher the
consistency is, the more accurate the result of the pairwise
comparison is. If the consistency is low, the pairwise com-
parison of the indicators needs to be repeated. The calcula-
tion method of the consistency index (CI) used to accept
the consistency ratio of the judgment matrix can be found
in Eq. 5.
Amax — 1

C[ = Zmax — 7
n—1

®

The calculation method of consistency ratio (CR) used to
eliminate inconsistency is shown in Eq. 6.

CI
CR = —
RI ©

In Eq. 6, RI is the average random consistency index.
When the CR is less than or equal to 0.10, insistency is
acceptable.

Variable weight theory

In the AHP method, the weight of the indicator is constant.
However, when the value of some indicators is extremely large
or extremely small, the value of these indicators will have a
significant impact on the assessment results. Therefore, in this
study, the variable weight theory is introduced. The weight of
the indicator is adjusted according to the value of the indica-
tor so that the assessment result can better reflect the actual
situation. The variable weight theory was proposed by Wang
(1985) and has been widely used in many fields (Liu and Li

2019; Wang et al. 2020; Wu et al. 2017; Zhang et al. 2019b).
The connection between the weight vector and the state vec-
tor is established by a variable weight function, so the weight
of the indicator can be adjusted as the decision state changes
(Lin et al. 2020). According to the monotonicity of the vari-
able weight function, there are three types of variable weight
functions: penalty type, incentive type, and penalty-incentive
type (Shu et al. 2017). In this study, the value of the indicator
is negatively related to the vulnerability of geo-environmental
issues. Therefore, the penalty type variable weight formula is
used to modify the constant weight.
The state variable weight vector is defined by Eq. 7.

s = ()" @)

The calculation method of the variable weight vector is
shown in Eq. 8.

’ W;S;
W= = 8
bOXLws; ®
In Eqgs. 7 and 8, x; is the value of indicator i. s; is the state
variable weight vector of indicator i. w; is the constant weight
vector of indicator i. w;’ is the variable weight vector of indica-
tor i. @ is the equilibrium coefficient between 0 and 1. In this
study, a is assigned a value of 0.2.
Finally, a comprehensive index (CPI) of the vulnerability
of geo-environmental issues is given by Eq. 9.

CPI = Z;w;xi ©)

Analyses and results
Resource supply function
Groundwater quantity

In this study, the assessment of exploitable groundwa-
ter resources is the main content of groundwater quantity.
According to the principle of water balance, the number of
exploitable groundwater resources is related to groundwater
recharge, which can be quantitatively described by the modu-
lus of groundwater exploitability (MGE) (Ding 2018; MWR
2005; Ma 2018). MGE is the number of groundwater resources
allowed to be exploited per unit area, as shown in Eq. 10.

TR
MGE = — X2

(10)

In Eq. 10, TR is the total recharge of a single hydrogeo-
logical unit. p is the extraction coefficient. F is the area of a
single hydrogeological unit.

The divisions of MGE are based on administrative dis-
tricts (Table 1). The MGE is higher in low mountainous
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areas and hilly areas. Among them, the MGE is the highest
in northern Huizhou, northern Guangzhou, northern Zhao-
qing, and western Jiangmen, which is greater than 40 x 10*
m*/(a-km?). The MGE of alluvial plains is low, among which
the MGE of southern Guangzhou and northern Zhuhai is the
lowest, less than 10x 10* m*/(a-km?). The data of groundwa-
ter quantity in the study area is provided by Wuhan Center
of Geological Survey, as shown in Fig. 3a.

Groundwater quality

A total of 1906 groups of samples of groundwater qual-
ity were obtained from 1467 wells and 32 springs in the
study area and tested according to the requirements of MLR
(2017b). There are 3 on-site indicators, 34 inorganic indica-
tors, and 61 organic indicators used for groundwater quality
analysis.

Each indicator is classified into five classes, from class I
to class V (MLR 2017b). The class of groundwater quality

Table 1 Modulus of groundwater exploitability of each unit

Unit TR (10*m*a)  p F(km?»  MGE (10*
m®/(a-km?))
Sihui 70,275 0.75 130831  40.29
Gaoyao 97,203 0.65 226475  27.90
Dinghu 29,823 0.75 731.50  30.58
Sanshui 27,296 0.69 856.63  21.99
Gaoming 37,680 0.69 868.16  29.95
Heshan 39,664 0.85  1120.75  30.08
Kaiping 81,941 0.69 171659  32.94
Enping 88,555 0.88 175298  44.45
Taishan 137,824 075 297127  34.79
Doumen 9310 0.69 858.81 7.48
Zhuhai 21,858 0.85 693.67  26.78
Xinhui 36,114 0.85  1731.02  17.73
Jiangmen 2319 0.85 114.13 17.27
Zhongshan 30,620 090  1808.55  15.24
Shunde 17,306 0.85 834.08  17.64
Nanhai 27,764 0.85 118752  19.87
Foshan 1933 0.85 8042 2043
Guangzhou 51,376 090 152220  30.38
Panyu 7709 0.85 659.65 9.93
Huadu 31,431 090  1001.67 2824
Zengcheng 75,099 0.88 1667.31 39.64
Conghua 93,573 0.88  2051.14  40.15
Boluo 157,863 0.88  3024.18 4594
Huizhou 15,235 0.69 40230  26.13
Dongguan 51,019 0.90 2531.27 18.14
Shenzhen 69,593 090  2060.11  30.40
Huiyang 80,729 0.85 226343  30.32
Huidong 167,394 0.65  3615.61  30.09
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is determined based on the class of each indicator according
to the “barrel effect,” that is, the class of groundwater qual-
ity is determined by the worst among the classes of indica-
tors. Class I means the best quality, while class V means the
opposite. The groundwater of classes I-I1I can be used as a
source of drinking water. The groundwater of class IV can
be used as a source of industrial and agricultural water and
can be used as a source of drinking water after proper treat-
ment. The groundwater of class V is not suitable as a source
of drinking water.

The groundwater quality in the study area is generally
good. The main classes of groundwater are class I-III. The
groundwater of class IV and class V is mainly distributed in
urban land, farmland, and garden. The data of groundwater
quality in the study area is provided by Wuhan Center of
Geological Survey, as shown in Fig. 3b.

Geo-environment stability function
Assessment indicator

Karst collapses usually develop from soil holes in limestone-
covered areas, under the effect of groundwater (De Waele
et al. 2011; Drobinina et al. 2020; Jiang et al. 2019). In
China, karst collapse has developed very rapidly in recent
years, posing a serious threat to the natural environment and
social economy (Zhao et al. 2018). In the study area, the
general scale of karst collapse is small, but a large number of
them occurred in urban land, so they are more harmful. The
occurrence of karst collapse is caused by many indicators.
Based on previous research and the situation in the study
area, seven indicators were selected as assessment indica-
tors of karst collapse vulnerability (Calligaris et al. 2017; He
et al. 2013; Ozdemir, 2016; Salles et al. 2018; Taheri et al.
2015, 2019; Wei et al. 2021; Wu et al. 2018; Yilmaz 2007).

Lithology of overlying layer (L) The lithology of overlying
layer is the material basis for the occurrence of karst col-
lapse. In areas covered by limestone and dolomite, karst
collapse is more likely to occur because these two types
of rocks are more soluble. Compared with limestone and
dolomite, sandstone, sandy conglomerate, tuff, and argil-
laceous limestone are slightly less soluble. Claystone, mud-
stone, shale, and argillaceous sandstone have worse solubil-
ity. There is almost no karst developed in other lithology of
overlying layer. Therefore, the lithology of overlying layer
is classified into four ranges. Lithology data is provided by
Wuhan Center of Geological Survey.

Degree of karst development (D) The degree of karst devel-
opment reflects the characteristics of the number, scale, and
connectivity of the cracks and cavities produced by the dis-
solution of groundwater in the soluble rock. The stronger
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«Fig. 3 Distribution maps of the indicators of the assessment of
groundwater sustainable development: a groundwater quantity, b
groundwater quality, ¢ karst collapse vulnerability, d land subsidence
vulnerability, e seawater intrusion vulnerability, f geo-environment
vulnerability, g GDEs, h soil erosion

the degree of karst development is, the greater the tendency
for karst collapse to occur is. In this study, the degree of
karst development is classified into four ranges: very strong,
strong, not strong, and no karst. The data of the degree of
karst development is provided by Wuhan Center of Geologi-
cal Survey.

Thickness of overlying layer (T) The thickness of overly-
ing layer has an impact on the occurrence of karst collapse.
Karst collapse mostly occurs in areas where the overlying
layer is thin or has joints. The structural strength of the over-
lying layer in these areas is low, and karst collapse is prone
to occur. The thickness of overlying layer is classified into
four ranges: <5 m, 5-10 m, 10-20 m, and >20 m. Data of
the thickness of overlying layer is provided by Wuhan Center
of Geological Survey.

Groundwater abundance (G) Groundwater is the dynamic
condition for karst development. Groundwater flows in solu-
ble rock fissures and cavities and continuously dissolves the
soluble rock, which is a favorable condition for the devel-
opment and expansion of soil cavities. The outflow rate of
single well is used to describe the groundwater abundance.
Larger outflow rate of single well means greater ground-
water abundance. The outflow rate of single well is clas-
sified into three ranges: 0—100 m*/day, 100—1000 m>/day,
and > 1000 m*/day. The data was provided by Wuhan Center
of Geological Survey.

NDVI (N) Normalized vegetation difference index (NDVI)
is an indicator used to describe the activities of vegetation,
effectively reflecting the growth state of vegetation (Amano
and Iwasaki 2020; Chen et al. 2020; Cunliffe et al. 2020;
Almouctar et al. 2021). Refer to Eq. 11 for the calculation
method of NDVI.
NDVI = NIR — Red (1
NIR + Red

In Eq. 11, NIR represents the spectral characteristics of
the near-infrared band and Red represents the spectral char-
acteristics of the red light band. Using ArcGIS 10.6, NDVI
in the study area is calculated from the spectral reflectance
measurements and is classified using natural break classi-
fication (Kumar and Anbalagan, 2015), which is classified
into four ranges: <0.2727, 0.2727-0.4764, 0.4764-0.6709,
and > 0.6709. The spectral reflectance measurements are
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extracted on the remote sensing images which are provided
by China Geological Survey.

Distance to fault (F) In the fault zone, the broken rock struc-
ture leads to a large number of fissures. The developed and
interconnected fissures become a good channel for ground-
water flow, and the flowing groundwater has a strong disso-
lution ability. Under better fracture conditions, soluble rock
can get full contact with groundwater, and it also contributes
to the dissolution of soluble rock. In this study, the distance
to fault is considered the assessment indicator. In ArcGIS
10.6, the Euclidean distance method (He et al. 2012) is used
to classify the distance to fault into four ranges: <500 m,
500-1000 m, 1000-1500 m, and > 1500 m. The fault is
extracted on the geological map of the study area provided
by Wuhan Center of Geological Survey.

Distance to river (R) The river has an impact on the occur-
rence of karst collapse. The groundwater circulation between
river water and groundwater enhances the mobility of
groundwater and increases the possibility of dissolution of
soluble rock. The replenishment of groundwater by river
water increases groundwater abundance. The distance to
river can be used as an assessment indicator. In ArcGIS 10.6,
using the Euclidean distance method, the distance to river is
classified into four ranges: < 300 m, 300600 m, 600-900 m,
and > 900 m. The river data is extracted on the remote sens-
ing images.

Land subsidence refers to the phenomenon of unexpected
rapid or slow subsidence that occurs when there is almost
no horizontal movement of the ground (USGS 2020). Large-
scale exploitation of groundwater is the main cause of land
subsidence. The compression of aquifer caused by engineer-
ing activities such as the construction of high-rise buildings
in distribution areas of soft soil stratum may also cause land
subsidence. The occurrence of land subsidence is affected by
geological conditions and human activities. Based on this,
five indicators were selected as assessment indicators of land
subsidence vulnerability (Arabameri et al. 2020; Ebrahimy
et al. 2020; Fadhillah et al. 2020; Hakim et al. 2020b; Jia
et al. 2017; Mohammady et al. 2019; Najafi et al. 2020; Oh
et al. 2019; Rahmati et al. 2019; Tafreshi et al. 2020).

Thickness of soft soil stratum (T) The existence of soft soil
stratum is a prerequisite for land subsidence. Affected by the
additional stress, the soft stratum will consolidate and cause
land subsidence. The thickness of soft soil stratum provided
by Wuhan Center of Geological Survey is classified into four
ranges: > 20 m, 10-20 m, < 10 m, and no soft soil stratum.

Depth of groundwater level (D) Excessive exploitation of
groundwater is one of the causes of land subsidence. Since
reliable data of groundwater drawdown cannot be obtained,
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the depth of groundwater level is used to reflect the state of
groundwater extraction. The greater the depth of ground-
water level is, the greater the tendency for land subsidence
to occur is. There are 113 observation holes in the study
area, and the groundwater level is directly obtained from the
observation data. Combined with the elevation of the obser-
vation hole, the depth of groundwater level can be obtained.
In ArcGIS 10.6, the observed data of depth of groundwater
level is interpolated by inverse distance weighted interpola-
tion (Mueller et al. 2001) to obtain the distribution of depth
of groundwater level in the study area. The interpolated
data is classified into four ranges by natural break classifi-
cation:>3.03 m, 2.10-3.03 m, 1.32-2.10 m, and < 1.32 m.
The locations and groundwater levels of the 113 observation
holes were provided by Wuhan Center of Geological Survey.

Land use (L) Groundwater is an important source of water
for domestic and agricultural water. Besides, construction
activities in urban land will increase the ground load. Both
of these causes will induce land subsidence. Land use is
classified into three ranges: urban land, agricultural land,
and the others in this study. The data of land use is provided
by Wuhan Center of Geological Survey.

Distance to fault (F) The strength and permeability of rocks
and soil are affected by the structure, so the occurrence of
land subsidence is related to the structure. Land subsidence
is more likely to occur in the fault zone because the fault
zone is structurally active. In ArcGIS 10.6, the Euclidean
distance method is used to classify the distance to fault
into four ranges: <500 m, 500-1000 m, 1000-1500 m,
and > 1500 m.

Distance to river (R) There is a hydraulic connection
between river water and groundwater, which affects the
groundwater level. Therefore, the distance to river indirectly
affects the occurrence of land subsidence. In ArcGIS 10.6,
the distance to river is classified into four ranges: <300 m,
300-600 m, 600-900 m, and >90 0 m using the Euclidean
distance method.

Seawater intrusion is a global problem caused by exces-
sive pumping of aquifers, land use changes, and climate
change (Rachid et al. 2021). The GALDIT method is an
overlay and indicator technique that considers a variety of
indicators that may directly or indirectly affect the hydrody-
namic process leading to seawater intrusion and is used to
assess the seawater intrusion vulnerability of coastal aquifers
(Bordbar et al. 2019; Chang et al. 2019; Seenipandi et al.
2019). The method is based on hydrogeological features
(depth of the water body, thickness of the aquifer), mor-
phology (distance to coast), hydrodynamics (transmissiv-
ity), and chemical properties (impact of marine intrusion)
(Hallal et al. 2019). The GALDIT method is used to assess

the seawater intrusion vulnerability through indicator classi-
fication, weight determination, and linear weighting. In this
method, six indicators are selected, including groundwater
occurrence (G), aquifer hydraulic conductivity (A), ground-
water level above sea level (L), distance to shore (D), impact
of the existing status of seawater intrusion (/), and thick-
ness of aquifer (7) (Kazakis et al. 2018; Luoma et al. 2017;
Mahrez et al. 2018; Moghaddam et al. 2017; Recinos et al.
2015). Considering that the assessment object is a shallow
aquifer, groundwater occurrence is not used as an assessment
indicator (Guo et al. 2019).

Aquifer hydraulic conductivity (A) Hydraulic conductivity
reflects the ability of the aquifer to transport water and con-
trols the flow rate of groundwater. In the case of the same
hydraulic gradient, the greater the aquifer hydraulic con-
ductivity is the greater the groundwater depression cone
generated during the pumping process is, and the greater
the possibility of the occurrence of seawater intrusion is.
The horizontal value of hydraulic conductivity is determined
according to the lithology of the aquifer provided by Wuhan
Center of Geological Survey (CGS 2012). The hydraulic
conductivity of coarse sand, gravel, and bedrock is > 25 m/
day and that of medium sand is 10-25 m/day. The hydraulic
conductivity of silty sand and fine sand is 1-10 m/day, while
that of clay and loess is < 1 m/day.

Groundwater level above sea level (L) Whether the seawa-
ter and groundwater in freshwater aquifers can maintain a
dynamic balance is determined by the groundwater level.
The possibility of seawater intrusion increases when the
groundwater level of the freshwater aquifer is lower than
the seawater level. In this study, groundwater level above sea
level is classified into four ranges: < —2 m, 0-2 m, 0-2 m,
and > 2 m. The relevant data of groundwater level is pro-
vided by Wuhan Center of Geological Survey.

Distance to shore (D) The influence of tidal movement
decreases as the distance of movement increases. Therefore,
the possibility of aquifers being affected by seawater intru-
sion decreases as the distance to shore increases. In ArcGIS
10.6, the Euclidean distance method is used to calculate the
distance to shore based on the shore data extracted on the
remote sensing images. The distance to shore is classified
into four ranges: < 2.5 km, 2.5-5 km, 5-10 km, and > 10 km.

Impact of the existing status of seawater intrusion (/) Due to
the seawater intrusion caused by the continuous exploitation
of groundwater in the study area, the saltwater/freshwater
interface has moved to the freshwater aquifer. In this study,
TDS is used to describe the distribution of the existing sta-
tus of seawater intrusion, which can be classified into four
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ranges: > 10 g/L, 3—10 g/L, 1-3 g/L, and < 1 g/L. TDS data
is provided by Wuhan Center of Geological Survey.

Thickness of aquifer (T) The degree to which the saturation
zone is affected by seawater intrusion is positively correlated
with the thickness of aquifer. The thickness of aquifer pro-
vided by Wuhan Center of Geological Survey is classified
into four ranges: > 30 m, 20-30 m, 10-20 m, and < 10 m.

Each indicator is assigned a rating of 0.1, 0.4, 0.7, and
1.0 according to four ranges. If the indicator is classified
into only three ranges, it is given a rating of 0.1, 0.55, and
1.0 (Daneshvar 2014; Das 2018; Narimani et al. 2021; Quan
et al. 2012; Veerappan et al. 2017).

Constant weight determination

The AHP method is used to calculate the constant weight of
each indicator, including three steps: the construction of the
judgment matrix, the calculation of the constant weight, and
the consistency check.

Variable weight determination

Low ratings of indicators indicate high vulnerability to geo-
environmental issues. Therefore, the penalty-type variable
weight formula is used to calculate the variable weight. State
variable weight vector and variable weight vector are cal-
culated using Eqgs. 7 and 8. For each indicator, the constant
weight is constant, and the variable weight changes accord-
ing to the rating of the indicator.

Assessment unit division

The irregular polygon mesh method (Sun et al. 2019) is used
to divide the assessment unit. Specifically, the distribution
map of each indicator is superimposed in ArcGIS 10.6 to
become a subarea map of the vulnerability of geo-environ-
mental issues. Each closed polygon is regarded as an assess-
ment unit. In an assessment unit, the rating of an indicator is
uniform, which avoids the error caused by uneven rating. In
the vulnerability assessment of karst collapse, land subsid-
ence, and seawater intrusion, the study area is divided into
192,014, 34,993, and 22,068 assessment units, respectively
(Fig. 4a, b, and ¢).

Comprehensive index determination

The CPI of each assessment unit is calculated using Eq. 9.
For each assessment unit, CPI is equal to the sum of the
product of the rating of each indicator and the corresponding
variable weight vector.
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Vulnerability assessment of geo-environmental issues

The CPI of the vulnerability assessment of geo-environ-
mental issues is classified by natural break classification.
According to the results of the classification, the extremely
low vulnerability area, low vulnerability area, medium vul-
nerability area, and high vulnerability area are determined
(Fig. 3c, d, and e and Table 2) (Achour et al. 2017; Domaze-
tovic et al. 2019; Javidan et al. 2021; Myronidis et al. 2016).

Geo-environment vulnerability assessment

Due to the “barrel effect,” as long as there is a high-vul-
nerability area of a geo-environmental issue, the subarea is
assessed as a high-vulnerability area of geo-environment.
Only when a subarea is an extremely low-vulnerability area
of all geo-environmental issues, the subarea can be assessed
as an extremely low—vulnerability area of the geo-environ-
ment. In other words, the vulnerability level of the geo-envi-
ronment is determined by the highest vulnerability level of
geo-environmental issues in an assessment unit. According
to these principles, the extremely low—vulnerability area,
low-vulnerability area, medium-vulnerability area, and high-
vulnerability area are divided (Fig. 3f and Table 2). The
study area is divided into 394,118 assessment units (Fig. 4d).

The high-vulnerability areas of the geo-environment are
mainly distributed in delta plains, river terraces, marine
plains, and coastal areas of Jiangmen and Zhuhai. The high-
vulnerability areas of karst collapse are not only mainly dis-
tributed in the Zhaoqing-Foshan-Guangzhou-Huizhou area
but also scattered in parts of Jiangmen and Huizhou. The
lithology of overlying layer is dominated by carbonate rock,
sandstone, and sandy conglomerate, most of which are less
than 5 m. The high-vulnerability areas of land subsidence
are mainly distributed in the Guangzhou-Zhongshan-Jiang-
men-Zhuhai area and sporadically distributed along faults in
other areas. The thickness of soft soil stratum in these areas
is more than 20 m. The depth of groundwater level is more
than 40 m, and in some areas, it is between 20 and 40 m. The
high-vulnerability areas of seawater intrusion are mainly dis-
tributed in the coastal areas of the Jiangmen-Zhuhai-Zhong-
shan-Guangzhou-Dongguan-Shenzhen area. The distance to
shore is within 10 km in most of the high-vulnerability areas
of seawater intrusion, and the groundwater in these areas has
been generally affected by seawater intrusion. The ground-
water level in the southern coastal area of Jiangmen is more
than 2 m below sea level.

The medium-vulnerability areas of the geo-environment
are mainly distributed in delta plains and coastal areas.
In tablelands, hilly areas, and low mountainous areas, the
medium-vulnerability areas are mainly distributed along
faults. The low-vulnerability areas of the geo-environ-
ment are concentrated in tablelands, hilly areas, and low
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Table 2 Results of vulnerability assessment of geo-environmental issues and geo-environment

Result of vulnerability assessment High Medium Low Extremely low
Karst collapse AHP Area (km?) 326.60 1212.62 1759.09 38,399.69
Number of karst collapse 8 46 19 49
VW-AHP Area (km?) 1147.46 3787.81 9782.99 26,979.74
Number of karst collapse 58 31 20 13
Land subsidence AHP Area (km?) 438.53 2897.32 7260.95 31,101.23
Number of land subsidence 4 40 27 8
VW-AHP Area (km?) 2311.78 4236.26 9447.02 25,702.94
Number of land subsidence 43 24 11 1
Seawater intrusion AHP Area (km?) 630.01 1585.87 1914.80 37,375.10
Area of seawater intrusion (km?) 630.01 1567.71 1788.31 879.00
VW-AHP Area (km?) 1399.12 2063.93 4711.35 33,523.60
Area of seawater intrusion (km?) 1352.93 1593.57 1413.94 504.64
Geo-environment VW-AHP Area (km?) 4107.67 6599.02 11,846.08 19,145.23
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mountainous areas of Huizhou, Zhaoqing, and Zhongshan,
and scattered in other areas, roughly along the river. The
extremely low—vulnerability areas of the geo-environment
are widely distributed in tablelands, hilly areas, and low
mountainous areas. There are very few soluble rocks and
soft soil stratum in these areas. The depth of groundwater
level is within 3 m, and the distance to shore is more than
2.5 km, so there are few geo-environmental issues.

Ecological environment function

Groundwater-dependent ecosystems (GDEs) are part of the
environment and are ecosystems that are dependent on the
permanent or temporary existence or impact of groundwater
(Bekesi and Hodges 2006). Part or all of the water require-
ments of GDEs depend on groundwater to maintain their
structure, composition, and function (Munch and Conrad
2007). GDEs play a vital role in the economy and envi-
ronment of coastal areas (Paz et al. 2020). Groundwater
input can support or compensate for surface water input to
maintain GDEs in coastal areas (Erostate et al. 2020). The
exploitation of groundwater has an impact on the ground-
water level, thereby affecting the water source of GDEs.
Therefore, the distribution of GDEs is used as an assess-
ment indicator of the ecological environment function. In the
study area, mangrove, protection forest, and economic forest
as GDEs need to be protected (Fig. 3g). The development of
groundwater should not have a negative impact on GDE:s.
The distribution data of GDE:s is provided by Wuhan Center
of Geological Survey.

On the other hand, the decrease of groundwater level
caused by excessive exploitation of groundwater may lead to
a decrease in vegetation coverage. Considering that vegeta-
tion coverage is an important indicator affecting soil erosion,
the distribution of soil erosion is used as another assessment
indicator of the ecological environment function (Pournader
et al. 2018; Roy and Saha 2021; Sholagberu et al. 2019). The
relevant data of soil erosion is provided by Wuhan Center
of Geological Survey. Soil erosion occurred in low moun-
tainous areas, hilly areas, tablelands, wasteland areas, and

Table 3 Classification standards for the functions of groundwater

mining areas with sparse vegetation, distributed in fragments
(Fig. 3h).

Assessment of groundwater sustainable
development

Before the assessment of groundwater sustainable develop-
ment, the resource supply function, geo-environment stabil-
ity function, and ecological environment function of ground-
water are classified (Table 3). Specifically, the resource
supply function is classified into three levels: good (Ra),
general (Rb), and poor (Rc) according to groundwater quan-
tity and quality, while the geo-environment stability function
is classified into three levels: good (Ga), general (Gb), and
poor (Gc) according to the geo-environment vulnerability.
Based on the distribution of GDEs and soil erosion, the eco-
logical environment function is classified into two levels:
good (Ea) and poor (Eb).

The development of groundwater should be based on
the protection of the ecological environment, and atten-
tion should be paid to maintaining the stability of the geo-
environment. On this basis, combined with the groundwater
quality and quantity, the groundwater supply area and the
MGE are determined (CGS 2006; MWR 2005). The spe-
cific principles that should be followed in the assessment of
groundwater sustainable development are shown in Fig. 5.

The study area is divided into 34,226 assessment units
(Fig. 6). According to the above principles, the distribution
areas of GDEs and soil erosion that need to be protected
are determined as the ecological protection areas. Due to
the high possibility of the occurrence of geo-environmental
issues, the high—vulnerability areas of the geo-environment
are determined as vulnerable geo-environment areas. In
addition to these subareas, areas with large groundwa-
ter quantity, good groundwater quality, and the extremely
low possibility of the occurrence of geo-environmental
issues caused by groundwater development are identified
as concentrated groundwater supply areas. The areas where
groundwater does not meet the needs of utilization due to
low quantity and poor quality are determined to be unsuit-
able to exploit groundwater areas. The remaining areas are

Function Indicator Good General Poor
Resource supply function Groundwater quantity MGE > 300,000 m*/(a-km?) Neither R, nor R, MGE < 100,000 m*/(a-km?)
Groundwater quality Classes I-II1 Class V

Geo-environmental stability ~ Geo-environment vulner- Extremely low—vulnerability = Medium- and High vulnerability area
function ability area low-vulnerabil-
ity area
Ecological environment GDEs The distribution area of GDEs The others

function Soil erosion

The distribution area of soil
erosion
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Fig. 5 Principles for the assessment of groundwater sustainable development

34226 units

Fig.6 Projection map of assessment units of groundwater sustainable
development

identified as decentralized groundwater supply areas. The
assessment results of groundwater sustainable development
in the study area are shown in Fig. 7.

Ecological protection areas (8659.34 km?) are concen-
trated in three areas, namely, the Dongguan-Shenzhen area,
the Jiangmen-Zhuhai-Zhongshan area, and the junction
area of Jiangmen and Foshan. Besides, ecological protec-
tion areas are scattered in other areas. Vulnerable geo-
environment areas (3726.86 km?) are mainly distributed in
delta plains, river terraces, marine plains, and coastal areas
of Jiangmen and Zhuhai. Concentrated groundwater sup-
ply areas (9160.36 km?) are mainly distributed in the table-
lands, hilly areas, and low mountainous areas of Jiangmen,
Zhaoqing, Guangzhou, and Huizhou. Unsuitable to exploit
groundwater areas (42.74 km?) are located in the central
part of Zhuhai, with a small area. The remaining areas in
the study area are all decentralized groundwater supply areas
(20,108.70 km?).

Discussions

Relationship between assessment results
and functions of groundwater

The assessment of groundwater sustainable development
is based on the resource supply function, geo-environment
stability function, and ecological environment function of
groundwater. Therefore, the assessment results are closely
related to the groundwater quality and quantity, the geo-
environment stability, and the distribution of GDEs and soil
erosion.

Ecological protection areas are composed of the distribu-
tion areas of GDEs and soil erosion, which can be divided
into three subareas (Fig. 7). Subarea I is the distribution area
of GDEs and soil erosion. The main vegetation is protec-
tion forest and economic forest. The distribution areas of
soil erosion are concentrated in Shenzhen, but scattered in
other areas. Subarea II is the distribution area of GDEs. The
areas where soil erosion occurred are relatively small and
extremely scattered. Subarea III is also the distribution area
of GDEs. Subarea III is also the distribution area of GDE:s.
Protection forest and economic forest are the main vegeta-
tions, and mangrove is only distributed in the northeast of
Jiangmen, with a small area. Soil erosion only occurred
sporadically in the northeast of Jiangmen. In addition to the
above three subareas, there are also scattered distribution
areas of GDEs and soil erosion in Huizhou, Guangzhou, and
Zhaoqing. In ecological protection areas, the exploitation of
groundwater should be prohibited.

The high-vulnerability areas of the geo-environment
without distribution of GDEs and soil erosion are identified
as vulnerable geo-environment areas, which can be divided
into three subareas (Fig. 7). Subarea A is mainly the high-
vulnerability area of karst collapse and land subsidence. Car-
bonate rock, sandstone, and sandy conglomerate are widely
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Fig.7 Subarea map of groundwater sustainable development in the study area

distributed. The thickness of overlying layer is generally less
than 5 m and the depth of groundwater level is generally
greater than 20 m. Subarea B is mainly the high-vulnerabil-
ity area of land subsidence and seawater intrusion. The TDS
of groundwater is mostly greater than 1 g/L, which is greatly
affected by seawater intrusion due to the close distance to
shore. Soft soil stratum with a thickness of more than 20 m
is widely distributed in subarea B. Subarea C is mainly the
high-vulnerability area of seawater intrusion. The distance
to shore is generally within 5 km, and the groundwater level
is low, even more than 2 m below sea level. Due to severe
seawater intrusion, the TDS of groundwater is more than
10 g/L. In addition to the above three subareas, there are also
scattered vulnerable geo-environment areas in the central
part of Jiangmen and the central part of Huizhou. A variety
of geo-environmental issues occurred in these areas. If the
water demand has been met, exploitation of groundwater
is not recommended in vulnerable geo-environment areas.
Otherwise, only decentralized, small-scale exploitation of
groundwater can be allowed.

Concentrated groundwater supply areas are located in
the tablelands, hilly areas, and low mountainous areas
of Jiangmen, Zhaoqing, Guangzhou, and Huizhou, with
a large area (Fig. 7). Groundwater with large quantity
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(MGE > 30 x 10* m*/(a-km?)) and good quality (classes
I-IIT) can be used as a source for domestic, industrial, and
agricultural water. Due to the extremely low—vulnerability
of the geo-environment and the absence of the distribution
areas of GDEs and soil erosion, the occurrence of geologi-
cal and ecological problems is not easily caused by the
development of groundwater. So centralized exploitation
of groundwater can be allowed.

Unsuitable to exploit groundwater areas are located
in the central part of Zhuhai, with a small area (Fig. 7).
Due to the low groundwater quantity (MGE < 10 x 10*
m>/(a-km?)) and poor groundwater quality (class V), the
exploitation of groundwater is not recommended.

The remaining areas in the study area are all decentral-
ized groundwater supply areas (Fig. 7). Groundwater with
general quantity and quality in most areas can be exploited
in a variety of ways, such as pumped wells. Groundwater
can only be used as a source of agricultural water, but it
can be used as drinking water after proper purification
treatment. Due to the existence of medium- and low-
vulnerability areas of geo-environment, the occurrence
of geo-environmental issues should be considered in the
exploitation of groundwater.
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Comparison of AHP model and VW-AHP model

In this study, a VW-AHP model that combines AHP and
variable weight theory is used in the vulnerability assess-
ment of geo-environmental issues. Considering that the
lower the rating of the indicator is, the greater the vulner-
ability of geological environmental issues is, so the penalty-
type variable weight formula is used, that is, when the rating
of the indicator is low, the variable weight of the indicator
is increased. Compared with the results of using the AHP
model, the area of each subarea has changed significantly
with the results using the VW-AHP model. Specifically, the
area of the extremely low—vulnerability areas decreases, and
the area of other subareas increases, which is the result of
adopting the penalty-type variable weight formula. For an
assessment unit, the lower the rating of the indicator is, the
greater the variable weight is, which leads to the lower CPI
of the unit.

Three typical units were selected to illustrate the impact
of the variable weight theory on the assessment results. Tak-
ing the 2318th unit in the assessment of karst collapse vul-
nerability as an example, using the AHP model, this unit is
identified as a low-vulnerability area. But in fact, the ratings
of D and N are 0.1. The value of R is 0.4. The ratings of L, T,
G, and F are 1.0. The variable weights of D and N are greater
than their constant weights, and the weights of other factors
are the opposite. Compared with other assessment units, the
penalty effect caused by the weight changes of the indicators
of this unit is greater. Since the natural break classification
method is used to classify the CPI, the 2318th unit is deter-
mined to be a high-vulnerability area using the VW-AHP
model. In addition, the 520th unit in the assessment of land
subsidence vulnerability is identified as a medium-vulnera-
bility area using the AHP model. The variable weights of T,
D, F, and R are greater than their constant weights, and the
weight of L is the opposite. Compared with other assessment
units, the penalty effect produced by the weight changes of
the indicators of this unit is not sufficient to cause the change
of vulnerability level. Finally, an example is given where the
weight changes of the indicators lead to a lower vulnerability
level. The 251th unit in the assessment of seawater intrusion
vulnerability is identified as a high-vulnerability area using
the AHP model. The rating of 7'is 0.1. The ratings of D and
I are 0.4. The ratings of A and G are 0.7. Compared with
the constant weights, the variable weight of T calculated by
the VW-AHP model increases, while the variable weights
of other factors decrease. Compared with other assessment
units, the penalty effect caused by the weight changes of the
indicators of this unit is smaller. Therefore, using the VW-
AHP model, the 251th unit is determined to be a medium-
vulnerability area.

The assessment results using the VW-AHP model indicate
that 72.95% of karst collapse, 84.81% of land subsidence,

and 60.56% of seawater intrusion occurred in high- and
medium-vulnerability areas. The ratios when the VHP
model is adopted are 44.26%, 55.69%, and 45.17%, respec-
tively (Table 2). The purpose of the assessment of geo-envi-
ronment vulnerability based on the vulnerability assessment
of geo-environmental issues is to assess the geo-environment
stability function of groundwater. Therefore, the geo-envi-
ronment stability can be maintained in the assessment of
groundwater sustainable development, and the occurrence
of geo-environmental issues can be avoided while exploit-
ing groundwater. The assessment results using the VW-AHP
model show that the area of high- and medium-vulnerability
areas is larger and more geo-environmental issues occurred
in these areas, compared with these using the AHP model
(Table 2). From the perspective of maintaining the geo-envi-
ronment stability, the assessment results using the VW-AHP
model are helpful to protect the potential areas of the occur-
rence of geo-environmental issues in a larger area.

ROC curve

The receiver operating characteristic (ROC) curve can be
used to quantitatively analyze the accuracy of the assess-
ment model (Aghdam et al. 2017; Li et al. 2020a; Lucchese
et al. 2021; Senouci et al. 2021). The area under the curve
(AUC) value is between 0.1 and 1.0. The closer the AUC
value is to 1.0, the more accurate the assessment model is,
and an AUC value of 1.0 indicates that the model is the
most accurate. If the assessment model is not more accurate
than probability in predicting the occurrence of geo-environ-
mental issues, the AUC value is less than 0.5 (Najafi et al.
2020). According to the AUC value, the accuracy of the
assessment model is classified into excellent (0.9-1.0), very
good (0.8-0.9), good (0.7-0.8), general (0.6-0.7), and poor
(0.5-0.6). The AUC values of the assessment of karst col-
lapse, land subsidence, and seawater intrusion vulnerability
using the VW-AHP model are 0.864, 0.906, and 0.874, while
the AUC values using the AHP model are 0.766, 0.856, and
0.861, respectively (Fig. 8). Therefore, in the assessment of
karst collapse, land subsidence, and seawater intrusion vul-
nerability, the accuracies of the VW-AHP model are “very
good,” “excellent,” and “very good,” while the accuracies of
the AHP model are “good,” “very good,” and “very good,”
indicating that the constant weights of the indicators are rea-
sonable, but the variable weights determined by the variable
weight theory of the indicators are more in line with the
actual situation in the study area. The above conclusions
indicate that the VW-AHP model is considered to be a better
model than the AHP model for the vulnerability assessment
of geo-environmental issues. The VW-AHP model can more
accurately predict the possibility of the occurrence of geo-
environmental issues, and the assessment results can better
reflect the actual situation in the study area.
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Single-indicator sensitivity analysis

Single-indicator sensitivity analysis can be used to check
the spatial importance of each indicator in the CPI calcula-
tion (Yang et al. 2017). The calculation method of effective
weight is shown in Eq. 12.

riew;

W. =
T CPI (12)

In Eq. 12, W, is the effective weight of the indicator. r;
and w; are the rating and variable weight of the indicator,
respectively. CPI represents the comprehensive index of the
vulnerability of geo-environmental issues.

The analysis result shows that the effective weights of
the indicators are close to the theoretical weights, indicating

that the accuracy of the VW-AHP model is relatively high
(Table 4). In Table 4, the theoretical weight is the constant
weight calculated by the AHP model. In the assessment
of karst collapse vulnerability, the effective weights of
L, D, and G are greater than the theoretical weights, and
the weights of other indicators are opposite. The effective
weights of D and T are 25.39% and 21.07%, and the theoreti-
cal weights are 17.21% and 23.81%, respectively. The effec-
tive weights and theoretical weights of the above two indica-
tors are relatively large, which illustrates the importance of
the data accuracy of the two indicators in the assessment of
karst collapse vulnerability. Among them, the largest effec-
tive weight of D indicates that D has the greatest impact on
the karst collapse vulnerability. In the assessment of land
subsidence vulnerability, the effective weight and theoretical

tl'ab.le 4 Resul.tg ‘?f single- . Geo-environmental issue  Indicator ~ Theoretical weight (%) Effective weight (%)
indicator sensitivity analysis
Max Min Mean SD Max Min Mean SD
Karst collapse L 54.60 480 15.52 873 19.87 10.74 1570 1.62
D 66.41 547 17.21 11.12 31.76 1651 2539 2.74
T 61.97 5.63 23.81 1533 27.09 1500 21.07 3.24
G 48.46 292 12.06 942 17.29 8.59 1325 1.84
N 43.18 2.78 13.58 9.57 13.88 7.06 1020 1.58
F 34.74 1.76  9.11 7.38 1042  5.05 7.63 1.24
R 32.27 1.60 8.72 690 930 455 6.77 1.10
Land subsidence T 78.91 859 33.18 1756 4845 2723 3751 448
D 54.75 295 16.06 12.12 2331 10.79 1629 2.60
L 62.84 408 2284 1562 29.82 1447 2092 346
F 48.02 2.58 13.79 1032 17.97 846 12.70 2.07
R 48.02 267 1412 1032 17.32 8.46 12.58 2.01
Seawater intrusion A 29.36 1.03 7.76 6.89 9.45 3.99 6.15 1.17
G 69.19 534 21.84 1329 36.07 1834 2739 343
D 54.56 293 19.17 13.07 23.18 10.72 1554 257
1 81.95 1242 4046 17.02 50.82 31.23 41.19 431
T 40.48 1.77 10.77 8.56 1420 6.37 9.73 1.56
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weight of T are 37.51% and 33.18%, and the effective weight
and theoretical weight of D are 16.29% and 16.06%, respec-
tively. The effective weights of these two indicators are
greater than the theoretical weights. The effective weights
of the other indicators are less than the theoretical weights.
The effective weight and theoretical weight of T are the larg-
est, indicating that this indicator has the greatest impact on
the land subsidence vulnerability. Therefore, the acquisition
of detailed information of 7' is very important for the assess-
ment of land subsidence vulnerability. In the assessment of
seawater intrusion vulnerability, the effective weights of G
and [ are greater than the theoretical weights. The effec-
tive weights of other indicators are less than the theoretical
weights. The effective weight of I is the largest, indicating
that this indicator has the greatest impact on seawater intru-
sion vulnerability, and the data accuracy of this indicator
is very important for the assessment of seawater intrusion
vulnerability.

Suggestions for groundwater sustainable
development

The purpose of this study is to provide a reference plan for
groundwater sustainable development in the study area.

In the study area, there are 21 groundwater source protec-
tion areas, where the groundwater is mainly carbonate rock
fissure-cave water and loose sediment pore water, most of
which are distributed in plains, river terraces, and tablelands
(Fig. 9). Based on the assessment results, several suggestions
on groundwater sustainable development were put forward.
Most of the groundwater source protection areas are located
in concentrated groundwater supply areas and decentralized
groundwater supply areas, but there are ecological protec-
tion areas and vulnerable geo-environment areas in some
groundwater source protection areas. Groundwater source
protection areas are concentrated in the northwest, south-
west, and east of the study area.

In the northwest of the study area, three groundwa-
ter source protection areas, named Conghua-Shengang,
Jianggu-Sihui, and Lubu, are basically located in concen-
trated groundwater supply areas and decentralized ground-
water supply areas. There is no ecological protection area
that needs special attention, and the possibility of the occur-
rence of geo-environmental issues caused by the exploitation
of groundwater is relatively small. Therefore, reasonable
exploitation can be continued according to water demand,
groundwater quality, and groundwater quantity. As for the
Sanshui-Longjiang groundwater source protection area,

112°0'0"E 113°0'0"E 114°0'0"E 115°0'0"E
g, 0 1o0ad 60 90 120  Conghua-Shengang — N
B W B Granghua Basin | o ¢
Dafvang- Yon.garf ............ ;\ Yua/nzh’liu-Shitan Jiangbei
JiangGrsya N Gnranyinge-Luzhou-Taimei
Guangli Basin

' 4

gzhou

£ )

> w =\ v Duozhu-Huidyng

it a 7 di Uy e

Zhaoqing|Citg/! s L Pid
4 /i S n i
, ’
% V<zz ( % o .j/' ¢ Hui g
:Z Lub,i; A % //z,f‘ /' :Z
S | a5 Y 3 LS
S thoqmg:( Wdee \ . »{ 2 3
S| Xigngang = Al x{Dongguan City Kl e &
Sah\shui—Lohgiign - et e "' N gz i Danshui
2% ! e B B\ ) ”"\f\\ Longgang
S RO onl e Ry = Pingshan
Py ~\ .\\ \‘~
1 \ ~. A
. ! i Zhongshan City-----sd-z-== L
o i \ v K . Hong Kong “ Groundwater type
. al 5 o ’ q - -
3 ”E’”{lﬁ'p - I:] Carbonate rock fissure-cave water
HRY, =i i
. \:I Loose sediment pore water

z )e'gend Groundwater sustainable development z
§ 1 Safe ’yielld gf‘gf:amdwater Concentrated groundwater supply area §
[\l [\l

T 5-15 x10'm¥d

(I 15 x10%mra

NN« x10*m/d

Shuiko u-Rtf.n‘gtu
Lianghua-Pikgtan-Maante

pa
X
-~
-
2 4
»% 0 4
%

.
7
= 1

15 x10*m*/d Decentralized groundwater supply area
Ecological protection area

Vulnerable geo-environment area

Unsuitable to exploit groundwater area

112°0'0"E 113°0'0"E

114°0'0"E 115°0'0"E

Fig.9 Distribution map of groundwater source protection areas in the study area

@ Springer



18028

Environmental Science and Pollution Research (2022) 29:18010-18035

there are scattered areas of vulnerable geo-environment
areas and distribution areas of soil erosion in the middle
of the protection area and distribution areas of GDEs in
the south of the protection area. Attention should be paid
to the possibility of the occurrence of karst collapse and
land subsidence caused by the exploitation of groundwa-
ter in this protection area, and the impact on the ecologi-
cal environment should also be paid attention to. In other
groundwater source protection areas, during the exploitation
of groundwater, attention should be paid to the occurrence
of geo-environmental issues such as karst collapse and land
collapse due to the existence of vulnerable geo-environment
areas.

In the southwest of the study area, in the northeastern
part of the Enping-Kaiping groundwater source protection
area, there are high-vulnerability areas of karst collapse, and
attention should be paid to the impact of the exploitation of
groundwater on the occurrence of karst collapse. There are
ecological protection areas in the southwestern part of the
Nafu groundwater source protection area. The impact on
GDE:s is an important issue that should be considered during
the exploitation of groundwater.

In the east of the study area, there are ecological pro-
tection areas in Duozhu-Huidong, Danshui, Longgang, and
Pingshan groundwater source protection areas, so the main
task is to protect the ecological environment. Due to the
existence of vulnerable geo-environment areas in the Yuan-
zhou-Shitan groundwater source protection area, the karst
collapse that may be induced by exploitation of groundwater
and the impact on GDEs should be paid attention to. In other
groundwater source protection areas, groundwater can be
exploited as needed.

Improvements of methods and database

There are many debatable points in many aspects of this
study from an objective point of view. Due to the limited
accuracy of the data provided by Wuhan Center of Geologi-
cal Survey, the division of groundwater quantity of the study
area is based on the administrative area, which is not closely
integrated with the hydrogeological conditions. Due to the
lack of long-term observational data of groundwater level,
the change of groundwater level was not used as an indicator
for the vulnerability assessment of karst collapse and land
subsidence. Some alternative indicators, such as groundwa-
ter abundance and depth of groundwater level, were adopted.
The GALDIT method is widely used in the assessment of
seawater intrusion. Some indicators can be added or modi-
fied to apply to areas with complex hydrogeological con-
ditions. For example, electric conductivity is used as an
alternative indicator for the impact of the existing status of
seawater intrusion (Chang et al. 2019). Kazakis et al. (2019)
proposed the GALDIT-SUSI method, as a modification of
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the GALDIT method, adding six indicators to describe the
“Superficial Seawater Intrusion (SUSI),” and applied the
method in Greece and Italy. The GALDIT method can also
be combined with other methods. For example, it can be
combined with the groundwater quality index to identify
groundwater types (Ayed et al. 2018; Trabelsi et al. 2016).
Besides, in the assessment of the ecological environment
function of groundwater, only two factors, the distribution
of GDE:s and the distribution of soil erosion, were consid-
ered, and only two ecosystems, mangrove and protection
forest and economic forest, were identified as GDEs. In fact,
coastal ecosystems and riparian ecosystems are also areas
that need to be protected (Huang et al. 2020; Wada et al.
2020; Xu and Su 2019). However, considering that surface
water is the main water source, these areas were not identi-
fied as ecological protection areas.

The VW-AHP model was used to assess the vulnerabil-
ity of geo-environmental issues. The determination of the
weights of indicators in this model depends on the subjec-
tive experience of decision-makers and experts. To explore
the establishment of a more objective assessment method,
some other methods can be considered, such as the logistic
regression model (Du et al. 2019), weighted spatial prob-
ability model (Elmahdy et al. 2016), BP neural network
method (Li et al. 2020c¢), and random forest method (Ebra-
himy et al. 2020). At present, the research mainly focuses on
the prediction of the exploitation potential of groundwater
and the delineation of recharge areas of groundwater. There
is still no universally recognized method for the assessment
of groundwater sustainable development. An assessment
method based on the resource supply function, the geo-envi-
ronment stability function, and the ecological environment
function was proposed. With this method, the determina-
tion of the groundwater supply area and the protection of
the geo-environment and ecological environment were uni-
fied. The assessment results provided a feasible scheme for
groundwater management in coastal cities. However, some
issues, such as the geo-environmental issues induced by the
dynamic changes of groundwater level and the impact of
groundwater quality and quantity on complex ecosystems,
are still worthy of further research.

Conclusions

In this study, a VW-AHP model that combines AHP and
variable weight theory was used to assess the groundwater
sustainable development in the Pearl River Delta. Based
on the resource supply function, the geo-environment
stability function, and the ecological environment func-
tion of groundwater, the groundwater in the Pearl River
Delta was divided into concentrated groundwater supply
area (9160.36 km?) and decentralized groundwater supply
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area (20,108.70 km?), ecological protection area (8659.34
km?), vulnerable geo-environment area (3726.86 km?), and
unsuitable to exploit groundwater area (42.74 km?). Based
on the assessment results, suggestions for the exploita-
tion of groundwater in each subarea were proposed. This
study can also be used as an example of the assessment
of groundwater sustainable development in coastal cities.

Groundwater quantity and quality were used as indica-
tors for the assessment of the resource supply function.
The geo-environment stability function was described by
the geo-environment vulnerability which was described
by the vulnerability of geo-environmental issues such as
karst collapse, land subsidence, and seawater intrusion.
The ecological environment function was determined by
the distribution of GDEs and soil erosion.

In the vulnerability assessment of geo-environmental
issues, the penalty-type variable weight formula was
used to adjust the weights of indicators, which leads to
a decrease in the area of the extremely low—vulnerability
areas and an increase in the area of other subareas. The
AUC value showed that the results of using the VW-AHP
model were more in line with the actual situation in the
Pearl River Delta than those of using the AHP model. The
results of single-indicator sensitivity analysis revealed the
degree of influence of assessment indicators on the vul-
nerability of geo-environmental issues and also showed
that the effective weights of the indicators were close to
the theoretical weights, and the accuracy of the VW-AHP
model was relatively high.

Taking the assessment results of groundwater sustain-
able development as references, suggestions were provided
for the exploitation of groundwater in groundwater source
protection areas in the Pearl River Delta.

Further research should be conducted on the determi-
nation of the weights of the assessment indicators of geo-
environment vulnerability, the assessment method of the
assessment of groundwater sustainable development, and
the impact of the dynamic changes of groundwater level on
the geo-environment and ecological environment.
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