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Assessing sustainability of coastal groundwater is signiﬁcant for groundwater management as coastal
groundwater is vulnerable to over-exploitation and contamination. To address the issues of serious
groundwater level drawdown and potential seawater intrusion risk of a multi-layered coastal aquifer
system in Zhanjiang, China, this paper presents a numerical modelling study to research groundwater
sustainability of this aquifer system. The transient modelling results show that the groundwater budget
was negative (−3826 × 104 to −4502 × 104 m3 /a) during the years 2008–2011, revealing that this aquifer
system was over-exploited. Meanwhile, the groundwater sustainability was assessed by evaluating the
negative hydraulic pressure area (NHPA) of the unconﬁned aquifer and the groundwater level dynamic
and ﬂow velocity of the oﬀshore boundaries of the conﬁned aquifers. The results demonstrate that the
Nansan Island is most inﬂuenced by NHPA and that the local groundwater should not be exploited. The
results also suggest that, with the current groundwater exploitation scheme, the sustainable yield should
be 1.784 × 108 m3 /a (i.e., decreased by 20% from the current exploitation amount). To satisfy public
water demands, the 20% decrease of the exploitation amount can be oﬀset by the groundwater sourced
from the Taiping groundwater resource ﬁeld. These results provide valuable guidance for groundwater
management of Zhanjiang.
Keywords. Numerical modelling; coastal multi-layered aquifers; groundwater resources sustainability;
groundwater level dynamics; negative hydraulic pressure area; Zhanjiang.

1. Introduction
With the increasing demand for water resources,
coastal aquifers are vulnerable to over-exploitation
and contamination (Barlow and Reichard 2010;
Green and MacQuarrie 2014). Therefore, coastal

groundwater sustainability has become a critical
issue (Gleeson et al. 2012). In coastal groundwater management, it is necessary to identify
the sustainable groundwater exploitation amount
and a reasonable groundwater exploitation scheme
to support the groundwater sustainability. The
1
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sustainable groundwater exploitation amount (or
sustainable yield) could be deﬁned as the difference between groundwater recharge quantity
(including natural recharge quantity and water
captured by pumping) and natural discharge quantity (Alley and Leake 2004; Maimone 2004; Kalf
and Woolley 2005). Maimone (2004) indicated
that groundwater balance and boundary conditions
must be considered in determining sustainable
yield.
Numerical simulation with the predictive capability is a feasible method for solving the sustainability problems of groundwater management
(Ghassemi et al. 1997; Narayan et al. 2007; Ayvaz
and Karahan 2008; Rejani et al. 2008, 2009;
Singh 2010, 2014; Lu et al. 2013). The simulation results of existing or proposed groundwater
management schemes can help to identify the sustainable groundwater exploitation amount and a
reasonable groundwater exploitation scheme for
the future (Paniconi et al. 2001; Zhou et al. 2003;
Barazzuoli et al. 2008; Jhorar et al. 2009; Pongkijvorasin et al. 2010; Chandio et al. 2012; Nocchi
and Salleolini 2013; El-Kadi et al. 2014; Yidana
et al. 2015; Lathashri and Mahesha 2016).
For numerical modelling studies on coastal
groundwater sustainable problems, designing optimal groundwater exploitation management schemes
and assessing seawater intrusion are always the
most important research objectives. Sefelnasr et al.
(2015) obtained sustainable groundwater management options for the Nubian sandstone aquifer
in Sahara through simulations using FEFLOW.
Jang et al. (2016) established an optimal water
supply strategy of joint groundwater and surface
water use in Pingtung Plain by using MODFLOW.
Alfaro et al. (2017) presented a numerical groundwater model using MODFLOW to simulate a reasonable groundwater pumping scheme for Jordan
Valley. With the simulating capacity of variabledensity groundwater ﬂow, the SEAWAT program
is widely used to solve seawater intrusion issues
in coastal areas. Yi et al. (2016) quantitatively
simulated the seawater intrusion rate and its seasonal changes in the coastal aquifer in Tianjin,
China. Considering parameter uncertainty, Zeng
et al. (2016) simulated the seawater intrusion risk
of a groundwater resource ﬁeld in Laizhou Bay,
China.
Except for the groundwater model, the coupled
surface and subsurface numerical model is also
applied in sustainable water assessment. To diminish the high computational cost of the basin-scale
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integrated surface water-groundwater modelling,
Wu et al. (2015) developed a new surrogate-based
optimization approach. Using the fully coupled
surface and subsurface numerical model (HydroGeoSphere), Yu et al. (2016) simulated the impact
of coastal topographic features on surge-induced
groundwater salinization. By coupling the surface
water (SWAT), groundwater (MODFLOW) and
solute transport (MT3DMS) models, Eshtawi et al.
(2016) simulated the groundwater dynamics of
the coastal area of Gaza Strip and investigated
the eﬀectiveness of some non-conventional water
resources utilization schemes for sustainable water
planning. Dogrul et al. (2016) presented a linked
groundwater-reservoir system simulation model for
sustainable management of water resources in California’s Central Valley. In addition, multi-objective
simulation-optimization models are also widely
used in studies on coastal groundwater sustainability (Sreekanth and Datta 2010; Kourakos and
Mantoglou 2011, 2013; Heydari et al. 2016; RenauPruñonosa et al. 2016).
In recent years, climate change (such as sea
level rise and precipitation change) and its potential inﬂuence on coastal groundwater has been a
worldwide concern (Werner and Simmons 2009;
Webb and Howard 2011; Ferguson and Gleeson
2012; Green and MacQuarrie 2014; Lemieux et al.
2015). Costal groundwater modelling is frequently
used to analyze the inﬂuences of climate change.
Knowling et al. (2015) presented a highly parameterized groundwater model and quantitatively
evaluated the relative contributions of climate
and human stress to groundwater depletion in
Uley South Basin, Australia. De Filippis et al.
(2016) assessed the saltwater intrusion status of
a karstic coastal aquifer in Taranto under natural and human forcing. Considering the sea level
rise, Wassef and Schüttrumpf (2016) built a threedimensional numerical model for groundwater in a
delta of Egypt and discussed the impact of sea level
rise on the local groundwater. Mehdizadeh et al.
(2017) investigated the gradual and instantaneous
sea level rise eﬀects on seawater intrusion dynamics
by using SEAWAT.
Zhanjiang city is located in the coastal area of
Guangdong, China. The groundwater in the middle and deep conﬁned aquifers has been the major
water resource of this city since the 1960s. Due to
intense groundwater pumping for public use, the
groundwater level of the conﬁned aquifers has been
sustained to decline and has dropped to approximately 20 m below the mean sea level after the
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1990s (Su 2005; Zhou et al. 2007; First Hydrogeological Team 2009a). Inﬂuenced by the remarkable
decline of groundwater level, the two conﬁned
aquifers are partly recharged by lateral ﬂux from
the ocean direction. Despite the above disadvantageous hydraulic conditions (i.e., low groundwater
level and landward recharge ﬂux), groundwater
in the middle and deep conﬁned aquifers, which
are separated by a clay layer from the upper
unconﬁned aquifer and extend under the seabed
for a long distance, is still fresh water with a
TDS of 73.4–252.94 and 101.48–323.93 mg/L in
the middle and deep conﬁned aquifers respectively
(First Hydrogeological Team 2012). However, for
the upper unconﬁned aquifer, some recent studies about the groundwater chemistry of islands
located in the southern area of Zhanjiang city
show that a part of the unconﬁned groundwater has suﬀered from seawater intrusion (Su 2005;
Luo and Su 2007; Zhang et al. 2012; Teng et al.
2014). It is worrying that the conﬁned groundwater
will be risky in suﬀering from saltwater intrusion due to continuous groundwater demand, low
conﬁned groundwater level and landward recharge
ﬂow.
Therefore, groundwater sustainability and seawater intrusion risk must be assessed for eﬀective
groundwater management of Zhanjiang city. The
multi-layered coastal aquifer system of Zhanjiang
has unique hydraulic, hydrochemical and hydrogeological conditions. Therefore, it is valuable to conduct groundwater modelling work on this coastal
aquifer system to add scientiﬁc contributions to the
ﬁeld of hydrogeology.
To quantitatively assess groundwater sustainability and seawater intrusion risk, this paper
performed a three-dimensional numerical groundwater ﬂow model of the coastal multi-layered
aquifer system of Zhanjiang. Based on this model,
through scenarios simulating that consider diﬀerent mean sea level rise (MSLR) and groundwater
exploitation schemes, we assessed the groundwater
sustainability and seawater intrusion risk by evaluating the negative hydraulic pressure area (NHPA)
of the unconﬁned aquifer, and groundwater level
dynamic and ﬂow velocity of the oﬀshore recharge
boundaries of the conﬁned aquifers. It should be
noted that the NHPA represents the area where the
unconﬁned groundwater level is below the mean sea
level. The NHPA can be an indicator to reveal the
seawater intrusion risk of the shallow unconﬁned
aquifer. For the conﬁned aquifers, the groundwater
level dynamics and recharge ﬂow velocities of the
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oﬀshore recharge boundaries were used to indicate
seawater intrusion risk.

2. Study area and data resources
2.1 Study area
Zhanjiang city is located in southwestern Guangdong, China (ﬁgure 1). The topography is high
in northwest and low in southeast. The average
annual precipitation is approximately 1346.6 mm
(1957–2007) and average annual evaporation is
approximately 1774.1 mm (First Hydrogeological
Team 2009a).
According to geological investigation (Zhou et al.
2003; First Hydrogeological Team 2009a), Zhanjiang city mainly consists of continental and marine
sediments of upper Tertiary–Quaternary age overlying a basement of mudstone and silty sandstone
of Cretaceous age. Those unconsolidated sediments
constitute a multi-layered aquifer system. This
multi-layered aquifer system can be divided into
three aquifers (the unconﬁned aquifer, middle conﬁned aquifer and deep conﬁned aquifer) separated
by clay layers (aquitards) (ﬁgure 2).
The unconﬁned aquifer has a thickness of approximately 30 m and is composed of ﬁne to coarse
sand. This unconﬁned aquifer overlies a layer of
14–18 m thick clay that extends laterally under the
seabed for a long distance. The hydraulic conductivity (K) is 5–25 m/d. The groundwater ﬂow ﬁeld
remains as an approximately natural ﬂow regime
with water table of 0–60 m above the mean sea
level (ﬁgure 3a). This aquifer is mainly recharged
by rainfall inﬁltration and is discharged through
evaporation and run-oﬀ to the ocean.
The middle conﬁned aquifer has a thickness
of 50–140 m and is composed of medium to
coarse sand. This aquifer is characterized by great
hydraulic conductivity of 20–60 m/d. After years
of exploitation since the 1960s, the middle conﬁned
groundwater level has dropped from −24 to ×16 m
(ﬁgure 3b). The two centers of the groundwater
depression cones are located in the Pingle and Linhai respectively (ﬁgure 3b). This conﬁned aquifer
is mainly recharged via lateral run-oﬀ and leakage,
and is discharged via pumping.
The deep conﬁned aquifer, separated by a clay
layer (aquitard) from the middle conﬁned aquifer,
is composed of medium to coarse sand. This conﬁned aquifer is also quite permeable (hydraulic
conductivity of 20–50 m/d) and is extensively used
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Figure 1. Location map of Zhanjiang city (Line A–B illustrates the location of hydrogeological cross-section displayed in
ﬁgure 2). (a) Map of Guangdong province and (b) Map of Zhanjiang city.

for municipal wells. The groundwater level has
dropped from –22 to ∼ –4 m (ﬁgure 3c). This deep
conﬁned aquifer is mainly recharged via lateral runoﬀ and leakage and is discharged via pumping.

of the wells and the descriptions of the basic
hydrogeological conditions were obtained from the
First Hydrogeological Team, Guangdong Geological
Bureau.

2.2 Data source
In this study, the monthly precipitation data
during the period January 2008–December 2011
were acquired from the Zhanjiang Hydrology
Bureau. The monthly groundwater level data in
45 observation wells during the period January
2008–December 2011, the geodesic coordinates

3. Numerical modelling of the study area
3.1 Software
In this study, the numerical groundwater model
MODFLOW was used to develop a regional model
to simulate groundwater level dynamics and assess
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Figure 2. Hydrogeological cross-section (A–B line in ﬁgure 1) of the study area.

groundwater sustainability for the coastal
multi-layered aquifer system of Zhanjiang.

3.2 Model discretization
The model domain is 50 km long, 60 km wide, and
up to 500 m deep. In the plane view, the model’s
discretized cells are 100 × 120 m. In the vertical
view, the model was divided into ﬁve layers. From
top to bottom, those ﬁve modeled layers represent
the shallow unconﬁned aquifer, the upper aquitard,
the middle conﬁned aquifer, the lower aquitard,
and the deep conﬁned aquifer, respectively. The
model domain was discretized to 792,688 eﬀective

quadrilateral cells (500 columns, 500 rows, and 5
layers) (ﬁgure 4).
The thickness of each model layer was determined by the interpolation result of the borehole
data. The transient simulation period was four
years from January 2008 to December 2011, and a
total of 48 stress periods was used in the transient
simulation.
3.3 Boundary conditions
Details of the boundary conditions are shown in
ﬁgure 5. A speciﬁed ﬂux boundary was assigned
to simulate the rainfall recharge and evaporation
at the phreatic surface. A no-ﬂow boundary was
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Figure 3. Groundwater level contour maps for the multi-layered aquifers. (a) The shallow unconﬁned aquifer; (b) the middle
conﬁned aquifer; and (c) the deep conﬁned aquifer.

adopted for the model bottom due to the contact
with low-permeability argillaceous sandstone.
First, for the unconﬁned aquifer, because the
Zhanjiang Bay and sea by going rivers contact
with the porous unconﬁned aquifer, speciﬁed-head
boundary conditions of zero metres representing
the mean sea level and river level were assigned
at the coast/river edges. Contacting the lowpermeabile uplifted bedrock, the northeast boundary of the porous unconﬁned aquifer was set with a
no-ﬂow boundary (ﬁgure 5a). The other boundaries
(i.e., the northwest and west boundaries) perpendicular to unconﬁned groundwater level contours
were assigned with no-ﬂow boundary conditions
(ﬁgure 5a).
Second, for the middle and deep conﬁned aquifers, details of the boundary conditions are shown
in ﬁgures 5(b and c). Pinching out and contacting
with the low-permeabile uplifted bedrock, no-ﬂow
boundaries were set at the northeast boundaries.
The other boundaries were assigned with speciﬁedﬂux boundary conditions that were determined by
the Darcy law. Based on hydrogeological investigation, it is doubtless that the two conﬁned aquifers
and their roofs extend under the sea bed for a long
distance and that the two conﬁned aquifers are

also recharged by the run-oﬀ from southern and
eastern areas. As a result, in our model, the
southern and eastern boundaries of the two conﬁned aquifers were extended beyond the coastline
for a certain distance and set with speciﬁed-ﬂux
boundary conditions.
3.4 Initial flow conditions
The initial ﬂow conditions were determined by
observed groundwater level data during December
2007 (ﬁgure 3). In our modelling study, a steady
state simulation of December 2007 was ﬁrst conducted to generate the initial groundwater ﬂow
ﬁeld calibrated by the observed data. Then, the
computed result of the steady ﬂow ﬁeld served
as the initial ﬂow condition for the transient
simulations.
3.5 Recharge and discharge conditions
For this modelling domain, the groundwater is
mainly recharged by the meteoric inﬁltration and
lateral run-oﬀ, and discharged by groundwater
withdrawal, run-oﬀ and evaporation.
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3.5.1 Recharge conditions
For the studied aquifer system, precipitation inﬁltration (Pe) is the main recharge resource. The
Pe was initially estimated according to the general calculation formula (i.e., P e = α · F · P , in

this formula, α is the coeﬃcient of precipitation,
F is the recharged area by precipitation inﬁltration, and P is the precipitation). According to
the hydrogeological investigation (First Hydrogeological Team 2009a), the areal recharge of the
unconﬁned aquifer can be divided into three zones
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with diﬀerent α values (ﬁgure 6). For simulation
of steady-state conditions, the Pe values were calculated based on the annual precipitation value of
2007 (table 1). For the transient simulation, the Pe
values were calculated based on the monthly precipitation values from January 2008 to December
2011 (ﬁgure 7).
Lateral run-oﬀ is also a main recharge source,
especially for the middle and deep conﬁned aquifers. According to groundwater ﬂow investigation (ﬁgure 3), the modeled conﬁned aquifers
are recharged by lateral run-oﬀ from the northwest, west, south and east boundaries. The lateral
recharge ﬂuxes of the middle and deep conﬁned
aquifers were calculated by the Darcy law (table 2).
For the middle conﬁned aquifer, the recharge ﬂux
was 2345.07 × 104 m3 /a from the northwest boundary, 783.43×104 m3 /a from the west boundary, and
727.80 × 104 m3 /a from the south and east boundaries. For the deep conﬁned aquifer, the recharge
ﬂux was 3251.82 × 104 m3 /a from the northwest
and west boundaries and 1023.93 × 104 m3 /a from
the south and east boundaries.

3.5.2 Discharge conditions
Lateral discharge mainly occurs on the coastline
through groundwater run-oﬀ into the sea and
rivers. According to Darcy law, the lateral discharge ﬂux was estimated to be 37098.6 × 104 m3
(table 2). According to the water resources bulletin of Zhanjiang city, groundwater discharge from
withdrawal used for drinking and farming was
2.18 × 108 m3 during 2007.
3.6 Parameters and calibration
The main objective of calibration is to obtain
reasonable results matching the ﬁeld monitoring
data by adjusting the parameters that can characterize the aquifer system. In this study, using
the groundwater level data measured in December 2007, a preliminary calibration for the steady
groundwater ﬂow model was initially conducted
to estimate the distribution of hydraulic conductivity (K). The anisotropy ratio Kz/Kx (vertical
vs. horizontal hydraulic conductivity) was 0.1. For
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Table 1. The precipitation inﬁltration (Pe) of the
steady-state simulation.
Zones

α

F
(km2 )

1
2
3
Total

0.46
0.33
0.26

154.21
369.79
967.26

P
(mm/a)
1288.7

Pe
(×104 m3 /a)
9142.19
15726.09
32409.54
57277.82

the unconﬁned aquifer, the calibrated K values
are generally higher towards the west and south
area (K = 14 − 20 m/d) and lower in the northwest area and east coastal area (K = 6 − 10 m/d).
For the middle and deep conﬁned aquifers, the
calibrated K values are greater in the southwest
area with better water-abundance, and lower in
the north area with weaker water-abundance. The
calibrated zonations of K values are illustrated in
ﬁgure 8.
By comparing the simulated groundwater level
contours with the measured data in December
2007, it shows that the simulated results of
groundwater level are reasonable (ﬁgure 9a–c).
Figure 9(d–f) shows a good ﬁt between measured
and calculated groundwater level data from 45

observation wells (8 observation wells in the unconﬁned aquifer, 22 observation wells in the middle
conﬁned aquifer, and 15 observation wells in the
deep conﬁned aquifer). The root mean square error
(RMSE) values of the calculated groundwater level
for the unconﬁned aquifer, middle conﬁned aquifer
and deep conﬁned aquifer is 1.40, 2.62 and 0.73 m,
respectively.
The model was subsequently calibrated for
transient conditions. This calibration had a start
time of January 2008 and an end time of December
2011, lasting for 48 months in total. The simulated groundwater level under steady conditions
was assigned as the initial conditions for this transient simulation. The tidal oscillation was not
taken into consideration in this transient simulation. The monthly precipitation inﬁltration values
were calculated based on monthly precipitation values (ﬁgure 7). The yearly amounts of groundwater
withdrawal were assigned by analyzing the statistical data of the water resources from bulletins
of Zhanjiang city during the period 2008–2011.
In each year, 12 monthly groundwater withdrawal
values varied on the basis of use during diﬀerent
seasons. For example, public-supply wells withdrawal, which constituted approximately 42% of
the total groundwater withdrawal, varied between
summer to autumn (April–October) and spring
(November–March); agricultural irrigation wells,
which constituted approximately 44% of the total
groundwater withdrawal, mainly exploited groundwater in the spring–summer period; and industrial
wells withdrawal, which constituted approximately
14% of the total groundwater withdrawal, was
almost stable throughout the year.
The calibration results for the transient conditions were obtained by comparing simulated
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Table 2. Lateral boundaries’ recharge/discharge ﬂuxes estimated by Darcy Law.
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Figure 8. Zonation maps of the calibrated hydraulic parameters of the modeled aquifers. (a) The shallow unconﬁned aquifer,
(b) the middle conﬁned aquifer, and (c) the deep conﬁned aquifer.

groundwater level with monitored data of 45
observation wells during January 2008 to December 2011 (ﬁgure 10). Figure 10(a–c) shows the time
series graphs of simulated vs. observed groundwater levels for 12 observation wells of the unconﬁned
aquifer, middle conﬁned aquifer and deep conﬁned
aquifer. The location of these observation wells are
displayed in ﬁgure 3 and those graphs show general similar groundwater level dynamics between
simulated and observed groundwater levels data.
Figure 10(d–f) shows a comparison between the
simulated and observed groundwater levels data for
all 45 observation wells during the overall calibration period of 48 months. Good agreement between

calculated and observed groundwater levels was
obtained. The root mean square error (RMSE)
of calculated groundwater level for the unconﬁned
aquifer, middle conﬁned aquifer and deep conﬁned
aquifer is 1.64, 2.21 and 1.16 m, respectively. The
calibrated speciﬁc yield and speciﬁc storage are
shown in ﬁgure 8.
3.7 Groundwater budget
Based on the simulation under transient conditions, the groundwater budget of the Zhanjiang
aquifer system over four years (January 2008–
December 2011) was calculated. Results of the
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Figure 9. Calibration maps obtained for steady-state conditions. (a) Comparison of observed (red line) and calculated (black
line) groundwater level of the shallow unconﬁned aquifer; (b) comparison of observed and calculated groundwater level of
the middle conﬁned aquifer; (c) comparison of observed and calculated groundwater level of the deep conﬁned aquifer;
(d) groundwater level calibration curve of the shallow unconﬁned aquifer; (e) groundwater level calibration curve of the
middle conﬁned aquifer; and (f) groundwater level calibration curve of the deep conﬁned aquifer.

groundwater budget are shown in ﬁgure 11. In
these four years, the aquifer system showed a
negative balance of approximately 3826 × 104 to
4502 × 104 m3 /a (ﬁgure 11). The negative balance
value increases year by year. This is mainly because
of decreasing precipitation (ﬁgure 7) and generally
increasing pumping rate from 2008 to 2011.

diﬀerent mean sea level rise (MSLR), pumping
rates and groundwater exploitation schemes (i.e.,
adjustment of the groundwater source ﬁelds) scenarios. All the simulation scenarios started from
January 2012 and lasted for 4 years. The simulated
results of these scenarios were compared to those
obtained from the calibrated model (i.e., the base
model) representing the groundwater ﬂow of 2011
(scenario A).

4. Results and discussion
Using the calibrated model, groundwater sustainability was assessed by evaluating the response of
the groundwater sustainability indicators (including NHPA of the unconﬁned aquifer, and groundwater level dynamic and ﬂow velocities of the
oﬀshore boundaries of the conﬁned aquifers) to

4.1 Impact of the mean sea level rise
It is unequivocal that the global average sea level
will rise in the future (Lemieux et al. 2015). Therefore, the mean sea level rise (MSLR) was considered
as an important consideration in this paper for
analyzing seawater intrusion risk. Two simulation
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Figure 10. Calibration maps obtained for transient-state conditions. (a) Time series graph of observed vs. calculated groundwater levels for several observation wells of the shallow unconﬁned aquifer; (b) time series graph of observed vs. calculated
groundwater levels for several observation wells of the middle conﬁned aquifer; (c) time series graph of observed vs. calculated
groundwater levels for several observation wells of the deep conﬁned aquifer; (d) calibration curve of all spatial and temporal
groundwater levels data of the shallow unconﬁned aquifer; (e) calibration curve of all spatial and temporal groundwater
level data of the middle conﬁned aquifer; and (f) calibration curve of all spatial and temporal groundwater levels data of
the deep conﬁned aquifer.
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scenarios of diﬀerent MSLR were designed: MSLR
of 0.5 m (scenario 1B) and MSLR of 1.0 m (scenario 1C). In these scenarios, the parameters were
kept the same as the calibrated model (scenario
A), the calibrated groundwater ﬂow on December
2011 was used as the initial condition, and the
boundary conditions aﬀected by the MSLR were
updated.
The forecasting results of the MSLR scenarios
are shown in ﬁgure 12 which display the changes
of the NHPA in the unconﬁned aquifer. In ﬁgure 12, the red area is the measured saline unconﬁned groundwater area induced by NHPA during
2010; the trapped area by the blue line represents
the simulated NHPA under the current mean sea
level condition (scenario A). By comparison, the
simulated NHPA is basically consistent with the
investigated result. However, the simulated NHPA
is larger than the investigated result, especially in
Nansan Island. This diﬀerence between the simulated and investigated results is mainly related to
the low-accuracy terrain data of the coastal area in
the model.
The simulated results of scenarios 1B and 1C
indicate that NHPA will increase with the MSLR
(ﬁgure 12). Compared to the simulated NHPA
(188.84 km2 ) in the base model, when the mean
sea level rises by 0.5 m (scenario 1B), the NHPA
increases landward by 26.86−215.70 km2 ; when the
mean sea level rises by 1.0 m (scenario 1C), the
NHPA increases landward by 53.35−242.19 km2 .
Because the NHPA can represent the area vulnerable to seawater intrusion, the shallow unconﬁned groundwater resources in regions with larger
NHPA should be protected. Thus, according to the
simulated results, to avoid seawater intrusion, we
suggest that the coastal unconﬁned groundwater,

Donghai Island

Leizhou

Figure 11. Groundwater budgets (1 January
December 2011) under transient conditions.

Leizhou Bay
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Legend
Investigated saline unconfined
groundwater area in 2010

Land area
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Figure 12. Changes of negative hydraulic pressure area
(NHPA) in the unconﬁned aquifer under diﬀerent mean sea
level rise conditions.

especially in Nansan Island, should not be
exploited.
In addition, for the conﬁned aquifers, the groundwater level dynamics and recharge ﬂow velocities of
the oﬀshore boundaries were analyzed to assess the
MSLR eﬀects on seawater intrusion risk. In this
modelling forecasting, to obtain data of groundwater level dynamics and recharge ﬂow velocities,
four observation wells (BW03/MC, BW03/DC,
BW05/MC and BW05/DC) were assigned near the
oﬀshore boundaries (ﬁgure 5). Wells BW03/MC
and BW03/DC were designed near the southern
lateral recharge boundaries of the middle and deep
conﬁned aquifers respectively. Wells BW05/MC
and BW05/DC were designed near the eastern lateral recharge boundaries (ﬁgure 5). The results
(ﬁgure 13) show that groundwater level dynamics maintain a similar pattern under diﬀerent

102
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MSLR conditions, but the mean groundwater levels
increases with the rising sea level. This increase of
the mean groundwater level is due to the tidal loading eﬀect which is a non-negligible factor on coastal
conﬁned groundwater dynamics (Chuang and Yeh
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(a)

BW03/MC (MSLR=0.5m, Scenario 1B)

Groundwater level (m)

BW03/MC (MSLR=1m, Scenario 1C)
-2.4

-2.7

4.2 Impact of the groundwater exploitation
amount
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2007; Wang et al. 2012; Zhou et al. 2016). Moreover, the recharge ﬂow velocities of the oﬀshore
boundaries are displayed in table 3. As shown,
when the mean sea level rises by 0.5 m, the oﬀshore recharge ﬂow velocities of the middle and
deep conﬁned aquifers increase by 12–15% and
8–9%, respectively. When the mean sea level rises
by 1 m, the recharge ﬂow velocities increase by 17–
20% and 11–13%. These results indicate that the
MSLR can result in greater landward recharge ﬂux,
which is a major factor in reﬂecting seawater intrusion risk for the conﬁned aquifers.
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Figure 13. Groundwater level dynamics of the oﬀshore
recharge boundary of the middle conﬁned aquifer under different mean sea level rise conditions. (a) Observation well
BW03/MC and (b) observation well BW05/MC.

Hydrogeological investigation shows that the
conﬁned groundwater level dynamics present a
declining trend, especially the deep conﬁned groundwater (First Hydrogeological Team 2009b–2012).
The groundwater exploitation amount is the major
factor inﬂuencing this declining trend. In this section, numerical forecasting scenarios with diﬀerent
withdrawal rates were conducted to assess the sustainable yield of the aquifer system. Four exploitation scenarios were designed: withdrawal decreasing by 10% (scenario 2B); withdrawal decreasing by
20% (scenario 2C); withdrawal increasing by 20%
(scenario 2D); and withdrawal increasing by 50%
(scenario 2E). The simulated results of the scenarios 2B–2E were compared with that of the base
model (scenario A).
Figure 14 shows the NHPA changes under different withdrawal scenarios. Figure 14 reveals that
there is an increase in trend of NHPA with
increasing groundwater exploitation amount. Compared the NHPA of the base model (188.84 km2 ),
the simulated NHPA of scenario 2C decreased

Table 3. Values of oﬀshore recharge ﬂow velocity in scenarios with diﬀerent MSLR and their percentage changes relative to
the velocity of the base model.

Oﬀshore recharge ﬂow velocity (m/d)
Boundary wells

Base model
(Scenario A)

MSLR=0.5 m
(Scenario 1B)

MSLR=1 m
(Scenario 1C)

Percentage change in oﬀshore
recharge ﬂow velocity relative to
that of the base model
MSLR=0.5 m
(Scenario 1B)

MSLR=1 m
(Scenario 1C)

Middle conﬁned
aquifer

BW03/MC
BW05/MC

0.0065
0.0040

0.0073
0.0046

0.0076
0.0048

12%
15%

17%
20%

Deep conﬁned
aquifer

BW03/DC
BW05/DC

0.0129
0.0109

0.0139
0.0119

0.0143
0.0123

8%
9%

11%
13%
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the groundwater level presents a gradually rising
trend (scenario 2C), which is more marked in the
southern recharge boundary (about +0.14 m in
wells BW03/MC and BW03/DC) and less marked
for the eastern recharge boundary (about +0.07
m in wells BW05/MC and BW05/DC). It can
be concluded that the declining trend of the conﬁned groundwater level of the oﬀshore recharge
boundaries can be controlled when the groundwater extraction amount is decreased by 20%. This
result indicates that 80% of the current groundwater extraction amount should be sustainable
(1.784 × 108 m3 /a).
In addition, the simulated recharge ﬂow velocities of the oﬀshore boundaries are displayed in
table 4. As shown, when decreasing the groundwater withdrawal by 20%, the oﬀshore recharge
ﬂow velocities of the middle and deep conﬁned
aquifers can decrease by 15% and 10–13%, respectively; however, when increasing the groundwater
withdrawal, the oﬀshore recharge ﬂow velocities
of the conﬁned aquifers can signiﬁcantly increase.
This result also conﬁrms that decreasing groundwater withdrawal by 20% is an eﬀective way to
reduce seawater intrusion risk into the conﬁned
aquifers, and a groundwater exploitation amount
of 1.784 × 108 m3 /a is sustainable.

Simulated envelope line of the NHPA in scenario 2D
Simulated envelope line of the NHPA in scenario 2E

Figure 14. Changes of negative hydraulic pressure area
(NHPA) in the unconﬁned aquifer with diﬀerent groundwater exploitation rates.

by 5.36−183.48 km2 ; the simulated NHPA of scenario 2D increased by 7.17−196.01 km2 ; and the
simulated NHPA of scenario 2E increased by
13.48−202.32 km2 . According to this result, it can
be concluded that the local groundwater exploitation amount should not increase in the future, and
decreasing the groundwater exploitation amount
properly could be an eﬀective way for reducing seawater intrusion risk into the unconﬁned aquifer. In
the next paragraph, the groundwater level dynamic
and recharge ﬂow velocity of the oﬀshore boundaries of the conﬁned aquifers were evaluated to
quantitatively determine the sustainable yield.
Figure 15 illustrates the groundwater level
dynamics of the oﬀshore boundaries under various withdrawal scenarios. As shown in ﬁgure 15,
with decreasing groundwater extraction amount,

4.3 Impact of groundwater supply schemes
As concluded in the previous section, the local
groundwater exploitation amount should be
decreased by 20% to meet sustainability goals.
To guarantee adequate public water demand, the
decreased 20% groundwater should be oﬀset by
the surface water resources. However, water from
the existing surface water supply system is suﬃcient only to satisfy the needs of agricultural irrigation (First Hydrogeological Team 2009b–2012). For
this reason, the groundwater exploitation scheme
must be adjusted. According to groundwater resource ﬁelds planning (ﬁgure 1), we know that, apart
from used groundwater resource ﬁelds (i.e., Chikan,
Xiashan, Puzai and Potou), there are two unused
groundwater resource ﬁelds (i.e., Taiping and Donghai Island) that can be developed. In this study,
we proposed that the decreased 20% groundwater
supply is oﬀset by the Taiping or Donghai Island
groundwater resource ﬁeld. To discuss the reasonability and sustainability of this proposed scheme,
two simulation scenarios were designed based on
groundwater supplied by the Taiping groundwater
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Figure 15. Groundwater level dynamics of the oﬀshore recharge boundary of the conﬁned aquifers with diﬀerent groundwater
exploitation rates. (a) Observation well BW03/MC for middle conﬁned aquifer; (b) observation well BW05/MC for middle
conﬁned aquifer; (a ) observation well BW03/DC for deep conﬁned aquifer; and (b ) observation well BW05/DC for deep
conﬁned aquifer.

resource ﬁeld (scenario 3B) and by the Donghai
Island groundwater resource ﬁeld (scenario 3C).
The simulated results of NHPA, groundwater level
dynamics and ﬂow velocities in each scenario are
compared to those in the base model (scenario
A).
Figure 16 illustrates the NHPA changes under
diﬀerent groundwater supply schemes. When the
decreased 20% groundwater withdrawal is supplied by Donghai Island, the NHPA in the whole
model domain increases by 6.44 km2 , of which the
NHPA in Donghai Island increases by 8.16 km2
and NHPA in the other regions decreases by 1.72
km2 . When the decreased 20% groundwater is supplied by Taiping, the NHPA decreases by 3.38 km2 ,
of which the NHPA in Taiping increases by only
0.58 km2 and NHPA in the other regions decreases
by 3.96 km2 . By comparing the NHPA results
under diﬀerent groundwater supply schemes, it can
be concluded that using groundwater from the
Taiping groundwater resource ﬁeld is reasonable

to oﬀset decreased groundwater usage from the
currently used groundwater resource ﬁelds.
Moreover, the groundwater level dynamics of
the oﬀshore recharge boundaries under diﬀerent
groundwater supply schemes were analyzed to further demonstrate the sustainability of the proposed
groundwater supply scheme based on the Taiping groundwater resource ﬁeld. Figure 17 shows
the groundwater level dynamics of the oﬀshore
recharge boundaries under diﬀerent groundwater
supply schemes. By comparing the blue and black
curves in ﬁgure 17, we notice that, when the
decreased 20% groundwater exploitation amount
is supplied by Donghai Island, there is a general decreasing trend in conﬁned groundwater
level of the oﬀshore recharge boundaries, which
is more marked for the southern recharge boundary (approximately –0.48 and –0.59 m in wells
BW03/MC and BW03/DC, respectively) and less
marked for the eastern recharge boundary (approximately –0.13 and –0.11 m in wells BW05/

102
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Table 4. Values of oﬀshore recharge ﬂow velocity in scenarios with diﬀerent groundwater pumping rate and their percentage changes relative to the ﬂow velocity of the base
model.
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Simulated envelope line of the NHPA in scenario 3C

Figure 16. Changes of negative hydraulic pressure area
(NHPA) in the unconﬁned aquifer with diﬀerent groundwater supply schemes.

MC and BW05/DC, respectively). In addition, by
comparing the red and black curves in ﬁgure 17, it
can be seen that, when the decreased 20% groundwater exploitation amount is supplied by the Taiping groundwater resource ﬁeld, there is a rising
trend in conﬁned groundwater level of the oﬀshore
recharge boundaries (approximately 0.1 and 0.05 m
in wells BW03 and BW05, respectively). Therefore,
we conclude that the groundwater supply scheme
based on the Taiping groundwater resource ﬁeld is
sustainable.
Furthermore, the simulated recharge ﬂow velocities of the oﬀshore boundaries are displayed in
table 5. As shown, when the decreased 20% groundwater exploitation amount is supplied by Taiping,
the oﬀshore recharge ﬂow velocities of the middle
and deep conﬁned aquifers can decrease by 11–
12% and 3–9%, respectively; however, when the
decreased 20% groundwater exploitation amount
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Figure 17. Groundwater level dynamics of the lateral recharge boundary of the conﬁned aquifers with diﬀerent groundwater
supply schemes. (a) Observation well BW03/MC for middle conﬁned aquifer; (b) observation well BW05/MC for middle
conﬁned aquifer; (a ) observation well BW03/DC for deep conﬁned aquifer; (b ) observation well BW05/DC for deep conﬁned
aquifer.

Table 5. Values of oﬀshore recharge ﬂow velocity in scenarios with diﬀerent groundwater supply schemes and their percentage
changes relative to the velocity of the base model.
Oﬀshore recharge ﬂow velocity (m/d)
GWRF-Taiping
(Scenario 3B)

Boundary well

GWRF-Donghai
Island
(Scenario 3C)

Percentage change in oﬀshore recharge ﬂow
velocity relative to the velocity of the base model
GWRF-Taiping
(Scenario 3B)

GWRF-Donghai
Island
(Scenario 3C)

Middle conﬁned
aquifer

BW03/MC
BW05/MC

0.0057
0.0036

0.0268
0.0092

−12%
−11%

311%
128%

Deep conﬁned
aquifer

BW03/DC
BW05/DC

0.0125
0.0099

0.0233
0.0156

−3%
−9%

81%
43%

is supplied by Donghai Island, the recharge ﬂow
velocities of the oﬀshore boundaries will significantly increase. This result conﬁrms that the
groundwater supply scheme based on the Taiping groundwater resource ﬁeld can mitigate of
seawater intrusion risk into the conﬁned aqui
fers.
In summary, our proposed groundwater supply
scheme of jointly using current and Taiping groundwater resources ﬁelds can not only satisfy the

public groundwater demands but also protect the
groundwater resources.

5. Conclusions
Sustainability of the coastal groundwater resources
in Zhanjiang city has been a critical issue as
pumping-induced groundwater level drawdown has
become more evident. To assess the groundwater

J. Earth Syst. Sci. (2017) 126:102
sustainability of Zhanjiang, a numerical groundwater ﬂow model was developed in this study.
The transient modelling results reveal that the
coastal groundwater was overexploited with a negative groundwater budget (−3826×104 to −4502×
104 m3 /a). The simulated results indicate that,
under the situations of current groundwater
exploitation scheme and mean sea level rise, seawater intrusion risk will be increased in the future,
especially for the unconﬁned groundwater in coastal
area and Nansan Island. The unconﬁned groundwater in the coastal area and Nansan Island should
not be exploited in future. In addition, the groundwater level drawdown trend can be controlled when
the groundwater exploiting amount is decreased by
20%, and the sustainable exploitation amount for
Zhanjiang is 1.784 × 108 m3 /a (i.e., 80% of the
current exploitation amount). To satisfy current
public water demands, the decreased 20% groundwater exploitation amount can be supplied by the
Taiping groundwater resource ﬁeld. Joint use of
the current and Taiping groundwater resources
ﬁelds can be an eﬀective groundwater exploitation
scheme for sustainable groundwater management
for Zhanjiang city.
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