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Abstract Tunisia relies extensively on coastal
groundwater resources that are pumped at unsustain-
able rates to support irrigated agriculture, causing
groundwater drawdown and water quality problems
due to seawater intrusion. It is imperative for the
country to regulate future groundwater allocations
and implement conservation strategies based on ro-
bust hydrogeological assessments to alleviate the

adverse impacts of groundwater depletion. We de-
veloped a 3D transient density-dependent groundwa-
ter model by coupling MODFLOW-2000 and
MT3DMS to improve understanding of seawater
intrusion into the Korba aquifer in Tunisia. Results
indicate that groundwater overexploitation since
1965 induced 5.15 Mm3/year of seawater inflow
while reducing submarine discharge into the sea by
about 9.74 Mm3/year as compared to the steady state
water budget in 1965. Projecting withdrawals from
2014 up to 2050 results in a slow but extensive
groundwater table decline forming a cone of depres-
sion 15 m below sea level. The seawater wedge
under this business-as-usual scenario is expected to
reach 1.8 km from the shoreline, causing significant
mixing of the TDS-rich seawater in the aquifer sys-
tem. The cone of depression under a 25% increase in
groundwater withdrawal drops to about 20 m below
sea level while the saltwater front reaches 2.5 km
inland. Countering the seawater intrusion problem
requires reducing groundwater pumping by 17 Mm3/
year to push back the saltwater front along the
coastline by about 25% over a 43-year period. Ap-
plication of the presented generic groundwater sim-
ulation framework guides developing management
strategies to mitigate seawater intrusion in the Korba
coastal aquifer and similar areas.
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Introduction

Tunisia is facing fundamental water management
challenges like many other countries in the Middle
East and North Africa (MENA) region and around
the globe where irrigated agriculture is practiced in
arid/semi-arid coastal areas (Rahman et al. 2013;
Droogers et al. 2012; Yazdanpanah et al. 2014).
Climate change is projected to adversely affect
Tunisia’s water resources, a problem that is expected
to occur in the Western Mediterranean region in
general (Kerrou et al . 2010; Verdier 2011;
Kajenthira et al. 2012; UN-Water 2014; Tsujimura
et al. 2014; Lachaal et al. 2016). This challenge is
compounded with increased urban water demand
associated with population growth, as well as greater
agricultural water demand due to prolonged growing
seasons (Paniconi et al. 2001; Don et al. 2006;
Ker rou e t a l . 2010; Rahman et a l . 2013;
Chekirbane et al. 2016; Zghibi et al. 2016). To cope
with the growing mismatch between natural surface
water supply and water demand, the country has
relied extensively on groundwater resources that
are pumped at unsustainable rates.

Tunisia’s coastal aquifers at the Mediterranean Sea
are in great need of appropriate regulatory and socio-
economic instruments to support sustainable agriculture
(El Ayni et al. 2013). Many coastal zones, including the
Cap-Bon Peninsula in northeastern Tunisia, have fragile
environmental systems that are susceptible to anthropo-
genic impacts such as aquifer overexploitation, causing
groundwater table decline and groundwater quality is-
sues (i.e., salinization) due to seawater intrusion (e.g.,
Werner and Gallagher 2006; Kerrou et al. 2010; Zghibi
et al. 2014a; Chekirbane et al. 2016; Liang et al. 2019).
Groundwater plays a critical role in sustaining irrigated
agriculture in the Cap-Bon region by buffering surface
water variability and shortages during droughts. The
region is one of the most productive agricultural areas
in Tunisia, contributing about 15% of Tunisia’s total
agricultural production (CCI Cap-Bon 2018).

Quantitative understanding of the various factors af-
fecting groundwater flow and solute transport processes
are essential for sustainable groundwater resource de-
velopment and operation of coastal well fields. Numer-
ical simulations have become a practical tool for in-
formed coastal groundwater management (Bear et al.
1999; Chandio and Lee 2012; Doulgeris and Zissis
2014; Xu et al. 2015; Liang et al. 2019) by improving

understanding of the spatial extent and rate of seawater
intrusion (e.g., Kerrou et al. 2010; Salcedo-Sànchez
et al. 2013; Chekirbane et al. 2015). The primary benefit
of numerical modeling is providing a means to analyze
spatial and temporal dynamics of groundwater flow and
saltwater movement in coastal aquifers using simplified
conceptual representations of key features of complex
aquifer systems (Hill and Tiedeman 2006; Chen et al.
2017; Xu et al. 2018). Thus, they facilitate diagnosis of
the main drivers of groundwater table decline (e.g.,
regional water management, agricultural water use,
and/or climate change) and salinization due to changes
in groundwater pumping and recharge conditions.
Coupled groundwater models (e.g. , coupled
MODFLOW - MT3DMS) allow simultaneous simula-
tion of dynamic flow and solute transport processes.
However, coupled modeling frameworks are typically
complex and computationally intensive (Post 2005;
Werner et al. 2013; Liang et al. 2019). Different analysis
methods have been developed to address this weakness,
including scenario-based simulation of the hydrody-
namic equilibrium between freshwater/seawater inter-
face (Langevin and Guo 2006; Mao et al. 2006;
Kamali and Niksokhan 2017; Don et al. 2006).

This paper presents a coupled numerical groundwa-
ter modeling framework to quantify groundwater
drawdown and seawater intrusion into coastal aquifers
based on robust hydrogeological assessments. We used
field surveys and monitoring data, mathematical
modeling, and simulating groundwater management
scenarios to characterize long-term vulnerability to
seawater intrusion and the required effort to mitigate
the problem in the Korba unconfined aquifer system in
Tunisia’s Cap-Bon Peninsula.We linked MODFLOW-
2000 (Anderson and Hill 2000) and MT3DMS
(Qahman and Larabi 2006; Langevin and Guo 2006)
models within the Groundwater Modeling System
(Xiaobin 2003) to examine necessary measures to re-
store groundwater quantity and quality through a series
of pumping simulations. Numerical models of ground-
water flow and solute transport (i.e., the propagation of
total dissolved solids (TDS) in the aquifer) help eval-
uate the effectiveness of different groundwater man-
agement scenarios. The linkage of the three-
dimensional (3D) variable density simulation of sea-
water intrusion with transport techniques provides a
powerful method for simulating the aquifer under var-
ious types of boundary and initial conditions, objective
functions, and operational constraints.
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Materials and methods

Study area and problem setting

The Korba aquifer (440 km2) is located between
Nabeul and Kélibia cities in northeastern Tunisia.
It is bounded in the east by the Mediterranean Sea
and in the west by the Sidi Abderrahmen anticline
(Fig. 1). The aquifer is comprised of two distinct
formations: a Pliocene sandstone spanning the entire
aquifer and a Quaternary alluvium containing sand,
gravel, silt, and thin clay lenses in the southwest
(Ennabli 1980). An important geomorphologic fea-
ture in the area is the presence of a dune formation
of high-transmissivity Quaternary sediments running
parallel to the coastline, separating the Korba plain
from the sea (Ennabli 1980; Kerrou et al. 2010;
Chekirbane et al. 2015). The region’s main coastal
salt flats, known as sabkhas, are the natural outlets
of the Tyrrhenian which receive permanent dis-
charges of treated wastewater and occasional ex-
changes with the sea (El Ayni et al. 2013). The clay
bottom of sabkhas limits their interaction with
groundwater.

The aquifer is naturally recharged by rainfall infiltra-
tion, which is larger in the river beds and in the dune and
smaller in the Quaternary areas (Kerrou et al. 2010;
Zghibi et al. 2014b). The topography is characterized
by a gentle slope (0–15%) over most of the study area
but, locally, slopes steeper than 15% are observed. The
climate is semi-arid with Mediterranean influence char-
acterized bymoderate winter precipitation. Mean annual
temperature is 17 °C with a minimum of 6.1 °C in
January and a maximum of 37 °C in July. Mean annual
rainfall during the last decade was 420 mm. The dry
period (average rainfall, 150 mm) spans nine months,
peaking in June/July.

The region is home to about 145,000 inhabitants.
The main economic activities are tourism and irrigated
agriculture (CCI Cap-Bon 2018). The principal crops
are strawberries (300 ha), potatoes (1200 ha), tomatoes
(3500 ha), peppers (3500 ha), and other vegetables
(1500 ha). Although agricultural activities and agro-
industries dominate, host food industries, textile, dairy,
and paper industries are also present. Water demand for
irrigation is met mainly from the shallow aquifer ex-
ploitation and by surface water from the water supply
canal between the Medjerda River and Cap-Bon
Peninsula.

In the last decade, hydrogeological studies have in-
dicated three main problems linked to the extensive
agricultural activities in the study area: (1) rapid growth
of agricultural lands despite limited water resources and
deteriorating groundwater quality (Kerrou et al. 2010;
Zghibi et al. 2014a; Chekirbane et al. 2015); (2) inten-
sive well pumping due to significant expansion of irri-
gated area (Zghibi et al. 2014a); and (3) soil salinization
due to the effect of fertilizers (nitrogen, phosphorus, and
potassium), high evaporation rate, and, especially, ex-
cessive irrigation return flow (Zghibi et al. 2014b).

The Korba aquifer exploitation has greatly in-
creased since the 1960s (Ennabli 1980), from 400
wells pumping 2.5 Mm3 in 1965 to more than 13000
wells pumping 68 Mm3 in 2014 (Fig. 2). The distri-
bution of the wells is particularly dense towards the
coastal part of the agricultural plain, which tends to
accentuate the inland movement of the freshwater-
saltwater interface.

Figure 3a and b present piezometric level maps in
1965 and 2014, which illustrate the effect of groundwa-
ter development to support agricultural production. The
region is presumed to have had a stable, smooth poten-
tiometric surface located above sea level up to the 1960s
prior to the onset of an era of economic growth and
groundwater development.

By contrast, the 2014 piezometric map of the Korba
area shows a cone groundwater of depression of 12 m
below sea level observed at 3000 m from the Mediter-
ranean shoreline (Fig. 3b) mainly between the villages
of Tafelloun and Diarr-El-Hojjaj. Likewise, a localized
piezometric depression of up to 5 m below sea level is
observed in the western part. Nearer to the shoreline, the
piezometric level contours become increasingly nega-
tive. The piezometric levels are highest in the left part of
Lebna Dam (built in 1986) and Chiba Dam (built in
1963), as well as in the south near Somâa village. The
two dams have a positive impact on the recharge of the
aquifer by increasing infiltration and percolation.
Figure 3b shows Diarr Hojjaj piezometric depression
and the seaward orientation of groundwater flow. The
reversal of groundwater flow direction due to the re-
gional piezometric depression and saltwater up-coning
chiefly in the central depression zone are two major
processes controlling seawater intrusion in the study
area.

Chloride (Cl−) is the main chemical constituent of
concern in the coastal aquifer and the most commonly
used indicator of mixing brackish water derived from
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the sea (Nettasana et al. 2012). Historical shallow
groundwater chloride concentrations from Korba aqui-
fer have been evaluated for data quality and temporal
trends. The chloride concentration gradually increased
between 1965 and 2014 (Fig. 4). In the 1960s, chloride
concentrations were relatively low (generally < 400 mg/
l) throughout the region, with a few exceptions, espe-
cially in the north of Korba (Fig. 4a). During the 2014
monitoring period, almost all the samples had elevated
Cl- concentrations (Fig. 4b) ranging between 300 and
6000 mg/L. Most of the areas with elevated Cl- concen-
trations are near theMediterranean Sea and in the central
part of the aquifer at 1.55 km inland had Cl- values

between 6000 and 15000 mg/L. The spatial distribution
of chloride contamination is clearly correlated with the
lowering of piezometric levels, which can be ascribed to
groundwater overdraft and/or a natural decrease in
groundwater recharge (Zghibi et al. 2011). The saliniza-
tion of groundwater is linked to geochemical processes
such as the presence of direct cation exchange and
dissolution processes (halite, dolomite, and gypsum)
associated with cations exchange (e.g., Paniconi et al.
2001; Kerrou et al. 2010; Zghibi et al. 2014a, b;
Chekirbane et al. 2015). Nevertheless, seawater intru-
sion is the major source of groundwater contamination
in the Korba coastal plain.

Fig. 1 Location of Tunisia and topographic map of the Korba study area

Fig. 2 Time Evolution (1965–
2014) of number of wells,
groundwater exploitation and
recharge
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Modeling approach

Numerical model

We applied Groundwater Modeling System (GMS 6.5)
(AQUAVEO 2018) to simulate flow and transport in the
coastal environments of the Korba plain. GMS 6.5
package uses a modified version of MODFLOW-2000
to solve the differential equation that governs the flow in
a porous medium and three-dimensional multi-species
transport model MT3DMS to solve the solute transport
equation.

The partial differential equation of groundwater flow
used in MODFLOW is as follows (McDonald and
Harbaugh 1988):
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where h = the piezometric head (L); Kxx, Kyy, and Kzz =
the hydraulic conductivity along various axes (x, y, z)
(LT−1);W = sources and/or sinks of water represented by
volumetric flux per unit value; SS = specific storage
(L−1); and t = time.

The equation for solute transport in hydrodispersive
modeling (e.g., Anderson andWoessner 1992; Bear and
Cheng 2010) is described below:
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where C = the solute concentration in water (ML−3), vi =
the components of the velocity vector (LT−1), ωe = the
effective porosity, Dij = the dispersion coefficients (L2

T−1), C’ = a known source concentration (ML−3), q = a
source/sink term (T−1), and t = time.

The transport module in porous medium is mainly
governed by the processes of advection and dispersion
of conservative and dissolved substances. The GMS
package uses a one-step lag between numerical model
of flow and transport, minimizing model complexity

Fig. 3 Potentiometric map
evolution of the Korba aquifer
and flow direction: a 1965
(Ennabli 1980) and b 2014
(Chiba built in 1963; M’Laabi
built in 1964 and Lebna built in
1986)

Fig. 4 Chloride concentration
(mg/l) evolution of the Korba
aquifer: a 1965 (Ennabli 1980)
and b 2014 (Chiba built in 1963;
M’Laabi built in 1964 and Lebna
built in 1986). Increasing circle
size represents increasing
concentration
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and runtime. This means that MODFLOW runs for the
same time step ofMT3DMSusing the last simulated salt
concentration from the transport model to calculate the
density terms in the flow equation described by
McDonald and Harbaugh (1988) and flow velocities.
In the next time step, the velocities are used by
MT3DMS to solve the transport equation reducing the
model run time.

Aquifer geometry and boundary conditions

As described by Ahmad et al. (2010), model develop-
ment in relation to a finite difference grid refers to the
process in which all available data describing the field
conditions are processed and interpreted in a systematic
way. In this study, the aquifer geometry was determined
by association of both the bedrock based on available
lithological logs, geological cross sections, and the dig-
ital elevation model (DEM). The modeling process was
applied to the plio-quaternary aquifer representing an
alluvial and phreatic structure, covering an area of ap-
proximately 440 km2. The plio-quaternary unit is very
productive and corresponds to an alteration of marine
sandwith shells and sandstone with thin clay lenses. The
Pliocene formation has a mean thickness of 85 m com-
prised of sandstone with alternating marl units. The
Quaternary alluvium is composed of detrital sediments
(sand, gravel, and silt) with thin clay lenses and has a
thickness that varies between 20 and 25m. Laterally, the
facies changes southward to more differentiated clay,
sand, and sandstone layers. The thickness of the plio-
quaternary formation is about 80 m in the central part of
the area, reaching 250 m offshore, and decreasing to-
wards the west. The marls of the middle Miocene form
an impermeable basement to this aquifer which acts as
an aquitard (Ennabli 1980) (Fig. 5).

The piezometric map of 1965 (Fig. 1), obtained
through kriging interpolation method, was used to rep-
resent the hydraulic head distribution, which is effec-
tively the upper limit of the groundwater model. The
saturated aquifer thickness was computed by subtracting
the steady sate 1965 head level from the bedrock
elevation.

Model boundaries were assigned based on topo-
graphic maps and hydrological field investigations.
The Mediterranean Sea forms the eastern physical
boundary of the model defined as a specified head
boundary with a zero-assigned value. The north and
south boundary conditions coincide with H’jarr and

Kébir rivers (Fig. 6), respectively (Zghibi et al. 2011).
These boundaries were modeled as a fixed-head con-
dition. Furthermore, a general head condition was ap-
plied at the western end separating the Korba aquifer
from the adjacent Grombalia aquifer as indicated by
groundwater flow directions. The hydro-climatic pro-
cesses including evaporation from the water table and
recharge from mainly rivers (Lebna, Chiba, and Korba
rivers) were applied to a specified head. Pumping wells
were incorporated into MODFLOW Well package
(Fig. 6). Finally, the Miocene bedrock corresponding
to the aquifer’s bottom level was defined as a no-flow
boundary.

With regard to the transport problem linked to flow
dynamics, the eastern boundary is considered highly
important since it is in direct hydraulic interconnection
with the Mediterranean Sea (Siarkos and Latinopoulos
2016). The sea boundary where concentration was set
equal to 38 ± 0.03 kg/m3 (Kotnik et al. 2017; Coro et al.
2018) was specified as a constant concentration bound-
ary. In transport calibration, the total dissolved salts
concentrations are used as a tracer for the characteriza-
tion of groundwater contamination from seawater intru-
sion (Qahman and Larabi 2006). In addition, we used a
reference water density value of 1025 kg/m3 for seawa-
ter and 0.5 kg/m3 for the initial concentration of fresh-
water. The simulation of freshwater/saltwater flow tran-
sition interface is very complex and requires an initial
estimate of the interface altitude level (Pham and Lee
2015). We assumed that the initial depth location of
freshwater/saltwater transition zone was at the Mediter-
ranean seaside boundary from layer 1 to 5.

Hydrodynamic parameters

The hydrodynamic parameters were obtained from sev-
eral pumping tests combinedwith literature values avail-
able from previous studies (e.g., Ennabli 1980; Paniconi
et al. 2001; Kerrou et al. 2010; Zghibi et al. 2011). The
hydraulic conductivity varies greatly ranging on average
between 10−4 and 10−6 m/s, which is a common char-
acteristic of alluvial aquifers. The largest values of hy-
draulic conductivity (sometimes exceeding 10-3 m/s)
occur in the south near Somâa City whereas the areas
surrounding Menzel-Témime city are characterized by
moderate hydraulic conductivity (less than 10−4 m/s)
found across about 20% of the study area. After aver-
aging the hydraulic conductivity values for each zone,
the horizontal spatial distribution of conductivity
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parameter was homogenized (Kx = Ky) and assigned to
every zone. The vertical hydraulic conductivity (Kz) was
assumed to be one-tenth of the horizontal hydraulic
conductivity (Table 1) (Chekirbane et al. 2015).

For the transport parameters, the effective porosity
ranged between 0.2 and 0.24 based on measurements of
distribution of subsurface resistivity (Zghibi et al.
2014b). Vertical hydraulic conductivity anisotropy and

Fig. 5 Simplified hydrogeological cross section of Korba aquifer sketching the conceptual model based on up-to-date geological and
hydrodynamic data (Modified from Kerrou et al. 2010)

Fig. 6 Distribution of wells with
pumping rates and drainage
network in the Korba area
(Modified from Kerrou et al.
2010)
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vertical leakance vary, respectively, from 3 to 15 and
0.02 to 0.25 (Kerrou et al. 2010). Commonly, horizontal
transverse dispersivity is 20 to 10% of the longitudinal
dispersivity (e.g., Giambastiani et al. 2007; Cobaner
et al. 2012; Siarkos and Latinopoulos 2016). The nu-
merical domain was divided into seven hydrodynamic
zones whose parameters were calibrated separately
(Fig. 7a), with the exception of specific storage
(Table 1), which was assumed to be homogenous
throughout the aquifer.

Recharge conditions and groundwater abstraction

The Korba plain’s aquifer system is primarily recharged
by precipitation (Fig. 8a). The net recharge by infiltra-
tion of rainfall was estimated to be up to 10% of the 420
mm/year mean average precipitation (e.g., Ennabli
1980; Paniconi et al. 2001). In flow/transport modeling,
a specified low salt concentration of 0.085 kg/m3 was
applied for surface recharge from rainfall. Furthermore,
the aquifer is recharged by infiltration from ephemeral
streams (wadis) across the plain from northeast to south-
west, including approximately 3.7 Mm3/year and 1.6
Mm3/year from Lebna and Chiba wadis, respectively.
Three wadis of Chiba, M’laabi, and Lebna were
dammed in 1963, 1964, and 1984, respectively, for
artificial recharge of the aquifer (approximately 1
Mm3/year) by capturing floods.

Additional sources increase total aquifer recharge
in the Korba plain. Recharge from the irrigation
return flow is significant, especially for the shallow
groundwater with a low initial water table. Kerrou
et al. (2010) estimated the infiltration from irrigation
return flow at 16% (8 Mm3/year) of the applied
irrigation water (assuming 50 Mm3/year). Another
source of recharge is the Korba-El-Mida recharge
site located approximately 300 m north of Korba
City wastewater treatment plant. This plant, which
can treat 7500 m3 of wastewater per day, started
operating in July 2002, and it presently receives
about 5000 m3/day. The recharge site went into
operation in 2008 with three infiltration ponds of
50 × 30 × 1.5 m that collectively contribute about
1.7 Mm3 of recharge per year.

The intensive groundwater abstraction represents a
major water output from the aquifer system, which is
about twice the amount of recharge. Groundwater with-
drawal has been rising steadily (Fig. 2) despite augment-
ing surface water supplies by damming the wadis, en-
couraging farmers to adopt drip irrigation, and provid-
ing additional surface water via the Medjerda Cap-Bon
Canal from the north of the country to Cap-Bon penin-
sula. Artificial recharge by direct infiltration of surface
water from the Medjerda Cape-Bon canal and dams
started in 1999 but never exceeded 1 Mm3/year
(Kerrou et al. 2010). Average annual pumping rate from

Table 1 Model input parameter values

Characteristics of the Korba aquifer flow model

Simulated surface area 440 km2 (length: 40 km; width: 11 km)

Spatial discretization Finite differences grid (rows: 110; columns: 100) on a geological map (scale 1/25000)

Vertical discretization 5 units (variable thickness)

Boundary conditions Assigned to the model based on topographic maps and field investigations

Initial conditions Hydraulic head configuration of the year 1965 (for the steady state) and hydraulic head
configuration for the year 2014 (for the transit sate) state)

Hydraulic parameters

Zone Kx(m/s) Ky(m/s) Kz(m/s) DL(m) DT(m) Porosity Ss (m
−1)

1 0.5 × 10−4 0.5 × 10−4 0.5 × 10−5 15 1.5 0.2 10−5

2 6 × 10−4 6 × 10−4 6 × 10−5 10 1.0 0.24 10−5

3 3 × 10−4 3 × 10−4 3 × 10−5 4 0.4 0.23 10−5

4 7 × 10−4 7 × 10−4 7 × 10−5 10 1.0 0.21 10−5

5 5 × 10−5 5 × 10−5 5 × 10−6 15 1.5 0.2 10−5

6 0.5 × 10−4 0.5 × 10−4 0.5 × 10−5 7 0.7 0.2 10−5

7 2.5 × 10−4 1.5 × 10−4 0.5 × 10−5 6 0.9 0.2 10−5

Kx = Ky horizontal hydraulic conductivity,Kz vertical hydraulic conductivity, Ss specific storage,DL longitudinal dispersivity,DT transversal
dispersivity
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a single grid cell (250 × 250 m) was estimated to vary
from 1500 to 73,700 m3/year. Groundwater pumping is
assumed to start in the 1960s, increasing linearly until
the 1980s. Since 2014, the total abstraction volumes are
assumed to fluctuate around 68 Mm3/year. Figure 6
illustrates the heterogonous spatial distribution of
pumping rates, showing the smallest rates in the western
sector potentially due to relatively lower transmissivity
(Kerrou et al. 2010). Finally, clay-bottomed terrain de-
pressions (i.e., sabkhas) in the study area form a 5-km2

strip along the Mediterranean coastline. The sabkhas
(salt flats) are suspected to be insignificant net ground-
water discharge zones, although their recharge dynam-
ics has not been thoroughly investigated.

Spatial and temporal discretization

The three-dimensional model was simulated using
MODFLOW 2000 (McDonald and Harbaugh 1988;
Harbaugh et al. 2000). The model domain was divided
into 100 columns and 110 rows, and 5 layers. The

square-shaped Finite Difference grid was horizontally
oriented from north to south while the vertical dimen-
sion was distorted (Barth et al. 2007). The model layers
were also discretized vertically to avoid instantaneous
vertical mixing, especially near the shoreline. The grid
spacing is 250 m in both the x and y directions, and the
layer thicknesses are spatially variable, reaching 80 m
below the sea level according to previous geophysical
surveys (e.g., Kerrou et al. 2010; Zghibi et al. 2014b;
Chekirbane et al. 2015).

The temporal discretization design is based on a
combination of temporal resolutions of flow model
(MODFLOW) and transport model (MT3DMS). It
was determined by grouping time steps into selective
stress periods defined before introducing the sources/
sinks (Chekirbane et al. 2015), which were further di-
vided into transport steps. Based on changes in aquifer
stresses, each stress period was divided into 10 time
steps. For the flow model, the length of the time steps
varies from 10 to 30 days whereas the time step length
for the transport model started with 1 day and it was

Fig. 7 a Hydraulic conductivity for each individual zone, b vertical cross section and c vertical hydraulic conductivity distribution cross
section
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increased by applying a 1.2 multiplier factor value
(Qahman and Larabi 2006).

Initial conditions

The reference piezometric level recorded in 1965
was used as an initial condition for the groundwater.
This initial condition represents insignificant
groundwater flow disturbance when the groundwater
exploitation in the study area was negligible. The
initial groundwater TDS concentration was set at 0
kg/m3, since the initial salt concentration is not
known. Modeling process was performed in two
steps. First, the steady state started with the above
initial conditions without pumping rates in order to
reproduce the initial condition for the transient state
simulations by varying the hydraulic conductivities
and recharge (Voss and Souza 1987). The outputs of
the first simulation step were then used as initial
conditions for the transient state aquifer simulation
under withdrawal stress in order to characterize the
storativity parameters. This was done by adding
water pumping volume between 1965 and 2014
(Qahman and Larabi 2006).

Model calibration and verification

Two sequential simulation stages were carried out
in the calibration phase. In the steady state cali-
bration, the hydraulic conductivity and recharge
were adjusted by trial-and-error (Doherty 2000)
until the computed hydraulic heads matched the
1965 observed levels. Under transient conditions
(1965–2014), the reproduction of the drawdown
trend was chosen as the calibration criterion. A
total of 38 calibration points were selected based
on the availability of multiple time series data
(Fig. 8b). For this purpose, the model parameters
were checked manually by trial and error until the
observed and computed heads were comparable.
The hydrodynamic calibration parameters included
effective porosity, specific storage, longitudinal
and transverse dispersivi ty, and hydraulic
transmissivities.

The model’s performance in the calibration stage was
checked using:

1. Scatterplots showing the strength of the relationship
between the predicted and observed hydraulic head
values defined as (Eq. 3):

Fig. 8 a Spatial distribution of net recharge by infiltration of precipitation (modified from Kerrou, 2008) and b 38 observed hydraulic head
used in the transit state calibration process
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Hs ¼ γ � Ho⇒
γ〉1→overprediction

γ〈1→underprediction

(
ð3Þ

where Hs and Ho are the predicted and observed
values, respectively, and γ is the slope of the regression
line between the two hydraulic head datasets.

2. The mean error (ME) calculated as the average error
value between the predicted and observed hydraulic
head values (Eq. 4). An ME of 0 indicates a perfect
fit.

ME ¼ ∑N
i¼1 Hs−Hoð Þ

N
ð4Þ

3. The mean absolute error (MAE) which measures
the average magnitude of errors in a set of predic-
tions regardless of their direction (Eq. 5):

MAE ¼ ∑N
i¼1 Hs−Hoj j

N
ð5Þ

4. The root mean square error (RMSE) calculated as
the square root of the average of squared differences
between predictions and actual observations (Eq. 6):

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
N

i¼1
Hs−Hoð Þ2

N

vuuut ð6Þ

5. The normalized root mean square error (NRMSE)
defined as the ratio of model predicted RMSE di-
vided by the difference between Hmax and Hmin,
respectively. NRMSE was calculated according to
the following equation (Eq. 7):

NRMSE ¼ RMSE
Hmax−Hmin ð7Þ

After the model was successfully calibrated, it was
verified by reproducing the groundwater levels in the
year 2014 in the final run of the transient calibration
stage. The calibrated model was then used to project the
impacts of alternative groundwater management
schemes up to 2050.

Groundwater management scenarios

Different groundwater withdrawal scenarios were sim-
ulated for the 2014–2050 modeling horizon in order to
provide insights for mitigation and control of the sea-
water intrusion. The 2014 initial and boundary condi-
tions were used for projecting the impacts of groundwa-
ter management scenarios, assuming a 2% growth in the
annual groundwater withdrawal. The following scenar-
ios were simulated:

Scenario 1: Continue the current extraction trend
using average recharge conditions (1965–2014) and
2014 withdrawal rates. Scenario 1 represents business-
as-usual (i.e., no mitigation policy); extraction is based
only on irrigation and domestic demands.

Scenario 2: Linearly increase groundwater extraction
by 25% compared to average historical pumping condi-
tions (1965–2014). This increased pumping rate is di-
rectly proportional to the population growth and eco-
nomic development. Scenario 2 is considered as a
“worst-case” scenario in the current analyses.

Scenario 3: Linearly decrease groundwater extraction
by 25% compared to average historical pumping condi-
tions (1965–2014), assuming that the resulting water
shortage will be compensated by developing new water
resources like reuse of treated wastewater and water
importation via the Medjerda Cap-Bon Canal. This sce-
nario represents a water management scheme that prior-
itizes addressing the groundwater table decline and sea-
water intrusion by gradually reducing groundwater
withdrawal.

Results and discussion

Calibration and verification

During the steady state calibration phase, the study area
was divided into seven distinct zones in which hydraulic
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conductivity was adjusted separately, ranging between
0.01 × 10−3 m/s and 4.2 × 10−3 m/s (Table 2 and Fig. 9).
The match between the simulated and observed values
indicates that the calibration criteria were met satisfac-
torily (Fig. 10a and Table 3). The scatter plot (Fig. 10a)
illustrates a correlation coefficient (R2) of 0.876,
confirming an acceptable calibration based on the good
overall fit for the hydraulic heads (− 6 < Hobs < 90 m).
Likewise, the MAE and RMSE values of 1.08 m and
7.658 m, respectively, are obtained after the steady state
calibration, indicating an acceptable fit between the
observed and calculated heads. However, the simulated
heads were generally lower than the observed values
based on the ME (− 0.20 m) and γ (0.895). The larger
values of conductivity occurred in the shoreline zones
(zones 1, 3, 5 and 7) related to the highest transmissivity
of about 10−2 m2/s (Kerrou et al. 2010) whereas the
minimum values (0.01 × 10−3 m/s and 0.07 × 10−3

m/s) were in zones 4 and 6 in the vicinity of Menzel-
Témime and El-Mida villages.

For the transient state, two hydraulic parameters were
included in the model inputs besides the groundwater
exploitation and natural recharge: the specific storage
and the artificial recharge through irrigation return flow.
The correlation coefficient of 0.808, ME value of 0.43
m, γ parameter of 0.894, MAE value of 1.09 m, and
RMSE value of 7.23 m indicate an acceptable transient
state calibration (Table 3).

The model performance was evaluated in the
verification phase by reproducing the 2014 piezo-
metric map (Table 3 and Figs. 10b and 11a) while
keeping the boundary conditions and aquifer re-
charge by infiltration of rainfall unchanged. With a
correlation coefficient of 0.882 m and RMSE of
7.18 m, the simulated head contours illustrated the
flow direction towards the concentric depression of
Diarr El Hojjaj village observed at 3 km from the
shoreline (Fig. 11a). This phenomenon accelerates
the seawater intrusion by reversing the hydraulic
gradients. Furthermore, the large head discrepancies
are located in the high elevation topography in the
south and the north of the Korba aquifer. These
areas are characterized by steep hydraulic gradients
(Nettasana et al. 2012) which was verified by the
greater error factors when small changes were ap-
plied to the calibration parameters. Furthermore,
reasonable agreement between the simulated and
observed water tables from monitoring wells is ev-
ident from Fig. 11b.

TDS values of 17 wells, primarily located in the
central part of the study area close to the piezometric
depression, were considered to evaluate model perfor-
mance in simulating salt transport (Fig. 12a). The R2 and
RMSE were, respectively, 0.75 and 3926 mg/L for salt
concentrations (2000 < Cobs < 25,000 mg/L) indicating
an acceptable liberation, although not very close
(Fig. 12b). The accuracy of the salt-transport model fit
could be further improved as denoted by the residual
error on the plot of estimated versus measured TDS
values. It is difficult to obtain a better calibration with
the conceptual model used based on available data as
indicated by truncation and oscillation errors in the
numerical approximations of the solute transport
equation.

As a preliminary check, the results of the devel-
oped 3D numerical model of density-dependent flow
and miscible solute transport (Fig. 13a) were com-
pared with perpendicular electrical resistivity tomog-
raphy (ERT) carried out in the central part of the
study area close to the sea (Fig. 13b). The compar-
ison illustrates reasonable agreement between the
simulated extent of the seawater wedge in 2014
and the ERT. The seawater intrusion along the Med-
iterranean coastline, inferred from measured resistiv-
ities (using ERT imaging), reaches 1000 m inland
confirming the simulated saline transition zone (Fig.
13). Within the intruded area, most resistivity values
computed by the ERT investigation are less than 2.0
ohm/m of apparent resistivity forming a transition
zone between conductive seawater and resistive
freshwater (Zghibi et al. 2014b). For the MT3DMS
transport model, it was assumed that the extent
(wedge) of seawater intrusion is widely represented
by isolines of TDS equal to 2.0 kg/m3 (Qahman and
Larabi 2006).

Understanding the water budget is essential for effec-
tive water resources management in the region and also
to predict future changes for a sustainable management
(Dinka et al. 2014).

So, in the steady state (equilibrium condition), in-
flows and outflows are in balance, and the change of
storage ΔS is very close to zero (i.e., 0.04). The mass
balance calculated by MODFLOW 2000 showed that
while 36.42 Mm3/year of freshwater is discharged into
the sea, 2.88Mm3/year (7.9% of the inflow) of seawater
volume entered the groundwater system. The lateral
recharge from the adjacent aquifer of Grombalia and
from precipitation recharge in 1965 were estimated to be
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3.76 (10.3% of the inflow) and 29.82 Mm3/year (81.8%
of the inflow), respectively.

The discharge into the sea in the transit state in
2014 decreased to about 8.03 Mm3/year (10.5% of
the outflow), while seawater intrusion reached
26.68 Mm3/year (35% of the inflow). Also, pre-
cipitation recharge contributed 43.5% of the inflow
(33.10 Mm3/year) which was enough to counteract
the seawater intrusion. In addition, groundwater
overexploitation caused an additional 5.15 Mm3/
year of seawater inflow into the groundwater as
compared with the steady state water budget. It
also caused a reduction of the submarine discharge
of 9.74 Mm3/year. Comparing 1965 and 2014
mass balances, there is clear evidence of unsus-
tainable groundwater use. However, the total sys-
tem storage does not appear to change significant-
ly (Table 4). Overall, the calibrated/verified 3D
model is able to simulate TDS and hydraulic head
fluctuations at a level deemed sufficient to evalu-
ate the impact of future management scenarios on
the groundwater system.

Simulation results

Effects on groundwater level

A quantitative understanding of the rate and extent of
seawater intrusion into the Korba aquifer is an important
prerequisite for characterizing the region’s long-term
vulnerability to groundwater quantity and quality con-
cerns. Previous investigations using time-domain elec-
tromagnetic (TDEM)method, Vertical Electrical Sound-
ing (VES), and Electrical Resistivity Tomography
(ERT) have improved the estimation of Korba aquifer’s
freshwater-saltwater transition zone (Kouzana et al.
2010; Ziadi et al. 2017). These studies have illustrated
surface water-groundwater connection at wadis, contrib-
uting to salinization due to infiltration of high-TDS
water from the riverbed. Building on these investiga-
tions along with other previous efforts to model the
Korba system (e.g., Paniconi et al. 2001; Kerrou et al.
2010), we projected the movement of the salt front
under three groundwater management scenarios through
a series of predictive pumping simulations.

Table 2 Calibrated aquifer parameter values

Zone Steady state model Transit state model

(Kx = Ky)10
−3 (m/s) (Kz)10

−3 (m/s) K × 10-3 (m/s) ne Ss × 10−4 (m-1) DLong (m) DTrans (m)

1 2.4 0.32 1.1 0.28 1.1 9 0.98

2 0.3 0.05 0.15 0.03 0.4 2 0.9

3 4.2 0.39 2.2 0.27 1.9 11 1.2

4 0.01 0.0015 0.06 0.02 0.3 1 0.13

5 1.5 0.17 1.34 0.25 0.8 4 0.56

6 0.07 0.009 0.08 0.03 0.1 1 0.1

7 2.2 0.3 2.3 0.12 1.4 10 1.01

Fig. 9 Derived seven distinct
hydrogeological domains during
modeling procedure

Environ Monit Assess (2019) 191: 696 Page 13 of 23 696



Scenario 1 illustrates the Korba aquifer system’s
vulnerability to the current unsustainable groundwater
exploitation, which results in slow but extensive
groundwater table decline. For this scenario (Fig. 14b),
it was assumed that the 2014 groundwater extractions
(68 Mm3/year) will remain the same until 2050. The
resulting drawdown contour map shows a cone of de-
pression 15 m below sea level. Maximum drawdown
occurs in the center and close to the shoreline where
there are extensive agricultural activities with the largest

pumping rate. The projected groundwater level in 2050
is − 2.5 m lower than the 2014 level (Table 5), showing a
slow decline rate (0.06 m/year). Subsequently, the
Korba aquifer’s negative water balance will be aggra-
vated due to the continuous groundwater level decrease.
This continuous water level decrease accelerates the
seawater intrusion by reversing the hydraulic gradients
(Zghibi et al. 2011; Siarkos and Latinopoulos 2016).

Given the historical trend of increasing groundwater
extraction to support socio-economic growth, it is im-
perative to assess the regional groundwater drawdown
problem under a growing water demand scenario. Thus,
for scenario 2 (Fig. 14c), the abstractions were assumed
to increase by 25% compared to the business-as-usual
scenario (scenario 1) due to increased agricultural water
demand. The greatest decline of groundwater level was
observed in the center and near the eastern boundary. By
2050, the cone of depression, located approximately
5 km from the coast, drops to about 20 m below sea
level showing a relatively fast decline rate of 0.50
m/year. Consequently, groundwater level was about
5.50 m below sea level for the whole simulation period
(Table 5). Approximately 70% of the total groundwater
withdrawal occurred in a small critical zone (21% of the
total area) in the central part with several piezometric
depression cones. Although scenario 2 is extreme, the
critical zone is clearly vulnerable to changes in with-
drawal, indicating that future groundwater allocations
should be carefully regulated.

Fig. 10 Observed versus calculated heads: a steady sate 1965 and b transit state 2014

Table 3 Model performance evaluation

Phase Criterion Steady state Transit state

Mean Min Max

Calibration ME (m) − 0.20 0.43 0.10 0.81

MAE(m) 1.08 1.09 0.88 1.11

RMSE (m) 7.66 7.23 7.05 7.51

NRMSE (%) 2.28 2.02 0.88 2.61

γ 0.895 0.89 0.80 0.91

R2 0.88 0.81 0.87 0.89

Verification ME (m) − 0.11

MAE(m) 1.01

RMSE (m) 7.18

NRMSE (%) 1.89

γ 0.88

R2 0.88
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The third scenario (Fig. 14d) provides insights into
curbing the groundwater table decline and seawater
intrusion through remediation countermeasures that de-
crease groundwater extraction from the existing wells
by 25%, which requires alternative water resources in
the region. This groundwater conservation scenario re-
veals that groundwater extraction should be reduced by
17Mm3/year in order to mitigate the seawater intrusion.
Simulation results under this scenario indicate that it will
take at least 43 years to push back the saltwater front
along the coastline by about 25%. Thus, the coastal
aquifer remediation will be difficult but necessary for

keeping the seawater/freshwater equilibrium closer to
the sea. Efforts to mitigate further seawater contamina-
tion and remediate salty groundwater should focus on
the northern and southern parts of the aquifer.

Effects on freshwater-saltwater transition zone

The TDS concentration increases under the first scenar-
io (Fig. 15). The seawater front expands overtime (to
year 2050) as indicated by the TDS isolines at 2.0 kg/
m3increments, making groundwater quality unsuitable
for agricultural and urban use. Evidently, the drawdown

Fig. 11 a Simulated water level in the year 2014 and b Fitted observed and computed hydraulic heads time series at three monitoring wells
(ID: 8315/2, 8626/2, and 11892) as result of model calibration

Fig. 12 a Locations of 17 monitoring wells used in transport modeling and b observed versus simulated TDS
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of the water table below the sea level caused by increas-
ing pumping stresses (Fig. 15a) led to further inland
propagation of the saltwater wedge. The combination
of the inland reversal of flow direction and saltwater up-
coning mechanism due to groundwater pumping causes
seawater intrusion rates to be on the order of 100 m/year
(Kerrou et al. 2010), which corresponds to about 7
Mm3/year of seawater flux entering the aquifer.

By comparing the projected landward movement
of the seawater wedge in 2050 with the state of the
aquifer in 2014 (Fig. 15b), the total seawater intru-
sion is expected to reach 1.8 km. This means that
the saltwater front will migrate inland an additional
distance of 1 km over a 43-year period as compared
with 2014 when the seawater front is at a maximum

distance of 0.8 km from the shoreline. This is not
surprising because of the magnitude of the inland
inversion of the hydraulic gradient, which causes
significant mixing of the TDS-rich Mediterranean
Sea water in the aquifer system by the year 2050.
In addition, the exchange with the sea will occur
unidirectionally landward. Under scenario 1, the in-
flow from the sea increases slightly from about
26.68 Mm3/year in 2014 to 32.02 Mm3/year in
2050.

The increase in groundwater extraction by 25% un-
der scenario 2 resulted in a decrease in the mean hy-
draulic head level by 0.5 m/year, creating the worst TDS
condition. Consequently, the longitudinal extent of the
2.0 kg/m3 TDS isoline was around 3 km (Fig. 16a) and

Fig. 13 a Isolines of calculated TDS concentration (kg/m3) by MT3DMS in year 2014 and b ERT profile along geoelectrical cross section
and its location

Table 4 Groundwater mass balance of the transient flow model before exploitation (1965) and in 2014

Year In (Mm3/year) Out (Mm3/year) Storage
change
(ΔS)

Storage Lateral
recharge

Sea Recharge from
TWW since 2008

Rainfall
recharge

Recharge from Lebna
Dam since 1986

Total
in

Storage Wells Sea Total
out

1965 0.00 3.76 2.88 0.00 29.82 0.00 36.46 0.00 0.00 36.42 36.42 0.04

2014 7.13 3.76 26.68 1.7 33.10 3.73 76.1 0.00 68 8.03 76.03 0.07
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Fig. 14 Water table elevation for the years 2014 and 2050: a Potentiometric level at initial year 2014, b drawdown isopleths of scenario 1, c
of scenario 2 and d of scenario 3
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the inland seawater intrusion was approximately 2.5 km
(Fig. 16b). Due to the abstraction effect, the inflow from
the sea for the year 2050 will become very significant
(i.e., more than 56.12 Mm3/year). The relative salt

concentration distribution shows that the maximum sea-
water intrusion is registered near Korba City and below
the central part of the study area between Diarr El Hojjaj
and Mida villages. This saline water plume extension

Table 5 Groundwater management scenario results

Scenario Description Groundwater level change (m)

Mean Max Min SD

1 Business as usual − 2.5 − 4 − 0.2 5.2

2 25% increase in GW pumping − 5.5 − 8.02 − 0.5 4.7

3 25% decrease in GW pumping 0.5 1.96 0.00 3.03

Fig. 15 Scenario 1: aRelative salt concentration distribution at the beginning (2014) and the end (2050) of the simulation period and b cross
sections of year 2050
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can be explained by high transmissivity of the lithology
of the Pliocene formations with dominant yellow sand
and sandstone intercalations and the sufficiently porous
media constituting the river beds (Chekirbane et al.
2015).

Finally, scenario 3 showed the effect on the
Korba groundwater due to the gradual reduction of
the pumping rates over the aquifer by 25% until
2050. The 2.0 kg/m3 TDS line advanced a few
hundred meters inland as compared with scenario 1
(Fig. 17a), illustrating the effectiveness of mitigation
measures to protect the coastal aquifer during a 43-
year period, although this approach will not stop the
saltwater intrusion altogether. The vert ical

movement of the TDS plume (i.e., 2 g/L TDS lines)
is relatively small in comparison with the movement
in the transversal direction. Prohibiting pumping
close to the seawater affected areas, optimizing
pumping rates to increase water use efficiency, and
installing more artificial recharge sites (e.g., using
treated wastewater) will help mitigate the saltwater
intrusion problem in the Korba region.

The presented groundwater modeling approach
and scenario results inform sustainable groundwater
management in the face of increasing salinity in the
coastal aquifer. Quantification of groundwater re-
charge and pumping rates as well as a detailed
hydrogeological mapping (Dinka et al. 2014) should

Fig. 16 Scenario 2: aRelative salt concentration distribution at the beginning (2014) and the end (2050) of the simulation period and b cross
sections of year 2050
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be prioritized to improve the evaluation of salt front
movement in the Korba aquifer system and other
costal aquifers in Tunisia. Future work can focus
of representing land surface hydrology using distrib-
uted watershed simulation models (e.g., Soil and
Water Assessment Tool (SWAT; Arnold et al.
1998)) coupled with the MODFLOW model of the
aquifer to examine potential effects of climate
change and urban iza t ion (Akba rpour and
Niksokhan 2018) on groundwater balance. The pre-
sented numerical modeling approach is transferrable
to other coastal aquifers in Tunisia and around the
world with similar groundwater management chal-
lenges as the Korba case.

Conclusions

Groundwater table decline and seawater intrusion
pose a challenge to sustainable irrigated agriculture
in Tunisia’s coastal plains. This paper presented a
coupled numerical groundwater modeling approach
to simulate the rate and extent of seawater intrusion
into Korba aquifer, an unconfined coastal aquifer in
Tun i s i a ’s Cap -Bon Pen in su l a . We l i nked
MODFLOW-2000 and MT3DMS models within
the Groundwater Modeling System (GMS 6.5) to
conduct a comprehensive groundwater balance anal-
ysis. The model illustrates groundwater table decline
under steady and transient states across the aquifer,

Fig. 17 Scenario 3: aRelative salt concentration distribution at the beginning (2014) and the end (2050) of the simulation period and b cross
sections of year 2050
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including a concentric depression 12 m below sea
level in the central part of the region approximately
3 km from the shoreline and along the Mediterra-
nean coast where the hydraulic gradients were re-
versed. The precipitation recharge contributes 43.5%
of the inflow to the aquifer system, which is enough
to counteract the intrusion of about 26.68 Mm3/year
of seawater. However, groundwater overexploitation
caused an additional 5.15 Mm3/year of seawater
inflow into the aquifer, necessitating the develop-
ment and implementation of actions to minimize, if
not prevent, the expansion of seawater intrusion and
its possible threats to the region.

We projected the aquifer behavior up to 2050
under three groundwater management schemes
through a series of predictive pumping simulations.
Under projected business-as-usual groundwater
management scenario, a significant volume of sea-
water will enter the aquifer, mainly in the central
part due to extensive agricultural activities. By
2050, the saltwater wedge will likely move about
1.8 km inland compared to its location in 2014. A
25% increase in groundwater extraction (scenario 2)
will intensify the groundwater drawdown (e.g., 0.50
m/year) forming a cone of depression 20 m below
sea level. The saltwater front can migrate 2.5 km
inland along a 3-km stretch of the coastline. By
contrast, reducing groundwater extraction by 25%
(scenario 3) can effectively curb the saltwater intru-
sion by establishing the saltwater-freshwater dynam-
ic equilibrium closer to the sea. Under this scenario,
it will take 43 years to push the salt front back by
25% compared to its location under scenario 1. The
results and the presented saltwater intrusion assess-
ment framework inform sustainable groundwater
management in the Korba plain with important im-
plications for other vulnerable agricultural costal
aquifers in Tunisia and around the world.
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