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ABSTRACT

A numerical model that treats density-dependent variably saturated ow and miscible
salt transport was used to investigate the occurrence of seawater intrusion in the \Korba"
aquifer of the eastern coast of Cap-Bon in northern Tunisia. We examined the interplay
between pumping regimes and recharge scenarios and its e�ect on the saline water dis-
tribution. More localized simulations are used to examine, in vertical cross sections, the
e�ects of well location and soil type and the role of the vadose zone in possible remedi-
ation actions. The exploratory simulations suggest interesting interactions between the
unsaturated zone and the saltwater{freshwater interface with possible implications for
groundwater exploitation from shallow uncon�ned coastal aquifers, involving in one case
feedback between seawater intrusion and the high pressure head gradients around the
pumping-induced drawdown cone and in another case threshold-like interface displace-
ment for tight soils such as clays. The simulation results support groundwater pumping
as the mechanism for and seawater intrusion as the origin of the salt contamination
observed in the soils and subsurface waters of the Korba plain.

The 438 km2 Korba coastal aquifer is situated in the northeastern Cap-Bon peninsula of
Tunisia. It is an important touristic, industrial, and agricultural area with a population
approaching 100 000 concentrated along the coast around the towns of Kelibia in the
north and Korba and Ras Marmoura in the south. The coastal plain is bounded by
the Mediterranean Sea in the east and by the Djbel Sidi AbedErrahmen mountains in
the west. The climate is semi-arid and mean annual precipitation is 460 mm with high
annual and inter-annual variability. E�ective in�ltration (rainfall minus evaporation and
surface runo�) is estimated to be less than 10% of annual precipitation and as low as 5{
7%. Increasing population and agricultural activities through the past four decades have
led to a steady increase in the amount of water that is pumped from the Korba aquifer;
there are currently over 7000 wells that supply the many small farms and communities
in the region. Saltwater contamination was �rst observed in the early 1970s and was
recognized as a serious problem in the mid-1980s. A monitoring network of 99 wells
was set up in 1996 for acquisition of �eld data every six months, and this data, along
with measurements collected from abandoned agricultural wells in 1962 and 1977, show



a marked trend towards decreasing water table levels and increasing concentrations of
salt in the uncon�ned aquifer, with peak salinity values of 5{8 g/l.

The available data for the Korba site include topographic and soil maps, geological and
geophysical surveys, water level and water quality measurements taken from the monitor-
ing wells, information relating to agricultural activities and water use, hydrographic and
geomorphologic characterizations, and data from meteorological stations. A geographic
information system was used to organize these diverse data and to support both pre- and
post-processing tasks connected with the saltwater intrusion modeling. The data most
relevant to the modeling study and that required the most intensive GIS processing were
the geological and terrain maps and the historical data from the wells and rain gauges.
Imposition of surface boundary conditions was also assisted by the GIS, incorporating
information from the pumping and monitoring well datasets, derived irrigation maps,
and rainfall records into the nodes or triangles of the 2D grid.

To the best available knowledge, the total volume of water pumped from the aquifer
in recent years is close to 50 � 106 m3/yr. Pumping volumes, together with irrigation
rates, are di�cult to estimate reliably for the Korba site, given also the abundance of
small-farm private wells in the region. In the absence of data for earlier years, the
simulations were run under various scenarios using a linearly increasing yearly pumping
rate over a 35-year simulation period from 0 for 1962 to some fraction (given that the
pumping was concentrated at a few well clusters) of the estimated 50 � 106 m3 for
1996. Irrigation rates estimated from available maps were lumped into the e�ective
in�ltration term. Annual rainfall data is more reliable, but the problem in this case
is lack of detailed information on rainfall rates at small temporal scales (hourly and
even �ner resolution). This is critical if the unsaturated zone component of the model
is to accurately simulate rainfall{runo�{in�ltration partitioning and thereby reproduce
an important natural recharge component of the aquifer's water balance. In absence of
this detailed data, scenario simulations were again run, and, in particular, the estimated
e�ective in�ltration of (less than) 10% of annual rainfall was relied on. It is interesting to
note that, based on these estimates and using 40 mm as e�ective annual in�ltration, the
volume of water recharged to the aquifer from a combination of rainfall and irrigation
is approximately 18 � 106 m3 annually; comparing this value with the 50 � 106 m3

estimated current annual pumping rate gives an idea of the degree of over-exploitation
of the aquifer.

The numerical model used in the study is CODESA-3D, a COupled variable DEnsity
and SAturation 3D �nite element model [Gambolati et al. 1999]. The �rst step in the
discretization of the study domain for model simulation was the generation of a DEM-
derived TIN-based 2D surface grid, resulting in a mesh containing 2917 triangles and 1643
nodes. This unstructured grid, constructed so as to have the smallest elements along the
coast and around zones of heavy groundwater pumping, was then replicated vertically for
6 layers, yielding a 3D mesh of 52506 tetrahedral elements and 11501 nodes. The layers
were de�ned to be of increasing thickness from the surface to the base of the aquifer
so as to have a su�ciently �ne resolution for investigating unsaturated zone processes.
In the parameterization of the model selected hydrogeological attributes were treated
as spatially variable, in a block heterogeneity sense according to the presence of either
Pliocene sandstone or Quaternary alluvium formations. Brooks-Corey characteristic re-



Figure 1: Simulation results for two experiments plotted as vertical cross sections perpen-

dicular to the coast comparing the groundwater drawdown (solid lines) and saltwater front

migration (dashed lines) from inland (left) and coastal (right) pumping regimes and illustrat-

ing the interaction between the unsaturated zone and the saltwater{freshwater interface. Water

table levels and 0.5 normalized salinity isolines are at times 1, 6, 25, and 35 years. The depth

of the aquifer at the coast (z-axis) is approximately 100 m while the length (x-axis) is about 5

km.

lationships corresponding to a \sand-loam" or \clay" soil were used for di�erent scenario
simulations. The irregular geometry of the aquifer, in particular its nonuniform base
and thickness arising from the syncline and dune formations, were considered important
features in determining the response of the Korba coastal plain to groundwater exploita-
tion and the dynamics of saltwater intrusion, and these features were thus discretized to
conform as closely as possible to the available data. For the vertical face corresponding
to the coastline the boundary conditions for the transport equation were zero dispersive
ux for the nodes of the window (the 4 nodes of the topmost 3 layers were designated
as window nodes, for a thickness of approximately 30 m) and maximum concentration
for the nodes below the window, while vertical hydrostatic equilibrium (�xed actual, not
equivalent, total head) was prescribed on all nodes for the ow equation. For the land
surface, zero dispersive ux was assigned to all nodes for the transport equation, while
for the ow equation the ephemeral streams were ignored and the estimated irrigation
values were incorporated into the e�ective in�ltration rates.

Model simulations of the Korba coastal aquifer that have been performed include pre-
liminary sensitivity and calibration experiments and three scenarios to investigate the
interplay between pumping regimes, e�ective in�ltration, and arti�cial recharge [Pani-
coni et al. 2001]. In the three scenarios the \equilibrium state" presumed to exist prior to
the 1960s (with little or no groundwater pumping) was subjected to disturbances in the
form of regional and localized groundwater exploitation over a 35-year period (1962{96).

The �rst scenario involved regional groundwater pumping from 10 well clusters extracting
a linearly increasing amount of water between 1962 and 1996, with local arti�cial recharge
introduced after 25 years of pumping. In the second and third scenarios more localized
simulations were used to examine, in vertical cross section, the behavior in time of the
water table and the saltwater{freshwater interface as groundwater is pumped at di�erent
points and under di�erent soil or in�ltration conditions. In both scenarios a single well
acts as a sink node drawing water from the aquifer at a rate that increases linearly
over the 35-year simulation period from 0 to 0:91 � 106 m3/yr. In the second scenario



inland and coastal pumping regimes are compared (Fig. 1). A new equilibrium state
in terms of the saltwater{freshwater balance is quickly established in the case of inland
pumping, with the 0.5 isoline remaining stationary at about 150 m from the coast. On
the other hand in the area around the pumping well it is apparent that the extraction
rate exceeds the rate of natural recharge (an e�ective in�ltration rate of 22 mm/yr was
used) as seen by the severe and non-steady drop in water table. In the case of coastal
pumping, under the same conditions of pumping and natural recharge, the reverse is
true | drawdown is signi�cantly less but seawater intrusion is much more pronounced
and the interface is nonstationary. These e�ects feed back into eachother: the inux of
seawater is spurred by the nearby high pressure head gradients in the unsaturated zone
and around the drawdown cone, and in turn this seawater serves as a ready source of
water for the pumping well, limiting the water table drop.

A feature that emerged clearly in the scenarios, and that was supported by the limited
observation data, is that under uniform e�ective annual in�ltration but steadily increas-
ing pumping from the aquifer, the saltwater front moves inexorably inland, for a total
distance after 35 years of up to 1 km. The approach undertaken in this study to setting
up an information management and modeling system for the Korba site, containing ex-
tensive (though incomplete) geospatial and hydrogeological data from various sources, is
currently being applied to two other coastal aquifers in semi-arid regions (Sardinia, Italy
and Sahel, Morocco) that are highly sensitive to degradation by saltwater intrusion. GIS
and numerical models can be extremely useful tools for water resources management,
but require consistent data support, in particular continuous monitoring of relevant pa-
rameters and processes. In these and future studies the need for closer interaction and
coordination between monitoring and modeling must therefore be encouraged.
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