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Abstract The Gaza Strip coastal aquifer is under se-
vere hydrological stress due to over-exploitation. Ex-
cessive pumping during the past decades in the Gaza
region has caused a significant lowering of groundwater
levels, altering in some regions the normal transport of
salts into the sea and reversing the gradient of ground-
water flow. The sharp increase in chloride concentra-
tions in groundwater indicates intrusion of seawater
and/or brines from the western part of the aquifer near
the sea.

Simulations of salt-water intrusion were carried out
using a two-dimensional density-dependent flow and
transport model SUTRA (Voss 1984). This model was
applied to the Khan Yunis section of the Gaza Strip
aquifer. Simulations were done under an assumption
that pumping rates increase according to the rate of
population growth, or about 3.8% a year. Model pa-
rameters were estimated using available field observa-
tions. Numerical simulations show that the rate of sea-
water intrusion during 1997-2006 is expected to be
20-45 m/yr. The results lead to a better understanding
of aquifer salinization due to seawater intrusion and
give some estimate of the rate of deterioration of
groundwater.

Résumé L’aquifere cotier de la bande de Gaza est
soumis a une tres forte pression hydrologique du fait de
sa surexploitation. Les pompages excessifs au cours des
dernieres décennies dans la région de Gaza a provoqué
un abaissement significatif des niveaux de la nappe, en
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modifiant dans certains secteurs le transport normal de
sels vers la mer et en inversant le gradient d’écoule-
ment souterrain. La tres forte augmentation des te-
neurs en chlorures dans la nappe doit étre attribuée a
une intrusion d’eau de mer et/ou de saumures depuis la
partie occidentale de I’aquifere proche de la mer.

Des simulations d’intrusion marine ont été réalisées
en utilisant un modéle SUTRA en deux dimensions a
écoulement et transport dépendant de la densité (Voss,
1984). Ce modele a été appliqué au secteur de Khan
Yunis de I'aquifére de la bande de Gaza. Les simula-
tions ont été faites en supposant que les débits pompés
augmentent au méme rythme que la population, soit
3,8% par an. Les parametres du modele ont été estimés
a partir des observations de terrain disponibles. Les sim-
ulations numériques montrent qu’il faut s’attendre a
une progression de I'intrusion marine pour la période
1997-2006 de I'ordre de 20 a 45 m/an. Ces résultats per-
mettent de mieux comprendre la salinisation de I’aqui-
fere par l'intrusion marine et fournissent une estima-
tion du taux de dégradation de la qualité de ’eau sou-
terraine.

Resumen El acuifero costero de la Franja de Gaza se
encuentra en sobreexplotaciéon. El bombeo excesivo en
la regiéon de Gaza durante las dltimas décadas ha cau-
sado un importante descenso de los niveles piezométri-
cos, alterando la situacién natural de transporte de
sales hacia el mar e invirtiendo el gradiente de niveles
de agua subterranea. El brusco incremento en las con-
centraciones de cloruros en el agua subterranea indican
intrusién de agua marina y/o de salmueras de la parte
oeste del acuifero, cercana al mar.

Se llevaron a cabo simulaciones de la intrusién sali-
na usando el modelo bidimensional de flujo y trans-
porte con densidad variable SUTRA (Voss 1984). Este
modelo se aplicé al sector de Khan Yunis, en el acui-
fero de la Franja de Gaza. Las simulaciones se llevaron a
cabo bajo la hipdtesis que los bombeos se incrementa-
ran de acuerdo con el ritmo de crecimiento de la pobla-
cién, que es del 3.8% anual. Los pardmetros del mod-
elo se estimaron a partir de las observaciones de cam-
po. Las simulaciones numéricas muestran que el avance
esperado de la intrusién durante 1997-2006 serd de 20-
45 m/afio. Los resultados conducen a un mejor cono-
cimiento de la salinizacién del acuifero por intrusién
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marina y proporcionan estimaciones sobre la velocidad
de degradacién del mismo.

Key words Gaza Strip - numerical modeling -
overexploitation - salt-water/fresh-water relations -
groundwater management

Introduction

In arid and semi-arid regions, such as the Middle East,
water resources are under escalating stresses due to an-
thropogenic activities. This trend is significant especial-
ly along the Mediterranean coast, where development
of the resource has been based upon extensive use of
groundwater reservoirs. Modern technology has ena-
bled greater utilization of both shallow and deep
groundwater reservoirs, especially near the sea, where
parallel growth of population, agriculture, and industry
has occurred. Long-term aquifer overexploitation near
the sea shore creates an ever-increasing gap between
available supply and demand for water, which leads to
deterioration in the quality of this resource (US EPA
1990; Ford et al. 1992; Heatwole et al. 1992; Hrkal
1992).

Near the sea shore, the main source of salinization
of groundwater is recent seawater intrusion (as much as
35 g/kg TDS, or 20 g/kg Cl) as, e.g., in the Israel coastal
plain aquifer (Melloul and Azmon 1997) and in the
Suani well field at Tripoli, Libya (Suleiman and El-Ba-
runi 1995). Additional sources of Cl, such as very salty
water or brines with more than 20 g/kg CI, occur as
lenses in the deeper aquifer in the southern part of the
Gaza Strip coastal aquifer (Fink 1970). In the Gaza
Strip coastal aquifer, the presence of brines has been
observed in deep zones in some observation wells in
different areas (Fink 1970). Seawater and brine sources
may be altered due to intensive exploitation of the
aquifer. Since the beginning of the 1970s, many studies
have described the hydrological situation of the Gaza
strip (Fink 1970, 1986; Melloul and Bachmat 1975; Mel-
loul and Bibas 1992; Juanico et al. 1992; Melloul and
Collin 1994). Another previous work deals also with
the prediction of groundwater and chloride concentra-
tions using extrapolation of graphs based on field data
(Chetboun and Melloul 1973), but it did not evaluate
the effect of seawater intrusion into the aquifer.

The Gaza Strip coastal aquifer is composed of layers
of dune sand, sandstone, calcareous sandstone, and silt,
with intercalations of clay and loam of different per-
meabilities. Near the sea shore, the effects of existing
salinization sources may differ from place to place due
to the variability in hydraulic conductivity and flow vel-
ocities. These differing effects are explained by pollu-
tant characteristics, the heterogeneity of the aquifer
media, the geological structure, and the changes in
groundwater gradients that result from management
procedures, as explained by the laboratory experiments
done by Goldenberg et al. (1986, 1993). These studies

Hydrogeology Journal (1998) 6:549-559

indicate that the heterogeneity of the aquifer is a prac-
tical issue when dealing with groundwater reservoirs.
The scale of such variability depends only upon the ob-
servation scale (Fayers and Hewett 1994).

Considering these problems, a significant question is
how to assess the dynamics of groundwater and of sol-
ute during a period of massive exploitation of the
aquifer. Computer simulations using an adequate math-
ematical model can yield plausible explanations. In this
study, the SUTRA code (Voss 1984) was used to simu-
late the cross-sectional density-dependent water flow
and solute transport in the Khan Yunis portion of the
Gaza Strip coastal aquifer. The model was calibrated
on the available field data and used to predict seawater
intrusion until the year 2006. Locations are shown in
Figure 1.

Hydrogeological Background

Figure 1a shows the location and general map of the
Gaza Strip. The coastal aquifer of the Gaza Strip region
is a Pleistocene-age granular aquifer. It extends from
Ashgelon in the north to Rafah in the south, and from
the seashore on the west to the Isracli settlements Erez,
Kissufim, Nirim, and Nahal Oz on the east (Figure 1a).
For management purposes, the aquifer of the Gaza
Strip is subdivided into four regions: Gaza, Nuseirat,
Deir el Balah, and Khan Yunis/Rafah. Each of these
regions is subdivided into cells, hydrologic strips, and
columns (Figure 1a).

This study concerns the Khan Yunis section. A typ-
ical hydrogeological section is shown in Figure 1b. In
most of this area, the coastal aquifer is composed of
layers of dune sand, sandstone, calcareous sandstone,
and silt, with intercalations of clay and loam. Some of
them are lenses; others begin at the coast and separate
the aquifer into various subaquifers, designated as A,
B1, B2, and C (Figure 1b). Subaquifer A is phreatic,
whereas B1, B2, and C become confined toward the
sea. The aquifer overlies marine clay of Neogene age,
known as the Saqiye Clay aquiclude (Fink 1970; Mel-
loul and Bachmat 1975).

In the eastern and southern portions of the Gaza
Strip, the aquifer is relatively thin; its thickness is about
30 m at 11 km from the sea shore (Figure 1b), and there
are no discernible subaquifers. The existing connection
between the coastal aquifer and the Eocene aquifer
(the latter appears only at a distance more than 30 km
from the sea shore) results in highly saline groundwater
in the eastern portion of the coastal aquifer; therefore,
the level of exploitation there is low (Melloul and Col-
lin 1994).

The amount of exploitation of the coastal aquifer in
all the Gaza region is based on data from approximate-
ly 2000 wells; average density is about 5 wells per km?.
In the area of study, the density of wells is less than 4
wells per km?. This lower value reflects a lower popula-
tion density and less exploitation of the aquifer than in
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Figure 1 a Location and general map of the Gaza Strip showing
study area and b section A-A’

the northern portion. In the western side of the area,
between Rafah and Khan Yunis, the presence of sand
dunes with high sand permeability results in high re-
charge of the aquifer. In most of this area, exact data
about the depths of the wells are absent. Depth of most
of the pumping wells is 5-10 m below the groundwater
level. Therefore, the depth of wells was estimated on
the basis of topography and mean groundwater-level
data.

Hydrogeology Journal (1998) 6:549-559

Up to 5 km inland from the seashore, the exploita-
tion of the aquifer is mainly limited to the upper sub-
aquifers A, B1, and the eastern portion of B2. There, the
groundwater is fresh and has a relatively low rate of
salinity increase. Exploitation from deeper subaquifers
(mainly in the western portion of subaquifer C) is lim-
ited because the water samples have a salinity that is
greater than that of seawater. It is assumed that in the
study area the deepest subaquifer is sealed from the sea
by impervious formations (Fink 1970; Melloul and
Bachmat 1975).

A relatively recent hydrological assessment of the
Gaza Strip aquifer was done by Melloul and Collin
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(1994) on the basis of estimates of components of the
water balance. Estimated pumping in all the Gaza Strip
region during 1970-90 was 70-100 MCM/yr (Million
Cubic Meters per year). The recommended pumping,
as noted in Melloul and Bachmat (1975), is about
55 MCM/yr. Thus, an over-pumping of 15-45 MCM/yr
is occurring. This overdraft resulted in a decline of
groundwater levels in the Gaza Strip, as shown in the
hydrographs of Figure 2. This figure depicts the average
water-table levels between 1970 and 1993, based on
representative wells located along the sea coast, in the
western and eastern portions of the aquifer. A general
decline in groundwater levels occurred up to 1986,
moderate decline occurred between 1986 and 1990, and
an increase of 0.5-1.0 m occurred after the rainy season
of 1991/92, when the amount of rainfall exceeded the
average (about 260 mm in the study area) by 200%.
After these years, it is assumed that the hydrological
overdraft was significantly smaller than during the pre-
ceding years. The reasons for this assumption are: (1)
the increase of natural recharge due to heavy rainfall
during 1991/92; (2) evaporation was reduced due to
new methods of irrigation (changes from furrow irriga-
tion to drip and sprinkler irrigation); (3) due to the in-
crease of groundwater salinity, some wells were shut off
and thus the pumping rate was reduced; and (4) man-
agement decisions encouraged the use of groundwater
for drinking purposes at the expense of irrigation.
However, when considering the growth of population
and the development that has characterized this area
during recent years, the pumping rate may actually
have increased. Near the sea, where relatively low
groundwater levels already exist, this increase would
cause the continuation of the intrusion of seawater and
brines that are known to exist in the lower subaquifer
(Melloul and Collin 1994).

Additional sources of groundwater salinity in this
area are: (1) the flux of saline water coming from the
Eocene aquifer in the east; and (2) pollution sources on
the ground surface, such as effluent irrigation, domestic
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Figure 2 Average groundwater levels in storage cells, 1970-93
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land-use effluents, solid waste, etc. (Juanico et al. 1992).
As a result, the quality of drinking water in the Gaza
Strip has deteriorated significantly. This deterioration
is expressed by changes in chloride levels between 1970
and 1993. The aquifer-wide salinity increase is about
6 mg/kg yr~! in inland regions of the Gaza Strip, result-
ing mostly from anthropogenic activity. For example, in
some parts of the Nuseirat and Deir el Balah regions
(Figure 1a), the groundwater has high chloride concen-
trations (greater than 0.6 g/kg), and therefore is not
recommended for normal agricultural irrigation pur-
poses. Relatively fresh water (with CI less than 0.25 g/
kg) occurs in the northwestern and in western portions
of the study area, and in its southwestern portion along
the seashore.

Some portions of the Gaza Strip aquifer have shown
sharp increases in chloride concentration that are prob-
ably due to seawater intrusion or brines (Fink 1986;
Melloul and Bibas 1992). High salinity already occurs
in areas where groundwater chlorographs indicate CI
concentrations greater than 1 g/kg, with a rate of in-
crease that is more than 20 mg/kg yr™' (Melloul and
Azmon 1997). Figure3 demonstrates the observed
changes of Cl concentration in groundwater from two
wells in the study area at distances of 300 and 325 m
from the sea. These chlorographs display a low concen-
tration of Cl until 1980, indicating no effects of seawa-
ter intrusion. From that year onward, the Cl concentra-
tion increased at a much greater rate. Only a massive
and continuous salinity flux, such as seawater or brines,
could account for such increases of groundwater salini-
ty (Melloul and Azmon 1997). Observations at a few
observation wells (most of them now destroyed), indi-
cated that the extent of seawater intrusion varies
among subaquifers (Fink 1970). In hydrological strips
81 to 85 (Figure 1a), seawater intrusion into the upper
subaquifers (A, B1, and B2) is estimated to occur
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Figure 3 Observed and simulated Cl concentrations in two wells:
well L91, 325 m from the sea coast, 10 m below the sea level; well
1.93, 300 m from the sea coast, 10 m below the sea level
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500-1000 m inland from the sea coast (Melloul and Bi-
bas 1992). In this area, relatively fresh groundwater
still occurs in the upper subaquifers, whereas in the
deepest subaquifer at about 1000 m from the sea coast,
groundwater salinity is 40-60 g/kg TDS (a concentra-
tion greater than that of the seawater). The high salini-
ty may indicate lenses of brine trapped at the bottom of
the subaquifer C. Lowering the water pressure in the
upper subaquifers by pumping could induce their salin-
ization by leakage of saline water from the deepest sub-
aquifer. The general pattern to be expected upon the
onset of groundwater deterioration by intrusion of sea-
water and brines is influenced by aquifer characteristics
and anthropogenic factors. Thus, to aid in any further
operational activity, the use of a mathematical model is
valuable in helping to understand and predict the dy-
namics of solute migration.

Methodology

Data Collection

Data were collected under the guidance of the Israel
Hydrological Service (IHS) during 1970-90. Some data
are from more recent monitoring. Water samples were
taken from the aquifer at locations less than 1500 m
from the sea coast. The data also include a period of
time preceding the onset of significant anthropogenic
degradation of the environment that has occurred in re-
cent years. The relevant field measurements were taken
between the coast and the salt-water/fresh-water inter-
face using a network of observation wells that moni-
tored electrical resistivity and water-table levels. These
existed only for the year 1970. During other years,
chemical data were obtained only from pumping wells.
Water levels and chloride-concentration data were rou-
tinely incorporated into the coastal aquifer database of
the THS (Hydrological Service Situation Report 1994).
In this study, the Cl ion was chosen as a tracer to char-
acterize the processes of groundwater salinization. This
choice is based on the fact that Cl concentrations may
be determined accurately at low concentrations and
that Cl does not react with the aquifer matrix material
(White 1977; Konikow and Rodriguez 1993).

Mathematical Model

The SUTRA computer code (Voss 1984) was used for
simulations of seawater intrusion into the coastal aquif-
er of the Khan Yunis region. The mathematical model
is based on two-dimensional vertical cross-section
equations of fluid density-dependent flow and a single-
solute transport in the unsaturated and saturated zones
(Voss 1984; Souza and Voss 1987). The two primary
variables are fluid pressure (p) and solute concentra-
tion (c), expressed as a mass fraction. The porous me-
dium above the groundwater level is partially filled
with water and a negative pressure is defined in that
zone. To introduce the soil-water retention curve and
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the unsaturated hydraulic conductivity, the following
relations were used (Van Genuchten 1980), respective-

ly
Se,= [1 +(_ alﬂ)n]m
KZKSS;)S [1 _ (1 _Sel/m)m]2

ey
)

where S.=(6—6,)/(6,— 0,), 6, is irreducible water con-
tent, 6, is the water content at saturation, ¥(=p/pg) is
the matric pressure head, p is fluid density, g is the
gravity acceleration, K; is the saturated hydraulic con-
ductivity of the soil, « and n are Van Genuchten model
parameters, and m=1—1/n.

The coupled water-flow and solute-transport equa-
tions are solved simultaneously by the finite-element
method for a two-dimensional vertical cross section.

Finite-Element Mesh

The present study focuses on the seawater intrusion
along hydrologic strip 85 crossing Khan Yunis (Fig-
ure la). A schematized cross section with finite-element
mesh and assigned boundary conditions is illustrated in
Figure 4. The nonuniform finite-element mesh for sim-
ulations with SUTRA is composed of 8064 quadrilat-
eral finite elements (8281 nodes; not all of them are
shown in Figure 4). The left and right boundaries of the
simulated region are assigned at the seashore and
11 km inland from it, respectively. The upper boundary
is at the land surface, and the lower boundary corre-
sponds to the aquifer bottom. The horizontal size of the
mesh changes from 10 to 25 m in the 3-km zone near
the sea, increases to 200 m between 3 to 7.5 km, and
decreases to 50 m at the distance of 7.5 to 11 km. The
vertical size of the grid increases from 0.2 m at the land
surface to 4 m at the aquifer bottom.

Parameters
In order to make a reliable prediction with the model,
estimates of parameters are needed for each aquifer
layer. One approach is to use experimentally based pa-
rameter values and history fitting between simulated
and observed groundwater levels and solute concentra-
tions. However, this procedure does not guarantee a
unique set of model parameters, especially in the case
of a highly heterogeneous hydrogeological system like
the Gaza Strip coastal aquifer. In such a case, a sensitiv-
ity analysis can be performed to estimate the effect of
parameters on model prediction and to obtain certain
bounds for the latter. The ranges of aquifer parameters
used in the simulations are presented in Table I. The
values of saturated hydraulic conductivities were esti-
mated from pumping and laboratory tests. The water-
content saturation () is considered to be equal to the
porosity. Parameters 6,, «, and n for the Van Genuch-
ten’s relations (1) and (2) are from Yates et al. (1992).
The estimate of a range for the transport equation
parameters, i.e., the longitudinal (a; ) and vertical trans-
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Figure 4 Finite-element grid and boundary conditions for the
cross-sectional problem of salt-water intrusion in the Gaza Strip

verse (ar) dispersivities, are based on published data
(Gelhar et al. 1992). At a given scale, the longitudinal
dispersivities may be 1-3 orders higher than the vertical
transverse dispersivities. In the area of sand dunes of
the Gaza Strip, thin lenses of very fresh water (thick-
ness of 50-100 cm) occur very close to the sea on top of
the saline water (Melloul and Collin 1994). To simulate
such a narrow transition zone, very small dispersivity
values are needed (smaller than presented in the Ta-
ble 1). However, the a; and a; values should also be
associated with the finite-element cell size to decrease
the numerical dispersion and spurious oscillations
(Voss 1984). Yet, decreasing the cell size and increasing
the number of mesh nodes leads to a sharp increase in
computer time consumption. Therefore, these narrow
lenses of fresh water were not simulated.

Table 1 Aquifer parameters used in the simulations?®

Boundary Conditions and Internal Sinks
The boundary conditions for both flow and transport
problems are shown in Figure 4.

A Neumann-type of no-flux boundary condition was
assigned to the bottom of the aquifer (impermeable
aquiclude); the part of the left boundary corresponding
to the subaquifer C (since it is assumed that this suba-
quifer is sealed from the sea); and the part of the right
boundary above the groundwater level (unsaturated
zone).

A Dirichlet-type of boundary condition was assigned
to the residual parts of the left (subaquifers A, B1, and
B2) and the right (below the groundwater level) boun-
daries. For the flow problem, a constant pressure was
prescribed at these boundaries as p(z)=pi(z-z0i)g,
where p; is the water density (1025 and 1000 kg/m? for
left and right boundaries, respectively), z is the vertical
coordinate, and zy; is its value at the aquifer bottom.
For the transport problem, a constant concentration of

Parameters Sand Sandstone Clay

Hydraulic conductivity, K, (m/d) 10-150 (30) 5-75 (15) 0.001-0.05 (0.01)
Water content at saturation, 6, 0.40 0.35 0.45

Irreducible water content, 0, 0 0.06 0.1

Parameter in Eq. (1), @ (m™) 1.73 0.562 0.156

Parameter in Eqgs. (1) and (2), n 7.80 3.27 1.17
Longitudinal dispersivity, a, (m) 2.5-25 (12.5) 2.5-50 (25) 5-100 (50)
Transverse dispersivity, a; (m) 0.1-1.2 (0.25) 0.1-2.5 (0.5) 0.2-5 (1.0)

# Values in parentheses indicate the best-fitted values of parameters

Hydrogeology Journal (1998) 6:549-559
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chloride equal to 20 g/kg and 1.6 g/kg was assigned be-
low the groundwater level at the left and right boundar-
ies, respectively.

A Neumann influx-boundary condition was assigned
at the land surface. The averaged water-flux values
through the land surface include net infiltration due to
rainfall and return flow. Infiltration ranged from
13-156 mm/yr, depending on the distance from the sea
coast, as shown in Figure 5. The return flow was esti-
mated as 20% of the total pumping in the year 1988/89
(Melloul and Collin 1994) and was kept constant
throughout the entire simulation period. The chloride
concentration of the infiltrated water was taken as
0.05 g/kg. In this study, the process of salinization due
to infiltration of contaminated water from the land sur-
face is ignored, because its effect is small compared to
salt-water intrusion near the coast. An estimate of
groundwater contamination in the Gaza Strip by an-
thropogenic chlorides, organic surfactants, and nitrates,
which results in flow of surface water through the va-
dose zone, is given by Zoller et al. (1998).

To simulate the effect of pumping stress on the
aquifer throughout strip 85, several internal sinks were
assigned (Figure 4). The total value of the temporal
pumping (P.,,) within strip 85 for each year was extrap-
olated from the actual pumping value (3.77 MCM) in
1988/89, as shown in Figure 6. The extrapolation was
done under the assumption that the pumping rate in-
creases 3.8% per year, the annual growth of popula-
tion. Specific sinks were assigned to represent pumping
wells. Their flux values account for the accumulation of
the actual pumping in their vicinity during 1988/89.
Each nodal value of flux was then evaluated as a per-
centage of the total P, pumping for that year. This per-
centage was assumed to be constant throughout the sim-
ulation period from 1949-2006. The percentage of
pumping as a function of distance from the sea coast is
shown in Figure 7.

200
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50 4

Average infiltration rate (mm/yr)

: [T1]

T T T t 1 T y y t 1
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Distance from the sea coast (km)

Figure 5 Relation between infiltration rate through the land sur-
face and distance from the sea coast
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Figure 7 Relation between relative pumping and distance from
the sea coast

Initial Conditions

The steady state of the hydrogeological system was
identified by long-term transient simulations from arbi-
trary initial conditions until the system stabilized (Sou-
za and Voss 1987). The initial water level is assumed to
change linearly from 0 to 11 m above sea level at the
left and the right borders, respectively. The initial chlo-
ride concentration was taken as 0.1 g/kg everywhere ex-
cept in the lower subaquifer C, where it was assigned as
40 g/kg to a distance of 1 km from the sea coast. The
initial distribution of the pressure was calculated using
this information, according to hydrostatic equilibrium.
The computations began with the above-mentioned
boundary and initial conditions to simulate a steady-
state distribution of heads and concentrations. No
pumping was assigned. The simulations were carried

© Springer-Verlag



556

out for the periods of 50, 100, and 200 yr. The results at
100 and the 200 yr were similar, i.e., the system stabil-
ized after about 100 yr. Water with a Cl concentration
of 10 g/kg (which is half the relative concentration of
seawater) penetrated (not shown) to distances of about
25, 35, and 60 m from the sea coast in the subaquifers
A, B1, and B2, respectively. Using the obtained results
as initial conditions, pumping values equal to the half
of the pumping for 1949 (based on the extrapolation
shown in Figure 6) were prescribed, and another simu-
lation was run to reach a new steady state. Once again,
100 yr was the period required to stabilize the system.
The results of the second simulation were then used as
the initial conditions for the transient problem of stress-
ing the aquifer by pumping during 1949-2006. The stea-
dy-state behavior was sensitive to hydraulic conductivi-
ties and had low sensitivity to dispersion parameters.

Simulation Results and Discussion

Simulations of the transient regime were carried out for
a wide range of the aquifer parameters listed in Table 1.
A sensitivity study was carried out in order to assess the
effect of the hydraulic conductivities (K,) and dispersiv-
ities (a, and ay) on the simulated groundwater level
and on the Cl distribution. The model is more sensitive
to the hydraulic conductivities than to the dispersion
parameters. Calibration of the model was based on the
sensitivity runs; results had to be consistent with the
available observations of groundwater levels and chlo-
ride concentrations. Estimates of the flow and transport
parameters are given in Table 1 in parentheses. Also
checked was the sensitivity of the model to the unsatu-
rated flow parameters 6,, a, and n, appearing in Ta-
ble 1. Groundwater level and salinity were insensitive
to 6,, a, and n values for sand and sandstone. This is
because a boundary-flux condition (with annual aver-
age infiltration) was applied at the land surface, which
created a low rate water flow in the unsaturated zone.
The values of the parameters 6,, «, and n for clay do
not affect simulation results, because the clay layers are
totally saturated.

On the basis of the calibrated model and the as-
sumed temporal pumping stress, the transient changes
in groundwater levels and of the Cl migration were sim-
ulated. Figure 8 compares the simulated and the ob-
served groundwater levels along strip 85. Consistent
agreement was obtained for 1985-96. Based on this,
some predictions of the groundwater levels were made
until the year 2006 (Figure 8). A considerable decline of
groundwater levels occurs due to pumping. Water lev-
els at 2.5 km from the sea coast are 2.3 m and 6.6 m be-
low the sea level in 1996 and 2006, respectively. Fig-
ure 3 compares the observed and the simulated CI con-
centrations for two wells; good and consistent agree-
ment was obtained.

Figure 9 shows the results of transient prediction for
Cl propagation into the part of the aquifer close to the
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Figure 8 Observed and simulated groundwater levels, strip 85,
1949-2006

sea, resulting in seawater intrusion as a consequence of
the pumping pattern. The extent of seawater intrusion
varies in subaquifers A, B1, and B2. Because the suba-
quifers are separated by clay aquitards with low hy-
draulic conductivities, Figure 9 shows the development
and propagation of salt-water “fingers,” corresponding
to the multi-layer configuration, during 1949-2006. Be-
cause a no-flux boundary condition was imposed along
the bottom and at the sea inlet to subaquifer C, a rela-
tively stable salt-water body occurs, corresponding to
the initial brine concentration in this subaquifer.

The graph in Figure 9 for 1949 demonstrates the re-
sults of the second ’steady-state’ simulation (with half
of the 1949 pumping flux). In subaquifer B2, the iso-
chlor 0.5 g/kg reaches a distance of 1000 m from the sea
coast, much farther than in the two upper subaquifers,
A and B1. The isochlor 10 g/kg (half of the relative con-
centration of the seawater) propagates to distances of
40, 50, and 75 m in the subaquifers A, B1, and B2, re-
spectively. Thus, the transition zone between saline and
fresh water in subaquifer B2 is much broader than
those in subaquifers A and B1. Yet, the prescribed dis-
persion parameters were the same in all of these sub-
aquifers. Following the previous assumption about the
existence of brine sources in subaquifer C (to a distance
of 1000 m), the appearance of a long plume with salini-
ty more than 0.5 g/kg in subaquifer B2 is explained by
the penetration of salt through the lower aquitard. This
process is enhanced by the lowering of pressure result-
ing from pumping in the upper subaquifers. The plume
propagates inland due to seawater intrusion (Fig-
ure9).

No seawater intrudes into subaquifer C, because it
was assumed that it is sealed at the sea border. A salin-
ity greater than 0.5 g/kg in steady state extends 1430 m
from the sea (Figure 9, year 1949). This remains practi-
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cally constant during transient simulations. Hence
transport in this subaquifer is probably controlled
mainly by diffusion.

Figure 10 demonstrates the propagation with time of
different isochlors in subaquifers A, B1, and B2. The
results of the simulations indicate that the expected ex-
tent of intrusion of water with CI salinity greater than
1 ¢/L is as given in Table 2. The rate of seawater intru-
sion during next decade is expected to be 20-25 m in
subaquifer A, 40-45 m in subaquifer B1, and 35-40 m
in subaquifer B2. These values are consistent with
those estimated for the northern part of the Israeli
coastal aquifer, which is also stressed by high pumping
rates (Melloul and Goldenberg 1997).

In addition, seawater intrusion was simulated for a
pumping scenario, following the same rate as in 1997,
until 2006. The results indicate that seawater intrusion
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Distance from the sea coast (m)

in 2006 for this scenario would be less (compared to the
previous simulations) by 50, 65, and 75 m in subaquifers
A, B1, and B2, respectively.

Table 2 Expected extent of intrusion of water with Cl salinity
greater than 1 g/L, as indicated by the simulations

Subaquifer Distance, m

1997 2006
A 450 650
Bl 750 1200
B2 1350 1750
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Figure 10 Relation between distance from the sea coast and
time, for isochlors of 1, 3, and 10 g/kg in subaquifers A, B1, and
B2

Conclusions

This study focuses on seawater intrusion in the Khan
Yunis section of the Gaza Strip coastal aquifer. Numer-
ical simulations were carried out with the SUTRA code
(Voss 1984), which is based on a 2-D cross-sectional
density-dependent flow and transport model. Transient
simulations were performed along a typical section of a
multi-layered groundwater system that is subject to
high pumping stresses. The results show significant de-
clines of groundwater levels (to as much as 2.3 m and
6.6 m below sea level in 1996 and 2006, respectively)
due to pumping. This process enhances seawater intru-
sion and deterioration of water quality in the aquifer.

Hydrogeology Journal (1998) 6:549-559

Numerical simulations under the assumption of an
annual increase of pumping rate of 3.8% indicate that
in 1997, the expected extent of water with Cl salinity
greater than 1 g/kg is as much as 450, 750, and 1350 m
in subaquifers A, B1, and B2, respectively. The ex-
pected rate of seawater intrusion during 1997-2006 is
20-45 m/yr.

It had been assumed that at the deepest subaquifer
C, water of very high salinity is trapped under a clay
layer with low permeability. However, simulations indi-
cate that seawater intrusion overrides the salinization
processes of the upper subaquifers by brine from the
deepest subaquifer. An increase in the pumping rate
may lead to a decrease of hydraulic heads in the two
upper subaquifers. As a result, the exchange by water
and salts with the lower subaquifer could be more in-
tensive at present.
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