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Abstract

The effects of base (sea or lake) level changes on the location and elevation of the
groundwater divide were examined in the hydrological system between the Mediterranean
Sea and the Dead Sea. Steady-state simulations were conducted with a 1-D analytical model
and transient conditions were simulated using FEFLOW groundwater modeling software.
Two hydrological scenarios were simulated: a) a transition to a new steady-state, following
the expected drop of 150 m of the Dead Sea level; and b) the time of the precursor of the
Dead Sea (Lisan Lake), some 20,000 years ago, when the lake level was about 250 m above
the present-day Dead Sea level and the Mediterranean Sea level was 120 m below its present
one. The results of the simulations show that the Dead Sea level drop has led to a progressive
decline in the groundwater level up to several kilometers inland from the shoreline. The
hydraulic gradient increases, and thus the discharge to the lake also increases at the expense
of the storage, and also due to a small enlargement of the recharge zone by a ~600 m shift of
the divide.

Broadly, the subsurface hydrologic system is compartmentalized into several sections,
separated by low permeability fold structures bounding the mountainous uplands. Most of the
groundwater recharge occurs in the uplands. Given this geometry and the available water
level measurements, analytical and numerical modeling results show that only changes in the
Dead Sea level and recharge rate result in dramatic changes for the scenarios examined.
Limited by the low permeability folds, the effects of the Dead Sea level on the groundwater
level are most pronounced in the vicinity of the Judea Desert lowland. The folds also greatly
limit migration of the groundwater divide associated with changes in the Dead Sea level.
Transient simulations show a peak increase of ~30% in the Dead Sea groundwater flux in ~75
years, resulting from drainage of lowland aquifers. After more than 500 years the
groundwater flux is expected to return to values no more than 4% higher than at the
beginning of the simulation. This small net increase is consistent with the small shift in the

groundwater divide.






1. Introduction

The effect of base level changes and the structural configuration on their related groundwater
systems in the world is very important, particularly where both marine and nearby inland base
levels below sea level were subjected to considerable current and young changes still within
the hydrological memory. In such cases, consequent shifts in groundwater divides , as well as
in groundwater flow gradients, depend strongly on the structural configuration in between.
Examples for systems where base levels (sea level) have changed in the recent past (20,000
years ago) are the Imperial Valley, California (e.g., Loetz et al., 1975, Kafri, 1984), the Afar
depression, East Africa (e.g., Fouillac et al., 1989) and the Qattara depression, Egypt (e.g.,
Thiele et al., 1970). In most cases, this subject was dealt with regarding changes in coastal
aquifers as a result of variations in sea level due to climate changes since the last glacial
period (.e.g,, Essaid, 1990). Other studies attempted to simulate the possible effect of global
warming and the consequent sea level rise on coastal groundwater systems (e.g., Sherif and
Singh, 1999; Oude Essink, 2001; Tyagi, 2005). A few studies discussed the effect of changes
in lake levels on their adjoining groundwater systems. Among the examples is that of Mono

Lake (e.g., Rogers and Driess, 1995).

The main objective of this study is to examine the response of the groundwater divide to both
natural and man-made changes in the elevation of the base levels. This was studied in the
groundwater system between the Mediterranean and the Dead Sea (DS) base levels. This
system represents an example which underwent, and is still subject to, considerable base level
changes, and is strongly controlled by the structural configuration. The effect of the
geological structure on the water divide was elaborated on by simulations that assessed future
and past groundwater levels, the discharge to the lake, as well as the location of the

groundwater divide.

2. Hydrogeological background

The main geological structure in the study area is the anticlinorium of the Judea and Samaria
mountains (Fig. 1), which by itself consists of a few NE-SW trending anticlines. The
anticlinorium dips to the coastal plain of Israel. The same configuration prevails in the east

where the structure dips in an undulating form toward the DS Rift. The western (Ramallah)



monocline is underlain by a reverse fault, and its influence on the hydraulic conductivity and

flow gradient has been analyzed previously (Yechieli et al., 2007).

The Judea Group Aquifer (JGA) discussed herein, which consists mainly of Cretaceous
carbonate rocks, is the largest active aquifer in Israel. This aquifer, some 600-700 m thick, is
recharged along the Judea and Samaria mountain crests of central Israel. It dips to the west
towards the Mediterranean coastal plain and to the east toward the Jordan River-DS valley.
On both sides, the aquifer is confined under a thick sequence of Upper Cretaceous and
younger layers . At the bottom, it is confined by Lower Cretaceous layers (Qatana Fm.) (Fig.
1b). To the west, close to the Mediterranean coast, the JGA carbonate sequence passes
laterally into the Talme Yafe Formation, of low permeability. This configuration, exhibited
on a W-E directed cross-section between the Mediterranean Sea and the Dead Sea Rift (Fig.
1b), assumingly does not enable hydraulic connection of the aquifer to the sea and blocks

seawater intrusion into the aquifer.

The aquifer is replenished along the mountain crests where a groundwater divide is formed
between the western and eastern drainage basins. The groundwater flows from the recharge
zone to the Mediterranean coastal plain in the western portion of the aquifer. Due to the
overlying confining layers and the assumed blockage of flow to the west by the Talme Yafe
aquiclude, the aquifer has apparently no connection to the sea. Thus, most of its past natural
drainage was through the large Yarqon and Taninim springs and at present most is pumped
through water supply wells and the rest is through the Taninim spring, north of the study area
(Fig. 1a).

To the east, groundwater flows toward the Dead Sea Rift (DSR) base level. Parts of the flow
emerge along the flow path as springs. Most of the flow down-gradient seems to be blocked
along the Rift margins by the impervious graben fill and as a result emerges in several
specific locations, which are also structurally controlled, through the large springs of Zuqim,

Qane and Samar (e.g., Guttman, 1998a; Laronne and Gvirtzman, 2005).

The groundwater system in Israel is, at present as well as in the past, controlled by two base
levels, namely the Mediterranean in the west and the DSR in the east. The present
configuration of the water divide between these two systems was studied by Matmon (1995).

During the young geological history, still within the hydrological "memory", both base levels



underwent drastic changes which affected their adjoining groundwater systems. The Dead
Sea level is presently declining at the rate of 1 m/year, a process that began in the 1960's
because of the negative water balance of the DS, due to the extraction of water from the north
(by Israel, Jordan and Syria) and pumping of the DS brine by the Dead Sea Industries (e.g.,
Lensky et al., 2005). This decline, in turn, results in a drop in the groundwater levels in the
adjoining groundwater system (Kafri and Arad, 1978; Kafri, 1982: Yechieli, 2006; Yechieli
et al., 1995). Another result of the drop in the DS levels was suggested to be an increase in
groundwater flow toward the DS (Salameh and El-Naser, 1999). In addition, the above-
described combined process is responsible for the ongoing process of sinkhole formation

along the DS coastal plain (Abelson et al., 2006).

The JGA is subdivided into a lower and an upper part (Fig. 2). The lower JGA consists
mostly of bedded, fine crystalline, somewhat chalky dolomite and limestone. The upper JGA
contains more coarse crystalline and sometimes reefal limestone and dolomite, interbedded
with chalky limestone and chalk. In the upper JGA, karst phenomena such as solution
channels, caves and open cracks are more abundant as compared to the lower JGA. Thus, the

upper JGA seems to exhibit a hydrologically more conductive sequence than the lower JGA.

In some previous studies by, e.g., Guttman (1980, 1998), Guttman and Rosenthal (1991), the
JGA in the study area was separated into lower and upper aquifers or sub-aquifers. However,
they pointed out that the two sub-aquifers in the eastern portion of the study area are
connected (Guttman and Rosenthal, 1991). The identical water levels in the Yericho 4 and 5
boreholes in both sub-aquifers support the connection between the two sub-aquifers. Thus,
the JGA is regarded in the present study as one hydrological unit, exhibiting somewhat

different hydrological properties in its lower and upper portions.

The groundwater of the JGA in the recharge zone and somewhat down-gradient is fresh, with
concentrations between a few tens to several hundreds mg/l Cl. To the east of the recharge
zone, salinities in the upper aquifer are low. Fresh water in the upper part of the JGA exists
even close to the DSR base level. In the lower part of the JGA and close to the DSR base
level, salinities varying between several hundred to over 10,000 mg/l Cl are attributed to
either mixtures of fresh waters with present day DS brine or with older trapped brines. Here,
the interface or interfaces (in the case of a multi-system) are detected, both hydrologically and

geophysically, between the fresh water and the underlying brine bodies (Kafri et al.1997;



Yechieli et al., 2001; Kiro et al., 2008). The interface between the fresh groundwater and the
DS brine (present CI concentration of ~220,000 mg/1) is shallow and of moderate slope due to
the large density difference between the fresh water and the brine (Yechieli, 2000).

3. The basic inputs for the model

The observations and assumptions which dictated the inputs to the model are as follows:

3.1 Rainfall and recharge

Average yearly rainfall values are constrained based on the data from the Israel
Meteorological Service. In most of the recharge zone, the rainfall is around 650 mm/yr (Fig.
2). These values drop sharply to 400 mm/yr in the eastern margins of the recharge zone and
farther east to less than 100 mm/yr near the DS. In the western part of the section, there is no
direct recharge to the aquifer since it is covered by a thick confining sequence. In the central
recharge zone, analogous to other regions of similar hydro-meteorological situations,
recharge ratios can attain a value of up to 50% of the total precipitation (e.g., Kafri and
Kessler, 2001). In the present study, a more conservative value of 40% recharge is used.
Following Guttman (1998), the recharge ratio in the eastern recharge zone is some 30% of the
precipitation. In the Judea Desert, more to the east, most of the area does not allow direct
recharge. In the limited areas of the Judea Desert where the JGA is exposed, due to the very

low precipitation, recharge seems to be very small and, for all practical purposes, negligible.

3.2 Groundwater levels and flow gradients

Water-level data along the cross-section studied are sparse and not synchronous.
Nevertheless, the obtained general configuration of the water table reflects the geological
structure. In the central recharge zone of the Jerusalem region water levels are between 450-
480 m above sea level (asl) and the divide is located close to the En Karem 3 borehole (Fig.
1b). Flow gradients are small, around 0.2%. In the eastern watershed, from the divide
eastward, the gradient (interpolated between the En Karem 3 and Jerusalem 5 boreholes) is
already steeper, around 1.5%. Farther to the east (between the Jerusalem 5 and Mitzpe
Yericho 2 boreholes, Fig. 1) the gradient increases to 5%. Towards the DS, the gradient is



again small, around 0.6%. In the western watershed, from the divide westward, the flow
gradient (interpolated between the En Karem 3 and Eshtaol 2a boreholes) is steep, around
5%. It is assumed that in this particular portion of the section, the 5% gradient is an average
of a steeper gradient in the flexure zone, as discussed by Yechieli et al. (2007). From the

foothill region westward to the coastal plain, the gradient is extremely small, less than 0.1%.

3.3 Estimation of hydrological parameters - transmissivities (T) and conductivities (K)

Hydrological parameters along the cross-section and its vicinity are relatively sparse and
variable. Some were obtained from pumping tests (Table 1) and some from previously
calibrated models. It is assumed that the K values are somewhat higher in the upper sub-

aquifer due to its geological features (e.g., karst, reefal limestone).

An attempt was made to find the general relationship between the structural positions and
their respective K values, obtained from pumping tests. The a-priori assumption was that
anticlinal structures are prone to develop a more intense open fracture network and as a result,
exhibit higher K values as compared to less fractured synclines with lower values. The K
values exhibit a reasonable correlation with the thickness of the overlying Mt. Scopus Group
sequence, which reflects the structural position (Fig. 3). Thus, in general, the higher K values
characterize elevated structures and the lower ones characterize the synclines, in both sub-

aquifers.

Accounting for the general geological structure, the model cross-section was subdivided into
five segments according to their K values. The main segments are: the central recharge zone,
the western coastal plain and foothills, the western structural flexure zone, the eastern flexure
and the Judea Desert (Fig. 2). The main segments were subdivided, in addition, based on
structural considerations and existing hydrogeological data. The following is a description of
the main segments, based on field data, on previous simulations and on the best estimates

from calibration in the current simulations.

3.3.1 The central recharge zone of the Judea Mountains

This segment of the model is characterized by the fact that only the lower, less conductive,

part of the JGA is saturated and the upper portion is in the vadose zone. T values obtained



from pumping tests are variable. Locally, low (10" m*/d) and high (10° m*/d) T values were
found. The respective calculated K values are 10 m/d and 10'm/d. A common T value of 10°
m’/d was also employed in previous models (Guttman, 1998; Berger, 1999). The saturated
thickness is mostly around 200 m and, in places in the SE of this area, up to 480 m. K values

are thus commonly around 1 m/d and the model was calibrated accordingly (calibrated values

of 1.3-2.6).

3.3.2 The western coastal plain and foothills

In this segment of the model, which crosses synclines and structural highs (Fig. 2), the entire
JGA is saturated and thus the upper more conductive portion of the aquifer is incorporated in
the system. T values, obtained from pumping tests (Guttman, 1998) and calibrated models
(e.g., Berger, 1999), were found to be up to 10* m*/d. The T values of both (connected) parts
of the JGA vary between 10" and 10* m*/d (Guttman, 1998) and the respective calculated K
values are between 1 and 10° m/d (calibrated values of 1-30 m/d).

3.3.3 The western flexure zone

This segment of the model represents a steep flexure zone, with an average 15° dip. Locally,
within the flexure zone, dips can be as high as 50°. The groundwater flow gradient from the
recharge zone through this flexure zone becomes very steep, indicating reduced K values.
These reduced K values in the western flexure zone are due to compression induced by the

folding of the anticline (Yechieli et al., 2007).
T and K values along the western flexure zone exhibit in fact a wide range of values between
10%- 10*m*/d and 10" — 10" m/d (Table 1). Very low K values were designated accordingly

in order to satisfy the steep gradient configuration (calibrated values of 0.1-0.2 m/d).

3.3.4 The eastern flexure zone

Similarly to the western flexure, low T values (~ 4 and 15 m’/d) were designated in the
eastern, although milder, flexure in a model by Guttman (1998). Low K values were also

designated accordingly herein (calibrated values of 0.3-0.6 m/d).



3.3.5 The eastern Judea Desert

This segment of the model consists of synclines and anticlines. In the structurally elevated
areas, only the lower part of the JGA is saturated; and in the synclines, also portion of the
upper part is saturated. The overall T values are, therefore, expected to be smaller than in the
west. Kronfeld et al. (1990) claimed, based on a natural isotope study, that flows in the lower
JGA in this area are slower compared to those in the upper JGA, which is in agreement with
the lower K values claimed here for that part of the JGA. T values from pumping tests are
rare, varying between 10” and 10* m?/d, and respective calculated K values are between 10™!
and 10" m/d. The above values seem to reflect different structural configurations as well as
variable specific local conditions. Accordingly, higher K values in the model were assigned to
the structural elevated areas and smaller ones to the synclines, namely calibrated values of

0.3-8 m/d.

4. Analytical and numerical modeling

The hydrogeological system between the base levels of the Dead Sea and the Mediterranean
Sea was examined by both analytical and numerical simulations. The first stage employed
the analytical approach in order to test the principle effects of a geological structure. The
second stage used the numerical simulations in which the specific hydrogeological conditions

of the present configuration were considered.

4.1 Examination of the effect of the geological structure on the location of the groundwater

divide — an analytical approach

The geological structure was a-priori assumed to have a significant effect on the location of
the water divide. Thus, the effect of the Judea and Samaria anticlinorium on the location of
the groundwater divide due to variations in the elevation of the base levels on both sides was
examined. This structural effect could be manifested in the distribution of the permeability
field (Yechieli et al., 2007), in the location of the recharge zone and in the geometry of the
base of the aquifer. Numerical and analytical simulations were run in order to examine
separately the effect of each of the above factors on the location of the divide in general and

specifically in the cases of a change in the level of the base levels.



An analytical solution is presented here for the hydraulic head distribution in a heterogeneous
aquifer which is divided into several homogeneous segments (Fig. 4). Assuming the Dupuit
approximation, the two-dimensional equation for steady-state flow in a homogeneous aquifer

could be reduced to a one-dimensional equation for a hydraulic head, /# (Bear, 1972):

T ﬂ +R =0 (1)
0x?
where the transmissivity is T=KB, K is the hydraulic conductivity, B is the thickness of the
saturated part of the aquifer, and R is recharge from rain. This approximation assumes that
the thickness of the saturated part of the aquifer is considerably larger than the hydraulic head
variations.

For a constant recharge the solution for equation (1) is:
R >
h(x)=———x"+bx+c 2
(x) o7 (2)

This solution can be extended for a heterogeneous aquifer which is by itself divided into
several homogeneous segments. For each segment, i, with recharge R;, and transmissivity 7;

the solution for 4; is:

R; >
hi(x)=—2—711x + by x+ ¢ 3)

1
where b, ¢;, are the integration coefficients. The boundary conditions are given at the left
(x=0) and right (x=L) edges of the aquifer. The aquifer is divided here into five segments and

the hydraulic heads are prescribed at the boundaries:

h_ =h,
W =he @)
-
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At the connection of segments 7 and i+1, two conditions are defined,

continuity of the hydraulic head:

R; ;2 Rivr 2
—27% Li+biLi+Ci:_ﬁl‘i+bi+ll‘i+ci+1 (5)
and continuity of flux:
R; R;
T{——lLierij=Ti+1(—l—+1Li+bi+1j (6)
T; Titi



For the five segments and four segment connections, equations 5 and 6 are repeated four
times for i=2, 3, 4, 5. Eight equations are written for the segment connections together with
two boundary conditions (eq. 4) yielding a system of ten linear equations for ten unknown b;
and ¢; (i=1-5). This set of equations is solved numerically and /(x) is calculated using

equation (3) for given recharge and transmissivity values.

The above analytical solution allows examining the effect of different factors on the
groundwater table configuration and location of the water divide between both base levels
(Fig. 4). Figure 4a shows the effect of the distribution of recharge along the traverse with a
uniform T of 1,000m*/day. In the simplest case of the uniform recharge, the water head is
parabolic with the maximum (water divide) in the center of the profile. The solution for the
case with the limited recharge zone in the central part of the traverse, reflecting the current
actual situation discussed above, is parabolic only within the rechargeable segment and linear
outside this segment. A slight asymmetric location of the middle segment leads to a small
westward shift of the divide location. In the hypothetical case of recharge confined to the

western part, the divide is significantly shifted to the west (Fig. 4a).

In the case of a uniform T, the location and the elevation of the groundwater divide is
considerably changed due to changes in elevation of the base levels (Fig. 4b). The case with
the equal base levels (Fig 4a) corresponds to the initial Pliocene time configuration. The
hydrological situation during the Late Pleistocene was a low Mediterranean Sea level of about
-120 m and a relatively high Lisan Lake level of about -180 m (Fig. 4b). The present
Mediterranean and DS levels (0 m and -395 m, respectively) and the predicted Mediterranean
and DS levels (0 m and -545 m, respectively) yield different results (Fig. 4b). The decline of
the DS level leads to a significant drop of the water table westward and a shift of the water
divide. The water divide drops to below zero and in the extreme case of the low standing DS,
enables continuous flow of water from the Mediterranean to the Dead Sea. This case is highly
hypothetical, since the T values are not expected to be uniform due to the effect of the
structure, as schematically presented in Figure 4c. The T differentiation reflects the existence
of a structure and some actual values of the five segments. The solution for the present levels
(0, -395m) fits the measured water-head values quite well (Fig. 4c). For the cases of the
Lisan Lake and the future DS (Fig. 4c), the variations in the elevation of the base levels cause
only a slight change in the location of the groundwater divide. The main conclusion from the

above simulations is that all hypothetical possibilities of a non existing structure yield

10



groundwater configurations which do not agree with the one actually observed . An existing
structure seems to be, thus, the major controlling factor on the groundwater table

configuration.

While the above analytical approach can examine quite well some of the effects of the
structure on the water divide, a specific hydrogeological situation can only be described by a
2-D numerical modeling. Following are the expected general differences between the
analytical and numerical modeling of the case studied: The analytical solution keeps constant
T-values in spite of changes of the aquifer thickness (B-value). Hence, this solution probably
overestimates change in the water level following the drop of the base level. Combining the
base level change, the thickness of the phreatic aquifer and the flow pattern requires a 2-D
numerical modeling, which is presented in the following section. The separation of the
aquifer into two sub-aquifers could not be simulated with the 1-D approach. Moreover, the 1-
D simulation could not consider the effect of anisotropy. The effect of the geometry of the

base of the aquifer could not be examined with the 1-D analytical simulation.

Due to the limitation of the 1-D analytical simulation in the present study, another set of
simulations was conducted with the 2-D FEFLOW numerical modeling. One of the main
differences is that the analytical approach could not simulate a transient scenario which was
necessary for the calculation of the change with time in discharge to the Dead Sea. The effect
of density-driven flow could not be simulated with the 1-D simulation and thus the location
of the fresh-saline water interface could only be determined with the 2-D code. The results of
the above analytical solution are good enough because the saline water body is found only in

a small portion of the model domain.

4.2. The 2-D FEFLOW code

4.2.1 Model configuration

The 2-D model coincides roughly with a W-E directed geological cross-section between the
Mediterranean and the DSR (Fig.1). The cross-section is perpendicular to the hydrological
equi-potential lines and it crosses near the few existing boreholes which yield available

relevant hydrogeological information for calibrating the model. The flow occurs in the Judea
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Group Aquifer (JGA), whose total thickness is taken as 700 m, the most frequent value,

where no direct information is available.

The lower boundary of the model is the impermeable confining layers of the Qatana Marl
(Fig. 1). The structural configuration of this boundary is based on the 1:50,000 structural map
(Fleischer and Gafsu, 1998). The upper boundary is the ground surface. The western
boundary is in the coastal plain. The eastern boundary is the DS base level and the graben fill

sequence.

The first step of the present study was to calibrate a 2-D E-W hydrogeological model between
the two base levels of the Judea Group aquifer, namely the Mediterranean Sea in the west and
the DSR in the east (Fig. 1). Satisfactory calibration consequently enabled simulation of both
the palaeohydrological configuration at the time of the last glacial period (end of the Lisan

Lake) and the future configuration related to the ongoing decline of the DS base level.

Since the purpose of the present work was only to get a rough estimate of the effect of the DS
level changes on the groundwater system, the spatial variations in the north-south direction
were ignored, and a representative east-west 2-D cross section was used. This is, of course, a
potential limitation to the model. The intention in the future is to simulate the situation again
in 3-D simulations, taking into consideration the geological structures whose axes are oblique
to the flow direction obtained from the simulation of the 2-D cross-section. This can be done
provided that more data becomes available regarding the spatial distribution of permeabilities

and water levels.

The FEFLOW numerical code (Diersch, 2005) was used for the 2-D groundwater model
simulation. Variable density flow was used to account for the DS brine/fresh water interface
(hereafter DS interface). The 2-D model was calibrated under steady-state conditions as of the
year 1960 in order to obtain values of hydraulic conductivity (Fig. 2). The 1960 DS level was
preceded by a 20 year, approximately constant level, and was considered an approximately

steady-state situation. The steady-state boundary conditions were set as follows:

The western boundary — This boundary was set in the coastal plain region, at a distance of
some 10 kilometers east of the Mediterranean shoreline, or at the Talme Yafe Formation. The

assumption here was that the aquifer is blocked to the sea but still drains northward to the
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Taninim spring (Fig. 1). Therefore, a specified head of +10 m and zero salinity were
attributed to this point. Hence the head boundary is related to the sea although there is no
simple hydraulic connection between the sea and the aquifer.

The eastern boundary (Dead Sea) — specified the DS level at 395 m below sea level (bsl) with
the specified head adjusted for DS brine density of 1.23 g/cm’ and salinity of 340,000 mg/1.
The upper boundary - Recharge zone — specified vertical influx of 7.12x10™ m/d (0.26 m/yr)
for the central recharge zone and 3.56 x10™* m/d (0.13 m/yr) for the eastern recharge zone,
yielding a total recharge of 4.9 mcm/yr per strip of 1 km-width where mem is a million cubic
meters.

The lower boundary — the impervious Qatana Formation of insignificant leakage.

A finite element mesh was constructed with approximately 9000 triangular elements. A
higher density of mesh elements was used in the DS interface zone and in the western flexure

zone in order to allow for a better resolution in these complicated areas.

Two general vertical zones of hydraulic conductivity were established to represent the
assumed K difference between the upper and lower JGA sequence. Further lateral sub-
divisions of these zones were based on transmissivity values obtained from aquifer test results
as well as on structural considerations (discussed above). The value of the anisotropy ratio
between maximal and minimal K was set at 10 - 100. A value of effective porosity of 0.07
(Kafri and Goldman, 2005) was used for the entire JGA sequence, and a value of 0.20 was
used for the DS coastal plain graben fill, whose horizontal hydraulic conductivity was set as
20 m/d. The dispersivity values were 100 m in the longitudinal direction and 10 m in the

transverse (vertical) direction.

The values of horizontal hydraulic conductivity were adjusted to enable matching the
computed water levels as close as possible to the measured levels at the six boreholes along
the model. The resulting steady-state water levels and the position of the DS interface are
shown below. The computed steady-state groundwater flows to the DS and to the
Mediterranean base levels are 2.6 and 2.3 mcm/yr/km-width, respectively (Table 2). The

simulated groundwater divide is located very close to the En Karem 3 borehole.
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4.2.2 Sensitivity analysis and examination of the effect of the lower boundary geometry

The calibration of the model yielded a fair agreement between the results obtained in the
simulations and the actual water-level data. Sensitivity analyses were conducted to examine
some of the factors that were used in these simulations (Fig. 5). These include the role of the
lower boundary of the aquifer and its geometry and the distribution of the different

conductivity values along the cross section.

The effect of the geometry of the lower impermeable boundary was examined by comparing
the results of the previously run simulation, that used a structurally controlled impermeable
boundary, with those of the new simulation that did not use such impermeable layer at the
bottom. In the latter case, the lower no-flow boundary is 1000 m below the previous case and
thus the geometry effect is insignificant. The latter simulations show lower water levels by
about 500 m than the previously calibrated case with the impermeable layer, which fits the
measured water levels. The uniform K case yields a result similar to the one obtained by the
analytical analysis for uniform T (Fig. 5a). These simulations show that the geological
structure, namely the geometry of the impermeable layer at the bottom of the aquifer,
determines the actual water level distribution. The effect of variations in K values on the
water level was found to be significant. For example, when K values of only the central

recharge zone are reduced to half, the water level rises significantly by some 60 m.

The effect of variations in K values (Fig. 5b) — When K values of only the central recharge
zone are reduced to half, the water levels rises significantly by ~60 m. When K values in this
zone are doubled only a small decrease in water level of the divide (few meters) is evident.
This can be explained by the fact that the water level in both flexure zones, east and west of
the central recharge zone, are constant in this simulations and determined only by the values
of flux and hydraulic conductivity. Therefore, an increase in K can not change significantly
the shape of the hydraulic gradient which is quite shallow as exhibited in the previous
calibrated run. On the other hand, a decrease in K can elevate significantly the water level due
to the piling effect. In both cases, no significant change is observed in the western and eastern
sectors of the section. A decrease in the K values of the flexure zone (Fig. 5b) affects
significantly the water level pattern in both the flexures and the central recharge zones but not
in the eastern and western zones. These simulations show that they are quite sensitive to

changes in the K values, especially in the central recharge zone.
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5. Simulations of past and future scenarios related to base level

changes — results and discussion

Following the calibration of the model to the current situation, two scenarios are simulated as
follows: the future scenario related to the expected continuous decline of the DS level and the
past scenario at the peak of the last glacial period represented by high levels of the Lisan
Lake.

5. 1 Simulations of the future DS decline scenario

The DS base (lake) level declined in the last fifty years at a rate of about 0.5 m/y and recently
at the rate of 1 m/y. It will assumingly reach a steady state following a drop of approximately
150 m (Yechieli et al., 1998). A future stepwise simulation of the DS level decline assumes
no significant future change of the Mediterranean base level. In the first simulation, the
salinity and density of the DS brine is assumed to be constant. At a later stage, a simulation
was conducted with a higher density (1.3 g/cc) and salinity (400 g/1), as expected in the future
for the DS following considerable evaporation (Fig. 6). Rainfall and recharge in the recharge
zone were assumed to be similar to the present-day amounts. The structural configuration, as

well as the hydraulic conductivities (K), will supposedly remain constant.

A transient simulation was performed for the future declining DS level, using the 1960 year
DS level (-395 m) as the initial condition with the present-day recharge flux. The estimated
rate of decline of the DS level is shown in Figure 7, as predicted by Yechieli et al. (1998).
The rate of the level decline is expected to decrease gradually to zero after 350 years,
dropping to an elevation of -545 m . It is assumed herein that thereafter the DS will remain

constant at that level.

The transient simulation was run for a period of 1000 years. The groundwater level and the
position of the DS interface from the beginning and the end of the simulation are shown in
Figure 6. The decline of the groundwater levels is primarily recognized in the eastern part of
the aquifer close to the DS, with insignificant water-level changes near the groundwater
divide. The change in the location of the groundwater divide at the end of the 1000 year

simulation is rather small, namely, a westward shift of about 600 m (Fig. 8).
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The change in the simulated groundwater flow rates to the DS is shown in Figure 7. The
increase in flow, during the drop of ~Im/yr of the DS levels, is from an initial steady-state
value of 2.6 mecm/yr/km-width in 1960 to a maximum of about 3.3 mcm/yr/km-width after
100 years. This increase is considered to be mostly due to steepening of the hydraulic
gradient and release of storage. At the maximum flow values, the increase in flow is about 0.7
mem/yr/km-width. The change in the drop rate of the DS levels after about 100 years (Fig. 7)
causes a change in the trend of discharge to the DS. The flow to the DS decreases until it
reaches a new equilibrium at about 2.7 mcm/yr/km-width after approximately 500 years,
namely an additional 0.1 to the original 2.6 mcm/yr/km-width. This relatively small
difference corresponds to the 600 m westward shift of the groundwater divide and the capture

of some additional flow to the east.

The above calculated increase of flow to the DS along a 1 km wide strip cannot be simply
extrapolated to the entire 50 km length of the western shore of the DS. This is mainly because
part of the flow might be oblique and not parallel to the W-E trending longitudinal model
section applied in this study, due to the complexity of the NE trending synclines and
anticlines. Moreover, the present study does not include the eastern (Jordanian) drainage
basin of the DS. A rough estimate yields an increase of less than 25% of the groundwater
flow to the DS, which is far below the values calculated for the DS by Salameh and El-Naser
(1999). The increase in flow is probably reduced by additional groundwater exploitation in

the drainage basins on both sides of the DS.

The predicted change in the position of the DS brine/fresh water interface due to the decline
of the sea level is shown by a dotted line representing the TDS of 170,000 mg/1, which is 50%
of'the DS brine salinity (Fig. 6). The obtained eastward shift of the interface is approximately
2 km. The simulation described of a higher brine density yields a fresh-saline water interface

of a milder slope, as expected.

5.2 Simulation of the peak of the last glacial period scenario

Some 20,000 years ago, the configurations of both base levels were considerably different.
The Mediterranean level was at 120 m bsl and that of the eastern Lisan Lake level, at

approximately -180 m bsl. Salinity of the Mediterranean Sea at that time was not
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considerably different from the present level. The salinity of the Lisan lake was half that of
the present DS brine (Katz et al., 1977; Begin, 2002) and water density was also lower. The

structural configuration and the K values were the same as at present.

There is a certain dispute concerning rainfall and recharge in the recharge zone. During the
time span discussed, average temperatures were assumed to be 10° C cooler than at present
(McGarry et al., 2004). At that time, C-4 type temperate grass vegetation prevailed and the
rainfall was claimed to be lower, around 250-300 mm/y (Bar-Matthews and Ayalon, 2003).
On the other hand, Enzel et al. (2003) showed a relationship between the DS levels and
rainfall, and claimed by extrapolation that the highest Lisan lake level is indicative of higher
average rainfalls than the present one. Despite the above differences, the combination of a
lower rainfall and lower evapotranspiration can yield a net recharge similar to that of a higher
rainfall and higher evapo-transpiration. Because of the dispute and the unknowns described,
the sensitivity of the above two possible scenarios, namely higher and present day rainfall and

recharge, were examined.

Steady-state model simulations were run with the following boundary conditions.

The western boundary — specified head of 120 m bsl and zero salinity.

The eastern boundary (Dead Sea) — specified lake level at 180 m bsl with specified head
adjusted for brine density of 1.115 g/cm’ and TDS of 170,000 mg/l, which is half of the
present-day density and concentration.

The recharge flux (two scenarios) —100% and 150% of present-day flux, representing the

assumed possible values.

The simulated steady-state water levels and flow rates are shown in Figure 9 and Table 2.
For the 100% recharge case, the steady-state flow to the DS is about 2.5 mcm/yr/km-width,
namely some 0.1 mem/yr/km-width less than that of the present-day case (Table 2). This is
explained by the 400 m eastward shift of the groundwater divide as compared to its present-
day location. The 150% recharge case exhibits a steady-state flow to the Dead Sea of 1.1
mem/yr/km-width greater than that of the present day. In this case, the divide is expected to
be in the same location and somewhat higher, and the flow to the Dead Sea and the

Mediterranean Sea are similar.
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The position of the DS brine-freshwater interface for the two recharge scenarios is shown in
Figure 9 as dotted lines representing 50% of the Lisan Lake solute concentration (85,000
mg/l). As expected, the location of the interface is 2-3 km west of the present-day interface,
due to the higher elevation of the lake level during the last glacial period. The two different
configurations of the interface correspond to the two recharge scenarios, whereby the most
eastward location corresponds to the larger recharge (150%) scenario. The interface is steeper
for the case of the Lisan Lake and shallower for the future DS situation, as expected, due to

the difference in the density of the saline lake water of these two cases.

6. Summary and conclusions

The effects of base level changes on related groundwater systems between both base levels in
the Mediterranean-Dead Sea system, were studied. The changes studied can assist in the
assessment of similar past processes that prevailed or still prevail elsewhere in the world. The
current rate of drop in the Dead Sea level is about 1 m/year. Regional scale simulations,
from the Dead Sea across the water divide in the Judea Mountains to the Mediterranean base

level, were conducted using the FEFLOW modeling code and an analytical solution.

Simulations were conducted for both future and past scenarios as follows: (1) 200-400 years
from now, when the predicted continuous drop of the DS level will supposedly attain a new
steady state about 150 m below the present one (2) the Lisan Lake period, some 20,000 years
ago with lake level at 180 bsl.

The results obtained are as follows: 1) In the first scenario, a progressive decline of
groundwater level is encountered to several kilometers inland from the DS shoreline. The
eastern hydraulic gradient increases due to the significant drop in the Dead Sea level. As a
result, the discharge to the DS is also expected to increase, at the expense of the storage. A
small westward shift of the divide of several hundred meters is also expected. 2) In the second
scenario, a rise in the groundwater level is observed in the simulations. Depending on the
amount of recharge, the flow to the Dead Sea might increase. An eastward shift of the divide

of about 400 m is also expected.

The geological structure was found to be a significant factor controlling the location of the

groundwater divide. This structural effect is manifested in the permeability distribution, the
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location of the recharge zone and the geometry of the base of the aquifer. A drop of the base
level has no considerable effect on the location of the divide in cases where there is a distinct
anticline between both base levels, whereas without this structure the water divide is expected

to shift several kilometers westward.

A comparison between the 1-D and 2-D simulations and the actual data shows that in many
cases the analytical analysis yields good results. The 2-D simulations are necessary for the
transient case where an estimate of the change with time is required (e.g., discharge to the
sea). The 2-D simulations are also important for the determination of the location of the fresh-

saline water interface.
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Table 2. Groundwater flow rates to the Mediterranean Sea and the Dead Sea

Tran/swnt Total Recharee Western Eastern Flow to the Flow to the

Scenario Steady- | (mem/ /kmsg* base level base Dead Sea Mediterranean

statey . (m) level (m) | (mem/yr/km) * | (mem/yr/km) *
Present day (1960) SS 4.9 +10 -395 2.6 2.3
Future (1000 yr) - -395 to
following Dead Trans 4.9 +10 2.7 22
Sea level decline -545
Lisan Lake Period
today)
Lisan Lake Period
(150% of today's SS 7.4 -120 -180 3.7 3.7
recharge)

e - values are given for a strip 1 km wide.

23




"89S PBI(J Y} 01 BIS UBDUBILIDNPIN oY} WOL UOI)IS-SS0ID [BI130[0930IpAY poyrdung *q

{(\V-V) uo1jo9s-sso1d Jo dewr uonedo ‘e i N3y

wy 02 09 0S ov o€ 0¢ 0l

! | ! | ! I u

JBW - oJeA oWl - AL oy W 006¢

[Jew - uojjewlsod eueled - YO :
sejeuoqes - dnois espnp - [oAs] Jeyem 7= | -000¢-
3|eyo - dnous) sndoog I\ - 05 IN dnoug eepnr eseq .----

dnoug espnp doy — — ~00G1-
Aydesbodoy — | | 0001-

.............. Al [008-

-0

ueld |e}seo)

] <
2 o)
= m P =008
I b 7 %. E =
bio] i H - =T x
> & 1) 8 S S10001L
m m = N w D
R 3 3 [ 005}
V. » o Jweepnp @ v 2
0002
(1se)w
3as3 MNM

I
o
N
o

241y uvpiop

oS ~ N
B e \..\;._‘A_

S

[N
Q
s @
up ds uoyex.
N
N
“ds wrutue], @
el
fo ayv7




VO 9} ul 931eyddI pue (p/ur) APARONPUOD JI[NBIPAY [BIUOZLIOY JO SINJBA PajeIqie)) :g dIn3iy

(w) eag ueauelBlpa| WO 3dUBISIq
000¢. 000¢9 000¢S 000¢v 000¢¢ 000¢¢ 0002}
_______._____..______..______.________.______.______._______..____|Oole
vOor eseg —| t
vor Jsemoj doy— | £000¢-
. vor dop—|
Aydesbodo) — woom }-
_— -000}- m
0z g /A - : T
1% 10 7 & L <
P | yNe | ¢ Sl - 00G- 2
8 Al 4 14 oL - o
9 17 €0 0¢ - 2
100 -0 3
LN 90 el . s
peaq 97 ALY S[Iy004 pue - 00g
113s3(] ugapng % SUIR[J [BISBO)) WIISIA\ [
2 - 0001
2anxap] =] = -
wysey | w < o M - 00G1
mm& %E\%w@ g [
v U077 ISIBYIIY [BIIUI) - - 000¢

353 MNM



"SONJBA 3] Pue AJAISSIWISURI} MO[ S) 03 anp 3s93 Surdwnd € JO 9SIn09 Y3 Ul UMOPMEBIP

9[qEIIPISUOD PANQIYXD pue Jnej Jolew e synqe A[qeqord ¢ oyoLd X ¢ (L00T “Te 32 [[AIYI3 & ) SUOZ dINXJ[J Y3 UIYIM UOIPUOD [BI0] SI

0} POJe[d1 9NJBA 3] MOJ B SBY B [ORIYSH :SUOSBAI FUIMO[[0J oY} 10 PIpN[oxd pue [euordooxs dre S9[oya10q § OYILId X PUE BZ [OBIYSH

"dnoin) sndodg 3N SWAISA0 Y} JO SSAUNIIY) SA ] :€ INSIY

sisAjeue uoissaibai Ul papnoul Jou ,

dnolo sndoog "\ 10 SsaudoIy] SA dnolg) eapnr Jo Y

S0 09¢ ez loeyys3| €l
¥0 °[0] GOYdLBA| 2l
€l 00€ Lekunuepy| L)
091 0c Z UojeAy ol
! 0+S G Inly 6
¥'e S.¢ € AnJeH 8
89 0 Linly L
o 0 g |oeys3y 9
9L 00 / |oeys3 S
€C 0 G |oeysy ¥
LY 88¢ P UIIDON €
¥S S9 1 Yoewsasiyoy 4
Le 8y Z OYdLBA adzyy !
(p/w) ¥ (w) g ‘ssauyoiy} uoijeuLio awepN ajoyaiog "ON
(w) g ‘ssauyoiy] uoneuwno
009 00S ooy ([0} 00¢ (0]0]3 0
1 1 L 1 L _\O
4%
«El @ xch e
6o~ 2
Ge
d =
LLe o 3
7598°0 = . m * =
. .
a22000-°656'65 =M Ze ‘
- 00l
Ol ¢
0001




"(qf 81 ur Se dwres) S[OAQ] ASeq JUIJIP JOUP SIO[0D JUIIPIP Y[, ‘AWAISSIWISURI) WLIOJIUN-UOU [IIM S[OAJ] ASBQ JO UOIJBAJ[D JO JOJH *d
"S[OAQ] dSBQ JUAIIFIP AJ0USP SIO[0D JUAIAPIP oYL, “(Aep/ W 000 =1 ‘AWAISIWUSULI} ULIOJIUN) S[OAS] OSEQ JO UOIIBAJ[D JO O *q

93IBYDAI ) JO SIUSIXD JUAIAIFIP A)OUAP $I0[0d YT, “(Aep/ tu 000 =L ‘ANAISIWUSUELI) ULIOJIUN) OFILYIAI 8} JO UOHEOO] AU} JO 100[JH B
"S9SED [[B UI JBIA/WIW ()G7 St UdYe) Sem IZIeyoy "OPIAIP JoJem Oy} JO UOIIBOO] J) JJOUIP SMOIIY "dIBMPOS PRIYIBIN YIM PIjonpuod

‘aonn[os [ednA[eue (-1 Sursn ‘QPIAIP 191eMPUNoI3 oy} JO UOIIBAJ[O PUB UOIIEI0[ Y} UO JOJJQ [BINIONIIS oY} JO UOIIRUIEXH :f dInSL]

(uny) ddueIsiq

09 0s ot 0¢ 0¢ 01 0
| | 1 1 1 1 Oool 1 1 1 1 1 1 OO@I
z . [~ .
U)X 93180y i ~, . ° L
- 00% ~ WXy 93reyooy 00~
Ly=L =L
0Ly 000t ooz 00z
llllllllll - = m
-0
- ¢ &
g
- 00¢ 00¢
[9A9] 191BM - ooy
painseajy +
009
v

) (7)) 1u9xH 81809y

(w) peoy

(w) pesy



eag peaQ l>|||l

“19§1nbe oy Jo syred JUAIAIJIP AY) UI ANATIONPUOD JI[NBIPAY ) UI SUOIIBLIBA JO 1O H °q
*7 9In31{ Ul USAIS Sk ST uoNqLISIP 93IBYIAI ‘SISBD [[€ 10

"A1)ow093 JO 109139 JUBOYIUSIS
ou yuM ‘(W 000 1) VOI JO 9seq Y1 M0[q A[qeIopIsuod Arepunoq d[qedwrodwur wojoq € yim uonngrisip 3 [e1dje] snodudgowoy — duly opding

VD[ JO aseq ay) e Arepunoq sjqedwrrodwul pue UoNNqLysIp 3 [eI9)e] SNOAUITOWOY YIm uonenuis A\ QI — dul] U1

VD[ JO 9seq ay) Je Arepunoq sjqedwrodwl ue yim uonenuis A\ O TId.] pareiqiyed — aulf yoe[g

"3 JO UOIJBIUAWIZAS [BIAIE[ UOIIN]OS [BITIA[BUR — JUI POY
"AIepunoq e yons jnoyim 3Sed B pue YO JO 9seq Y} Je Arepunoq d[qeawrodul po[[onuod [BINIONIIS Y :PANQIYXS dI8 SUOBINSIJuod JIseq OM], ‘B

"9p0d MOTAAA 2y} Sursn ‘siojowered [8o130[0930IPAY JUAIILIP JO suone[nUIS :§ INSI]

Wy
0 09 14 0 0 L
i L A R A S
3
08 0z 09 0§ (014 0€ )74 oL

: : . - 005-
{ i epyaioq |
: : L0 : 1 uonemnssqQ ¢ VOr aseq

! R \ 005~
11\ 2 m o
: m ;g = ]
: : k| —=.. a aInNAs
.I>| = e Buiydsad ou
N : ed8SPeN 7 o P
AR\ m I =1 o
: ; ; ; A 3
m w esSpan |
uonn|os
: . pajeiqied 00S %\E L=y)
: - uo vor

1®Y)G 0= t By uonn|os
: P IEG0=I . |[eonAjeue
; IFMZ=1) b D o
pajeiqijed L 00c
‘e



ooﬁ_v—w

(/8 007) Auryes axmng oy pue (1/3 (L) Anurjes Aep-juesaid oty

1u9sa1dar SIO[YO0SI AY [, 'SIBAA )(( [ Joye pue Judsaid je ‘eog pea(] oy} Jeau uoIeInSFuod 90eIojul JOJeMUSITJ/QULIq Paje[nwiIs Y} Jo dn-9sopo v 'q

(w) eag UBBUEBLIBYPBIN BY) W) BOUB)SI]

ooog ooooh ooomn ooﬁ_:.\. oo.wmw oommh

ooﬁ_uv\.

oom..nN

0002

VOr sseg

0001~

-006-

-008-

004~

-009-

-00S-

00~

20ep9U| JojeM Usal (SAL /6w 000'002) duuq 3NNy — — — —

aoepajul Jojem ysay (SAL /6w 000'0LL) duuqg jussald — — — —
(sl1eak 0001 Joye) |aAs] Jayempunolb aininy

383 |ona) 1eyempunolb Aep Juasalyg

AydeiBodo)

MNM

-00€-

T T T T T T T

(w) uonens|3

"STBOA ()00 JOYe ‘SOUO AININJ PAIB[NUWIIS PUR [OAJ] JOJEMPUNOIT JUISAI] 8 19 dINJL

(w) eag UBBUEBLIBNPAJ BY) WOLj BoUR)SI]

0004 00049 00045 000Ly 0002 00042 00041 0004
U T T o O O ] U 0 P A o oV Y I (T 5 O O 1 o T ] O o O W O o
8|0y810q UONBAIBSQ) s +-000€-
JA 000} Joye aoepaUl JaleMysay/aulg ANy — — — — I
20BUBIUI JBJEMYSBY/BULG UBSBl]  — — — — I 0002
JK 0001 Joye |aAs] 6 auning N
[ELE]] \pUNoJB Juasald r m
~000L- @
C 3
L 3
- >
= F 3
= Lo 2
eag N
PEENENENETS
—000L
0002
T T T T
3s3 MNM
e



"doIp [9A9] S a3 JO d3e1 Ay} ur dFueYd
oY} SMO[[0} S Y} 03 231eyOSIP I1djempunoid ur doip oy [, TOAJ[ e[ SUIUI[IIP NN Y3 03 NP BIS PeI(T Y} 03 MO[J JOJeMPuUNnoI3 pajenuis *q

(8661 Te 19 I[AIY0 & Io)e PALJIPOWw) [9AJ] BOS ped(q oy} ur doip ainnj pajewnsy e i/ 3Insiy

S00Z Jo)je Jea )y
0S6 006 0S8 008 0GZ 00 0S9 009 0SS 00S 0S¥ 00F 0SE 00E 0SZ 00Z 0GL 00L 0S O 0G-
owml L 1 1 L 1 L 1 1 L 1 1 1 L L 1 1 1 L -_ L mN
0¥S- + _ i 9z
025 F _— ! o
. m
I |
2 00s- + " M
o " 8
2 . 3
S (2]
m 08y w g
M = IF @ N <
5 09 S =
o -
2 (w) uoneas|3 sq & M
3 . g
» (4A7wow) moj4 o
o opr T E;
@
ozr- +
0o +

08¢- €€



‘9 pue g saIn31q ur uey) Jo3Ie|

SI QIO Q[BOS O} JBY) 9JON OUI[OIP [9A9] BIS P ININJ Y} 0} NP APIAIP Iojempunoid Yy} Jo Yiys ay) surmoys syied mo[] :8 3In3ig

(w) aoue)siq |eyuoziioH
0009% 000G¥ 000¥¥ 000¢t 000¢r

I I T T T T T A A T Y

yyed moj} ainyn4
yjed moy} Aep Juasaid M B

ERE

——
B m
- )
<
| \ i o
= 005 5
i 3
- w009~ =
apIAIp Juasald BPIAIP 8IN)N4 i
—009
\ —00.

Aydeibodo |

MNM [

_ 008



-uonzenys Juasaxd o) yum paredwod se (SOLIBUIS 318U 9,()S ] PUB 2,00[) Porrad uesrT oxeT oY) JO S)NSAI uonenuis :6 INSig

(w) eag uesueld)pPaN 2y} wWoJj aouelsiq

(w) uoneas|g

000.. 0009 000.8 000.¥ 000.¢ 000.L¢ 000.1 000.
T T T T O T I
T —000¢-
(abi1eydal 9,0G| ) @oMalU| JIajemysall/aullq poliad UBSI] 8B — — — — -
(ab1eyoal 9,00 | ) @oeHaIU| Jajemysall/ould Polad UBSI] OB w w= w= w= B
N aoBjajul Jajemysalyaunig ABP JUSSAld = == — — Uooow-
(ebieyoal %05 ) [eAS| AAD polad uesi ayeT H
(ebieyoa1 94001 ) [9A9] M\S pouad uesi] 8] ———————or .
_ [9A8] MO Aep Juasald —000}-
= [0
EIS i
uesueLa)pa|y -
—0001
353 MNM
—000¢




