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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. 
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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) 
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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 
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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; 



 5

Yechieli et al., 2001; Kiro et al., 2008). The interface between the fresh groundwater and the 

DS brine (present Cl concentration of ~220,000 mg/l) 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 



 6

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 
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from pumping tests are variable. Locally, low (101 m2/d) and high (103 m2/d) T values were 

found. The respective calculated K values are 10-2 m/d and 101m/d. A common T value of 102 

m2/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 104 m2/d. The T values of both (connected) parts 

of the JGA vary between 101 and 104 m2/d (Guttman, 1998) and the respective calculated K 

values are between 1 and 102 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 150 dip. Locally, 

within the flexure zone, dips can be as high as 500. 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 

102 - 104 m2/d and 10-1 – 101 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 m2/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).  
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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 102 and 104 m2/d, and respective calculated K values are between 10-1 

and 101 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.  
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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, h (Bear, 1972):   

 0R =+
∂

∂
2

2

x
hT  (1) 

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: 

 cbxx
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R  (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 Ri, and transmissivity Ti 

the solution for hi is:  
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where bi, ci, 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: 
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continuity of the hydraulic head: 

 1ii1i
2
i

1i

1i
iii

2
i

i

i cLbL
T2

cLbL
T2 ++

+

+ ++−=++−
RR

 (5) 

 

and continuity of flux: 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+− +

+

+
+ 1ii

1i

1i
1iii

i

i
i bL

T
TbL

T
T

RR
 (6) 



 10

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 bi 

and ci (i=1-5).  This set of equations is solved numerically and h(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 1,000m2/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 
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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/cm3 and salinity of 340,000 mg/l. 

• The upper boundary - Recharge zone – specified vertical influx of 7.12x10-4 m/d (0.26 m/yr) 

for the central recharge zone and 3.56 x10-4  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 mcm 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/l), 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 ~1m/yr of the DS levels, is from an initial steady-state 

value of 2.6 mcm/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 

mcm/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/l, 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 100 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/cm3 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 mcm/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 

mcm/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  

 

Flow to the 
Mediterranean 
(mcm/yr/km) *

Flow to the 
Dead Sea 

(mcm/yr/km) * 

Eastern 
base  

level (m) 

Western 
base level 

(m) 

Total Recharge 
(mcm/yr/km)*

Transient
/ 

Steady-
state 

Scenario 

2.3 2.6 -395 +10 4.9 SS Present day (1960) 

2.2 2.7 
-395 to 

 -545 
+10 4.9 Trans 

Future (1000 yr) -  
following Dead 
Sea level decline 

2.4 2.5 -180 -120 4.9 SS 
Lisan Lake Period 
(same recharge as 
today) 

3.7 3.7 -180 -120 7.4 SS 
Lisan Lake Period 
(150% of today's 
recharge) 

 
 

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