Factors controlling the configuration of the fresh—saline
water interface in the Dead Sea coastal aquifers:
synthesis of TDEM surveys and numerical groundwater modeling

Y. Yechieli - U. Kafri - M. Goldman - C. |. Voss

Abstract TDEM (time domain electromagnetic) travers-
es in the Dead Sea (DS) coastal aquifer help to delineate
the configuration of the interrelated fresh-water and bri-
ne bodies and the interface in between. A good linear
correlation exists between the logarithm of TDEM re-
sistivity and the chloride concentration of groundwater,
mostly in the higher salinity range, close to that of the
DS brine. In this range, salinity is the most important
factor controlling resistivity. The configuration of the
fresh—saline water interface is dictated by the hydraulic
gradient, which is controlled by a number of hydrologi-
cal factors.

Three types of irregularities in the configuration of
fresh-water and saline-water bodies were observed in the
study area:

1. Fresh-water aquifers underlying more saline ones
(“Reversal™) in amulti-aquifer system.

2. “Reversal” and irregular residual saline-water bodies
related to historical, frequently fluctuating DS base
level and respective interfaces, which have not under-
gone complete flushing. A rough estimate of flushing
rates may be obtained based on knowledge of the abo-
ve fluctuations. The occurrence of salt beds is also a
factor affecting the interface configuration.

3. Theinterface steepens towards and adjacent to the DS
Rift fault zone. Simulation analysis with a numerical,
variable-density flow model, using the US Geological
Survey's SUTRA code, indicates that interface steep-
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ening may result from a steep water-level gradient
across the zone, possibly due to alow hydraulic con-
ductivity in the immediate vicinity of the fault.

Résumé Des profils TDEM (time domain electromagne-
tic) dans I’ aquifére cotier de la Mer Morte ont permis de
définir les contours des masses d’ eau douce et d’ eau sali-
ne et de leur interface. Il existe une bonne corrélation li-
néaire entre le logarithme de la résistivité TDEM et la
concentration en chlorure de I'’eau souterraine, surtout
dans la gamme des plus hautes valeurs de salinité, pro-
ches de celles de la saumure de la Mer Morte. Dans cette
gamme, la salinité est le facteur le plus important contro-
lant la résistivité. La configuration de I'interface eau
douce — eau saline est fixée par le gradient hydraulique,
gui est contrdlé par un certain nombre de facteurs hydro-
logiques.

Trois types d'irrégularités dans la configuration des
masses d' eau douce et d'eau saline ont été observées
dans la zone étudiée:

1. Des aquiferes d’eau douce situés sous des aquiferes
plus salins (situation inverse) dans un systéme multi-
couches.

2. Des masses d'eau saline résiduelles et irrégulieres et
en situation inverse liées a un niveau de base de la
Mer Morte historique et fréguemment fluctuant et les
interfaces correspondants, qui n’ ont pas été compl éte-
ment évacuées. Une estimation rapide des taux d éva-
cuation peut étre faite a partir de la connaissance des
fluctuations au-dessus. La présence de niveaux de sels
est également un facteur qui affecte la configuration
deI'interface.

3. L'interface plonge en direction de la zone de faille du
rift delaMer Morte et en est adjacent. Une analyse de
la ssimulation par un modéle numérique d’ écoulement
adensité variable, utilisant le code SUTRA du Servi-
ce Géologique des Etats-Unis, indique que le plonge-
ment de I'interface peut résulter d'un fort gradient du
niveau d eau au travers de cette zone, probablement
dd a une faible conductivité hydraulique au voisinage
delafaille.

Resumen En el acuifero costero del Mar Muerto (MM),
se ha empleado perfiles transversales electromagnéticos
en e dominio de tiempos (EMDT) para delimitar las
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masas interrelacionadas de agua dulce y salmuera y la
interffaz entre ambas. Se ha obtenido una buena
correlacion lineal entre el logaritmo de la resistividad de
los perfiles EMDT y la concentracion de cloruros en las
aguas subterraneas, la mayor parte de las cuales se hallan
en e rango mas elevado de salinidad, cercano al de la
salmuera del MM. En este rango, la salinidad es €l factor
més importante en relacion con la resistividad. La
configuracién de la interfaz agua dulce-agua salada esta
determinada por el gradiente hidraulico, que a su vez
esta controlado por una serie de factores hidrol 6gicos.

Se ha observado tres tipos de irregularidades en la
configuracién de las masas de agua dulce y salada en la
zona de estudio:

1. Existencia de acuiferos de agua dulce por debajo de
acuiferos mas salados (“inversion”), dentro de un
sistema multi-acuifero.

2. “Inversion” y masas residuales irregulares de agua
salada, relacionadas con fluctuaciones frecuentes y
periodicas del nivel de base del MM y de las in-
terfaces relativas, que no han sido lavadas comple-
tamente. Se puede estimar de forma aproximada las
velocidades de lavado por medio de las fluctuaciones
del nivel superior. La existencia de depdsitos de sal
también es un factor que afecta a la configuracién de
lainterfaz.

3. Lainterfaz se hace més pendiente haciay en torno a
la zona de fallas del rift del MM. Los andlisis de una
simulacion mediante €l c6digo numérico de densidad
variable SUTRA, del Servicio Geoldégico de los
Estados Unidos, indican que dicho incremento de
pendiente puede ser debido a la existencia de un
gradiente piezométrico abrupto, propiciado por la
baja permeabilidad del entorno inmediato de lafalla.

Keywords salt-water/fresh-water relations - time
domain electromagnetic (TDEM) - Dead Sea brine -
hydrological modeling - flushing

Introduction

The location of the fresh—saline water interface and its
configuration is most important in coastal aquifers as a
basis for optimal water management. It is even more
important in the surroundings of saline, sometimes
landlocked, lakes where the interface is relatively shal-
low compared to “normal” coastal aquifers due to the
higher density of the saline (brines) water. Often, be-
cause of the absence or scarcity of boreholes, geophysi-
cal (DC resistivity, TDEM) methods are employed to
detect the interface. In the Dead Sea (hereafter denoted
DS) coastal aquifer where DS levels are dropping rap-
idly (see below), understanding of ground-water flow
and salt distribution is important for both local ground-
water supply and to help in the study of sinkholes that
have been developing since the 1980s (Wachs et al.
2000).
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A fresh—saline water interface was detected in two
preliminary surveys in the DS coast using electrical con-
ductivity profiles in boreholes (Yechieli 2000) and time
domain electromagnetic (TDEM) traverses (Kafri et al.
1997). The present study deals with the configuration of
this interface and its irregularities, and discusses the fac-
tors and the hydrological processes that control it.

General Background

The DS is the terminal lake of the Jordan River system
(Fig. 1), situated in the DS Rift, which is part of the
Syrian-African Rift. The DS is known for having the
lowest lake level in the world [at ~410 m b.s.l. (below
sealevel); deepest point in the basinis 730 m b.sl.]. Itis
located in an extremely arid environment with an annual
average precipitation of 70 mm. The runoff regime in
this region is one of flash floods, which occur in the
large wadis during the rainy winter season. The DS wa-
ter isabrine with salinity of 340 g/L.

Since the early 1960s, large amounts of fresh water
have been diverted from Lake Kineret (Sea of Galileg)
and the Jordan River (Fig. 1), the main perennial tribu-
tary to the DS. This decrease in input of the main water
source of the DS has resulted in a sharp drop in the DS
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Fig. 2 Variation in DS levels: a in the last 20,000 years (modified
after Yechieli 1993; and Frumkin et al. 1991). The high lake levels
of —180m represent the level of the Lisan Lake. Fluctuationsin the
last 7,000 years are taken from Frumkin et al. (1991). Dashed part
of curve and question marks denote a hypothetical unknown drop
(not well documented) of the DS level; b since 1930 (modified af-
ter Klein and Flohn 1987)

level, at rates of about 0.5 m/year since the 1960s (Klein
and Flohn 1987) and of 0.8 m/year in the 1980s (Anati
and Shasha 1989). The decrease is expected to continue,
though at alower rate, until a new equilibrium in the wa-
ter balance is reached, in about 400 years, at 100150 m
below the present level (Yechieli et al. 1998a).

Historical DS Water Levels

The changes in the lake's level, which is the regiona
base level, have an important bearing on the hydrologi-
cal system in its vicinity. Since the Neogene, the Rift
Valley was occupied by a series of lakes (Zak 1967),
some of which were relatively fresh while others were
extremely saline similar to the present DS. The last lake,
preceding the DS, was the Lisan Lake which attained a
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maximal level of =180 m (Fig. 2) around 15,000 years
B.P. (Druckman et al. 1987). The salinity of the Lisan
Lake was probably about half that of the DS or higher
(Katz et al. 1977). Later, the lake shrank to the size of
the present DS and possibly smaller (Neev and Emery
1967). Since then, many small-scale fluctuations have
occurred, leaving their imprint on the geohydrological
scene. Evidence for these fluctuations is found on differ-
ent time scales (Fig. 2): fluctuation in the Holocene has
been deduced from cave records in Mt. Sedom (Frumkin
et a. 1991), the sedimentary record (Kadan et al. 1995),
the historical record from the last 2,000 years, and actual
measurements in the last century (Klein and Flohn
1987). The drastic drop in the DS levels by some 20 m
(=392 to —412 m) in the last decades is most important in
understanding the hydrological regime.

Geohydrology

The mgjor structural feature in the study areais the west-
ern border of the DS Rift, where several large normal
faults exist. The coastal plain between the faults and the
DS consists mainly of Quaternary continental sediments.
These constitute clastics (clay, sand and gravel) deposit-
ed in fan deltas, with some intercalations of lacustrine
sediments (clay, gypsum and aragonite) of the Lisan
Formation (Begin et a. 1974; Sneh 1979) and younger
Holocene sediments (Manspeizer 1985). The width of
the coastal plain varies greatly, from about 5 km at N.
Ze' elim to less than 1 km at the Enot Zukim area.

Three main aquifers are distinguished in the area sur-
rounding the DS (Arad and Michaeli 1967; Naor et al.
1987): the deepest consists of the sandstone sequence of
the Kurnub Group of Lower Cretaceous age, overlain by
the limestone and dolomite sequence of the Upper Creta-
ceous Judea Group. The shallowest aquifer is the alluvial
Quaternary aquifer which is bordered by the faults of the
western margin of the DS Rift (Fig. 3). The main source
of fresh-water recharge into the Quaternary aquifer is lat-
eral flow across these faults from the Judea Group aqui-
fer (Fig. 3), which is replenished in the mountain area
some 10-30 km to the west. Flash floods in the Rift Val-
ley also infiltrate and recharge the Quaternary aquifer. It
should be noted that due to the small amount of rain
which falls directly on the study area (70 mm annually)
and the high evaporation, the direct recharge to ground-
water is negligible.

The DS is hydraulically connected to the adjacent
groundwater system, serving as a terminal base level to
the groundwater flow. Therefore, the drop in the DS lev-
el is accompanied by a drop in the groundwater level
(Kafri 1982; Yechieli et al. 1995). This response was
found to take place within 10 d of the sharp rise in DS
level in the winter of 1992 (Yechieli et a. 1995). The
above changes in groundwater level are greater near the
shoreline (<1 km) than at more distant points (Yechieli
1993).
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The Fresh-Saline Water Interface in the DS Area
Since the density of the DS brine is 1.23 g/cc, the inter-
face between it and the fresh groundwater is very shal-
low, about 10 times shallower than that found near the
ocean (Yechieli 1993, 2000), following the Ghyben-
Herzberg approximation for an equilibrium position.
Preliminary TDEM traverses across the DS coastal plain
(Kafri et a. 1997; Yechieli et al. 1998b) detected the
fresh—saline water interface near the expected equilibri-
um position, with some deviations which are discussed
below.

Method of Study

The TDEM

The time domain electromagnetic (TDEM) method, em-
ployed in this study, is described in detail by Nabighian
(1979), Kaufman and Keller (1983), Fitterman and Stew-
art (1986) and Goldman et a. (1988) among others.
Therefore, only a short description of the method, essen-
tial for understanding the hydrogeological results, is giv-
en below.

The TDEM sounding system most widely used in
groundwater exploration consists of alarge square trans-
mitter (Tx) loop and arelatively small receiver (Rx) loop
or multi-turn air coil placed at the Tx loop center. The
Tx loop size varies between 50 by 50 m for exploration
depths of up to 100 m and 500 by 500 m for a maximum
depth of approximately 1,000 m. However, contrary to
intuition, the Tx loop size is not a sounding parameter
that controls the exploration depth as, for example, are
electrode separations in standard DC resistivity methods.

Hydrogeology Journal (2001) 9:367-377

The Tx loop size plays a similar role to the transmitter
current, i.e. it simply serves to increase signal-to-noise
ratio. As far as the TDEM sounding parameter is con-
cerned, it is the time after the Tx current has been
switched off. Theoretically, the Tx current waveform can
be represented by a single “step function”. However, in
practice, due to technical limitations and signal-to-noise
considerations, the waveform consists of a number of
pulses, the shape of which depends on the instrument
used (e.g. linear ramp, exponential decay, half sinusoid,
etc.). The distinguishing feature of TDEM soundings is
that the EM response is measured only during the Tx
time-off. Thus TDEM is the only geoelectric method ap-
plied to non-polarizable targets that measures the pure
secondary field caused only by induced currents and
charges in the subsurface. This means that no complicat-
ed methods and tools for compensating the primary sig-
nal are necessary and, most important, the signal can be
measured with short-offset arrays when the Tx/Rx sepa-
ration is significantly less than the depth to the target.
This feature of the TDEM methods results in excellent
lateral resolution.

The transient process, which occurs after the Tx cur-
rent has been switched off, can be qualitatively described
as follows: at very early times, owing to the skin-effect,
the induced currents are concentrated close to the Tx
loop. The measured signal, consequently, is sensitive to
electrical properties of shallow structures only. As the
time increases, the maximum current density migrates to
greater depths and the signal depends mainly on the
properties of deeper layers. Thus, in addition to greater
depths, the late-time measurements help to eliminate the
influence of near-surface inhomogeneities (including the
well-known static shift effect), often the main cause of
poor data quality in other geoelectric methods, such as
DC resistivity and magnetotelluric (MT).

Most of the measurements were processed and inter-
preted using the commercial TEMIX-XL package (Inter-
pex 1996). The smooth (Occam’s) inversion has been
first applied to each data set to choose a reasonable ini-
tial model for further layered inversion; the latter was ac-
companied then by a linear-sensitivity analysis. In some
specia cases, a global stochastic inversion has been aso
carried out to find essentially different solutions in the
manner described in detail by Goldman et al. (1994).

An important advantage of the TDEM method is that
it generally provides a narrower ambiguity range in the
interpretation of the data as compared with other geo-
electrical techniques. Experience gathered under various
geoelectrical conditions (including both highly conduc-
tive and thick resistive targets) throughout Israel shows
that interpretation errors caused by non-uniqueness of
the TDEM inversion never exceeded 20-30%. At the
same time, the interpretational errors caused by both
poor-data quality and non-uniqueness in the DC resisti-
vity method could be as high as several hundred percent
(Goldman et al. 1988).

DOI 10.1007/s100400100146
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Fig. 4 TDEM traverseat N.
Temarim. Location of interface
was calculated according to the
Ghyben-Herzberg approxima-
tion. (Modified after Kafri et al.
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TDEM Applications

The TDEM method measures the resistivity of the pene-
trated sequence, which is mainly a combination of lithol-
ogy, whether saturated or not, and the salinity of the flu-
ids involved. It was recognized previously that most re-
sistivities of lithologies, except for massive sulfides and
graphite, vary in a wide range between a few to
100,000 ohm-m, whereas a brine has a resistivity below
1 ohm-m (Palacky 1987). Thus, very saline water can be
easily distinguished from almost any lithological combi-
nation. Employing this method earlier in Israel for hy-
drological purposes, it was found that the method is
mainly suitable for the detection of saline waters in the
subsurface (Goldman et al. 1988). It was found that
TDEM resigtivities between 1 and 2 ohm-m are solely
indicative of any lithology saturated with waters having
a salinity in the range of normal seawater. TDEM resist-
ivities below 1 ohm-m and mostly below 0.6 ohm-m,
and even as low as 0.25 ohm-m, are typical of the intrud-
ing concentrated brines (sometimes partly diluted) in the
DS coastal aquifer (Yechieli 1993; Kafri et al. 1997).
Therefore, the above method was employed previously
(Kafri et al. 1997) and in the present study to find the ap-
proximate depth and configuration of the fresh ground-
water/DS brine interface. The a priori working hypothe-
sis assumed different historical and present groundwater
tables and their respective interfaces. Furthermore, for
the purpose of interpreting the results from previous
works, and assuming the existence of an interface be-
tween the DS brine and fresher waters, the resistivity
values were subdivided into three zones: (1) resistivities
above 5 ohm-m, reflecting any lithology, whether unsat-
urated or saturated with fresh-to-slightly brackish water,

Hydrogeology Journal (2001) 9:367-377

(2) resistivities below 1 ohm-m, reflecting an aquifer
containing DS brine or slightly diluted DS brine, without
relevance to the lithology; (3) resistivities between 1 and
2 ohm-m, reflecting salinities close to normal seawater
as aresult of mixing of brine with fresher groundwater.

Results

TDEM Measurements

A number of TDEM soundings have been made between
the DS shore and the fault scarp (Kafri et al. 1997,
Yechieli et a. 1998b). Some of the traverses show irreg-
ular configurations, possibly due to a multiple-aquifer
system or to the fact that the DS system is not at a steady
state because of the rapid drop of the DS base levels
(discussed below). Results of three traverses are shown
here. These shed light on the configuration of the differ-
ent water bodies and display some interesting phenom-
ena

In the Nahal Ze' elim traverse (Fig. 1) the exhibited
groundwater level is based on existing data. In the Tema-
rim and Og traverses (Fig. 1), because no water-level da-
ta exist, both the present water level and the historical
one (1955) are assumed and extrapolated based on base-
level location and assumed hydraulic gradients. The lo-
cations of the present and the historical (1955) fresh—
saline water interfaces were calculated according to the
Ghyben-Herzberg approximation.

The Naha Temarim traverse was part of a previous
study (Kafri et al. 1997). The configuration of the
fresh—saline water interface obtained is an “ideal” one
(Fig. 4) consisting of a westward-dipping interface be-
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Fig. 5 TDEM traverse at N.
Og. Assumed water levels and
expected location of fresh—
saline water interfaces are
shown. Location of interface
was calculated according to
the Ghyben-Herzberg approxi-
mation
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tween the brine and the fresh-water body and a transition
(mixing) zone between them.

Two features seen in Fig. 4 commonly appear in other
traverses: (1) an unflushed brine body (sounding 23/7),
below and above the present water table, and (2) a steep-
ening of the interface in the western portion of the tra-
verse close to the fault scarp. This phenomenon is dis-
cussed separately.

The Nahal Og traverse (Fig. 5) exhibits an irregular
configuration and a “reversal” of fresh water below a
more saline water body. The transition (mixing) zone is
thick and, as indicated in other traverses, contains un-
flushed brine bodies above the assumed present (1998)
aswell asthe historical (1955) water levels.

The Nahal Ze€'elim traverse (Fig. 6a) incorporates
TDEM measurements with existing groundwater levels
and borehole data on chloride concentration. The theo-
retical Ghyben-Herzberg (G-H) interfaces are calculated
and shown for the present (1998) and the historical
(1955) water levels. A general interface configuration
with atransition zone is recognized. These are somewhat
above their expected (G-H) location, indicating that the
system has not yet arrived at steady state. On the other
hand, the entire sequence above the water levels, except
for the easternmost tip, seems to be completely flushed,
exhibiting high resistivities. The phenomenon of steep-
ening of the interface is recognized here as well, close to
the fault scarp (Fig. 6b). This area coincides with a zone
of steep water-level gradient caused by the drop of the
water level across the fault zone (discussed below).

Hydrogeology Journal (2001) 9:367-377

Hydraulic Gradients

In the particular area of the fault zone and across it, steep
hydraulic-head gradients are recognized. In the Nahal
Ze' elim traverse (Fig. 6b) the gradient across the main
border fault, between N. Ze'elim 1 well in the Judea
Group aquifer and borehole T/2 in the aluvia aquifer, is
0.038 (30 m difference in elevation along a distance of
800 m). The gradient is probably steeper in the immedi-
ate vicinity of the fault, having a step-like shape across
it. Although the water levels were measured at different
times (1973 and 1988 respectively), it is assumed that
the gradient is indeed steep since the water level on both
sides of the border faults did not change by more than a
few meters. The gradient farther east, along the wide
coastal plain alluvia aquifer, is an order of magnitude
smaller (0.004) and a steepening close to the sea shore,
between the DSIF borehole and the DS (0.01), is again
recognized. A steep gradient (0.025) was also observed
between the Radon well (Fig. 1) and the DS (Lang et al.
1998).

Discussion

The Relationship Between TDEM Resistivity

and Groundwater Salinity

As mentioned before, the observed TDEM resistivities
depend on a combination of lithology, porosity, amount
of saturation, and the groundwater salinity. Unfortunate-
ly, the scarcity of TDEM and salinity data relevant to the
same intervals does not enable one to obtain a correla-
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Fig. 6 a TDEM traverseat N. o
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tion between both. Resistivity values, obtained from
TDEM measurements, were correlated with groundwater
chloride concentrations in boreholes in the DS area, e.g.
N. Ze'elim and Tureibe regions, and these data do pro-
vide a reasonable correlation (Fig. 7). It can be conclud-
ed that in the case of the higher salinities, the correlation
is better, indicating that salinity of groundwater is the
main factor governing the TDEM resistivity, regardless
of differences in the other factors such as lithology and
porosity.

Hydrogeology Journal (2001) 9:367-377

Irregularity of the Fresh-Saline Water Interface

As mentioned earlier, some TDEM traverses show an ir-
regular configuration of low-resistivity bodies and high-
er ones, which deviate from a conventional interface
configuration. In addition, “reversals’ of high resistivi-
ties (fresh water) below lower ones (saline water) are
also recognized. In spite of the absence of subsurface da-
ta, and the fact that the TDEM method is unable to de-
fine a separation between the different thin sub-units, it
is assumed that the above configuration is indicative of
a multiple-aquifer system (Kafri et al. 1997). The DS
coastal aquifer is, in most places, known to be subdivid-
ed into sub-units such as detected in the Tureibe and

DOI 10.1007/s100400100146
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DSIF boreholes (Yechieli 1993) and the Radon boreholes
(Lang et al. 1998), which are not continuous and thus de-
fined as sub-aquifers. In such a case, it is possible that
the lower fresher water is related to a different sub-aqui-
fer, separated from the upper saline sub-aquifer.

The irregularity may also be the result of the fact that
the DS system is not in steady-state conditions due to the
continuous and rapid drop of the DS levels and subse-
quently of the groundwater levels. This non-steady-state
situation is the reason that parts of the sequence have not
yet been completely flushed, although they are presently
located above the fresh—saline water interface. The same
situation also prevails in the unsaturated zone in some
locations.

Ancther factor that may contribute to the irregularity
is the occurrence of rather shallow salt beds. Such a salt
bed was found in Nahal Ze'elim in the DSIF borehole at
an absolute elevation of —415 m (Yechieli 1993). Until
the 1960s these salt beds were submerged below the in-
terface and therefore were in equilibrium with the satu-
rated brine in the salt layer. Following the drop in the DS
level, and subsequent drop in the interface, the salt bed
was exposed to fresher water and subjected to salt disso-
[ution, as schematically shown in Fig. 8. This occurrence
might be responsible for relatively high salinity within
the fresher-water zone and manifested as an irregular
configuration of water bodies. Interpolation of the
TDEM soundings thus results in an apparent shallowing
of the interface as indeed exhibited in N. Z€'elim, adja-
cent to the DSIF borehole (Fig. 6a), where a salt bed ex-
ists.
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Fig. 8 Conceptual cross section of the DS coast indicating the
possible effect of a salt layer on TDEM measurements. TDEM
values expected at location A are shown at left

The Relationship Between Hydraulic Gradient
and the Interface Configuration
Hydraulic head in the study area between the fault scarp
and the DS base level exhibits a changing gradient. A
general flow equation along a flow path is Q=KAJ=TJ,
where Q is the amount of flow per unit of width (m?/d),
A is the thickness (m) of the saturated aguifer, Jis the
hydraulic-head gradient (m/m), K is the hydraulic con-
ductivity (m/d), and T is the transmissivity (m2/d).

Based on this equation, the gradient is expected to
change in the study area for a number of reasons, as evi-
denced by the following considerations:

1. Near the DS shore, the thickness (A) of the fresh-
water zone above the interface gradually decreases
eastward towards the DS. This is accompanied by a
gradient increase since Q is constant (Fig. 9a). The
velocity (v) is expected to increase shoreward for the
same reason. Furthermore, the gradient increase in the
immediate vicinity of the DS shore may be the result
of the unsteady state of the DS level, as indicated by
the fast drop of the sea (base) level during the last de-
cades.

2. Changesin T values due to the change in K (lithologi-
cal factor; Fig. 9b) cause a change in head gradient.
The groundwater flow across the Rift border faultsis
from the Judea Group aquifer with high T values
(102 m?/d) to the DS coastal aquifer with lower T val-
ues (10t m2/d).

3. The border fault, by itself, is expected to act partial-
ly as a barrier, forcing groundwater along the DS
border faults, to discharge, in some places, as a se-
ries of springs. Owing to this fact, the lateral con-
ductivity across the fault is expected to be low while
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the vertical one (parallel to the fault) may be rela-
tively high. As a result, a large difference in head
between both sides of the fault is expected (Fig. 9c),
as is indeed evidenced across the border fault in
Nahal Z€'elim (Fig. 6b). The steep gradient of water
levels across the border faults would demand a par-
alel steepening of the fresh-water/brine interface.
This phenomenon is indeed recognized, as men-
tioned above, in the N. Temarim and N. Z€e'elim tra-
verses, close to the border faults in the west (Figs. 4
and 6a).

SUTRA Simulations

The effect of the DS Rift border fault on the configura-
tion of the interface was evaluated by simulation, using
the US Geological Survey’s SUTRA code (Voss 1984).
Simulations generally followed the guidelines for vari-
able-density modeling given in Voss (1999). The cross-
sectional numerical simulations were done for the case
of no recharge from the top, which is a reasonable as-
sumption in this arid area, and for inflow recharge from
the western boundary at a rate of 0.025 m3/s through a
strip of 1-km width from the Judea Group aguifer and
across the fault zone to the alluvia aquifer; the model
setup is shown in Fig. 3. The value of recharge was cho-
sen to be in the same order of magnitude as the estimated
discharge of the Zukim and Kane-Samar springs, located
near Nahal Temarim. The model embodied the following
conditions:

1. The mesh consisted of 1,400 elements, each 5 m deep
and 40 m long.

2. Longitudinal dispersivity for horizontal flow of:
O max=10 m; longitudinal dispersivity for vertical
flow of: o ,,=1 m; transverse dispersivity of: o=
0.1m.

3. Porosity of 0.2.

4. Base permeability: horizontal =5.8x10-12 m2; vertical
=5.8x1014 m2.
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Fig. 10a—c Effect of the fault zone on configuration of the
fresh—saline water interface deduced from numerical simulation
with the SUTRA code. Arrows denote velocity vectors and col-
ored contours denote salinity (in g/g). Left Judea Group aquifer;
right coastal aquifer. Three simulations are shown for the follow-
ing conditions. a passage from the higher-permeability Judea
Group to the lower-permeability aluvial aquifer, with no signifi-
cant permeability change assigned to the fault zone; b significant-
ly lower horizontal permeability of the fault zone (horizontal con-
ductivity of fault zone is about 200 times lower than that of the
aquifers); ¢ high degree of anisotropy in the fault zone in which
maximal permeability is four orders of magnitude higher than the
minimal value (vertical conductivity in fault zone is 10,000 times
higher than horizontal conductivity). Note that maximal perme-
ability in the fault zone is paralel to the fault dip which has a
slope of 75°

5. DS-water and fresh-water density of 1.23 and 1.0 g/cc,
respectively, and total dissolved solids concentration
of 0.275 and 0.0 g/g (TDS=340 and 0 g/L) respec-
tively.

The results of the steady-state simulations are shown in
Fig. 10, demonstrating a change in the slope of the inter-
face across the fault zone. Different steady-state simula-
tions were also run for the following scenarios:

1. Higher permeability assigned for the Judea Group,
changing to a lower one for the coastal alluvial aqui-
fer at the DS fault. It was found that a difference in
permeability of two orders of magnitude by itself did
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not produce the steepening interface configuration
near the fault as seen in the TDEM traverses
(Fig. 10a). Moreover, this simulation did not produce
the difference in head between both sides of the fault
aswas found in Nahal Ze'elim (Fig. 6b).

2. Smaller horizontal permeability (1x10-1°> m2, isotro-
pic) in the fault zone, as compared to both sides of the
fault. This simulation yields a better agreement
(Fig. 10b) with the TDEM traverse. This simulation
also produced a significant difference in head across
the fault (15 m) as was indeed found in the field
(Fig. 6b). Another phenomenon exhibited in this
SUTRA simulation is the eastward increase of the
flow velocity toward the shoreline, due to the de-
crease in thickness of the fresh-water portion of the
aquifer.

3. Anisotropic permeability in the fault zone (four or-
ders of magnitude higher permeability vertically
along the fault as compared to the horizontal, 10-11
and 10-15m2). This yields the best fit with TDEM da-
ta (Fig. 10c). In this case a large head difference
across the fault is exhibited, as indeed evidenced in
the field in N. Ze'elim. The interface bends down-
wards near the fault as also shown in the TDEM tra-
verse. In this anisotropic case there is a large vertical
flow along the fault which is probably discharged as
springs. Such springs indeed occur in severa loca
tions along the faults of the DS Rift. In this case the
lateral flow toward the DS is smaller than in the iso-
tropic case.

Flushing Considerations

Some 15,000 years ago, when the Lisan Lake level was
at the elevation of —180 m, the entire study area of the
present DS coastal plain was below lake level and thus
the entire alluvial aquifer was saturated with brine. Since
then, the fluctuating lake level dropped to the present DS
level. As a result, the aquifer was continuously flushed
by meteoric-water and lateral-groundwater inflows into
the system.

The results of TDEM show that saline relicts are still
found today in places above the theoretical fresh—saline
water interface and sometimes even in the vadose zone.
The sequence above the level of -390 m seems to be
generally flushed, as expected, since it was above the DS
level for a long time span, reaching steady-state condi-
tions prior to 1955. In some cases, the rate of flushing
was extremely fast, as evidenced in the N. Temarim tra-
verse (Fig. 4). It is interesting to note that the aguifer,
which only a few decades ago was saturated with DS
brine when the DS level was at =390 m, is almost com-
pletely flushed following the fast drop of some 20 min
the DS level since then. Only close to the sea do saline
relicts occur at —400 m, which can be attributed to the
high lake level of the late 1970s. Complete flushing
probably has not yet occurred due to the low hydraulic
conductivity in this area. The time span for complete
flushing in this area might be a few decades. Elsewhere
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in the study area, local saline relicts are occasionally de-
tected at —375 m and in one case even at —350 m. These
levels may be attributable to the respective lake levels
which existed a few thousand to 5,000 years B.P.
(Fig. 2a). Thus, it seems that in most of the area, tens of
years are sufficient for an aimost complete flushing of
the brine following the drop of the base level. In cases of
local low hydraulic conductivity, the time required for
complete flushing seems to be as much as two orders of
magnitude higher. The partia flushing is also undoubt-
edly responsible for the irregularities shown in TDEM
traverses, as stated before.

Conclusions

The conclusions derived from the present study can be
summarized as follows:

1. TDEM resistivities are capable of delineating water
bodies of different salinities. In the range of high
groundwater salinities, the salinity is the major factor
governing the resistivity, as shown by the good corre-
lation between them.

2. TDEM traverses also can delineate the configuration
of water bodies of different salinities in the DS coast-
al aquifer and the interface between them. In some
cases, an “ideal” interface configuration is indicated,
while in other cases there are irregularities which may
be related to a multiple-aquifer system, to non-steady
state conditions, or to current dissolution of salt beds.

3. Simulations with the SUTRA code indicate that a
steepening of water-table gradients, accompanied by
an expected parallel steepening of the interface, as de-
tected by the TDEM traverses, is the result of low lat-
eral hydraulic conductivity in the DS border fault
zone.

4. The flushing process of the brine from the aquifer fol-
lowing the base (lake) level drop isrelatively rapid. In
most cases, a few decades are sufficient for a com-
plete flushing and only locally are brine relics detect-
ed at higher levels.
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