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A geophysical approach is presented for analyzing processes of subsurface salt dissolution and associated sinkhole
hazard along the Dead Sea. The implemented methods include Seismic Refraction (SRFR), Transient
Electromagnetic Method (TEM), Electric Resistivity Tomography (ERT), and Ground Penetration Radar (GPR).
The combination of these methods allows the delineation of the salt layer boundaries, estimating its porosity
distribution, finding cavities within the salt layer, and identifying deformations in the overlying sediments. This
approach is shown to be useful for anticipating the occurrence of specific sinkholes, as demonstrated on both shores
of the Dead Sea. These sinkholes are observed mainly along the edge of a salt layer deposited during the latest
Pleistocene, when Lake Lisan receded to later become the Dead Sea. This salt layer is dissolved by aggressive water
flowing from adjacent and underlying aquifers which drain to the Dead Sea. Sinkhole formation is accelerating
today due to the rapid fall of the Dead Sea levels during the last 30 years, caused by anthropogenic use of its water.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Sinkhole hazard is common in limestone karst, associated with
collapse or subsidence which often end the life cycle of subsurface
cavities (e.g. Klimchouk, 2005; Brinkmann et al., 2008; Frumkin et al.,
2009a; Parise et al., 2009). Clusters of sinkholes in limestone karst
terrains commonly develop and modify during long periods (in
geological time scale). Much faster dynamics, in the order of human
life, is commonly attributed to sinkholes formed in evaporitic areas
(Gutiérrez et al., 2007), where dissolution rates are one to three
orders of magnitude faster compared with limestone.

Evaporites vary largely in their solubility and dissolution rates. Salt
(halite, NaCl), a common mineral and rock at the subsurface, is >100
times more soluble than gypsum. Salt is soluble when in contact with
the vast majority of environmental water. Therefore, sinkhole hazard
related to subsurface dissolution of salt and collapse of overlying
material may be extremely large. Salt outcrops are rare and produce
typical vadose karst characterized by localized sinkholes, blind valleys
and underground streams (e.g. Frumkin, 1994a; Bruthans et al., 2009;
De Waele et al, 2009). Geomorphic changes, including sinkhole
development, can be extremely rapid particularly in areas where
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human activities alter groundwater circulation (Lucha et al., 2008).
Sinkhole hazards are more commonly associated with dissolution of a
covered or mantled salt bed (Ford and Williams, 2007).

Gutiérrez et al. (2008) propose a phased approach for the
identification, investigation, prediction, and mitigation of sinkholes
in evaporate terrains. Probabilistic sinkhole modeling for hazard
assessment and sinkhole susceptibility mapping were attempted for
evaporate karst (Galve et al., 2009a,b). Sinkholes are surface
manifestation of subsurface dissolution and internal erosion and
deformation, commonly hidden from direct observation and from
most subaerial geomorphological study methods (Gutiérrez, 2009).
Consequently, geophysical methods are indispensable for under-
standing subsurface mechanisms involved in the development of
dissolution-induced sinkholes, and salt karst provides a rapidly
evolving sinkholes system to test the geophysical methods.

1.1. The sinkhole hazard along the Dead Sea

During the last 30 years hundreds of sinkholes have occurred
along the Dead Sea (DS) shores in both Israel and Jordan (Fig. 1) (e.g.
Arkin and Gilat, 2000; Frumkin and Raz, 2001). The process began in
the southern part of the Dead Sea coast and spread northward along
the western coast. The steeper eastern coast has been less affected,
and most of its sinkholes are concentrated in the flat-lying region
close to the Lisan Peninsula (Fig. 1).

The sinkholes have already caused considerable damage to infra-
structure, and at least four people have fallen into sinkholes which
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Fig. 1. Sinkhole sites along Dead Sea shore: 1 — Palms, 2 — Samar Spring, 3 — Shalem-2 and Mineral Beach study area, 4 — Ein Gedi and Nahal Arugot, 5 — Yesha, 6 — Zeruya, 7 — Nahal
Hever northern, 8 — Nahal Hever southern, 9 — Asa'el, 10 — Nahal Zeelim, 11 — Mezada, 12 — Rahaf, 13 — Mor, 14 — Newe Zohar, 15 — Lisan Peninsula, 16 — Ghor Al-Haditha study

area. Coordinates in km, new Israel Transverse Mercator grid.

collapsed under their feet. There is an obvious potential for further
collapse beneath the main highways and other human structures. Thus a
high sinkhole hazard threatens human lives and future economic
development in the Dead Sea basin.

Sinkhole hazard assessment should play a crucial role in planning
and development of areas susceptible to sinkhole formation. In order
to protect human life and infrastructure, it is necessary to understand
how sinkholes form and to produce reliable sinkhole susceptibility
and hazard maps identifying the most dangerous areas that should be
avoided or properly engineered. However, the DS sinkhole formation
mechanism and distribution are only partly understood.

Subsurface cavities and the processes that lead to the development
of sinkholes cause changes in the subsurface (porosity, fracture density,
water saturation, etc.). These changes may be detected by geophysical
methods such as gravity, seismics or electrical resistivity (Ezersky et al.,
2006).

Geophysical methods are widely used for karst detection in
carbonate karst, e.g. GPR and microgravity (Crawford et al., 1999;
Thomas and Roth, 1999) and geoelectric methods (Erchul, 1993; Zhou
etal., 1999). A comprehensive review on the geophysical methods used
in karst is given in Benson and Yuhr (1993).

Although methodologies for the detection of cavities and other karst
features in carbonate rocks (mostly limestone), have received much
attention worldwide (Beck and Herring, 2001; Beck, 2003) these
techniques need to be adapted, or new methods should be developed,

for investigating salt environments such as the evaporite deposits along
the Dead Sea coast in Jordan and Israel. Some of the main peculiarities of
the unconsolidated, salty sediments in the Dead Sea region are high
salinity groundwater and the rapid subsurface dissolution of the salt in
response to human-induced changes in environmental (hydrogeological)
conditions.

Rapid dissolution explains the high probability of occurrence of
sinkholes, and allows assessing (testing) the reliability of geophysically
based predictions.

In addition, favorable ground conditions for applying some geo-
physical methods are met in the DS coastal area. For instance, seismic
wave velocity of salt in the DS basin area is considerably higher than that
of the host sediments. It permits mapping the salt formation with a high
level of confidence (Ezersky, 2006). The very low electrical resistivity of
the DS aquifers in the coastal area creates a contrast with surrounding
sediments. It permits accurate location of the top of the DS brine with
resistivities of 0.5 Q m to 1 Q m, and to distinguish it from the fresh
water (Goldman et al, 1991; Kafri et al., 1997). Anomalously high
resistivity in sinkhole and cavity sites was discovered in alluvial fans in
Israel and Jordan (Al-Zoubi et al, 2007; Ezersky, 2008). It allows
identifying sinkhole hazardous zones (Frumkin et al., 2009b). Further-
more, it suggests promising conditions for applying the GPR technique
to detect subsurface signs of sinkhole development.

A multi-approach geophysical study has been carried out in
several sinkhole areas during the last decade (Rybakov et al., 2001;
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Eppelbaum et al., 2008; Legchenko et al., 2008a,b; Ezersky et al.,
2010). New geophysical methods are under development and new
objectives are met (in the framework of Project M27-050 granted by
MERC Program). The main objectives of the study are: (1) develop-
ment of geophysical instruments and methods for investigating
various aspects of sinkhole formation; (2) development of an
integrated approach for predicting the spatial distribution of future
sinkholes in the Dead Sea region based on multiple surface
geophysical methods; and (3) testing the sinkhole formation
mechanisms proposed in the literature.

This paper examines the potential of geophysical investigation for
sinkhole prediction in salt karst and its recent application on both sides of
the northern basin of the Dead Sea (Fig. 1). The newly acquired data allow
better understanding of sinkhole formation in an area underlain by salt
deposits and affected by rapid human-induced hydrological changes.

1.2. The Dead Sea basin: background

The Dead Sea pull-apart morphotectonic basin has formed since the
Late Miocene (Garfunkel and Ben-Avraham, 1996; Frumkin, 2001),
accumulating clastic and evaporitic sediments up to the present time.
The depression is bounded by normal and strike-slip faults.

The structures that control the escarpment consist of steep parallel
faults with an overall throw of hundreds of meters. Larger faults are
buried under the depression's sedimentary fill, reaching a total
vertical throw of several km (Garfunkel and Ben-Avraham, 1996), and
down-faulting Cretaceous to Quaternary beds.

The bedrock stratigraphy in the western fault escarpment and
adjacent canyons mainly comprises late Cretaceous carbonates. These
rocks constitute the aquifer which carries groundwater from the
wetter Judean Mountains into the Dead Sea depression that acts as the
regional base level (Ben-Itzhak and Gvirtzman, 2005). On the eastern
fault escarpment Precambrian to Cretaceous rocks crop out, hosting
several aquifers which drain to the Dead Sea.

The DS depression has been occupied by various lakes, the latest
being the late Pleistocene Lake Lisan and the Holocene Dead Sea. The
Lisan Formation contains alternations of detrital and aragonitic lamina,
as well as conglomerates, clays, and evaporites (Begin et al.,, 1980). Lake
Lisan stands were highest just before the last glacial maximum (Bartov
et al, 2002; Lisker et al., 2009). Since then until the end of the
Pleistocene, Lake Lisan receded abruptly, concurrently with the
deposition of a salt layer around 11,000-10,000 years ago (Stein et al.,
2010). This latest Pleistocene salt layer ranges from a few meters to a
few tens of meters in thickness, lying sub-horizontally some tens of
meters under the present surface of the Dead Sea coast.

Close to the Pleistocene-Holocene transition the basin was inun-
dated again, this time by the Dead Sea. During most of the Holocene, the
lake level was at ca. —400 m, with small oscillations (Frumkin, 1997;
Bookman et al., 2004). This was followed by a recent ongoing drop to ca.
—424 m relative to the m.s.l,, due to anthropogenic use of water from
the lake and its catchment, during the last few decades.

The Holocene sediments of the Dead Sea basin include lacustrine and
fluvial facies (Migowski et al., 2006): aragonite-detrital laminar
alternations, clastics, and evaporites, mostly of low mechanical strength.
The changes in permeability across the stratigraphic sequence often
divide the coastal aquifer into several sub-aquifers. In general, the
coastal aquifer water is not fresh, but is less salty than the Dead Sea, so it
is undersaturated and aggressive in respect to salt. A brackish-saline
water interface commonly underlies the coastal aquifer, with much
saltier water underneath (Frumkin and Raz, 2001; Yechieli et al., 2006).
The recent drop in the Dead Sea level is accompanied by the lowering of
the groundwater level and by the expansion of the fresh water zone in
the coastal aquifer (Yechieli, 2000). This aquifer is developed within the
recent sediments of the basin, receiving the water mainly from the
mountain aquifer, and to a lesser degree from ephemeral streams
flowing into the Dead Sea. It has been assumed that most water flowing

into the coastal aquifer comes from below, under artesian conditions, or
by lateral flow from the mountain aquifer at the west. Local annual
rainfall is only ~50-100 mm while potential evapotranspiration is
>2000 mm, so local rainfall infiltration does not constitute a significant
contribution. Temperature is mild in winter and extremely hot in
summer (~45 °C several days a year).

2. Sinkhole formation models

Before the 21st century there had been little study and knowledge
related to the DS sinkhole-forming processes. During the last decade,
several types of approaches were applied to explain sinkhole formation
along the Dead Sea, and some of the main ones are briefly discussed
below.

2.1. Geomorphic mechanisms

Early studies have suggested two main geomorphic mechanisms
to explain the formation of the DS sinkholes:

« piping (Arkin and Gilat, 2000);
« salt dissolution (Frumkin and Raz, 2001).

These mechanisms provided alternative interpretations for the
formation of voids at depths of tens of meters within the coastal
deposits. During the last decade, boreholes drilled in seven sinkhole
clusters along the Dead Sea have penetrated a salt layer, and some of
these boreholes encountered cavities within the salt (Yechieli et al,
2002; Abelson et al., 2006). Today it is generally accepted that the DS
sinkholes are caused by dissolution of a buried salt layer below the water
table, promoted by progressive lowering of the Dead Sea level (Abelson
et al., 2006; Shalev et al., 2006; Yechieli et al., 2006; Ezersky et al.,2010).

When the Dead Sea level was high, until the 1970s, the salt layer
was in contact with a brine, chemically saturated with respect to salt.
According to the salt dissolution mechanism, the drop in Dead Sea
level results in lowering of the brackish-saline water interface,
allowing the salt to be dissolved by brackish, aggressive water. Thus,
the occurrence of sinkholes depends upon the location of the salt layer
with respect to the brackish groundwater zone. This mechanism
suggests continuous formation of salt cavities in the subsurface during
tens of years, as indicated by the timing of sinkhole formation with
respect to the recent fall of DS level.

Abelson et al. (2003) suggested that sinkholes tend to develop along
faults, which serve as preferential hydraulic pathways, bringing confined
aggressive water upwards to contact with salt. A similar mechanism was
considered by Closson (2005) for the Jordanian Dead Sea coast.
Numerous faults widely distributed through the DS coastal area have
been reported by different researchers (e.g. Garfunkel and Ben-Avraham,
1996; Shamir, 2006), whereas sinkholes are usually developed in a single
narrow strip 50-100 m wide, roughly parallel to the DS shore.

2.2. Salt dissolution quantitative model

A seismic refraction survey (Ezersky and Legchenko, 2008) showed
that the intensive sinkhole development strip coincides with the edge of
the salt layer. The working hypothesis is self-acceleration of ground-
water circulation, dissolution, and permeability (Bernabé et al., 2003).
This process of positive feedback can be described as:

K = Ko(d/byg)" )

Where ko and ¢ are the initial permeability and porosity,
respectively, k and ¢ are the current permeability and porosity, and
n is an empiric constant in the range of 2-3 and over, depending on
the sediment. It can be as high as 5 for salt (Bernabé et al., 2003). Thus
in accordance with this model, salt dissolution proceeds continuously
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as porosity increases in a wide range of values (from few percents up
to tens of percents).

Shalev et al. (2006) applied this mechanism to the DS salt
dissolution by transverse, cross-formational flow. These authors
consider salt dissolution by undersaturated hypogenic groundwater
(with halite concentration less than half of that in the Dead Sea water)
rising through faults from the deep aquifers. The model requires that
the faults or differential compaction should be active to disrupt the
underlying clay layers and to keep fault permeability high. A cavity
forms where a fault crosses the salt layer. Porosity may rise from zero
to 40% (when a cavity is formed) during ~20 to 30 years.

Where the clay aquiclude layers are non-continuous, the salt layer
can be directly attached to the gravel aquifer, and dissolution may not be
linked to a fault (Shalev et al., 2006). Sinkhole development along the
salt edge, with no direct relation to any fault, has been demonstrated by
seismic refraction surveys in most of the ten investigated sites of the
western DS coast (Ezersky, 2003, 2006; Ezersky et al.,, 2007, 2010).

2.3. Model based on geophysical studies

The results of recent studies show that: (1) sinkholes are formed
within a narrow strip 50-100 m wide along the edge of the salt layer
(Ezersky, 2006; Ezersky et al., 2007); (2) collapse breccias (up to tens
of thousands of cubic meters) are inferred within the salt layer at
sinkhole development sites prior to the occurrence of surface collapse
(Eppelbaum et al., 2008; Legchenko et al., 2008a; Ezersky et al., 2010);
(3) geomorphic and geophysical monitoring of sinkhole-affected
areas carried out in Israel and Jordan revealed that when sinkholes
form, cavities are filled with unconsolidated sediments, locally
reducing hydraulic conductivity and dissolution (Ezersky et al.,
2008, Legchenko and Ezersky, 2009); and (4) groundwater salinity
along the Dead Sea shore varies insignificantly. The resistivity of the
DS aquifer remains ~0.5 Q m (Ezersky et al., 2010). Variations of the
electrical conductivity in the subsurface revealed by Transient
Electromagnetic (TEM) measurements are commonly related to
lithological variations caused by collapse structures and sinkholes
(Ezersky and Legchenko, 2009; Legchenko et al., 2009). The TEM
results were recently confirmed by the geochemical monitoring of
borehole water (Yechieli, 2007).

To explain the available field observations Legchenko et al. (2008b)
suggested the following model: (1) slow dissolution of salt (longer than
20 years) with possible formation of cavities; (2) sinkhole development
triggered by the lowering of the groundwater level, reducing the buoyant
support of the overlying sediments; and (3) the timing of sinkhole
appearance is also controlled by the mechanical properties of the stoping
(upward propagation of cavities by progressive roof breakdown)
sediments.

2.4. Geophysical objectives and methodology

The geophysical methodology applied to investigate the sinkholes
related to salt dissolution along the DS coasts can be divided into two
depth-related objectives:

1. Investigation of relatively deep (25-70 m) processes and factors:
salt and aquifer properties, their interaction and salt dissolution;

2. Investigation of shallow (<25 m) subsurface materials and collapse
structures generated by stoping, associated with the limited
mechanical strength of some DS sediments above deeper dissolu-
tion voids.

Consequently, the following geophysical methodology for sinkhole
susceptibility assessment in the Dead Sea shore area is considered in
this paper:

1. Delineating the salt layer distribution, and particularly the salt
edge, based on seismic refraction method;

2. Investigating the depth and thickness of the salt layer using seismic
refraction and Transient Electromagnetic (TEM) method;
3. Estimating salt porosity and permeability using bulk resistivity py
measured by TEM method;
4. Investigating the shallow subsurface conditions:
(a) Assessment of soil decompaction based on Electric Resistivity
Tomography (ERT);
(b) Detection of signs of shallow gravitational deformations
(voids, faults, subsidence, synforms, buried sinkholes) based
on Ground Penetration Radar (GPR).

3. Study sites

Two representative sites were selected for the present study:
Shalem-2 on the western Dead Sea coast, and Ghor Al-Haditha on the
eastern coast (Fig. 1). These sites include some of the most common
sinkhole features of the Dead Sea region.

3.1. Shalem-2 study site

The Shalem-2 site (also called ‘Mineral’), covering ~1 km?, is located
at the western coast of the central part of the northern DS basin (Fig. 1),
between the Dead Sea shoreline and Route #90 (the main road along the
western DS shore) (Fig. 2). The area comprises the Mineral Spa, where
natural black mud and sulfur-rich hydrothermal water with a
temperature of 39 °C attract tourists from Israel and abroad. Around
Mineral Spa, sinkholes develop in both mudflat (south) and alluvial fan
(north) areas.

Figs. 2 and 3 illustrate that sinkhole distribution is mainly linear,
possibly along a salt layer edge or controlled by a fault. A salt layer with a
cavity was intersected by Mn-2 borehole (Fig. 2). Groundwater sampled
from the cavity indicated salt dissolution; Na/Cl ratio of 0.55-0.60
compared with 0.30 in Dead Sea brines (Yechieli et al., 2006). Soon after
drilling, the borehole structure collapsed into a newly developed
sinkhole which was then east of the salt layer front. Fig. 4 shows that the
western edge of the salt is located in alluvium composed of gravel, sand,
and clay. These sediments permit direct contact of the salt layer with
highly mineralized (200 g/l chloride) rising water at a temperature of
29-40 °C.

Sinkholes are located close to the salt edge. Further to the west,
Mn-1 borehole did not cross the salt layer (Fig. 4). This borehole
located west of the salt edge revealed aggressive water with relatively
low chloride concentration — 120 g/l (Yechieli et al., 2006). Fig. 5
presents a sinkhole between boreholes Mn-1 (W) and Mn-2 (E) as
observed on January 2008.

The large cluster of sinkholes south of Mineral Spa started to
develop in 1992 (Fig. 3). During recent years sinkhole development
progressed northward.

This required delineating a sinkhole susceptibility zoning, which
motivated the present geophysical study.

3.2. Ghor Al-Haditha study site

Ghor Al-Haditha is an almost flat area located in the south-east
coast of the northern Dead Sea basin (Fig. 1). The altitude is —370 to
—390 m below mean sea level. The platform in which sinkholes and
subsidence have occurred is a gently inclined wave-eroded platform,
about 3 km in width, east of the Lisan Peninsula. The area is typically
covered by a thin surface cover of soil and alluvium (Fig. 6a) deposited
by Wadi Ibn Hammad (Fig. 7).

Sinkholes at the eastern coast of the Dead Sea have formed since
the mid 1980s (Taqgieddin et al., 2000). Fig. 7 shows that sinkholes at
Ghor Al-Haditha are arranged along a sinuous line with a general
NNE-SSW trend.

The geological section shown in Fig. 6b is based on boreholes BH-1
and BH-2 (Tagieddin et al., 2000). Borehole logs indicate that the
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Fig. 2. Mineral Beach (Shalem-2) sinkhole orthophoto. Coordinates are in m, new Israel Transverse Mercator grid.

shallow subsurface sediments consist of laminated calcareous clays
interbedded with layers of salt (halite) and gypsum. Salt was
encountered in both boreholes, below 32 m at BH-2, and below
47 m at BH-2.

The exposed walls of sinkholes also demonstrate that near surface
sediments are mainly composed of sand, silty sand and gravel. The
uppermost deposits are similar to those of western DS shore (e.g.
Shalem-2).

In the northern sector of Ghor Al-Haditha, sinkholes are scattered
on a wider area compared with the south part (Figs. 7 and 8). Slight
promotion of sinkholes to the Dead Sea direction was noted in 2007.

4. Methods

We combine several geophysical and field methods that yield
information about salt distribution, voids within the salt, and
deformation in sediments above the salt. The following surface
geophysical methods are jointly applied: Seismic Refraction (SRFR),
Transient Electromagnetic (TEM), Electric Resistivity Tomography
(ERT) and Ground Penetration Radar (GPR). In our previous studies we
used also Magnetic Resonance Sounding (MRS) and Microgravity (see
Eppelbaum et al., 2008; Legchenko et al., 2008a, Ezersky et al., 2010 for
details). Below we describe the methods used for the present study.

4.1. Seismic Refraction method

Seismic Refraction (SRFR) measurements are used to delineate the
edge of the salt unit. Because the salt in the DS area is characterized by
a higher P-wave velocity (V,) than the surrounding sediments, SRFR
can be used for salt detection. Comparing boreholes and SRFR data we
established a threshold of V,>2900 m/s for identifying buried salt

(Ezersky, 2006); V, of salt in the DS basin area is 2900-4000 m/s,
while its surrounding sediments velocity is 2100-2700 m/s. This
threshold remains valid after acquiring a great deal of new data in the
Dead Sea region. The refraction data were collected using a 96-
channel Summit II Plus seismic recorder of DMT Inc (Germany). From
these, 48 channels were used in our studies. The DIGIPULSE source
was applied at five shot points on every refraction line (Palmer, 1986).

Seismic refraction waves permit the detection of layers in the
subsurface as long as deeper layers have higher V, than the
overlying ones. However, if the deeper layers have a lower velocity
than that of the material from which the wave is emerging (i.e. V,
is less than V4, a velocity inversion) then the refracted wave will
bend towards the perpendicular. This gives rise to a situation
known as a hidden layer. That is why seismic refraction waves
cannot detect dissolution cavities located at the bottom of the salt
layer when they are filled with water or sediments with V,
velocities lower than that of the salt.

4.2. Transient Electromagnetic Method (TEM)

Transient Electromagnetic Method (also referred to as the Time
Domain Electromagnetic Method) is used here to estimate the
porosity of the salt under the water table. TEM is sensitive to the
bulk resistivity (or conductivity) of the studied medium, especially in
the low-resistivity range. The TEM method is usually used for vertical
depth sounding. A common procedure for ground exploration using
transient techniques is laying a square loop in the vicinity of the area
to be examined. A quasi 3D technique based on numerous 1D
soundings was used to map variations in resistivity throughout the
area (Barsukov et al., 2006). The TEM FAST 48 HPC system (AEMR,
Netherlands) was used with coincident transmitter/receiver square
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Fig. 3. Sinkhole development over a time interval of 4 years at Shalem 2 site, south of Mineral Spa (background). Sinkholes increase in number and size, and advance northward,
along the salt edge. The Mn-2 borehole became a sinkhole east of the main line. (a) View northward on May 2006; (b) Same view on August 2010.
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Fig. 5. Sinkhole at the Mineral site between boreholes Mn-1 and Mn-2 on January 2008.
Note the collapse of infrastructure, including a road and service pipes.

pore volume occupied by the fluid, and resistivity of the fluid filling
the pore space. In this case the bulk resistivity is expressed as:

Pe=ap, o " )

where p,, is the resistivity of the solution filling the pores, ¢ is the
porosity, parameters a and m appear to depend on the cross-section
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geometry of the pores along the flow path. The values of parameters a
and m vary mostly within the range of 0.6 to 1.4 and 1.37 to 1.95,
respectively.

The method has been used extensively in Israel for locating the
fresh-saline water interface in coastal areas and for estimating
groundwater salinity (Kafri et al.,, 1997, Kafri and Goldman, 2005).
The TEM data are interpreted either qualitatively or quantitatively
based on some presumptions. For instance, it is assumed that on
constant porosity ¢ of medium values, it is possible to calculate the
fluid resistivity p, (functionally connected with the chloride
concentration) of groundwater. Such presumption is not always
right. It can result in erroneous water salinity assessments (Legchenko
et al., 2009). The focus of our study is the porosity of the salt. We
presume, based on the model proposed by Shalev et al. (2006), that
porosity ¢ of the salt is laterally decreasing with distance from the salt
edge towards the DS. This is because the intensity of water circulation
in pores presumably decreases in this direction. Undersaturated water
from neighboring aquifers (flowing laterally or through faults from
the Judean Mountains and underlying DS sediments) circulating
through salt pores becomes saturated with respect to salt in a few
days (Frumkin, 1994b). Consequently, fluid resistivity p,, will be
practically constant and equal to that of the Dead Sea brine, 0.04 QO m
(Kafri and Goldman, 2005). Then bulk resistivity p, in Eq. (2) would
therefore be a measure of porosity; higher porosity is associated with
lower bulk resistivity. Matching empirical parameters a and m to
experimental data, Archie's law for DS salt can be used to estimate
porosity from measured resistivity. Spanbenberg et al. (1998)
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Fig. 8. Northern sinkhole cluster of Ghor Al-Haditha in 2010, courtesy of Google Earth.
Cultivated fields which were partly abandoned following sinkhole development. DS
retreating shore is at the north-west.

proposed the following form of Archie's Law for salt artificial
specimens:

F=py/py=062¢ " (3)

where F=p,/p,, is named the formation factor. This expression
provides a rough estimate of salt porosity from bulk resistivity.
Nevertheless, it will be shortly checked for the DS salt.

4.3. Electrical Resistivity Tomography (ERT) method

ERT is used here to detect shallow deformations in subsurface
sediments. 2D resistivity prospecting yields information about both
lateral and vertical distribution of resistivity through the geological
section and can therefore be used in both qualitative and quantitative
ways for the interpretation of deformation structures at shallow depths.
ERT has been used before for this purpose by Loke and Barker (1996).
The subsurface resistivity distribution is determined by measurements
performed on the ground surface. From these measurements, the
distribution of a true resistivity of the subsurface is estimated. The
geoelectric method is adopted in geological engineering and hydro-
geological applications, because of its high efficiency for detecting the
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presence of heterogeneities (cavities, ore bodies, etc.). This method can
also be used for differentiating layers of clay, marl, sand, sandstone,
limestone and water saturated soils and rocks.

The data have been inverted using the RES2DINV software (Loke,
1999). Simple “quasi” 3-D mapping derived from the multiple 2-D
lines was carried out through the area using the conventional Wenner
electrode array (with equal spacing between electrodes). The
measurements were carried out with an IRIS SYSCAL R2 system.

Quantitative interpretation of the results should be based on the
modified Archie's Law, which establishes that in partially saturated soil
with ionic pore water conductivity (above the water table), bulk
electrical resistivity depends on the porosity, pore volume occupied
by the fluid and the resistivity of the fluid filling the pore space
(Zhdanov and Keller, 1994). In case of a partially saturated medium,
bulk resistivity will be expressed as:

Py =ap,S "¢ 4)

where py, pw ¢, a and m are the same as those in Eq. (2), S=V,/Vs is
the fraction of the pore space filled with the same electrolyte (named
also degree of soil pore filling); V,, is the volume of the electrolyte in
pores; Vs is the total pore volume per unit volume of soil; n is an
empirical parameter termed the saturation exponent, which usually
has a value of approximately 2.

As follows from the modified Archie's Law, resistivity of the
unsaturated sediments is mainly determined by their porosity. The
higher the porosity, the higher the resistivity. The bulk resistivity will
also depend on the volume of the electrolyte V,; in pores and
resistivity of the fluid p,,. This has been shown using 2D resistivity
modeling (Ezersky, 2008). Note that the higher porosity in sinkhole
sites is caused by the presence of cavities and collapsed sediments at
depth (Maimon et al., 2005). Therefore ERT was first used in the Dead
Sea sinkhole areas to detect subsurface high resistivity anomalies
caused by the higher porosity of the subsurface sediments (Ezersky,
2003, 2008; Al-Zoubi et al., 2007).

4.4. Ground Penetrating Radar (GPR) method

GPR is used here to detect shallow structural deformations in
sediments above the salt layer. GPR is based on the transmission of
electromagnetic waves into the subsurface and the recording of
reflected waves from objects or interfaces with different dielectric
constants. A radar system comprises a signal generator, antennae (for
transmission and reception), and receiver. The system has an onboard
computer that facilitates data processing both while acquiring data in
the field and post-recording (Reynolds, 1997). As the antenna is moved
along ground surface, the signals of the reflected waves are displayed as
afunction of their two-way travel time, i.e. the time elapsed between the
transmission and detection by the receiver, in the form of radargram. In
low-loss medium the reflection depth of an electromagnetic wave (S) is:

s oC
T2

where t is the two-way travel time, determined from the radargram, C
is the speed of light in free space and ¢, is the relative dielectric
constant, which is 1 for air and 81 for water.

For geological applications, where often depth penetration tends to
be more important than high resolution, antennas for frequencies of
not more than 500 MHz are used. In the present survey we used a SIR-
20 GPR system manufactured by GSSI (USA), using 400 MHz, 200 MHz
and 100 MHz frequency antennas. WINRAD A/VA 5 software was
applied for post processing of the radargrams. Acquisition range was
50 ns (for 500 MHz antenna) and 200 ns (for 100 MHz antenna). The
dielectric constant of the DS deposits varies in a wide range from
& = 3-6 (alluvial fans) to &, =25-45 (mud flats). Such a wide range is
caused by variable soil salinity, from very high at the mud flat sites
(where sediments are saturated with DS brine) to very low at the
alluvial fan sites (where sediments have a high porosity). However,
sinkhole risk is highest at the latter sites where dwellings and roads are
located in both Israel and Jordan. Therefore, GPR surveys were carried
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Fig. 10. Results obtained along seismic line MN-5. (a and b) Examples of the reciprocal zero-offsets (high cut filters 125 Hz were applied to the raw data); (c) Depth velocity section;

(d) Velocity analysis functions.

out in both countries on alluvial fans (e.g. Batayneh et al., 2002, Ezersky
etal., 2006, Frumkin et al., 2009b). In several cases, sinkhole formation
by surface collapse followed GPR detection of subsurface voids and
deformation (e.g. Arkin et al., 2000; Ezersky et al., 2006).

5. Results
5.1. Delineation of the salt layer edge by seismic refraction

Delineation of the salt layer edge by seismic refraction should be
the first step in a sinkhole susceptibility assessment. In Israel, seismic
refraction has been carried out using General Reciprocal Method
(GRM) (Ezersky, 2006; Ezersky et al., 2010). In Jordan, Common
Reciprocal Method (CRM) (Taqgieddin et al., 2000; El-Isa et al., 1995),
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tomography technique (Dhemaied, 2007) and Multichannel Analysis
of Surface Waves (MASW) (Bodet et al., 2010) have been applied.
We have mapped the salt border in a sector of the Shalem-2 area
employing seismic refraction lines along roads and construction-free
areas. The seismic line location as well as TEM stations are shown in
Fig. 9. The rough topography of channels, trenches, boulders, and fluvial
sediments complicate the area rendering it inaccessible for vehicles.
Nine seismic refraction profiles were shot in a 600x600 m? area.
Examples of the seismic depth-velocity sections obtained at seismic line
Mn5 are shown in Fig. 10. The raw data (Fig. 10a and b) are of good quality.
Noise was suppressed using a high cut filter of 125 Hz. In the velocity
analysis function two blocks are clearly seen (Fig. 10d). Less matching line
corresponds to XY = 0-5 m. The depth-velocity section along line Mn5 is
represented in Fig. 10c. Two lateral velocity blocks are distinguished
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below a depth of 40 m: an eastern block (V,=3080 m/s), 40 m deep,
interpreted as a salt layer, and a western block (V,=2700 m/s)
interpreted as clastic sediments saturated with DS brine.

5.3. Salt properties mapping using TEM

It follows from Section 4.3 that knowledge of the Archie's Law for salt
allows estimating its porosity. Therefore, salt mapping using TEM is one
of the most important parts of the methodology. The idea is to detect a
high resistivity layer compared with the very low resistivity background,
taking into account that the salt layer is within the saturated zone of the
DS brine. Our preliminary laboratory resistivity measurements have
shown that the resistivity of the bulk salt specimens saturated with brine
is ~4-6 Q m. It corresponds to ~8-10% porosity of the salt. If fluid
resistivity p,, within pores does not change, then variations of the bulk
salt resistivity p, are determined by variations in the salt porosity ¢. The
bulk resistivity of the brine-saturated salt layer in the DS subsurface
varies in the range of 0.5-1.0 ) m. Detecting this layer, mapping its top
and bottom, and determining its resistivity are our objectives. If an
aggressive (unsaturated with respect to chloride) fluid enters the salt, it
would dissolve salt rapidly, becoming saturated with respect to salt in a
short time (Frumkin, 1994b). Therefore the resistivity of the fluid in salt
pores is almost constant and very low (~0.04 Q m). An example of
resistivity versus depth measured at the TEM station Mn-6 is shown in

Fig. 11b in comparison with the Mn-4 borehole hydrogeology (Fig. 11c).

Fig. 11a shows that the field record (signal) is of good quality from
0.007 to 10 ms (milliseconds). The graph of inverse resistivity versus
depth (Fig. 11b) reveals seven layers. Green dotted lines show
equivalent solutions, so the red graph can be considered as the most
probable model of the resistivity depth function.

The drop in resistivity from 5Q m to 1.5-2.0Q m at 22m
corresponds evidently to the water table. Water table indicated in the
borehole log (Fig. 11c) was measured in 2004 when the borehole was
drilled. During the following 5 years water table declined in
accordance with the DS level at a mean rate of 1 m/year. The layer
of 1 Q m bulk resistivity at the background of 0.2-0.3 Q m at a 38-
54 m depth range represents the salt layer. The resistivity graph
(Fig. 11b) thus allows identifying the depth of the salt top (38 m) and
bottom (55 m), measuring the salt thickness (16-17 m) and its
average resistivity — 1 Q m.

Fifty TEM soundings were carried out through the Shalem-2 area
(Fig. 9). The resulting salt resistivity map is shown in Fig. 12. The map
presents the distribution of the average resistivity of the salt layer
throughout the Shalem-2 area. In addition to resistivity, the color scale
of Fig. 12 also shows values of porosity revealed from expression (3).
These porosity values can give an approximate estimation of salt
conditions (e.g. compaction and degree of karstification) based on bulk
resistivity. Some characteristic regularities of resistivity distribution can
be distinguished in Fig. 12. For instance, resistivity of the salt layer
increases (porosity decreases) in the DS direction, while resistivity
decreases (porosity increases) towards the salt border. Further studies
on resistivity—porosity—permeability relationships based on investiga-
tion of salt specimens and boreholes, will give us the possibility to
interpret resistivity data quantitatively. The method allows producing
isopach maps of salt thickness, and structural maps showing the
elevation of the salt top and bottom.

The salt map (Fig. 12) is based on all data acquired through the
Shalem-2 site. This map combines seismic refraction with TEM
mapping results. These results are corroborated by boreholes which
penetrated the salt east of the salt edge depicted in Fig. 12 (Abelson
et al., 2006). Note, however, that borehole Mn-2 intersected the salt
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Fig. 12. Salt boundary, average resistivity and estimated porosity (n%) distribution of the salt layer through the Shalem-2 area, based upon combined seismic refraction and TEM

results.
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layer at —424 m on 2003. Later the borehole structure collapsed into a
new sinkhole, and today (2009) the salt border has migrated
eastward towards the basin due to rapid dissolution. In general,
Fig. 12 shows that sinkholes developed along the salt edge, rather
than along other tectonic or sedimentary features.

5.4. Studying shallow subsurface structures using GPR

As shown above, the salt edge is the most hazardous zone where
premonitory signs of imminent surface collapse could be detected.
Such surface signs can be shallow voids, fractures, faults, subsidence,
buried sinkholes, synforms, etc. (Frumkin et al., 2009b).

Here we report our GPR study carried out in the Shalem-2 site 2 to
detect hazardous locations along a dirt road connecting the Mineral
Spa to Route #90 (Fig. 9). The dirt road runs perpendicular to the salt

Fig. 13. Shalem-2, GPR Site 2 (for location see Fig. 2). (a) Dirt road connecting Mineral
Spa to Route #90 on November 2008 (view to the west): the road was still intact with a
regular surface. GPR lines are shown; (b) January 2009: the road is already intersected
by an elongated subsidence zone formed close to the salt edge above GPR anomalies 1
and 2 (view to the south); (c) The dirt road (view to the west) on January 2011,
following major sinkhole development (compare with a). An elongated subsidence
trough (center) has developed above GPR anomalies 1 and 2 of Fig. 14c, above the salt
edge. A circular collapse sinkhole (lower left) has recently developed above anomaly 3.

edge, crossing it at the south-western part of site 2. Geoelectric
sounding was first performed to determine the resistivity structure of
the site. A resistivity of 120 Q m characterizes the vadose zone down
to 17 m below surface. A 1 Q m interface separates highly resistive
dry alluvial sediments from the DS aquifer. This interface is
interpreted as sediments which are partly wetted by capillary rising
of salty water from the water table, a process observed directly in
sinkhole walls above the water table. The water table is at 18.5 m,
below which the resistivity of the DS aquifer is 0.25-0.3 Q m,
characterizing a hypersaline brine filling pores in a clay layer. Thus,
the subsurface vadose zone is characterized by relatively high
resistivity allowing a GPR penetration depth of 8-10 m at a dielectric
constant of 5-6.

Five GPR lines were carried out at site 2 along the dirt road and two
additional oblique lines (Figs. 13 and 14a). Antennae of 300 MHz,
400 MHz and 500 MHz were used. On November 2008 the dirt road
surface topography along line 1 was smooth (Fig. 14b), with a slight
slope 0.2 m high at the western part. Three anomalies can be
distinguished in the radargram acquired along line 1 on November
2008 (Fig. 14c).

The western-most anomaly no. 1 (Fig. 14c) corresponds to a vertical
structure, apparently a fault or fracture. Anomaly 2 in Fig. 14c reveals a
disturbed medium interpreted as fractures and voids filled with air.

Finally, anomaly 3 in Fig. 14c is a strong reflector whose pores can
be filled with air or water. Anomalies 2 and 3 reveal an inclined and
sagged layer. No signs of sinkholes were seen on the surface on
November 2008. The anomalous reflector is shown in the 3D
presentation (Fig. 15) generated with the profiles acquired along 5
lines (see location of 5 lines in Fig. 14a).

a) Plan-view of dirt road 19 November 2008
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Fig. 14. GPR study at the Shalem-2, site 2. (a) GPR line layout; (b) Topography of the dirt
road at the time of study in November 2008; (c) Radargram along central line 1 obtained
with a 500 MHz antenna; (d) Topography of the dirt road along line 1 on January 2009. The
subsidence belt crosses the dirt road (compare with Fig. 13b).
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Fig. 15. Three-D presentation of the anomalous reflector detected by the GPR scanning along the dirt road of Figs. 13 and 14.

Two weeks later a sharp scarp formed at the place of anomaly 1 (L.
Kofman, Technion R&D, personal communication). By 17 December
2008 the scarp reached 0.8-1.0 min height, and a new collapse sinkhole
was formed.

A sinkhole 5 m in diameter and 2 m deep formed above anomaly 2,
and concentric fractures 5-10 mm wide (Fig. 13c lower left) were seen at
the surface above anomaly 3 (Fig. 14c). The surface has further subsided at
the location of anomalies 1 and 2. Finally, on 21 December 2010, a new
3 m deep sinkhole was observed above anomaly 3 (Fig. 13c). The
sinkholes above anomalies 1 and 2 have converged, forming a large
subsidence trough above the salt edge (Figs. 13c and 14c). Thus sinkholes
have appeared above all anomalies detected earlier by GPR at site 2.

This study illustrates rapid sinkhole development close to the edge
of the salt layer at Shalem-2 area. Subsurface anomalies were
successfully detected by GPR, providing precursory signs of collapse.

5.5. Studying subsurface structures using ERT

Jordanian researchers have used GPR, ERT, Magnetometry and
Microgravity to detect subsurface anomalies, cavities and formations

Fig. 16. Recent sinkholes in the Ghor Al-Haditha site, Jordan. Note the ruptured surface
at the foreground, indicating that further subsidence is imminent.

in order to anticipate imminent collapse at Ghor Al-Haditha, following
sinkhole development in this area (Fig. 16). Here we present an
example of two ERT sections along lines No. 1 and 2 (Fig. 17).

A characteristic feature of the section along line ERT 1 is a high
resistivity anomaly of 2000 Q m at 240 m distance and 10-15m
depth. The anomaly contrasts with the low resistivity background of
15-100 Q@ m (Fig. 17b). Conversely, ERT 2 section located some 400 m
northward shows low resistivity values (1-50 Q m) throughout the
whole section (Fig. 17c). Similar background resistivity is typical for
the DS area vadose zone. However, as mentioned above, sites of
sinkhole development are characterized by higher resistivity values.
Following the results in Shalem-2, we hypothesize that the anomaly
detected by line ERT 1 is related to a gradually stoping cavity possibly
indicating an imminent sinkhole.

6. Discussion

The main aim of this study is to find an optimal way of integrating
several geophysical methods in order to provide a basic sinkhole
susceptibility assessment. An additional benefit is a better under-
standing of sinkhole formation above salt deposits. Indeed, the
integration of several methods at Shalem-2 allowed the prediction
of sinkhole formation before it actually occurred.

In spite of the various DS sinkhole formation models, most
researchers agree that sinkhole development is connected with the
drop of the Dead Sea level, either because of aggressive water incursion
into the coastal area (Yechieli et al., 2002, 2006), or because of artesian
flow via faults and conduits (Abelson et al., 2006, Shalev et al., 2006), or
because of collapse of surface sediments into pre-existing dissolution
cavities due to decreasing buoyant support (Legchenko et al., 2008b). A
combination of these non-exclusive models, which often enhance one
another is a probable situation.

The application of geophysical methods to the DS sinkhole problem
is based upon the model formulated in our earlier works (Bruner et al.,
2003; Ezersky, 2003; Ezersky et al., 2010). The present study, following
previous ones, shows that the dissolution process occurs preferentially
where the salt and clay lake sediments interfinger with alluvial and
colluvial gravel and sand. Further towards the lake, the salt layer is
sandwiched within thick fine-grained lake deposits, commonly clay,
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possibly indicating a gradually stoping cavity where a future sinkhole is expected; (c) ERT profile 2, ~400 m north of profile 1.

acting as hydraulic protective layers above and below the salt. The
dissolution zone is thus commonly limited to a fringe along the salt edge
and between it and the low permeability zone where Dead Sea clay
layers block the underground flow.

The rapid development of a sinkhole at the Mn-2 drilling site (and
at other boreholes as well) suggests that dissolution (at least in this
site) is dominated by upward flow from a confined aquifer. Wherever
the aquiclude layers are perforated, artesian water can rise into the
salt, creating dissolution voids rapidly. This is corroborated by higher
water pressure at the aquifer underlying the salt, compared with the
overlying aquifer (Yechieli et al., 2006), and by sinkholes developed
under lake water. For some cases, faults may perforate the aquiclude
layers, as suggested by lines of sinkholes perpendicular to the salt edge
(Frumkin and Raz, 2001, their Fig. 10). Anyway, the lakeward
thickening of clay deposits limit the ability of faults and fractures to
perforate these aquiclude layers. The formation of large karstic voids
due to rising hypogenic water has become widely appreciated in both
carbonates and evaporites (e.g. Frumkin and Gvirtzman, 2006;
Klimchouk 2009). In the case presented here, the head of the overlying
aquifer has diminished dramatically during the last decades due to the
fall of Dead Sea levels, promoting increased artesian flow and rapid
dissolution. Salt dissolution may take place a short or long period
before any signs are evident on the surface (Fig. 18a). The sinkholes

a) Latent stage 1 - dissolution of salt

Sinkhole hazardous area 100m west*

and 50m east to the salt edge
r

commonly developed along the salt edge which was dissolved by
brackish water, unsaturated with respect to chloride (Yechieli et al.,
2006, Yechieli, 2007; Legchenko et al., 2009; Ezersky et al., 2010).

Instability of the salt cavity ceiling causes upward stoping through
the mechanically-weak sediments situated between the cavity and
the surface (Fig. 18b). Ford and Williams (2007, p. 385) report cases in
different geological settings, where the stoping process propagated
through >1000 m of cover rocks. This intermediate stage continues
until the surface collapses and a sinkhole forms (Fig. 18c).

Extrapolating the ongoing retreat of the Dead Sea, the water-table
will fall progressively below the salt layer, leaving it within the vadose
zone. This situation will favor karstification by downward vadose flow
from ephemeral streams (e.g. Frumkin, 1994a).

Considering the above-mentioned processes, we have resolved
three important aspects by means of geophysics:

1. Distribution of the salt layer, and particularly its edge;

2. Zones of increased porosity and their lateral distribution through-
out the salt area;

3. Changes in the properties and structure of shallow sediments,
overlying cavities. These disturbances include increased porosity
and various types of ductile and brittle deformation structures (e.g.
Yang and Drumm, 2002; Maimon et al., 2005). Porous and
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Fig. 18. Three stages of sinkhole formation at the salt edge: a generalized model. Note that although there is not salt west of the present salt edge, salt has been dissolved there earlier.
Therefore cavities may still propagate towards the surface. It is confirmed by statistics of sinkhole formation. (a) Latent stage, (b) upward propagation of cavity (stoping);

(c) sinkhole formation.
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fractured zones in the subsurface detected by geophysical methods
(ERT, GPR etc.) may allow anticipating imminent sinkholes before
the collapse reaches the surface, allowing for timely warning.

7. Conclusions

The recent development of geophysics has allowed us to combine
various methods for delineating salt distribution and voids within the
salt, as well as identifying shallow evidence of deformation allowing
the anticipation of imminent sinkholes.

Additional data, such as hydrogeology and surface geomorphology
are implemented into this methodology and combined to gain a better
insight into the processes and factors that control sinkhole develop-
ment. The rapidity of sinkhole development following the decline of the
Dead Sea level allows testing the geophysical assessment presented
here by monitoring collapse sinkholes developed at the sites where
shallow anomalies along the salt edge were previously detected.

In addition to the geophysical conclusion, our data from the Dead Sea
sinkholes provide valuable information on controlling factors and
genetic processes of sinkhole formation mechanisms. Dead Sea
sinkholes form mainly above areas of subjacent salt dissolution,
dominated by confined artesian flow of hypogenic origin. This water
is aggressive with respect to salt and often hydrothermal. The location of
most sinkholes is determined by the combination of high-permeability
layers such as coarse fluvial sediments, and the westernmost edge of the
salt layer. So far, sinkholes rarely develop further lakeward, because of
the increasingly thicker clay aquicludes bounding the salt layer. The
rapid dynamics of the system renders the Dead Sea coastal environment
a highly hazardous area for sinkhole formation. The possible remedy of
raising the Dead Sea to its mid 20th century level (Frumkin and Raz,
2001) is still being evaluated today.

Based on the above-mentioned evidence one can conclude that salt
distribution, DS level, and aggressive water are the main factors
determining the salt sinkhole hazard. Geophysical methods are
applicable to predict imminent sinkholes and mitigate the hazard.
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