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Abstract: Since the early 80s, a progressively increasing number of sinkholes appeared along the Dead 
Sea coastal line. It has been found that their appearance is strongly correlating with the 
lowering of the Dead Sea level taking place with the rate of approximately 1 m/yr. Location of 
areas affected by sinkhole development corresponds to location of the salt formation deposited 
during the latest Pleistocene, when the Lake Lisan receded to later become the Dead Sea. 
Water flowing to the Dead Sea from adjacent and underlying aquifers dissolves salt and 
creates caverns that cause ground subsidence and consequent formation of sinkholes. Before 
subsidence, these caverns are not visible on the surface but can be investigated with surface 
geophysical methods. For that, we applied Surface Nuclear Magnetic Resonance (SNMR), 
Transient Electromagnetic (TEM) Seismic refraction and reflection, Multichannel Analysis of 
Surface waves (MASW), microgravity and magnetic surveys and their combinations. Our 
geophysical results allowed us to locate the salt formation and to detect caverns in salt thus 
contributing to better understanding sinkhole development mechanisms. Comparison of 
sinkhole appearance along the western DS shore derived from the recent database (2017) 
shows that predictions made on the base of geophysical data (2005-2008) are now confirmed 
thus demonstrating efficiency of our study. In this paper, we briefly present a summary of 
up to date knowledge of the geology and hydrogeology of Dead Sea basin, of the physical 
properties of the salt rock and the most popular models explaining mechanisms of sinkhole 
development. We also share our experience gained during geophysical studies carried out in 
the framework of national and international research projects in this area for the last 20 years.
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INTRODUCTION

Thousands of sinkholes have been formed during 
the last 30 years along the Dead Sea (DS) coastal 
areas in Israel (Abelson et al., 2006; Yechieli et al., 
2016; DS sinkhole database 1998-2016) and Jordan 
(Closson & Abou Karaki, 2009; Abou Karaki et al., 
2016; Abueladas, 2016, pers. comm.) (See Fig. 1). 

Generally, the sinkhole susceptibility problem is 
widely known in limestone karst, associated with 
collapse or subsidence into subsurface cavities (e.g., 
Klimchouk, 2005; De Waele et al., 2009; Frumkin 
et al., 2009a; Parise et al., 2009, Gutiérrez et al., 
2014). Sinkhole clusters in carbonate karst terrains 
commonly develop and modify over long geological 
periods. Although methodologies for the detection 

of sinkholes and other karst features in carbonate 
rocks (generally limestone) have received much 
attention worldwide (Arandelovich, 1969; Milanović, 
1981, 2000; Beck & Herring, 2001; Beck, 2003) these 
methodologies need to be adapted, or new methods 
developed, for the unique environment of evaporite 
deposits along the Dead Sea coast in Jordan and 
Israel. The main differences between the karst areas 
in carbonate rocks and the sites with unconsolidated 
sediments in the Dead Sea region are the following: 
(1) subsurface dissolution of the salty rock is observed 
quite often in response to changes of environmental 
conditions; and (2) very high salinity groundwater  
is present.

The first feature is commonly attributed to  
sinkholes formed in evaporite areas, where dissolution 
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rates are one to three orders of magnitude faster 
compared with limestone (Reuter & Stoyan; 
1993, Gutiérrez et al., 2008). Salt is very soluble 
when coming in contact with a slightly saline 
(undersaturated) circulating groundwater. Therefore, 
sinkhole hazard related to dissolution of subsurface 
salt by such water and collapse of overlying material 
may also be relatively rapid, from days to some 
weeks (Frumkin, 1995; Van Sambeek, 1996; Stiller  
et al., 2016). 

The second condition is that Dead Sea groundwater 
is essentially more saturated in salt than normal 
groundwater, thus slightly slowing down the 
dissolution process (months, years) and allowing the 
observation of changes in geophysical properties of 
the subsurface on a human life scale.

Salt outcrops around DS are rare and produce 
typical vadose karst morphologies characterized by 
localized sinkholes, blind valleys and underground 
streams (e.g., Frumkin, 1994; Burthens et al., 2009; 
De Waele et al., 2009). Geomorphic changes, including  
sinkhole development, can be extremely rapid 
particularly in areas where human activities alter 
groundwater circulation (Lucha et al., 2008). 
Gutiérrez et al. (2008) propose a phased approach 
for the identification, investigation, prediction, and 
mitigation of sinkholes in evaporite terrains. The 
protective measures were proposed by Taqieddin 
et al. (2000) and Yechieli et al. (2006). Probabilistic 
sinkhole modeling for hazard assessment and 

sinkhole susceptibility mapping were attempted 
for evaporite karst (Galve et al., 2009a, b). 

Sinkholes are surface manifestations of 
subsurface dissolution, internal erosion, 
and deformation, commonly hidden from 
direct observation and from most subaerial 
geomorphological study methods (Gutiérrez et 
al., 2014). 

A strong contrast in the physical properties 
between different geological formations in the Dead 
Sea coast requires the use of surface geophysical 
methods (Frumkin et al., 2011). Different 
geophysical methods have been tested for the 
various aspects of sinkhole hazard assessment. 
Moreover, TEM method allows to determine the DS 
water salinity and to map it through the sinkhole 
hazardous areas (Ezersky & Frumkin, 2017). 
Therefore, geophysical methods can facilitate 
sinkhole susceptibility assessment in the DS coastal 
areas both in Israel and Jordan. In the framework 
of DS sinkhole studies numerous geophysical 
methodologies were developed and applied to 
examine the evaporite karst phenomenon. A list 
of geophysical methods used for the study of the 
DS sinkhole problem by the authors and different 
researchers is collected in Table 1.

In this paper, we intend to summarize the 
available experience and to compare predictions 
of sinkhole expansion throughout the DS basin 
made by different authors. We also tried to compare 
these predictions with the recent geological-
geophysical observations. We hope that such an 
analysis will produce a better understanding of 

Fig. 1. Sinkhole sites along Dead Sea shore: 1) Zikim; 2) Avenat; 3) N.Qane; 
4) Samar; 5) N. Deragot; 6) Mineral Beach; 7) Ein Gedi and Nahal Arugot;  
8) Yesha; 9) Mazor; 10) Nahal Hever north; 11) Nahal Hever south; 12) Asa’el; 
13) Nahal Zeelim; 14) Rahaf; 15) Lynch Straight; 16) Mor; 17) Ein Boqeq;  
18) Newe Zohar; 19) Dam-2; 20) Lisan; 21) Ghor Al-Haditha; 22) Wadi Mejib; 
23) Suweimeh; 24) unnamed; (20-24 - after Closson and Abu Karaki, 2009). 
CC' - line of the generalized geological section (the coordinates in the frame 
are new Israel Mercator grid in km, the outer coordinates are Universal 
Transverse Mercator grid, in km).

the phenomenon, which is particularly important 
at present, when construction of a channel between 
the Red and Dead Seas (Beyth, 2007) is being  
definitely decided. 

We anticipate discussing the presence of a salt 
layer both in western (Israel) and eastern sides of 
the DS shores. For instance, such analysis in the 
Ghor Al-Haditha area (eastern DS side) will be 
based on an integrated analysis of all available  
geophysical data. 

GEOLOGY AND HYDROGEOLOGY  
IN THE DEAD SEA AREA

Generalities 
The Dead Sea (DS) is probably, the best-known 

example of a hypersaline lake (34.2% salinity in 2010), 
and it is also the deepest salt lake in the world (Goetz, 
1986; Ben Avraham, 2001). Generally, a hypersaline 
lake is a landlocked body of water that contains 
significant concentrations of sodium chloride or other 
mineral salts, with saline levels surpassing that of 
ocean water (3.5%; i.e., 35 g/l). The DS is the deepest 
subaerial point on Earth, located in an extremely 
arid environment with an annual precipitation of  
50–100 mm. 

The DS lies within a transform that looks like a 
depression, 150 km long and 15–17 km wide in its 
center, divided into two sub-basins (Fig. 1). The 
southern subaerial sub-basin is dry; it contains 
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Method’s name Physical properties to be measured Capability of detection References

Seismic refraction

Seismic velocity of longitudinal waves (Vp)  
in solid salt layers (2,900-4,500m/s) that is 

considerably higher than sedimentary  
overburden (2,100-2,700 m/s) 

Salt elastic properties and salt 
delineation

Ezersky, 2006; 
Ezersky et al., 2010

Multichannel 
analysis of surface 
waves (MASW)

Seismic velocity of shear (S) waves (Vs) 
Salt shear velocities and 
modulus to estimate salt 

porosity and karstification

Bodet et al., 2010; 
Ezersky et al., 2013

P-wave seismic 
reflection

Study of the deep (down to 200 m) subsurface 
structure, detection of sub-horizontal interfaces 

and faults 

Detection of salt layer within 
sediments, faults etc. 

Keydar et al., 2010, 
2012, 2013, Ezersky 

& Frumkin, 2013

S-wave seismic 
reflection

Study of the shallow (down to 100 m) subsurface 
structure, detection of sub-horizontal interfaces 

and faults 

Detection of salt layer within 
sediments, faults etc. 

Krawczyk et al., 
2015; Polom et al., 

2016

Transient 
Electromagnetic 
(TEM, TDEM)

Low resistivity of aquifer formations (1 Ωm to  
0.5 Ωm) in contrast to the surrounding sediments 

(more than to 10 Ωm)

accurate location of the top of 
the aquifer and mapping water 

salinity variations

Goldman et al., 1991; 
Kafri et al., 1997; 

Ezersky et al., 2011; 
Ezersky &  

Frumkin, 2017
Electric Resistivity 
Tomography (ERT) DC resistivity in subsurface search anomalously high 

resistivity
Ezersky, 2008; Al-
Zoubi et al., 2007

Magnetic Resonance 
Sounding (MRS) 
or Surface Nuclear 
Magnetic Resonance 
(SNMR) + 3D-SNMR

Water in the karst voids and water in the 
surrounding sediments produce nuclear magnetic 

resonance signal with different relaxation time  
(less than 150 ms in sediments and more than  

600 ms in karst

Detection of water filled voids 
and estimate the volume of 

water in karstic caves

Legchenko et al., 
2006a; Legchenko, 

2013

MRS + TEM 
Bulk resistivity, water content (W), hydraulic 

conductivity (K) and relaxation time (T1) allows 
resolve equivalency 

Identification of the subsurface 
lithology

Legchenko et al., 
2008b; 2009

MRS+MASW K and Vs and Estimating of the salt 
hydraulic conductivity

Ezersky and 
Legchenko, 2014

Ground penetrating 
radar (GPR) 

Structure of most shallow (10-15 m) sediments 
located over karstified unconsolidated salt  

Detection of density deficit  
caused by cavities moving 

upward (stoping)

Frumkin et al., 
2009b; 2011

Microgravity Detection of gravity anomalies against strong  
noise background

Detection of caverns, 
estimation of their depth and 

volume

El-Isa et al., 1995; 
Rybakov et al., 2001; 

Eppelbaum et al., 
2007; 2008; 2010; 

2015a, b; Ezersky et 
al., 2013 b

Gravimetry + 
radar differential 
interferometry

ground subsidence caused by deficit of mass 
potentially hazardous areas 

because of underground 
cavities

Closson et al., 2003; 
2005, Nof et al., 2013

Photogrammetry + 
satellite

Ground reflectance, diachronic analysis,  
spatial co-occurrence Areas prone to sinkholes Al-Halbouni et al., 

2017
Nano seismicity and 
microseismic
activity

Measuring of vibrations produced by falling stones 
in the underground cavities 

Pre-collapse identification 
of sinkhole activity in 
unconsolidated media

Wust-Bloch & Joswig, 
2006

Abelson et al., 2013 

Table 1. Geophysical method used for sinkhole studies.

commercial artificial evaporation ponds (EP) and 
reaches a maximum elevation of about 405 m below 
mean sea level (b.m.s.l.). At the deepest point in the 
northern sub-basin, the maximum water depth is 
~300 m (~700 m b.m.s.l.). 

The Dead Sea level has been dropping since 
the 1960s, at a mean rate of 1 m/yr for the last 
decade, reaching ~431 m b.m.s.l. in January 2017  
(Fig. 2). Lowering of the groundwater level caused the 
development of sinkholes thus threatening economic 
development in this region. 

Tectonics  
The DS depression is an actively subsiding N-S 

elongated basin formed along the Dead Sea–Jordan 
transform-plate boundary. It is a classic example 
of a pull-apart basin. The pull-apart is associated 
with NW-SE compression and NE-SW tensile stress  
(Fig. 3a) (Garfunkel, 1997). Numerous faults have 
been detected throughout the DS area (Fig. 3b) mainly 

trending N-S and NW-SE (Al-Zoubi & ten Brink, 2001; 
Shamir, 2006).

The basin is still tectonically active. The central part 
of the DS subsides along normal faults forming the 
graben area. The subsidence is conditioned by the 
pull-apart causing the W-E divergence of the marginal 
faults (Garfunkel, 1997).

The major structural feature of the Western DS 
shore is the western border of the DS basin where 
several large normal faults exist. Considering a typical 
deep W-E vertical section (Fig. 4) through the Lisan 
Peninsula (along line C-C’ in Fig. 1b) (Garfunkel, 
1981; Closson, 2005; Ezersky et al., 2014) one can 
see that the 3-6 km space between the bordering 
faults is composed of clastic Quaternary sediments 
that do not transfer tectonic stresses (see also Shalev 
& Lyakhovsky, 2012, p. 166). This is especially 
understandable taking into account the W-E 
divergence of the Dead Sea Transform boundaries 
(Wdowinski et al., 2004).
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Fig. 2. Variations of the DS level during last 157 years. Thick solid 
line, DS (northern basin); red dashed line and EP (evaporation ponds, 
southern basin); red thin line – salt top elevation at the Nahal Hever 
South (NHS) site (data of the Geological Survey of Israel).

Shallow geological section 
The survey areas are located between the DS 

shoreline and the western and eastern borders of the 
DS rift within the graben area. A general geological 
W-E section through the DS (along C-C’ line) is shown 
in Fig. 5 (see Fig. 1b for location). The coastal plain 
between the fault escarpment and the DS shores 
consists mainly of Quaternary clastics (marl, sand, 

Fig. 3. Dead Sea tectonic setting: a) Pull-apart basin with stress acting in regional scale (Garfunkel, 1981); b) Faults through 
the DS area (Ben-Avraham, 1997); c) Western faults (gray lines), DS shoreline at -400 m lake level (blue) and sinkholes (red) 
in increased scale. (Permission of Elsevier, Ezersky & Frumkin, 2013).

and gravel) deposited in fan deltas and debris flows, 
with some intercalations of lacustrine sediments 
(silt, clay, gypsum, halite, and aragonite) mainly of 
the Lisan Formation (Begin et al., 1974) and younger 
Holocene sediments, named the Ze’elim Formation 
(Yechieli et al., 1995).

The typical geological section of the DS western side 
(Israel) based on 80-90 m deep boreholes (Yechieli et 
al., 2004) is composed of alluvial fan sediments to 
a depth of 20-50 m. Salt layers have a thickness of  
6-30 m and are located at depths of 20-50 m (top). 
Salt is usually sandwiched between marl layers from  
below and from above, especially when approaching 
the DS shoreline. The salt edge to the west of the DS 
is often in contact with the sandy-gravel sediments 
(Yechieli et al., 2004). Thus, salt and clayey sediments 
divide sand and gravel formations into several 
subaquifers (Yechieli et al., 2006).

The Eastern part of the DS section (Jordan) has 
been specified in accordance with El-Isa et al. (1995) 
unpublished report widely cited in the geological 
literature (Taqieddin et al., 2000; Closson, 2005; 
Frumkin et al., 2011; Al-Halbouni et al., 2017). This 
section was discovered by boreholes down to 50 m 
and did not cross the salt layer, which was proposed 
by Taqieddin et al. (2000). 

DS soils and their properties
The theoretical, empiric and model studies aimed 

to investigate features and regularities of sinkhole 
formation require a comprehensive knowledge of 
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Fig. 4. Deep geological section along approximately C-C’ line in Fig. 1 
(according to Garfunkel, 1981).

Fig. 5. Generalized geological W-E section (along line C-C' in Fig. 1) through the southern part of the Dead Sea (according to El-Isa et al., 1995).

soil and salt properties presenting the sinkhole 
environment (Maimon et al., 2005; Shalev & 
Lyakhovsky, 2012; Ezersky & Frumkin, 2017). 
We have studied the soil and salt properties both 
in situ and laboratory conditions. Arkin & Gilat 
(2000) have selected three types of sinkholes: (1) 
gravel holes occurring in alluvial fans, (2) mud holes 
developing in the mudflats between fans, and (3) a 
combination of both types that are formed at the 
front of young alluvial fans where they overlap mud 
flats. Therefore, two types of lithology and salt cores 
were studied in laboratory and in-situ conditions to 
reveal geotechnical and geophysical properties of DS 
soils. Two boreholes MN-5E and EB-3E, of clayey 
and sandy-gravel lithology, respectively, were drilled 
in the Mineral Beach and Ein Boqeq sites (Fig. 6).  
MN-5E borehole (Fig. 6a) was drilled in the northern 
DS basin in the margin of an alluvial fan near  
Mineral Beach SPA. This vertical profile consists  
mainly of fine-grained sediments, silts with a little 
clay (named after Frydman et al. (2008, 2014) lime 
carbonates) with few inter-layers of gravels. EB-3E 
borehole was drilled in the alluvial fan of the Ein 
Boqeq site (Fig. 6b). The profile consists mainly of 
coarse clastic sandy-gravel sediments (Livne, 2012). 
Note the profile is typical for the DS fans. A similar 
coarse sandy-gravel lithology is reported by Taqieddin 
et al. (2000) on the Jordanian shore. Hydrogeological  

conditions of these sites have been studied using 
ground water salinity monitoring (Yechieli et al., 
2007). We suggest that the drilled boreholes are 
presentative for the similar lithology and salt layers 
along the DS shores in Israel and Jordan (El-Isa et al., 
1995; Taqieddin et al., 2000; Charrach et al., 2007; 
Khlaifata et al., 2010; Livne, 2012; Ezersky, 2013; 
Ezersky & Livne, 2013; Ezersky & Goretsky, 2014; 
Frydman et al., 2014).

For instance, boreholes HS-2 and HS-3 (Figs. 6c, d, 
respectively) drilled in the Nahal Hever south site in 
2001, crossed the same lithology presented by alluvial 
sandy-gravel sediments, marl and salt. In the HS-3 
borehole located 40 m south of the HS-2 borehole, a 
mud layer was discovered which replaced dissolved 
salt located at the same depth (Yechieli et al., 2004, 
Ezersky et al., 2009).

Thus, this study has enabled us to reveal 
geotechnical and geophysical properties of the above-
mentioned soils and inter-relationships between  
them (Livne, 2012; Ezersky, 2013; Ezersky & Livne, 
2013). We have used the following methods:

1) The laboratory testing of sandy-gravel sediments 
was carried out in the Ben-Gurion University 
(BGU) geotechnical laboratory by Livne (2012) 
in accordance to the methodology suggested 
by Frydman et al. (2008). Lime carbonates 
were tested in the Building and Infrastructure 
Testing Lab. Ltd. and results are presented in 
Ezersky (2013). The laboratory testing included 
determination of density, water content, 
Atterberg limits and USGS classification. Clayey 
samples of undisturbed structure were studied 
additionally by the Bender element to measure 
shear wave velocity (Vs) in consolidated brine-
saturated conditions. Unconfined compressive 
strength qu of those samples was measured 
after testing by Bender Element. Unconsolidated 
undrained triaxial compression tests were carried 
out on naturally wet samples located above the  
water table. 

2) Boreholes were studied using Standard 
Penetration Test (SPT) and seismic downhole 
(DH) survey. Transient Electromagnetic (TEM) 
soundings were carried out near every borehole. 
Samples of undisturbed structure were selected 
from boreholes of silty lithology and other samples 
were obtained from sampling spoons. 
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Fig. 6. Lithological sections of boreholes a) MN-5E from the Mineral Beach site; b) EB-3E from the Ein 
Boqeq site and c, d) boreholes HS-3 and HS-2 (40 m apart) from the Nahal Hever South area (see Fig. 1 
for location) [a, b) Permission of Elsevier, Ezersky & Goretsky, 2013; c) Permission of Springer, Ezersky 
et al., 2009].

Laboratory study
Properties of soils measured in laboratory and in 

the field conditions are presented in Table 2. The 
consistency of lime carbonate can be defined as 
firm - stiff (based on SPT values of range 4-16 and 
unconfined strength 50-220 kPa). The lime carbonate 
sediments are typically comprised of laminated, 
clay to silt size clastic sediments (predominantly 
calcite), and authigenic aragonite and gypsum. The 
clastic detrital material was brought into the basin 
by seasonal floods. The DS lime carbonate sediment 
is made up of about 95% calcite, with the other 5% 
being aragonite, quartz and gypsum.

Note, also, that carbonate soils of the western 
DS area are typical also (with some reserves) for its 
eastern (Jordanian) shores where both coarse sandy 
gravel sediments (Taqieddin et al. 2000) and mud flats 
composed of lime carbonates (Khlaifata et al., 2010) 
are presented. 

Lime carbonates demonstrate one more peculiarity, 
e.g., very low cation exchange capacity (CEC) 
(Khlaifata et al., 2010) that allows using the TEM 
resistivity method for determining the porosity of both 
sands and DS mud as suggested by Kafri & Goldman 
(2005). Note also that significant difference of Vs 
allows distinguishing different lithologies along the 
DS coastal areas.   

DS salt and water
The salt of the coastal DS area is composed of 

10,200–10,800-year-old layers (Yechieli et al., 1995). 
The halite layer was deposited in Early Holocene 
during the development of extremely arid conditions 
in the shrinking phase between the Lisan Lake and 
the present Dead Sea (Stein et al., 2010). The halite 

commonly appears as rock salt. The salt was formed 
within the Dead Sea area, and its boundary extends 
west of the existing pool (Ezersky et al., 2013b).

The salt unit is located below the groundwater table 
at depths of 20–50 m from the surface. The DS salt 
is characterized by unit weights considerably lower 
than those usually discussed in the literature, and by 
the correspondingly different mechanical properties 
(Frydman et al., 2014). The unit reaches 4-7 m in 
thickness at the marginal sites of the lake and thickens 
up to 30 m toward the deeper lake environment 
(Stein et al., 2010). Holocene sandy-gravel sediments 
and lime carbonates overlie the salt unit. The lime 
carbonate sediments comprise laminated clay- to silt-
sized, clastic sediments (calcite), authigenic aragonite, 
and gypsum (Charrach et al., 2007). The DS salt 
layers are very conductive hydraulically and water-
saturated with DS brine of very high salinity with total 
dissolved solids [TDS] of 340 g/l (up to 380 g/l in the 
southern basin) (Yechieli, 2000, Yechieli et al., 2001). 
Geophysical properties of the DS salt in laboratory and 
in-situ conditions are presented in Table 2 (Ezersky, 
2006; Ezersky et al., 2013a, c; Ezersky & Goretsky, 
2014). Mechanical properties of the Dead Sea salt can 
be found in Frydman et al. (2008, 2014). 

The chemical composition of the Dead Sea solution 
and groundwater in boreholes is presented in Table 3.

Average density of the DS brine is 1,230 kg/m3 in 
the northern basin and 1,240 kg/m3 in the EPs. Note 
that the composition of DS brine generally differs 
from other saline lakes in its high concentration of 
magnesium and calcium (Hammer, 1986). However, 
it is very similar to the water composition of the 
hypersaline Lake Assal located in Djibouti (Horn 
of Africa), which has a salinity level of 34.8% (i.e.,  
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Lithology Sandy-gravel sediments (SG) Lime carbonates (LC) Comments
Soils Laboratory* Field Laboratory** Field

Classification SW, SM, SP - coarse clastic 
gravels and sands CL – lime carbonates after USCS

Fine content % 94-99 (<0.074 mm), 
Water content, % 15-25 40-48
Unit weigth, γt, kN/m3 16.6 - 23 7-15 dry
Liquid limits (LL) 31-44
Plasticity index (PI) 8-18
Consolidated undrained triaxial 
strength (CU)
Friction angle, φ0 34
Cohesion C, kPa 0
Unconsolidatedundrained triaxial 
strength (UU)
Friction angle, φ0 1
Cohesion C, kPa 19
Vs, m/s 300 – 650 90/350 120 – 250 Bender test at 0/500 kPa
SPT (Standard Penetration Test), 
Blow/30 cm 16 - 50 5 - 25

Bulk resistivity ρx, Ωm  0.3-0.5 0.2 –0.3
Pore fluid density, DS brine, kg/m3 1,230 /1,240 Northern/southern basin
Salt
Vp, m/s 3,700 - 4,460 2,900-4,250
Vs, m/s 1,900 - 2,620 750-1,800
Bulk resistivity ρx, Ωm 2 – 100 0.5 – 2.0
DS water
total dissolved solids [TDS], g/l 340/380 Northern/southern basin
Vp, m/s 1,800 1,820

* Tests were carried out in the Ben Gurion University of Negev (BGU) geotechnical laboratory by Livne (2012) 
** Tests were carried out in the Building and Infrastructure Testing Lab. Ltd (Haifa) by Goretsky 
Both soils were tested in accordance to Friedman et al. (2008) for saline water saturated samples

Table 2. Soil, salt and DS brine properties.

Well Depth Na, g/l K,
g/l Ca, g/l Mg, g/l Sr,

g/l Cl, g/l SO4 Br, g/l TDS
g/l

NaCl,
g/l

Other 
solids

Mn2* 20 67.0 5.3 9.9 28.0 0.15 205.4 1.20 3.70 320.65 272.4 48.25
Mn2* 25 75.0 4.3 11.15 22.6 0.18 200.0 1.10 3.20 317.53 275.0 42.53
Mn2* 30 75.7 4.6 11.30 22.8 0.18 202.0 1.10 3.20 320.88 277.7 43.18
EB2* 20 26.0 8.4 19.9 50.8 0.36 229.8 5.63 340.89 255.8 85.09
EB2* 28 25.7 8.4 19.8 50.4 0.36 230.7 5.65 341.11 256.5 84.61
EB2* 40 30.6 6.7 18.1 47.6 0.32 223.9 5.43 332.65 254.5 78.15
DS** 40.1 7.65 17.2 44.0 224.9 0.45 5.30 339.6 265.0 74.6
EP** 16.7 11.1 25.2 62.3 258.9 0.29 7.47 381.96 275.6 106.36

*Yechieli et al. (2004); **Yechieli (2000)

Table 3. Chemical composition of ground water from two wells, DS and EP.

10 times saltier than the ocean water). The drop in the 
DS level has to lead to the migration of unsaturated 
(in relation to Cl−) groundwater into the coastal area, 
accelerating the dissolution process at the zone in 
which groundwater comes in contact with the salt 
layer (Yechieli et al., 2006; Frumkin et al., 2011).

GENERAL KNOWLEDGE ON SINKHOLE 
FORMATION MECHANISMS

Piping model 
At the first stage of DS sinkhole investigations a 

hypothesis of washing out mechanism was suggested 
(Arkin & Gilat, 2000). Three main types of sinkholes 
have been recognized. Gravel holes occurring in 

alluvial fans, mud holes occurring in the intervening 
bays of clay deposits between fans and a combination 
of both types at the front of young alluvial fans where 
they overlap mud flats. Fossil, relict sinkholes have 
been observed in the channels of some old alluvial 
fans. Sinkhole development is directly related to the 
regression of the Dead Sea and the corresponding 
lowering of the regional water table. Respectively, 
mechanism of sinkhole formation was suggested for 
two types of sinkholes. 

Gravel hole development. 
Stage 1. Subsurface erosion begins above turbulent 

flow in gravel bed. A hollow and pipe develops upward. 
Fines are washed out and larger particles compacted.
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Stage 2. Circular fractures develop at the surface.
Stage 3. Sudden collapse of upper layer. Fine 

material washed out at base of pipe and coarse 
material compacted.

Mudhole development
Stage 1. Subsurface erosion starts in gravel 

or salt crystal layers where the laminated flows 
become turbulent. A hollow and pipe forms upward. 
Subsidence starts at the surface.

Stage 2. Subsidence continues with appearing 
concentric fractures at the surface forming a typical 
funnel shape. Fines are washed out at the base of  
the pipe.

Stage 3. Walls at the surface collapse and increase 
the diameter of the hole. As the process continues 
several holes may coalesce. 

Frumkin & Raz (2001) have shown that in western 
DS side underground water streams bringing washed 
out fines to the DS are not energetic enough. However, 
Ezersky et al. (2009), have shown that this mechanism 
can be reliable in some specific cases. Recently, Al-
Halboni et al. (2017) suggested a similar mechanism 
for sinkhole formation in Ghor Al-Haditha, presuming 
that a massive saline clay layer underlies the alluvial 
sandy-gravel sediments.    

“Structural” model  
Later, two main hypotheses were suggested that 

provide an explanation for the location of sinkholes in 
the DS area. The first hypothesis (“structural” one) is 
based on a visual correspondence between sinkhole 
lineaments and western and eastern fault escarpments 
(Abelson et al., 2003, 2006; Closson, 2005; Closson & 
Karaki, 2009). Based on this similarity, a structural 
control was assumed and a corresponding numerical 
model of fault-induced sinkholes was developed 
(Shalev et al., 2006). Abelson et al. (2003) suggested 
that sinkholes tend to develop along faults, which 
serve as preferential hydraulic pathways, bringing 
confined aggressive water upwards to come in 
contact with salt. Closson (2005) considered a similar 
mechanism for the Jordanian Dead Sea coast. 

A main question arises that numerous faults are 
widely distributed through the DS coastal area (e.g., 
Garfunkel, 1981; Garfunkel et al., 1997), whereas 
sinkholes are usually developed in a single narrow 
strip 50–100 m wide, roughly parallel to the DS shore.

“Salt edge” model 
The other hypothesis proposes that sinkholes form 

along a dissolution front (buried salt edge) over a tilted 
salt layer (western edge in Israel and eastern edge in 
Jordan). The term “salt edge” was suggested by Jenyon 
(1986). Visually, DS sinkholes develop along slightly 
tortuous lines that on aerial photography may look 
like a series of lineament segments. In accordance 
to seismic refraction mapping this tortuous line 
corresponds to salt border variations (Ezersky, 2006). 
The spatial pattern of the sinkhole development 
along the salt edge was observed repeatedly (with 
small variations) in all studied sites in Israel and 
in the Ghor Al-Haditha area (Jordan). It enabled 

us to conclude that the salt edge is a major factor  
controlling sinkhole formation (Legchenko et al., 
2008a; Ezersky et al., 2010). This hypothesis requires 
the existence of shallow salt layers on both sides  
of the DS.

This hypothesis is based on seismic refraction 
surveys carried out mainly along the western DS shore 
(Ezersky, 2006; Ezersky & Legchenko, 2008; Ezersky 
et al., 2010; Frumkin et al., 2011) and in Ghor Al-
Haditha (El-Isa et al., 1995; Abueladas & Al-Zoubi, 
2004, Dhemaied, 2007). Numerous boreholes drilled 
in the western DS side have confirmed the presence of 
a salt layer. Along the Jordanian side, boreholes were 
drilled delivering fresh water and there are no direct 
evidence of salt.  

Combined “structural” and “salt edge” model 
Ezersky & Frumkin (2013) reconciled these two 

models of the Dead Sea sinkhole genesis: salt 
edge and structural ones. In accordance with 
this consideration the authors suggested (based 
on analysis of the seismic reflection studies) that 
the salt edge was formed either in contact with 
normal faults or alternatively, in contact with wadi 
sediments. At the same time, sinkholes were formed 
at the dissolution front (salt edge). It explains why 
sinkhole lineaments are sometimes parallel to faults 
and sometimes deflect from them following the salt 
edge instead (Fig. 3c). It can distinguish sinkholes 
by kind of dissolving groundwater either coming via  
fault (like Mineral Beach sinkholes) or from wadies 
(like Ein Gedi, Arugot).

Both hypotheses consider salt karstification as a 
main mechanism of sinkhole formation. The working 
hypothesis suggests that brackish groundwater 
circulation (coming from either faults or from wadies) 
dissolves salt by a gradual increase of salt emptiness 
and permeability and formation of caverns at the zone 
adjoining the fault or salt edge. Thus, sinkholes are 
caused by the collapse of soil to large caverns in a 
buried salt layer. 

The drop in the Dead Sea level slightly induces 
changes in the brackish - saline water interface 
thus creating the contact between the salt layer and 
relatively fresher (but yet very saline) water (Frumkin 
& Raz, 2001; Yechieli et al., 2006). Ezersky & Frumkin 
(2017) has shown that DS sandy-gravel aquifer with 
bulk resistivity of 0.55-1.0 Ωm contains in pores 
brine with 110-50 g/l chloride (50-22% of saturation, 
respectively), e.g., it keeps potential to dissolve up to 
114-174 g/l salt and therefore it is aggressive with 
respect to salt layers. It is important to underline 
that when the DS level was high, the salt layer was 
relatively protected by very saline water. Thus, the 
appearance of sinkholes depends upon the location of 
the salt layer and the brackish - saline water interface. 
Legchenko et al. (2008c) have suggested that slow 
dissolution of salt has caused the formation of pre-
existing caverns in the salt formation, which caused 
the sinkhole development. This process was triggered 
by progressive lowering of the groundwater level with 
a time delay imposed by mechanical properties and 
the thickness of covering rocks. 
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Based on our geophysical studies we have suggested 
a model of sinkhole formation. In the Dead Sea area, 
the head of the overlying aquifer has diminished 
dramatically during the last decades due to the fall of 
sea level, promoting increased artesian flow and rapid 
dissolution. Salt dissolution may take place a short or 
long period before any signs are evident at the surface 
(Fig. 7a). The sinkholes commonly develop along the 
salt edge (Ezersky, 2006; Legchenko et al., 2008c; 
Ezersky & Frumkin, 2013). The salt is dissolved by 

Fig. 7. Three stages of sinkhole formation at the salt edge: a generalized model. Note that although here 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 (permission of Elsevier, Frumkin et al., 2011).

brackish water, unsaturated with respect to chloride 
(Yechieli et al., 2006; Legchenko et al., 2009; Ezersky 
& Frumkin, 2017). Instability of the salt cavity ceiling 
causes upward stoping through the mechanically-
weak sediments situated between the cavity and 
the surface (Fig. 7b). Ford & Williams (2007, p. 385) 
report cases in different geological settings, where 
the stoping process propagated through >1,000 m of 
cover rocks. This intermediate stage continues until 
the surface collapses and a sinkhole forms (Fig. 7c). 

Extrapolating the ongoing drop in the Dead Sea 
level, it can be predicted that 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, 1994, Ezersky et al., 2011).

The aforementioned review presented above 
shows our knowledge of the DS sinkhole formation 
mechanism based on numerous geophysical studies 
carried out during last fourteen years. 

On one hand, we have to check our prediction on 
spatial development of sinkholes in the Nahal Hever 
South site (Legchenko et al., 2008a) and change of the 
sinkhole formation mechanism caused by lowering of 
the groundwater table under salt layer top (Ezersky et 
al., 2011; Frumkin et al., 2011).  

On the other hand, recent seismic reflection studies 
of  Krawczyk et al. (2015) and Polom et al. (2016) did 
not reveal the salt layer in the Ghor Al-Haditha that 
permitted to propose a new mechanism of sinkhole 
formation in this area (Al-Halbouni et al., 2017). 
Thus, we should address both these issues, which we 
will discussed below.

Exceptions to the general model / sinkhole sites 
not yet investigated

Most of the sinkholes have been formed around the 
northern DS basin. These sinkholes range between 
depths  of 5 to 50 m and lateral sizes of  3 to 100 
m, and they are constantly developing in the narrow 
(50-100 m width) strip along the coastal line (Fig. 1), 
slowly propagating from the south to the north. 

The sinkholes recently developing in the southern 
area of the Israeli shore can be divided into two 
modes: (a) sinkholes I mode are similar to those of the 
northern basin although they are smaller in size; (b) 
sinkholes of II mode (small ones with diameter less 

than 1 m and depth of several dozens of centimeters) 
are formed on the DS dam surface (site 19 in Fig. 1), 
on the road pavement of route #90 (Mt. Sedom area 
in Fig. 1). 

With a lowering of the DS level various and 
complicated erosion patterns are developing in the 
Jordanian DS shores. Over time, channeling, gullying 
and head cut migration are occurring. Intensive 
incision of streams and gullies is propagating upstream 
towards the infrastructures, causing damages to the 
roads, bridges, earth dikes, and the hotels/recreation 
areas (Abou Karaki & Closson, 2012). Two landslides 
and large sinkholes have appeared in 2004 in the 
Holiday Inn resort, and south of Marriott Hotel (Wadi 
Mukheira) (Sweimeh area, see site 23 in Fig. 1). 
Sinkholes also formed in the Wadi Mujib (site 22 in 
Fig. 1) and in the Arab Potash Company area.  

Genesis of the northern sinkholes in Jordan 
and origin of sinkholes of mode II appeared on the  
Dam 5, highway #90 in Israeli shores is still not well 
understood and should be investigated. The same 
holds for landslides developing along the northern 
Jordanian shore and Arab Potash Company 

METHODS

Geophysical methods to investigate  
the sinkhole problem

Two aspects of the problem are considered: (1) 
investigation of the salt and (2) of the overlying 
sediments. Favorable ground conditions for applying 
geophysical techniques are available in the DS coastal 
area. For instance, seismic velocity of salt formation 
in the DS graben area is considerably higher than 
the surrounding rock environment. Such contrast in 
elastic velocities permits to map salt formations with 
a high reliability (Ezersky, 2006). Very low resistivity 
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of the DS aquifers in the coastal area also creates a 
contrast with the surrounding sediments. It permits 
to locate the top of the DS brine as 1 Ωm or 0.5 Ωm 
interface with a high accuracy, minimal equivalency 
and to distinguish between salty and brackish water 
(Goldman et al., 1991; Kafri et al., 1997; Ezersky et 
al., 2011). Anomalous high resistivity of the sinkhole 
development sites was discovered in alluvial fans in 
Israel and Jordan (Ezersky, 2008, Al-Zoubi et al., 2007). 
It allows effectively mapping the sinkhole hazardous 
zones. Furthermore, it creates promising conditions 
for using the GPR technique for the detection of the 
signs of sinkhole hazard in the shallow (down to 10-
15 m) subsurface (Frumkin et al., 2009b, 2011). In 
the framework of sinkhole studies old geophysical 
methodologies were updated and new ones based on 
seismic and other surface methods were developed 
(Frumkin et al., 2011). Detailed considerations on 
these methods will be given in continuation. 

The Seismic Refraction Method (SRFR) 
The Seismic Refraction Method (SRFR) is a geophysical 

technique that is frequently used to determine the 
elastic characteristics of soils and rocks and their 
thicknesses. It is based on the measurement of the 
travel time of seismic waves refracted at the interfaces 
between subsurface layers of different velocity. 

The General Reciprocal Method (GRM) permitted 
the determination of the detailed structure of the 
refractor and to give information about any localized 
lateral variations (Palmer, 1986). The method was 
applied to delineate the salt boundary with respect 
to the marine sediments (Legchenko et al., 2008c; 
Ezersky et al., 2010; Frumkin et al., 2011). 

Multichannel analysis of surface waves (MASW) 
Multichannel analysis of surface waves (MASW) 

(named also Surface wave prospecting (SWP)) is a 
standard approach to infer the 1-D Vs structure for 
global earth seismology, near-surface geophysics, 
geotechnical, and civil engineering applications 
(Miller et al., 1999). Generally surface waves appear 
on multichannel seismic data and are regarded as a 
noise component, but here these waves are considered 
as a useful signal. Bodet et al. (2010) and Ezersky 
et al. (2013a) applied surface wave methods in the 
Ghor Al-Haditha site in Jordan and along the western 
DS shore in Israel. The Jordan study was focused on 
detection of underground voids using short seismic 
prospecting lines, with 4.5 Hz frequency geophones, 
whereas investigations on the western DS shore in 
Israel was aimed to evaluate spatial distribution of 
shear wave velocities throughout massive salt layers 
located at a depth of 30-50 m. These studies were 
carried out using 2.5 Hz vertical geophones able to 
reach 70 m depth from the surface. 

The Seismic Reflection Method (SRFL) 
The Seismic Reflection Method (SRFL) is based on 

reflection of elastic waves from interfaces between 
underground rock layers, determination of subsurface 
structure and its deformation. Use of the shallow 
seismic reflection method in detecting faults, cavities 

and intra-alluvial stratigraphy, in characterizing 
geologic, hydrologic, and stratigraphic conditions 
within 3 m to 30 m of the earth’s surface is increasing 
(Steeples & Miller, 1987). In the DS sinkhole 
phenomenon, the 2D SRFL method was applied 
in the Nahal Ze’elim, Mineral Beach sites. In the 
Mineral Beach, also the 3D SRFL method was applied 
to detect relationships between the faults and the 
sinkholes (Keydar et al., 2010, 2012, 2013; Ezersky &  
Frumkin, 2013). 

German researchers recently proposed a new 
methodology of S-wave reflection. S-waves have 
significantly lower velocities and can be used for 
more detailed investigation of the shallow subsurface 
(Krawczyk et al., 2012; Polom et al., 2013). This new 
methodology was used in the Ghor Al-Haditha area to 
investigate the presence or not of a salt layer.

The Magnetic Resonance Sounding method (MRS) 
The Magnetic Resonance Sounding method (MRS), 

also known as Surface Nuclear Magnetic Resonance 
(SNMR), was specifically developed for groundwater 
investigations (Legchenko & Valla, 2002). This method 
is selectively sensitive to water in the subsurface and 
allows carrying out a non-invasive estimation of the 
hydrodynamic properties (Legchenko et al., 2004; 
2006a). The field set-up consists of a wire loop set 
on the surface. The investigation depth depends on 
the loop size and may vary from 20 to 150 m. For 
the MRS measurements, the loop is energized by a 
pulse of alternating current. The magnetic-resonance 
signal can be measured with one or more surface 
loops after the excitation current is cut off (Hertrich, 
2008; Hertrich et al., 2009). One sounding consists 
of measuring the MRS signal for different values of 
the current in the loop. Two main parameters are 
derived from the MRS measurements (Lachassagne 
et al., 2005): (a) the MRS water content (w), which is  
closely related to the amplitude of the MRS signal;  
and (b) the MRS relaxation time T1. Assuming a 
horizontal stratification, inversion of sounding data 
estimates the water content w(z) and the relaxation 
time T1 (z) as a function of depth (z) (Legchenko 
& Shushakov, 1998; Müller-Petke et al., 2013). 
Combination of the MRS water content and relaxation 
time helps estimating rock hydraulic conductivity 
as KMRS=CpwT1

2, with Cp being an empirical constant 
that can be calibrated to similar hydrogeological 
parameters using a pumping test.

MRS is an efficient tool not only for characterizing 
aquifers but also for locating water-filled voids in the 
subsurface (Vouillamoz et al., 2003; Boucher et al., 
2006). Legchenko et al. (2006a), have shown using 
both numerical modeling and field measurements, that 
the MRS can be applied to investigate the weathered 
part of hard-rock aquifers, when the product of the 
free water content multiplied by aquifer thickness 
is >0.2. This is the case in the northern DS coastal 
areas, where 10-30 m-thick salt layers comprise more  
than 3.8% porosity with a water content of ≥2.3% 
(Ezersky & Goretsky, 2014). The MRS data can also 
been used for constraining hydrogeological modeling 
(Boucher et al., 2012). 
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Usually MRS is used in a 1D or 2D mode  
(Legchenko & Valla, 2002; Girard et al., 2007; 
Hertrich et al., 2007). However, the lateral resolution 
of the method may be insufficient for identifying 
relatively small water-saturated formations for 
targeting a drilling program. For this study a newly 
developed 3D implementation of the Magnetic 
Resonance Tomography (MRT) or 3D-SNMR method 
was used in framework of the Dead Sea sinkhole 
problem  (Legchenko et al., 2011). For instance, it 
was established that in high conductive environment 
(like the Dead Sea groundwater), the 3D-SNMR 
measurements should be accompanied by TEM 
measurements for every loop. Depth of investigation 
by these methods in the DS area is of about 40-50m 
(Legchenko et al., 2008a). The 3D-SNMR method 
was used to determine standard parameters of 
the aquifers (relaxation time T1, water content W, 
hydraulic conductivity K, etc.), evaluation of karstic 
cavity volume (Legchenko et al., 2008b), and lithology 
identification (Legchenko et al., 2009).

The Time Electromagnetic (TEM) 
The Time Electromagnetic (TEM) method (named 

also, Time Domain Electromagnetic - TDEM method) 
is sensitive to subsurface conductivity, which is 
closely linked to groundwater salinity. This method 
is routinely used for vertical depth soundings for 
monitoring groundwater salinity and locating the 
fresh-saline water interface in coastal areas (Goldman 
et al., 1991; Barsukov et al., 2015). However, TDEM 
is sensitive to both the salinity of groundwater and 
the porosity of rocks. Kafri et al. (1997) have shown 
that a bulk resistivity of 1 Ωm or less is typical of the 
concentrated brine in the Dead Sea region, reflecting 
a lithology that contains the DS brine or slightly 
diluted brine. Therefore, the 1 Ωm interface surface 
is an important index of the structure and geometry 
of the fresh (brackish)/saline water (brine) interface. 
In the DS problem, the TEM method was also used 
as: (a) a quasi 3D technique based on numerous 1D 
soundings to map variations in resistivity throughout 
the area (Ezersky et al., 2011); (b) to determine salt 
layer geometry and properties (Frumkin et al., 2011, 
Ezersky & Legchenko, 2014, 2015); and (c) to map 
salinity and aggressiveness of DS aquifers (Ezersky & 
Frumkin, 2017). 

Microgravity technique 
Microgravity technique is based on the principle to 

locate areas of contrasting density in the subsurface 
by collecting surface gravity measurements, their 
processing and qualitative and quantitative analysis 
(including 3D gravity field modeling). In the DS  
sinkhole problem, the method was tested to detect 
underground voids and thus to predict sinkhole 
formation (El-Isa et al., 1995; Rybakov et al., 2001). 
One of the problems resolved in the framework of this 
investigation is an improvement of the microgravity 
method based on suppression of the ambient noises 
(Eppelbaum & Khesin, 2004; Eppelbaum, 2007). 
Besides complex subsurface geology, microgravity 
method application essentially disturbs a giant gravity 

field horizontal gradient caused by many kilometers 
of loose deposits and salt accomplished within the 
Dead Sea Transform (Garfunkel, 1997). The problem 
is resolved by 3-D microgravity modeling aimed to 
estimate qualitative and quantitative parameters of 
buried karst cavities, detect the buried salt dissolution 
caverns and verify our calculations with in-situ 
geodetic measurements. This method was tested in 
the Nahal Hever South area (Eppelbaum et al., 2008), 
Ein Gedi-Arugot area (Ezersky et al., 2013b) and Ghor 
Al-Haditha area (Al-Zoubi et al., 2013) (see Fig. 1 for 
site location).

Micromagnetic study 
Micromagnetic study was carried out to test the 

possibility of detecting weak magnetic anomalies 
connected with buried void detection in the subsurface 
(Rybakov et al., 2005). The principal possibilities of the 
micromagnetic method application in complex Israeli 
physical-environmental conditions are presented in 
detail in Eppelbaum et al. (2001) and Eppelbaum 
(2015a, b). 

Combined studies
Combination TEM and 3D-SNMR. Legchenko et al. 

(2009) have shown that both SNMR and ΤΕΜ enable 
us to resolve the fundamental uncertainty in TEM 
interpretation caused by the equivalence between the 
groundwater resistivity and lithology. It is because 
the 3D-SNMR signal depends on size of particles 
characterizing different lithology (Stephens et al., 
1998), whereas TDEM is sensitive to both the salinity 
of groundwater and the porosity of rocks. Thus, the 
combined use of 3D-SNMR and TEM allows us to perform 
advanced data interpretation when investigating 
heterogeneous water-saturated formations.

Combination SRFR and MASW. Two methods allow 
estimation of Vp and Vs velocities responsible for 
dynamic elastic parameters like Young’s modulus 
(Ed), Shear modulus (Gd) and Poisson’s Ratio (vd). 
Shear wave velocity (Vs) profile is usually obtained 
from the S-wave seismic refraction surveys (Palmer, 
1986). However, use of the latter is often hampered 
by problems in generating S-waves due to the weak 
source and the difficulties in performing geophysical 
survey in urban areas. Another method allowing 
constructing the subsurface Vs profile is the widely 
used Multichannel Analysis of Surface Waves (MASW). 
It is especially important for studying of the salt layers 
located at a depth of about 30-70 m. 

Combination MASW and 3D-SNMR. Ezersky & 
Legchenko (2014) have suggested a methodology 
of evaluation in-situ salt karstification based on  
correlative interrelations between the hydraulic 
conductivity (K) (determined by 3D-SNMR) and the 
shear wave velocity Vs (derived from MASW along the 
same lines) in areas of the DS sinkhole development. A 
quantitative estimate of such in-situ salt karstification 
would be an important indicator of sinkhole hazard. One 
of the indications of salt karstification is its increased 
hydraulic conductivity, caused by the development 
of dissolution cavities forming conducting channels 
within the salt layer. Understanding of the field 
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relationships was justified by similar interrelations 
obtained in the laboratory analyses of the DS salt 
samples (Ezersky & Goretsky, 2014).

RESULTS

Results of geophysical researches carried out in the 
sinkhole development sites are briefly presented in 
Table 4. 

Results of study in the western and eastern  
DS sites 

In order to check the validity of the salt edge 
dissolution model in other areas of the Dead Sea we 
have reinterpreted previous seismic refraction data 
obtained by the Geophysical Institute of Israel during 
1999-2004 and performed new seismic refraction 
surveys. Ten sinkhole sites in Israel and one in Jordan 
have been investigated using the seismic refraction 
method (Ezersky & Legchenko, 2008). Results of salt 
mapping in the Nahal Ze’elim area were published 
by Ezersky & Legchenko (2015). All maps are based 
on the salt velocity criterion Vp > 2,900 m/s. The map 
presented in Fig. 8 shows the sinkhole sites studied 
using the seismic refraction method, the locations of 
boreholes drilled by the Geological Survey of Israel 
(GSI), and that of the seismic lines. It was established 
that sinkholes are conform to the buried salt layer edge 

ReferencesMain resultsMethod

Ezersky (2006);
Ezersky et al., 2010;

1. Sinkhole are formed along salt edge (dissolution front) 
2.Criterion of salt was substantiated 

3. The in-situ P-wave velocity (Vp) varies between 2,900 m/s (rarely,  
2,850 m/s) to 4,250 m/s. The zone of compressional velocity  

Vpmin
= 2,900 m/s is lower limit of salt layer. Salt edge was delineated along 

western DS shore and in Ghor Al-Haditha in Jordan. 

SRFR

Bodet et al., 2010, Ezersky 
et al., 2013a; Ezersky & 

Goretsky, 2014

Search of underground voids in soil; Measurements of shear wave velocities 
(Vs) in-situ salt layers; In-situ salt Vs is varied between 750-800 m/s and 

1,800 m/s. Salt classification based on Vs was suggested 
MASW

Keydar et al., 2012; 2013, 
Ezersky & Frumkin, 2013

2-D, 3-D study of faults-sinkholes and salt-faults relations in  
the DS sinkhole areas SRFL

Ezersky et al., 2011; Frumkin 
et al., 2011; Ezersky & 

Legchenko, 2015; Ezersky & 
Frumkin, 2017.

Localization of brackish-salt water interface. Evaluation of DS water salinity 
based on bulk resistivity, mapping of sinkhole development sites; estimation 

of salt layer thickness

Transient 
Electromagnetic 
(TEM, TDEM)

Al-Zoubi et al., 2007; Ezersky, 
2008; Frumkin et al., 2011

Detection of sinkhole sites based on high resistivity; study of resistivity 
structure of subsurface, 

Electric Resistivity 
Tomography (ERT)

Legchenko et al., 2004, 
Legchenko et al.,2006a, b; 

2008a, b; 2011; Ezersky et al., 
2010 

Determination of water content (Wi), relaxation time (T1) and hydraulic 
conductivity (K) of the subsurface, evaluation of water saturated caves 

volume. In practice, a karst aquifer generally is composed of karst channels 
and caverns. In the DS conditions a long apparent-relaxation time T1 ap 

>450 ms are an unambiguous signature of karst. The signal generated by 
water in a porous medium is characterized by a shorter relaxation time  

T1 < 400 ms.

Magnetic Resonance 
Sounding (MRS) 
or Surface Nuclear 
Magnetic Resonance 
(SNMR) + 3D-SNMR

Legchenko et al., 2009Investigation of subsurface lithology: sandy gravel and silty  
sediments were identified

MRS + TEM 

Ezersky & Legchenko, 2014

Evaluation of the soil hydraulic conductivity (K) based on correlation 
between Vs and K. hydraulic conductivity (K) in the same zones varies 

between about 10-4 m/s to slightly over 10-8 m/s. Sinkholes form within 
highly conductive zones with K ≥ 2*10-5

MRS+MASW

Frumkin et al., 2011; Investigation of shallow structure of sinkhole sites,  
detection of faults and caverns

Ground penetrating 
radar (GPR) 

El-Isa et al., 1995; Rybakov et 
al., 2001; Eppelbaum et al., 
2008; Al-Zoubi et al., 2013; 

Ezersky et al., 2013b, 

Detection of caverns and evaluation of their volume Microgravity 

Rybakov et al., 2005Detection of underground cavitiesMicromagnetic 

Table 4. Results of geophysical studies in the DS sinkhole problem.

(Ezersky, 2006). The most detailed maps of the salt 
edge have been presented in Fig. 9. Sites are distributed 
along the western DS shores in Israel (Fig. 9 a-d) and on 
the eastern shore in Jordan (Fig. 10b-e).  

The Ein Gedi area is situated in the central part of 
the western Dead Sea shoreline on the Nahal Arugot 
alluvial fan about ~37 m above the DS level in 2017 
(see Fig. 8 for location). The sinkholes at the Ein Gedi 
district formed in areas affected by human activity. 
The first sinkholes appeared in 1995 and from 1995 
to 2015 more than 250 sinkholes have opened up at 
the Ein Gedi Caravan Park, the Palm-Tree Plantation 
and in the Nahal Arugot area. The sinkhole layouts 
are shown in Fig. 9a. Sinkholes are arranged along 
a tortuous line within a narrow, 50-70 m wide zone, 
about 1,750 m long trending south-southeast. The 
sinkhole strip crosses route #90, with sinkholes 
occurring on both sides of the highway, although, so 
far no sinkholes have developed immediately under it. 
The sinkholes are continuing to develop today. 

The Mineral Beach area, covering ~1 km2, is located 
at the western coast of the central part of the northern 
DS basin (Fig. 8 for site location and Fig. 9b). The study 
site is located between the Dead Sea shoreline and 
Route #90 (the main road along the western DS shore). 
The area comprises the Mineral Spa, where natural 
black mud and sulfur-rich hydrothermal water with 
a temperature of 39°C, attracts tourists from Israel  
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Fig. 8. Sinkhole sites (numbered red names) studied using seismic refraction method.

and abroad. Around Mineral Spa, sinkholes develop 
in both mudflat (south) and alluvial fan (north) areas. 
Fig. 9b illustrates that sinkhole development is mainly 
linear, along a salt layer edge or controlled by a fault 
(Frumkin et al., 2011). A salt layer with a cavity was 
intersected by MN-2 borehole, which crossed DS mud 
from the surface to 18 m deep. Borehole MN-1 crossed 
a sandy-gravel section and did not discover a salt 
layer. Soon after drilling, the borehole MN-2 collapsed 
into a newly developed sinkhole, which was then east 
of the salt layer front. Ezersky (2011) has delineated 
the salt layer edge in the Mineral Beach study site 
(lilac solid line in Fig. 9b). The specified salt border is 
shown in Fig. 9b.

Frumkin et al. (2011) have shown that the western 
border of the salt at the north of the area is located in 
alluvium composed of sandy-gravel sediments.

The Newe Zohar (NZ) site map is shown in Fig. 9c 
(see Fig. 8b for location). The NZ site is a settlement 
with several thousands of residents and includes 
evaporation ponds (EPs) fed by water pumped from 
the northern DS basin (Ezersky et al., 2010). Borehole 
NZ-1 penetrated a 27 m thick salt layer whose top 
is situated at a depth of 50 m. NZ is the first area 
of the western DS coast where sinkholes affected the 
main road in 1989. The map of a 1,000 x 600 m area 
using the seismic refraction method was generated to 
delineate the edge of the salt layer (Fig. 9c). The thick 
lilac line in Fig. 9c represents the western edge of the 
compact salt. The distribution of sinkholes shows a 

good spatial correlation with the mapped salt edge. 
Recent sinkholes (white circles) have developed along 
the salt border. In accordance to this map, the Tamar 
Regional Council carried out during 2008-2012 
excavations along the DS water line bordering the salt 
edge. No new sinkholes have appeared since. Thus, in 
the NZ site the distribution of sinkholes supports the 
salt edge dissolution model. 

The Ein Boqeq area of 1.5-2.0 km long and 250-
300 m width extends along the southern DS basin 
(recently evaporation ponds artificially filled by 
pumping DS water from the northern basin (see Fig. 
8b for location). Numerous hotels are located through 
Ein Boqeq that is also named the Hotel area. The salt 
layer edge extends in the N-S direction (Fig. 9d). The 
geological profile is composed of pebbles, cobbles and 
clayey-sandy sediments. The geological description 
of the Ein Boqeq site is presented by boreholes EB-1 
and EB-2 (Yechieli et al., 2004). Borehole EB-3E 
(Fig. 6b) was drilled later to collect salt samples. The 
boreholes crossed sandy-gravel alluvium overlying the 
28 m thick salt unit located at 26 m depth. Embryos  
of 6 small shallow sinkholes were detected during 
drilling of the EB-1 borehole. No other sinkholes were 
detected. Differently from other sites at Ein Boqeq 
the groundwater is located some 3-4 m from surface, 
much higher than elsewhere.

The Ghor Al-Haditha area is located south-east 
of the northern Dead Sea basin (site 11 in Fig. 8). 
Lithological structure of the eastern DS side, as 
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Fig. 9. Salt location maps based on seismic refraction surveys in number of western DS sites; a) Ein Gedi – Nahal Arugot area (line length is of 
2 km); b) Mineral Beach; c) Newe Zohar; d) North of Ein Boqeq (DS Hotels area). Salt edge is denoted by thick lilac line. Sinkholes are arranged 
(with some small deflections) along this line. a-d) salt border is located west to DS, [a) Ezersky, 2006; b) Frumkin et al., 2011; c) Ezersky et al., 
2010; d) Ezersky 2011, unpublished report].

the western one, is composed of sediments of Early 
Holocene overlain in places by alluvium and soil 
(Fig. 10a) (Bartov et al., 2006) at approximately the 
same elevations. Alluvial fan deposits of the Wadi Ibn 
Hamad cover the southern part of this area. 

The sinkholes at the eastern coast of the Dead Sea 
started forming in the 1980s (Taqieddin et al., 2000). 
The area of the sinkhole formation is a gently inclined 
wave eroded platform, about 3 km wide and located 
east of the Lisan Peninsula. This area formed the bed 
of the Dead Sea during a period of higher DS level 
(390 m b.m.s.l.). 

Considering the generalized geological profile in 
Fig. 5 one can see that lithological structure from 
both sides of the geological section through the DS 
(considering only Ghor Al-Haditha area) must be 
similar. This is confirmed by two boreholes, which 
were drilled by El-Isa (1995) at the central part of the 
Ghor Al-Haditha area (Fig. 10b) down to 49-51 m. 
In accordance with the borehole data (El-Isa et al., 
1995, p. 27 Fig. 2-9) the upper section of the Ghor 
Al-Haditha is composed of sandy-gravel sediments 
similar to these located on alluvial fans on the western 

side (HS-2 or EB-3E in Figs. 6b, d, respectively). 
Bottom lithology of the western borehole 2 (50-51 m 
deep) – and eastern borehole 1 (45-46 m) is presented 
by silt and marl. Both boreholes do not contain any 
evidences of thick mud layers lower than the borehole 
bottom. The salt layer was not discovered also in 
boreholes because both of t,hem were drilled with 
fresh water and cannot reveal salt as a whole. However, 
similarity of lithological structure in both DS sides as 
well as in the upper parts of the boreholes, enable 
us to suggest that salt layer would be formed in the 
eastern part similarly to the western side. Moreover,  
Taqieddin et al. (2000) have presumed that the salt 
layer occurs at the depth of 25-50 m and may also 
occur at 10-15 m depth. 

Frumkin et al. (2011), to verify a presence of the 
salt layer in the Ghor Al-Haditha, analyzed seismic 
refraction data acquired by El-Isa et al. (1995). This 
analysis has shown that there are two zones with 
the different velocities Vp along the refractor. The 
western part of the area is composed of a high velocity 
layer with Vp > 2,900 m/s, whereas the eastern 
part of the area is composed of a low velocity layer 
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Fig. 10. Seismic studies carried out in the Ghor Al-Haditha area. a) geological map; b) location map with carried out seismic studies; c) Seismic 
refraction section performed by Abueladas and Al-Zoubi (2004); d) One of four refraction tomography section carried out by Dhemaied (2007);  
e) Two MASW sections performed in 2007 (Bodet et. Al, 2010). Note that all seismic sections show high velocity (>2,900 m/s) layer located at a 
depth of 40-50 m, which in conditions of Dead Sea can be salt only (Ezersky, 2006). The results acquired by El-Isa et al. (1995) supporting these 
finding were presented by Ezersky et al. (2013b). [a) Permission of IJES, Bartov et al. 2006; c-e) Permissions of all authors, with reference to 
Camerlynck et al., 2012)].
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with refractor velocity Vp < 2,500 m/s. A depth from 
surface to refractor was estimated as 40-50 m. The 
border between the high and low velocity layers was 
interpreted as the salt edge. The velocities from rocks 
with velocity more than 2,900 m/s were interpreted 
as salt layer. These data were represented also in 
Ezersky et al. (2013b). In continuation, we have to 
present data acquired later by other researchers 
(Fig. 10c-e). Location of seismic lines is presented  
in Fig. 10b.

Three seismic refraction sections were acquired in 
2003 by Abueladas & Al-Zoubi (2004). Location of 
these sections is shown in Fig. 10b (red lines) and 
one of the refraction sections is presented in Fig. 10c. 
Section along the western Line 12 shows refractor 
velocity Vp = 3,300 m/s (possibly salt) and eastern 
Line 11 shows refractor velocity Vp = 2,500 m/s 
(obviously not salt). Velocity Vp along the refractor of 
Line 5 was 3,510 m/s. The entire line is located to the  
west of sinkholes.

Seismic refraction tomography studies along four 
of the same lines were carried out by Dhemaied 
(2007). Location of one of 4 Lines (orange) is shown in  
Fig. 10b and the Vp velocity section is presented in  
Fig 10d. There is a refractor velocity of 2,900 m/s in 
the lower part of the section at a depth of 40-50 m. All 
Vp sections have shown a similar structure.

Surface wave prospecting was carried out in 2007 
along two (lila thick dashed) lines 3 and 4 in Fig. 10b 
using the Multichannel Analysis of Surface Waves 
(MASW) method (Bodet et al., 2010; Ezersky et al., 
2013a). Two Vs depth sections are shown in Fig. 10e. 
One can see that the lower part of the section at  
40 m, approximately, is composed of high Vs velocity 
unit (Vs > 1,000 m/s) interpreted as salt. Penetration 
depth is evaluated as 60 m (dotted line). Bodet et 
al. (2010) note that Line 3, crossing the sinkhole 
development sites, is characterized by degraded salt 
layer, whereas line 4 shows a relatively homogeneous 
reflector (Ezersky et al., 2013a). 

Results of study in the Nahal Hever South area
An example of study in the Nahal Hever South (NHS) 

area and prediction of future sinkhole development 
using geophysical methodologies is considered in  
this chapter. 

The studied Nahal Hever South (NHS) area is 
located in the central part of the northern Dead Sea 
Basin in Israel (Fig. 8a). Three boreholes (HS-1, HS-2,  
and HS-3) were drilled in the area (Yechieli et al., 
2004; Ezersky et al., 2009). The lithological profile of 
boreholes HS-2 and HS-3 is shown in Figs. 6c and 
6d. The geological section is composed of alluvial fan 
sediments up to a depth of 18 m, a 5-m-thick marl 
layer, and an 11-m-thick salt layer. A clay and gravel 
formation underlies the salt layer. The visible section 
of the sinkholes consists of sand-gravel intercalating 
marl layers. 

The borehole HS-2 drilled in this zone (Fig. 6d) 
penetrated the 11-m thick salt layer at a depth of 24 m. 
The longitudinal velocity (Vp) map (generated in 2007) 
is presented in Fig. 11a. The blue area of high velocity  
(Vp = 2,940-3,600 m/s) is, therefore, identified within 

the salt unit (Ezersky, 2006). The origin of the low 
velocity zone (Vp = 2,200-2,770 m/s) is also clear from 
the drilling data. Examples of sinkhole images are 
shown in Figs 11b-e. 

Borehole HS-3 (located precisely on the southern 
edge of the low velocity area) revealed a mud-filled 
cavity at a depth interval of 23-28 m, which is 
interpreted as a dissolved salt zone (Fig. 6c). 

Each 3D-SNMR image is composed of individual 
SNMR measurements. A total of 24 SNMR soundings 
have been performed in 2007. Each SNMR sounding 
was accompanied by a TEM sounding. SNMR 
measurements were carried out with a square loop of 
100×100 m. 

For TEM measurements a coincident 25×25 m  
loop was used. All SNMR measurements were 
carried out using the NUMISPlus SNMR (MRS) system 
developed by IRIS Instruments (France). Previous 
investigations (Legchenko et al., 2008a) have shown 
that in the Nahal Hever area, where the subsurface is 
characterized by very high electrical conductivity, the 
depth of investigation with this loop was estimated  
as 45-50 m. The location of SNMR stations is shown 
in Fig. 12.

The relaxation time (T1) map (Fig. 13a) shows that 
the average T1 varies between approximately 50 and 
400 ms. Larger values of T1 correspond to a sand 
formation. The map of the water content (Fig. 13b)  
and 3D image of the water content distribution 
derived from SNMR results (Fig. 13c) allow locating 
the aquifer. 

TEM investigations carried out in the NHS have 
shown that bulk resistivity in the DS southern area 
is very low and varies in the range of 0.2-0.4 Ωm 
increasing in the northern direction, where it reaches 
resistivity of 0.45-0.7 Ωm (Ezersky et al., 2011). 
Resistivity less than 0.4 Ωm indicates lime carbonate 
(LC) material saturated with DS brine. The resistivity 
ranged between 0.45 and 0.7 Ωm characterizes sandy-
gravel material also saturated with DS brine. In sandy 
material, the 1 interface shows the DS brine level. 
Such an increase in the bulk resistivity is connected 
in the NHS with a change in lithology, but not in water 
salinity (Legchenko et al., 2009). 

3D-SNMR results suggested that the immediate risk 
of the development of new sinkholes is presently lower 
in the southern part of the area than in the northern 
part (Legchenko et al., 2006b, 2008b). Moreover, 
future sinkholes in the area after 2005 will likely 
develop in the northern direction. 

Let us consider temporal sinkhole development 
throughout the NHS area (Fig. 14). Maps of sinkhole 
distribution are based on the DS sinkhole database 
1998-2016. In spite of very simple statistical analysis 
based on number of sinkholes, but not their surface 
area, some main spatial regularities of sinkhole 
development can be seen on the presented maps. 

One can see in Fig. 14a that up to 2004, 16 sinkholes 
are grouped in the southern part of the NHS area. 
This area is characterized by very low TEM resistivity 
of <0.45 Ωm, and a little higher in some places. 
From 2005 to 2008 new 8-10 sinkholes have formed  
north of the southern part of the area that is seen as 
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Fig. 11. a) Salt distribution map through the Nahal Hever south area based on Vp for 2007. The examples of sinkhole 
images are shown: b) northern sinkholes (October, 2008); c-d) sinkholes 12 and 5 (April and March 2006, respectively) 
some north of the NHS center; e) the view of the NHS center in March 2017.

Fig. 12. Location of MRS loops in the Nahal Hever south site.

low resistivity area of 0.5 – 0.8 Ωm (Fig. 14b). Further 
sinkholes were formed in the eastern and northern 
direction, but no sinkholes have developed at the 
south of the NHS area. During 2009 – 2013 sinkholes 
fill the central part of the area and also form to the 
east (Fig. 14c). The resistivity of this area is similar to 
the northern one (0.5 – 0.8 Ωm). Finally, in Fig. 14d 
all sinkholes formed in the NHS area are presented. 
We have added also cluster of sinkholes to the general 
map (Fig. 14d). These conclusions are reflected in 
graphs of sinkhole formation in southern, northern 
and the entire NHS area (Fig. 15). Observations 
have shown that since 2003-2004 the number of 
new sinkholes in the Nahal Hever area diminished, 
whereas the number of sinkholes in the northern 
part of the area constantly increased. Around the 
area, TEM monitoring revealed that the salinity of 
groundwater did not vary (Ezersky et al., 2008). This 
result is confirmed by borehole monitoring of water 
salinity done by GSI (Yechieli et al., 2010). 
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Fig. 13. 3D-SNMR results in the Nahal Hever site: a) Map of the relaxation time T1 derived from 3D-SNMR 
inversion; b) map of the water content distribution in at a depth of 26 m, and c) variations of the water content 
within investigated area.

Fig. 14. Distribution of sinkholes throughout NHS area in the different periods of time. a) Sinkholes formed from 
1998 to 2004; b) 2005-2008; c) 2009 – 2013; d) 1998 – 2013, clusters are also shown (Database of the Tamar 
Regional Council, Ein Boqeq, Israel with permission to publish).
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It should be noted that since 2007 sinkhole 
development in the southern part has slowly 
increased. This latter phenomenon might have been 
caused by the lowering of the groundwater level that 
will be discussed below.  

DISCUSSION

Salt layer as base for evaporation karst 
Mechanisms of sinkhole formation. 

Based on the above analysis one can conclude that 
the pattern of sinkhole development along the salt 
edge is repeated (with small variations) in all studied 
sites in Israel and Jordan (Ezersky et al., 2013b). 
In the western DS shore it has been confirmed by 
numerous boreholes and seismic refraction studies 
and this pattern is nowadays accepted by geologists 
(Yechieli et al., 2016, Fig. 9). It means that sinkholes 
can be formed along the salt edge and, probably, no 
second line of sinkholes can arise in future along 
faults, as predicted by Abelson et al. (2003). In the 
Ghor Al-Haditha area mentioned above, seismic 
studies carried out by different researchers during 
2003-2007 using various methods (in general, 
supporting investigations of El-Isa et al., 1995) enable 
us to predict the salt layer presence at a depth of  
40-50 m and to accept the suggestions of Taqieddin et 
al. (2000) on the salt presence in the shallow part of 
the geological section. 

The sinkhole layouts through the Ghor Al-Haditha 
area are shown in Fig. 10b. One can see that sinkholes 
are arranged along the tortuous line extended from 
the north-east to the south-west of the area. Note that 
the line of sinkholes slowly migrates toward the DS, 
especially, in the northern part of the area. 

It is still not clear how the model can explain the 
fact that there practically was no sinkhole prior to the 
1980s (before 1980 only 1-2 sinkholes per year were 
registered; personal communications with  Arie Gilat), 
sinkholes slowly appeared in the 1980s and later on 
increasingly developed (Fig. 2). How can we explain 

Fig. 15. Accumulative sinkhole development through the southern, northern and 
entire the Nahal Hever south area.

the lack (very limited number) of sinkholes  
between the 1960s and the 1980s while the 
conditions were more or less the same than 
nowadays. It intuitively seems that resolving 
this problem relies on taking into account pre-
existing caverns in the salt layer as suggested 
by Legchenko et al. (2008c). Such sinkholes 
were discovered during drilling in different 
sites of the western shores (Yechieli et al., 
2006; 2016). Nowadays, it is understandable 
that DS groundwater is, practically, always 
undersaturated and it keeps more or less the 
potential to dissolve salt, as long as water 
circulates (Ezersky & Frumkin, 2017). Drop 
and rise of the DS level violates the balance of  
forces acting on salt from above and in caves 
inside and disrupts the stability of the system. 
Generating and checking a hydraulic-mechanical 
model of sinkhole formation is a problem for 
future investigations.  

Seismic reflection study using S-waves
The results of German researchers carried 

out recently in the Ghor Al-Haditha area are in 
contradiction with the earlier discussed results. 
S-wave seismic reflection studies carried out in the 
framework of the ‘Deserve’ project (Krawczyk et al., 
2015; Kottmeyer et al., 2016; Polom et al., 2016) 
have suggested an absence of a salt layer acting as 
a reflector at a depth of less than approximately 
40-50 m. Unfortunately, they were not published in  
scientific literature and, therefore, can be subjected 
only to preliminary discussion. Polom et al. (2016) 
write “Since evaluation of both hypothesis by new 
drilling could not be carried out due to safety reasons 
and permissions, it remained unclear which hypothesis 
(salt dissolution or piping one – our comment) is valid 
for the investigation site”. Regrettably these authors did 
not perform seismic refraction surveys in support to 
drilling. It would essentially either have supported or 
rejected conclusions on salt layer existence.

In our opinion, there can be two reasons explaining 
these results of the seismic reflection. The first reason 
is based on sensitivity of the method to subsurface 
heterogeneity. Polom et al. (2016) note that the 
reflection patterns indicate destabilized subsurface 
zones by “a weak reflection response below 40 m 
depth”, and stable subsurface zones by stronger 
reflection responses. The quality of the reflection 
data is a key point of the study. Shear-wave velocities 
strongly depend on presence of heterogeneities in 
shallow sediments. This situation is typical in areas 
of subrosion-induced sinkholes, where destabilization 
processes take place continuously and over long time 
periods (Krawczyk et al., 2012, p. 140). This is a case of 
the Ghor Al-Haditha area (Al-Halbouni, 2017). Another 
limitation is quoted by Krawczyk et al. (2012, p. 140). 
In general, the NMO-correction approach for velocity 
model building depends on the presence of reflective 
elements in the subsurface. If there are only weak or 
strongly discontinuous reflections, the derivation of a 
proper velocity function is limited. Thus, conditions 
seem to be also characteristic for this site. All doubts 
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might be resolved in articles including presentation of 
field materials and description of the data analysis. 

Secondly, the salt layer can be, simply, degraded as 
was noted by Bodet et al. (2010). As we have pointed 
out above, seismic refraction and MASW investigations 
were carried out during 2003-2007, whereas seismic 
reflection studies were conducted in late 2013-2014. 
In this case surface erosion, can start in such areas, 
as was mentioned above in this section in Fig. 10e.  

Comments to Al-Halbouni et al. (2016)  
piping model

Here, we should address some recent studies which 
disagree with our model. Al-Halbouni et al. (2017) 
suggested a new sinkhole development mechanism 
in the Ghor Al-Haditha area based on excellent data 
acquired applying innovative techniques based on 
combining photogrammetry with satellite image 
analysis. Their model is based on data of two boreholes 
drilled in the Ghor Al-Haditha area (El-Isa, 1995), and 
requires the presence of a thick mud layer with salt 
lenses under sandy gravel sediments. Two boreholes 
in the area drilled to ~50 m did not reveal neither salt 
nor this thick mud layer. Al-Halbouni et al. (2016) with 
a reference to Polom et al. (2016) suggest that there 
is simply no salt layer in the Ghor Al-Haditha area. 
We have mentioned above the conclusion of Polom 
et al. (2016). Thus, the model is based on unverified 
data of boreholes and seismic reflection data not 
revealing the salt layer detected by other investigators 
(Abueladas & Al-Zoubi, 2004; Dhemaied, 2007; Bodet 
et al., 2010, Camerlynck et al., 2012; Ezersky et al., 
2013a). Moreover, we did not find any evidences of salt 
crystalline presence in the clay (mud) or in boreholes 
(El-Isa et al., 1995; Taqieddin et al., 2000; Mahasneh, 
2004; Khlaifata et al., 2010) although in the first case 
analysis was carried out with a microscope. Thus, 
the model suggested by Al-Halbouni et al. (2017) is 
by its origin a plausible one because it is based on 
limited geological and geophysical data. All missing 
data should be verified and addressed to substantiate 
this model based on piping mechanism (Al-Halbouni 
et al., 2017). To confirm their suggested model, 
the underground water flow could be marked by 
hydrological tracers (Kendall & McDonnell, 1998).  

Comments to universality of sinkhole 
“dissolution front” model

Abou Karaki et al. (2016) have discovered from the 
Corona pictures (satellite based technique) a sinkhole 
zone located south of the Sedom Mt. (salt dome) active 
since at least from the end of the 1960s. Authors 
affirm that “even if this zone is found above the edge 
of the salt layer, its dynamics cannot be explained 
by a moving dissolution front since that part of the 
lake dried-up later in the 1970s, then was filled again 
artificially”. The site of these sinkholes attests to the 
fact that (whatever the conditions) the Dead Sea shores 
are prone to dissolution and reactive to variations in 
the hydrogeological setting. This is a crucial point to 
keep in mind when dealing with problems related to 
the base level fluctuations there (drop or rise)”. It is 
difficult to discuss this affirmation. There are different 

types of sinkholes in the DS southern basin. There 
are sinkholes formed in the dam body, in asphalt 
cover of the route #90, in the DS southern basin, etc. 
Ezersky & Frumkin (2013) consider sinkholes formed 
in the specific hydrogeological conditions describing 
most of the sinkholes along the DS shores. Obviously, 
appearance of these sinkholes is associated with the 
edge of the salt layer located at a depth to 50 m from 
surface. We agree that the relationship of sinkholes 
presented by Abou Karaki et al. (2016) to the 
dissolution front is a doubtful one. It can be explained 
by the surface dissolution of the DS shores. It can 
be associated also with the salt of the Sedom Mt. At 
all, this phenomenon should be investigated by both 
space observations and by surface geophysics.  

Temporal development of sinkholes in the Nahal 
Hever South site

As we have discussed above, there are differences 
in resistivity revealed between the southern and 
northern parts of the NHS site. This difference is linked 
rather to the variation of lithology than to the salinity 
of the groundwater (Legchenko et al., 2009). Ezersky 
& Frumkin (2017) have shown that at the same 
bulk resistivity, aggressiveness of the groundwater 
with respect to salt is sufficiently different in sandy-
gravel sediments and lime-carbonates. This fact can 
be explained by different porosity: Lime-carbonate 
sediments have higher porosity compared with sandy-
gravel ones, and at the same time, water salinity has 
a lower resistivity compared with sandy sediments. 

The aforementioned physical peculiarities can 
explain why sinkhole formation in the southern part 
of NHS composed of silt was more intensive at the  
first stage of this process. At the same time, the 
3D-SNMR method has revealed the higher water 
content at the north of the area that is defined by 
relaxation time T1 (Fig. 13a) and has predicted a 
promotion of sinkholes to the north of the area. One 
can see in Fig. 14 that sinkholes up to 2008 were 
formed along the salt edge. Perhaps, the salt edge line 
was also modified because of dissolution. Then, the 
spatial sinkhole distribution was dissipated to the 
east of the salt edge. 

To estimate the groundwater level temporal 
variation in the NHS area we can use results of the 
TEM monitoring of the saline water (1 Ωm) interface 
(see Ezersky et al., 2011) measured during 1999-
2012 (Ezersky et al., 2006). The example of the 
measurement of DS brine depth using TEM sounding 
is shown in Fig. 16a. The depth is measured using 
variation of the groundwater 1 Ωm interface (H in  
Fig. 16a). The long-term variations of the 1 Ωm 
interface and DS level versus time are presented in 
Fig. 16b (DS level data see Fig. 2).  

It follows from the graphs that the ground water 
table varies in accordance to the DS level at a rate 
of ~0.7 m/yr. This evaluation is supported by 
monitoring of Yechieli et al. (2010) who have shown 
that groundwater level in the DS coast boreholes is 
lowering at the same rate of the DS level. The amount 
of groundwater level drop in relation to that of the 
Dead Sea is controlled by the aquifer’s permeability 
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Site Borehole
number

Surface
elevation

Salt**) 
elevation

GWT**) 
elevation

Data of
measurement

Calculated 
elevation**) 
1.01.2017

GWT level 
Relatively to 

salt top

DS level 
at drilling

NHS* HS-2 -393 -417 -411 21.06.2001 -422 5 m below -415

* Sites are denoted: NHS – Nahal Hever South, (see Fig. 7 for site location); ** salt top and Groundwater Table (GWT) elevation, respectively in 
borehole at drilling (Yechieli et al., 2004); *** approximate elevation of GWT calculated in suggestion that water table in boreholes has varied in 
correspondence to the DS level variations as –(0.5-0.8m) per year in the northern basin (Yechieli et al., 2010) and +0.2 m per year in southern 
one (Yechieli et al., 2001); DS level is given in accordance to the Geological Survey of Israel (GSI) data.

Fig. 16. Long-term variations of the groundwater table depth H and the DS level. a) Example of the saline groundwater depth 
determination using TEM sounding; b) Variation of 1 Ωm interface (blue line) and the DS level (lila graph) versus time (Ezersky 
et al., 2006a, data of GSI). H – is 1 Ωm interface characterizing resistivity of the DS brine.

Table 5. Lowering of groundwater level with respect to salt layer top.

and by the distances from the DS shoreline. 
Groundwater level drop is greater and is detected 
more inland in high-permeability alluvial fan areas 
as compared to low-permeability areas. Analysis of 
data from the borehole BH-3a located in the Nahal 
Arugot area ~900 m of the shoreline indicates that the 
groundwater table is lowering at a rate of 0.5 m/yr. 
For other boreholes of the Ein Gedi and Nahal Arugot 
areas, the rate of groundwater table lowering is in the 
order of 0.8 m/yr. 

Thus, we can estimate the groundwater table level 
in the NHS site as shown in Table 5. The estimation 
has been carried out in a presumption that the 
groundwater table level has varied with a constant rate 

of 0.7 m/yr. Results of this estimation are compared 
in Table 5. For a period of 15.5 years at a rate of  
0.7 m/yr the ground water level lowered ~11 m, e.g., 
to 1 January 2017 it reached elevation of -422 m, 
that is 5 m under the salt layer top (which is located  
at -417 m).

Thus, the process of sinkhole formation led probably 
to a new stage of salt karstification by downward 
vadose flow from the ephemeral streams (Ezersky et 
al., 2011; Frumkin et al., 2011). This process causes 
surface erosion depending on the salt top cover (marl 
or sand-gravel) location. A view to the center of the 
Nahal South area in March 2017 is shown in Fig. 11 
(lower photo).

CONCLUSIONS

1. Application of surface geophysical methods 
allowed us: delineating location of the salt deposits, 
mapping groundwater salinity, performing in-situ  
and laboratory measurements of the shear and 
longitudinal wave velocities (Vp and Vs) corresponding to 
different geological formations typical for the DS area, 
detecting water saturated caverns and estimating 
their volume (see Table 4). 

2. The properties of the DS soils and salt were 
studied in-situ and in laboratory (Table 2). This 
additional knowledge may contribute to more accurate 
numerical modeling of the sinkhole development in 
the Dead Sea coast. 

3. Geophysical results suggest that sinkholes 
preferentially appear along the salt edge, exposed 
to brackish groundwater flow. This observation was 
confirmed (with small variations) in all investigated 
sites both in Israel and Jordan (Ezersky et al., 2013b). 

4. The existence of different mechanisms of 
sinkhole development point to the complexity of the 
phenomenon and our geophysical results support 
some of the models. Some other models have not been 
confirmed by field results. 

5. We recommend to use 3D-SNMR for locating 
water-filled caverns and estimation of their volume, 
evaluation of groundwater aggressiveness using TEM, 
Seismic refraction and MASW method for salt layer 
mapping and evaluation of its karstification.
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