
Citation: Lazar, M.; Cheng, L.;

Basson, U. Combined Geophysical

Methods in Extreme Environments—An

Example from the Dead Sea. Remote

Sens. 2024, 16, 1978. https://doi.org/

10.3390/rs16111978

Academic Editors: Djamil Al-Halbouni,

Damien Closson, Jorge Sevil,

Gidon Baer and Christian Siebert

Received: 30 April 2024

Revised: 23 May 2024

Accepted: 27 May 2024

Published: 30 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

remote sensing  

Article

Combined Geophysical Methods in Extreme Environments—An
Example from the Dead Sea
Michael Lazar 1,* , Linjing Cheng 1 and Uri Basson 1,2

1 Dr. Mosses Strauss Department of Marine Geosciences, Leon H. Charney School of Marine Sciences,
University of Haifa, Mount Carmel, Haifa 3103301, Israel; linjingchengcn@hotmail.com (L.C.);
ubasson@gmail.com (U.B.)

2 GeoSense Ltd., Even-Yehuda 40500, Israel
* Correspondence: mlazar@univ.haifa.ac.il

Abstract: The application of geophysical methods in saline environments is limited in their ability to
discern shallow subsurface geology and tectonics due to the high subsurface conductivity, which
can play havoc with the geophysical signal. Recent changes in the hypersaline Dead Sea provided
the opportunity to demonstrate the effectiveness and adequacy of the terrestrial frequency domain
electromagnetic (henceforth FDEM) method in such settings. Since the International Continental
Drilling Program (ICDP) 5017-3-C borehole was cored in 2011 in a water depth of ~2.1 m, the lake
level has dropped by almost 15 m, exposing some 320 m of a new, salt-encrusted shore. An FDEM
survey was carried out on what is now land across the borehole. The results of the survey were
compared to downhole gamma ray logging data. Three lithologies were found based on gamma-ray
cutoff values, and they are in agreement with changes in apparent electric conductivity. The FDEM
survey supplied additional spatial information on the subsurface geology, highlighting areas of fluid
flow and fracturing, which were found to be aligned with the trend of small strike-slip faults and
earthquake clusters from previous studies. The FDEM method is a reliable way of discerning shallow
subsurface geology, even in harsh conditions where other geophysical methods are limited.

Keywords: electromagnetic induction; downhole methods; neotectonics; continental tectonics;
strike-slip and transform

1. Introduction

Problems of obtaining meaningful high-resolution geophysical data in terrestrial
saline environments are well known. Information is usually limited to mapping the
saline/freshwater interface, groundwater salinity, or soil moisture with little or no geo-
logical or tectonic interpretation within the conductive zones ([1–3], to name but a few).
Traditional methods, such as ground penetrating radar (GPR), normally do not work in
such an environment since they can be greatly affected by both moisture and salinity [4–6].
Studies in terrestrial saline environments often combine some sort of electrical method
with classical seismic ones (e.g., [3] and references therein).

The near-shore coastal areas along the Dead Sea are a particularly harsh environ-
ment to study due to extreme hypersaline conditions. In addition, a solid layer of salt
can be found along the recently exposed shoreline (see below), making it even more diffi-
cult to obtain subsurface geological/tectonic information from these areas using classical
geophysical methods.

Despite these difficulties, a wealth of high-resolution terrestrial geophysical methods
have been applied in the Dead Sea area, overwhelmingly for the study of sinkhole for-
mation and their development. These include ground penetrating radar (GPR), transient
electromagnetics (TEM), magnetic resonance sounding (MRS), frequency domain electro-
magnetics (FDEM), electric resistivity tomography (ERT), microgravity, nanoseismicity,
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seismic refraction, and reflection. For a complete summary of the methods applied and
their results, please see [7]. The results of these studies were used to examine the “salt edge”
model, which proposed that sinkholes develop along the edge of a buried salt layer that
represents an ancient shoreline. As the edge comes into contact with fresher groundwater
as a result of lowering lake levels and an eastward shift in the saline-freshwater interface, it
is dissolved, leading to the formation of subsurface cavities and eventual collapse along
pre-defined lineaments that follow this edge (e.g., [8]). However, this model is contested [9].

Electrical and magnetic methods have been applied in more complex settings of the
Dead Sea, where the high salinity of the groundwater can affect the geophysical signal [10].
The authors combined these methods to discern variations in groundwater salinity and
in the lithology of water-saturated sediment, separating between areas of brine-saturated
permeable rock (sand and probably karstic salt formation) and low permeable material
(clay, silt, compact salt) in the subsurface. It is important to note that all studies along the
shores of the Dead Sea using geophysical methods were conducted well away from the
shoreline—i.e., in areas where the surface was covered by mud or gravel, not hard salt.

The current study utilizes the terrestrial FDEM method across an ICDP borehole cored
in what was very shallow waters at the time (2011). Due to receding lake levels, at the time
of the geophysical survey (2016), the borehole was located on the newly exposed Dead
Sea shoreline. Results were used to obtain information on shallow subsurface geology,
which was not recovered from the core. They were also correlated to geophysical logging
data, specifically gamma ray (GR) logs, thus providing a lithological interpretation as
well. The study demonstrates how the FDEM method can be a useful tool even in extreme
hypersaline environments.

2. Geological Background

The Dead Sea is an active pull-apart basin influenced by subsidence [11,12] and
localized salt tectonics [13–15]. It is 15–17 km wide with a total overall length of around
150 km and is divided into a northern sub-basin covered by a lake (known simply as the
Dead Sea) and a southern one occupied by industrial evaporation ponds. Currently, its
waters lie at around 438 m below mean sea level (bmsl). Since the lake is terminal, it acts
as a trap for sediments from a large watershed extending from Mt. Hermon in the north
to the Gulf of Eilat (Aqaba) in the south (Figure 1a). As such, its sediments have been
used to reconstruct paleoclimatic conditions in the eastern Mediterranean region during
the late Quaternary (e.g., [16–19] and references therein). Sedimentary depositional cycles
have been correlated to glacial and interglacial cycles as well as centennial to millennial
climatic oscillations (e.g., [20–25]. A complete reconstruction of the lithostratigraphic
framework of the lake for the last ~250,000 years was carried out on sediments from a
series of International Continental Drilling Program (ICDP) cores extracted from the deep
northern sub-basin in 2010 and from the shallow lake shoulder in 2011 (Figure 1b; [26–30]).

The sedimentary record of the Dead Sea has also been used to reconstruct lake level
curves going back at least 70,000 years in extremely high resolution (e.g., [31,32]. Over the
last 10,000 years, lake levels have been extremely erratic, fluctuating between −370 mbsl
and >−430 mbsl [21,32,33]. Sediments from this period are characterized by brown and
white laminations, with the former indicating detrital material brought during wet peri-
ods of floods and the latter—summer evaporation. During particularly low lake stands
(<400 mbsl), the northern basin becomes detached from the southern one due to a structural
sill, and halite precipitates from the water column, forming layers of rock salt on the lake
floor. These thick intervals of halite rocks and lacustrine to fluvial facies reflect a semi-arid
environment ([24,34] and contain a fair amount of gypsum crystals [34]. Primary aragonite
is also abundant during the last ~3000 ka [33,35].

Today, the Dead Sea is a hypersaline lake whose level is dropping at an alarming rate of
over 1 m/yr. This is the result of both natural evaporation and anthropogenic interference
(e.g., diversion of river input and pumping of water from the lake for industry). Since
the water of the lake is oversaturated with respect to halite, this mineral is actively being
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precipitated out of the water column, leading to salt accumulation on the lake floor. As
the lake retreats, it often leaves behind a crystalline salt crust that covers recently exposed
areas (Figure 2). This crust is slowly dissolved and weathered away by dissolution (rain
and runoff) and other erosive processes. This environment leads to an increased salinity
of surficial and subsurface sediments. In addition, a large salt body (composed of sand
gravel with intercalated salt and clay sediment) is also present in the shallow subsurface
(e.g., [10]). Its dissolution by freshwater is thought to be one of the main causes of sinkhole
formation along the western shore of the Dead Sea (e.g., [36]).
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Figure 1. Location map showing (a) the general tectonic map of the region. DSF—Dead Sea Fault.
MED—Mediterranean Sea. The red rectangle marks the area shown in (b), which is the location of
the Dead Sea and its drainage basin. White rectangle—area shown in (c) topography and bathymetry
of the northern Dead Sea basin showing the location of the two ICDP boreholes mentioned in the text
(red circles). The study area is located on borehole 5017-3-C.

The present study uses the terrestrial frequency domain electromagnetic (FDEM)
method to discern subsurface properties along the salt-encrusted shore of the Dead Sea.
The study area is located just northeast of the Ein Gedi Spa, some 125 m west of the shoreline
of the lake at the time of the survey in 2016. The site was the location of the shallow-water
International Continental Drilling Program (ICDP) Dead Sea borehole 5017-3-C (Figures 1b
and 2; N31◦25’22.74”, E35◦23’39.58”), which was first described by [29]. A total depth of
~340 m was drilled, with 271 m recovered (~80%). The top 30 m, representing the Holocene
Ze’elim formation, accounts for about half of the missing cored lithology. The water depth
at the time of drilling in 2011 was 2.1 m. However, by the time of the FDEM survey in 2016,
lake levels had receded by over 5 m, exposing the iron drill pipe, the top 21 m of which
were left inside the hole. At the time of the survey, the area was covered by a thick layer of
salt, which still had not dissolved due to weathering, rain, and runoff (Figure 2).



Remote Sens. 2024, 16, 1978 4 of 14Remote Sens. 2024, 16, x FOR PEER REVIEW 4 of 15 
 

 

 

Figure 2. Google Earth image of the study area (red box) showing the location of the ICDP 5017-3-

C borehole (yellow dot) at the time of coring in 2011, which is now exposed due to dropping lake 

levels. EGS—Ein Gedi Spa. Insets—the actual study area at the time of the survey conducted for this 

study showing the salt-covered surface and the ICDP drill pipe sticking out of a small sunken de-

pression. 

3. Materials and Methods 

Due to the thick layer of rock salt mentioned above, more conventional high-resolu-

tion geophysical methods, such as GPR, were considered inappropriate. Any electrical 

method that would involve sticking electrodes into the ground would be nearly impossi-

ble due to the hardness of the salt-covered surface. Other methods, such as seismic reflec-

tion, suffer from poor vertical and spatial resolution. For these reasons and for its relative 

ease of use, FDEM was chosen. Moreover, the FDEM method has already been proven to 

work in environments with saline water on the surface and in the near-subsurface (e.g., 

[37,38]). However, this is still a complex setting for electromagnetic studies due to its prox-

imity to the hypersaline waters of the Dead Sea coupled with a lithology that is highly 

affected by runoff, groundwater, and alluvial and tectonic processes. 

An area of 50 × 75 m around the 2011 ICDP 5017-3-C borehole was chosen for the 

FDEM survey. A Geophex GEM-2 sensor with a scanning depth down to 6–10 m and the 

ability to record 10 frequencies between 25 Hz and 96 kHz (e.g., [39,40]) was used. Coil 

spacing is permanent and set at 1.66 m. 

A total of 20 SW-NE trending lines were collected with an average spacing of 2 m 

between them. The sensor was held at a constant height of 1 m above the ground and used 

in horizontal mode. The FDEM method involves the formation of an oscillating magnetic 

field at the transmitter, which induces eddy currents within the Earth’s subsurface. These 

currents generate a secondary magnetic field, principally influenced by the target’s con-

ductivity and the frequency of the alternating field. The sensor detects the quadrature (Q) 

and in-phase (I) components of this secondary field, representing the phase difference and 

alignment with the primary field, respectively. Utilizing multiple (n) frequencies simulta-

neously, the system enables measurement of Q1… Qn and I1… In. Through data transfor-

mation, apparent electrical conductivity (ECa) and apparent magnetic susceptibility 

(MSa) are derived, providing insights into subsurface properties [41]. ECa and MSa are 

instrument-specific (hence “apparent”) and influenced by coil spacing, which is constant. 

Figure 2. Google Earth image of the study area (red box) showing the location of the ICDP 5017-3-C
borehole (yellow dot) at the time of coring in 2011, which is now exposed due to dropping lake levels.
EGS—Ein Gedi Spa. Insets—the actual study area at the time of the survey conducted for this study
showing the salt-covered surface and the ICDP drill pipe sticking out of a small sunken depression.

3. Materials and Methods

Due to the thick layer of rock salt mentioned above, more conventional high-resolution
geophysical methods, such as GPR, were considered inappropriate. Any electrical method
that would involve sticking electrodes into the ground would be nearly impossible due to
the hardness of the salt-covered surface. Other methods, such as seismic reflection, suffer
from poor vertical and spatial resolution. For these reasons and for its relative ease of
use, FDEM was chosen. Moreover, the FDEM method has already been proven to work
in environments with saline water on the surface and in the near-subsurface (e.g., [37,38]).
However, this is still a complex setting for electromagnetic studies due to its proximity to
the hypersaline waters of the Dead Sea coupled with a lithology that is highly affected by
runoff, groundwater, and alluvial and tectonic processes.

An area of 50 × 75 m around the 2011 ICDP 5017-3-C borehole was chosen for the
FDEM survey. A Geophex GEM-2 sensor with a scanning depth down to 6–10 m and the
ability to record 10 frequencies between 25 Hz and 96 kHz (e.g., [39,40]) was used. Coil
spacing is permanent and set at 1.66 m.

A total of 20 SW-NE trending lines were collected with an average spacing of 2 m
between them. The sensor was held at a constant height of 1 m above the ground and
used in horizontal mode. The FDEM method involves the formation of an oscillating
magnetic field at the transmitter, which induces eddy currents within the Earth’s subsurface.
These currents generate a secondary magnetic field, principally influenced by the target’s
conductivity and the frequency of the alternating field. The sensor detects the quadrature
(Q) and in-phase (I) components of this secondary field, representing the phase difference
and alignment with the primary field, respectively. Utilizing multiple (n) frequencies
simultaneously, the system enables measurement of Q1. . . Qn and I1. . . In. Through data
transformation, apparent electrical conductivity (ECa) and apparent magnetic susceptibility
(MSa) are derived, providing insights into subsurface properties [41]. ECa and MSa are
instrument-specific (hence “apparent”) and influenced by coil spacing, which is constant.
Contrasts in ECa signify variations in subsurface characteristics such as clay content,
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mineralogy, and moisture [42]. In general, an increase in salinity corresponds to higher
conductivity and lower resistivity.

Simultaneously transmitting multiple frequencies allows for data collection from
various depths, given that lower frequencies penetrate deeper into the subsurface compared
to higher ones. Consequently, the outcome comprises a sequence of relative frequency
interval slices, reflecting the integration of all subsurface data within a particular sampled
volume (i.e., extending down to frequency-related depths).

The depth of investigation refers to the maximum depth at which the FDEM system
can detect a half-space subsurface at a specific frequency. The frequency at which the
electromagnetic response of a subsurface feature or irregularity can initially be observed is
mainly influenced by its depth and the electromagnetic characteristics of the overlying strata.
This determination is relatively unaffected by the source or receiver type or the distance
between them. The depth of investigation relies on the physical properties of the subsurface
and is primarily determined by the skin depth (δ; [41,43])—the distance within a half-space
at which a plane wave’s amplitude is reduced to 1/e (37%) of its surface value [43]. This
is a function of the angular frequency of the plane wave (ω), the electrical conductivity
(σ), and the magnetic permeability (µ) of the medium. However, according to [43–46], the
practical/effective depth of penetration, which is empirical, can be expressed as:

D ≈ 1.5 δ = 750 (1/(σf)), (1)

where f represents the frequency of the wave transmitted by the FDEM system.
Since the shore of the Dead Sea is a hypersaline environment, the “low induction num-

ber” assumption is not valid. The induction number is the ratio of the separation between
the instrument’s coils, in this case, 1.66 m, and the skin depth δ. For low induction numbers,
the effective depth of penetration is independent of ECa. However, as true conductivity
increases, as a function of salinity, for example, the skin depth decreases, causing the induc-
tion number to rise. According to theory, in conditions of high conductivity, the quadrature
response is no longer linearly proportional to the true conductivity. The apparent electrical
conductivity (ECa) becomes biased, underestimating the true conductivity for a given
frequency and intercoil spacing [47]. This can lead to a potential risk of spatially distorted
data in environments with high conductivity [48]. However, studies have suggested mul-
tifrequency electromagnetic sensors are useful for depth sounding in such environments
(and, hence, in the Dead Sea) due to their ability to gather frequency-dependent electro-
magnetic data at relatively high induction numbers [49]. Collecting multifrequency data
at high induction levels allows for the mapping of variations in conductivity with depth,
as described by [50]. In such cases, inversion of the data is usually achieved through the
solution of Maxwell’s equations (e.g., [51]). According to [52] the low induction number
approximation may be used in highly conductive areas. However, the data needs to be
corrected for comparison with true conductivity. In addition, various authors concluded
that electromagnetic induction surveys are viable for subsurface examination under highly
saline conditions [40,50] and deduced this for the small sensor configuration of the GEM-2
used in this study, which was verified and validated by [37,38].

For this study, six frequencies were selected, corresponding to the effective penetration
depths listed in Table 1. These were chosen partially based on assumptions made about the
subsurface geology from previous studies conducted nearby (e.g., [33]). However, since the
study area is located at the edge of an alluvial fan, it is difficult to compare the shallow lithology
with previous work. Therefore, a range is provided for the effective depth of penetration.

Processing was carried out using Version 9.8 of the Oasis Montaj (Seequent-Bentley)
software package. Initially, raw data were examined manually (statistical mean and stan-
dard deviation for each frequency), and extreme outliers were deleted. A non-linear filter
was applied to remove additional random/ambient noise and spikes. High salinity leads
to greater attenuation of electromagnetic waves due to the fact that conductive materials
dissipate more energy. This can cause a reduction in the amplitude of the received signal,
making it harder to detect and accurately sample, thus increasing the risk of aliasing.
Therefore, data were gridded using the Minimum Curvature method, which is good at



Remote Sens. 2024, 16, 1978 6 of 14

reducing aliasing. However, due to the extremely high conductive nature of the area, some
aliasing and oversaturation may still remain.

Table 1. Frequencies used in the FDEM survey and depth range of effective penetration for each one.

Frequency (Hz) Range of Effective Penetration (m)

825 5.1–9.1
1925 4.6–7.7
4425 4.0–6.3

10,425 3.1–4.7
24,425 2.1–3.6
57,225 1.7–2.6

Relative frequency interval slice maps were created using a program written in-house
(and after the application of the non-linear filter to remove spikes), using a normalized
weighted algorithm of the frequency interval for every two consecutive frequencies. The
result is a series of relative ECa maps (RECa) that contain the integration of all electrical
conductivity between two different frequencies (i.e., depths) in the subsurface (Figure 3;
Table 2), where negative values represent an increase in conductivity between the top and
bottom volumes and a positive number—a decrease. The sign of the result is similar to
what would be achieved by subtracting a layer with low ECa values from a layer with
higher ones, although the process applied here is more complicated. The exact algorithm
used is the proprietorship of GeoSense Ltd., Netanya, Israel but a more detailed description
can be found in [38].
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Figure 3. Conceptual model showing the principle of the FDEM method and the meaning of electrical
conductivity (ECa) and relative electrical conductivity (RECa). Although extraction of RECa is more
complicated, it can be viewed in a simplistic way as subtraction between two volumes. The exact
method is the proprietorship of GeoSense Ltd.

Table 2. Frequencies used to produce RECa maps, as well as the range of apparent electrical
conductivity for each map. Negative values represent an increase in conductivity between the first
and last frequency and a positive number—a decrease.

Frequency (Hz) Range of ECa (mS/m)

825–1925 −340–360
1925–4425 −1360–450

4425–10,425 −83–3500
10,425–24,425 1820–2520
24,425–57,225 −630–−70

57,225 2295–2410
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4. Results

Six apparent electrical conductivity maps were produced, each one representing the
integration of all conductivity values down to the effective depth penetrated by each one
of the six frequencies (see Supplementary Materials). In general, all six frequency maps
portray the same image of a SW-NE trending “patch” of low ECa (from ~4350 mS/m in
the example given in Figure 4) that is distinctly different from its surroundings. To the
northwest and southeast of this patch, high values of ECa (5800 mS/m and above) are
reached. In each map, the steel drilling pipe is evident by a circular anomaly of high ECa,
although the regional influence of this feature on the data was removed during processing.
The remaining effect of this pipe is so strong in the first frequency interval (57,225 Hz
corresponding to the integration of all electrical conductivities from the surface down
to a depth of 1.7–2.6 m) that it saturates its surroundings and appears as a large patch
of high conductivity. A consistent, high conductivity anomaly lies to the north of the
drill pipe. A number of prominent linear features are also visible in the data (Figure 4).
For all frequencies, these linear features have relatively low ECa values compared to
their surroundings.
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Figure 4. ECa map of frequency 825 kHz corresponding to the integration of all electrical conduc-
tivities from the surface down to a depth range of 5.1–9.1 m. Grey lines show the actual path used
for data collection (survey lines). The color scale is in mS/m. Values do not represent absolute
conductivity but are relative to the sensor used in the study. The red-pink circle represents the surface
location of the ICDP 5017-3-C drill pipe, while the adjacent pink patch (just to the south) is the effect
of the subsurface extent of the pipe on the apparent electrical conductivity.

Results of the relative frequency interval slice maps (RECa) portray a similar SW-NE
trending path at all frequency (or depth) intervals (Figure 5a). However, the trend here is
somewhat strange. The RECa map of the deepest layers (825–1925 Hz and 1925–4425 Hz)
exhibits the opposite trend to that observed above—i.e., the SW-NE trending patch is of
higher ECa than its surroundings. Excluding extreme values near the steel pipe, these
range from −340 mS/m to 360 mS/m and −1360 mS/m to 450 mS/m, respectively. This
changes in the section above (4425–10,425 Hz) with the patch becoming less conductive
(minimum of −83 mS/m) than its surroundings (maximum 3500 mS/m). In the next
section (10,425–24,425 Hz), the center of the patch has low conductivity, while the rest of it
is high. Outside of the patch, conductivities decrease. However, excluding the borehole,
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the range of change is relatively narrow (1820–2520 mS/m). The second to shallowest
layer (24,425–57,225 Hz) shows a low conductivity patch with high conductivities outside
it. Again, the range of change is narrow (−630 to −70 mS/m). Finally, in the shallowest
section (57,225 Hz—i.e., from the surface down to the equivalent depth of penetration for
this frequency), the patch is diffuse and less focused. However, it is still characterized by
low conductivities, which become higher around the borehole and directly outside of it.
Excluding the borehole, conductivities are relatively uniform, changing from 2295 mS/m
to 2410 mS/m. This is clearly visible on the RECa maps displayed with a normalized
multi-channel distribution scale (Figure 5a). It should be noted that the shallowest section
is not shown since, on a normalized scale, it is a solid block of meaningless color.
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Figure 5. Comparison between (a) FDEM RECa maps. From top to bottom and left to right:
24,425–57,225 kHz; 10,425–24,425 kHz; 4425–10,425 kHz; 1925–4425 kHz; 825–1925 kHz. Nega-
tive values represent an increase in ECa values between the first and second volumes, similar to the
result of simple subtraction (Figure 4). (b) Gamma Ray is logging data from the ICDP 5017-3-C bore-
hole. Colors divide the graph into cutoff values suggested by [29]. White 0–5 gAPI; Pink 5–10 gAPI;
Yellow 10–20 gAPI.; Green 20-25 gAPI (c) Th/K ratio. The text to the right indicates the predicted
lithology. E—evaporates. MSE—medium to thick-bedded mudstone to sandstone with evaporates.
MSS—mudstones interbedded siltstones/sandstones. Horizontal and black lines mark the depths of
the maximum cutoff values, while angled black lines divide the FDEM inversion maps accordingly.

5. Discussion

Since actual sedimentary data is missing from the top 30 m of the ICDP borehole due
to incomplete recovery during coring, additional proxies are needed in order to interpret
the FDEM results in terms of geological meaning and to discern the shallow subsurface
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lithology. During March 2011, a set of wire-logging measurements were collected by the
ICDP Operational Support Group (OSG) in the near-shore 5017-3-C borehole, which was, at
the time, in shallow water. Available well logs for the top section, which still contained the
drill pipe, consist of master gamma ray (GR) and spectral GR with potassium (K), uranium
(U), and thorium (Th). Chart-based corrections for casing effects were performed for K, U,
and Th. Logs were depth corrected, and data were processed at the GeoForschungsZentrum
(GFZ) Potsdam, Germany, by the OSG team.

In general, the high potassium content of clays leads to high GR values. Wet clay is
not very conductive. Low or zero GR values are associated with quartz-dominated rocks
such as carbonates and sandstones. Conductivity (and resistivity) is a function of salinity
(moist-wet) as well as the porosity of the surrounding rock. For all lithologies, it has been
shown that resistivity decreases and conductivity increases with increasing salt content
(e.g., [53]). In addition, rock salt is nonporous (non-moist) and, therefore, should exhibit
both low GR and EC values.

A number of studies have shown a clear relationship between GR and conductiv-
ity/resistivity, at least in the overall trends of the measurements. Ref. [54] attributed the
positive correlation between GR and ECa to changing clay content, although both fluctuate
similarly in response to the presence of sand as well. Ref. [55] used GR combined with elec-
trical resistivity (the reciprocal of electrical conductivity) to improve the resolution of the
detection of thin coal seams. Ref. [56] used the same combination to infer missing lithology,
in this case, basalt layers, from cores extracted from beneath the seafloor. While the corre-
lation between the two parameters is not always straightforward, the above-mentioned
studies show that it is applicable in many areas. In the present study, GR values are used to
discern the subsurface lithology, while the ECa results provide more regional context.

In the Dead Sea, ref. [29] set specific criteria for lithological interpretation of GR data
from the upper 56 m of the deep ICDP 5017-1-A borehole (see Figure 1c for location). These
were applied here and defined as >20 gAPI mudstones interbedded siltstones/sandstones;
10–20 gAPI medium to thick-bedded mudstone to sandstones mixed with evaporites;
<10 API evaporites. Analysis of the GR logging data based on the cutoff values mentioned
above (Figure 5b) shows that the top 10 m of the borehole can be divided into three distinct
layers: 0–2.5 m (GR < 10 gAPI), 2.6–7 m (GR = 10–20 gAPI) and 7.1–10 m (GR > 20 gAPI).
Combining these results with the FDEM RECa Maps (Figure 5a), a clearer picture emerges.

From top to bottom, the low conductivities observed in the first two RECa maps
(57,225 Hz and 24,425–57,225 Hz) combined with the low GR values of less than 10 gAPI
are indicative of evaporites. This is consistent with the observation of a solid (but wet
and thus slightly conductive) layer of salt on the surface of the study area (Figure 2). The
next two RECa maps (10,425–24,425 Hz and 4424–10,425 Hz) both show a general trend
of increased conductivity. According to GR values attributed to the effective depths of
penetration for these frequencies, the lithology is composed of medium to thick-bedded
mudstone to sandstone mixed with evaporites. The evaporitic content, suspected to be
halite, would explain the increase in RECa values, especially if it was present in the form
of brine. The final two RECa (1925–4425 Hz and 825–1925 Hz) show a return to lower
conductivity as the GR rises above 20 gAPI, indicating sand/siltstone, i.e., smaller, clay-like
grain sizes. The presence of a significant change at ~6.8 m is also evident on the Th/K
ration plot (Figure 5c), which has been used in other studies as an indicator of sedimentary
unconformities (e.g., [57]). This is due to the fact that sudden changes in the ratio represent a
variation in radioactive mineral content and thus reflect abrupt changes in the depositional
environment, such as unconformities [58].

The SW-NE trending patch consistently has a lower conductivity than its surroundings
when viewed on a normalized distribution scale. Together with the linear features, the
impression is that of a focused wet patch due to a fault. If connected to the deeper
subsurface, it could act as a conduit for fresh(er) water intrusion from below, whose source
would be the regional aquifer (e.g., [59] and references therein). The lower values of ECa
are consistent with lower salinities of groundwater. Extraction of the ICDP core could
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have facilitated this process by helping to fracture an already unstable subsurface and by
releasing pressure in the sediments, thus allowing the flow of pore water from nearby
formations towards the borehole. Another indication of this is the collapse of the area
immediately surrounding the borehole into a mini “sinkhole” once again demonstrating
the instability of the subsurface due to the extraction of the core (Figure 2).

It is interesting to note that since the geophysical survey in 2016, a sinkhole area has
opened up some 500 m to the northwest of the ICDP borehole. Sinkholes are thought to
form as a result of the dissolution of a buried salt layer by freshwater as the fresh/saline
water interface migrates lakewards due to dropping lake levels. Even more to the point is
that according to the geological Survey of Israel’s online Sinkholes and Subsidence Moni-
toring of the Dead Sea (https://egozi.gsi.gov.il/WebApps/hazards/sinkholes_subsidence/
accessed on 24 April 2024), the “mini sinkhole” seen surrounding the borehole continued
to develop into a small yet significant sinkhole with subsidence of the surrounding area
(Figure 6a) sometime between January and February 2019. This further strengthens our find-
ings, especially the ability of the FDEM to obtain meaningful results from high-inductive
number areas such as hypersaline environments. In addition, while previous studies based
on high-resolution geophysical surveying in the Dead Sea have proposed that sinkholes
develop along the edge of the buried subsurface salt layer [8], this new sinkhole does not
correspond to the proposed salt edge and is, in fact, located at some distance to the east
of it. As can be seen in Figure 6a, it is isolated and located far from the main developing
area. It would seem that drilling operations of the 5017-3-C borehole and the extraction
of the ~270 m long sediment core destabilized the subsurface in an already unstable area
susceptible to subsurface cavity formation, leading to the development of this sinkhole.

In the context of local geology and tectonics (Figure 6b), the study area seems to lie
just to the north of an area with small right lateral strike-slip faults, with the same trend
as the SW-NE aligned patch in the FDEM data [60]. It also seems to be aligned with the
direction of the northern flank of the Ein Gedi diapir as it appears in the bathymetry and a
cluster of micro-earthquakes mapped by [61]. The presence of natural springs in the area
(the Ein Gedi oasis located some 3 km to the north and the Ein Gedi spa ~1.3 km to the
west) strengthens the argument for fault-related groundwater flow in the area.

On a more regional scale, it should be noted that the trend of large-scale transverse
faults in the lake is NW-SE. i.e., opposite to the direction of these features (e.g., [61,62]).
One possibility is that these could represent localized faults that formed as a result of
salt tectonics (i.e., uplift of the Ein Gedi diapir; [15]). Another option may be related
to displacements along the major N-S trending branches of the Dead Sea fault in the
area, which create a zigzag pattern of minor normal faults aligned also in ESE and WNW
directions (e.g., [63]). Further to the south, [64] suggested that the displacement between
two N-S trending stepped strike-slip faults is transferred by extension associated with E-W
trending normal faults. This is similar to what was suggested by [65] for the formation of
faults within the Ghor Al Haditha sinkhole area, southern Dead Sea, Jordan (Figure 6). It
would seem that the development of sinkholes in the southern Dead Sea area, both on the
west side and the east side of the basin, is related to minor E-W trending faults that form
along tension cracks between two strike-slip faults.

The current study shows that the use of logging data combined with geophysical
methods (such as FDEM) is a convenient and pertinent tool for interpreting missing lithos-
tratigraphic data from boreholes, especially in harsh environments. When combined with
local/regional geology, it can also provide interesting information on the effect of drilling
processes on the surrounding environment.

https://egozi.gsi.gov.il/WebApps/hazards/sinkholes_subsidence/
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Figure 6. (a) The study area shows the location of sinkholes (black) with surrounding subsidence
(red) from the GSI database as of April 2024. The location of the 5017-3-C borehole is marked, and
green arrows point to its location in other images. (b) The southward continuation of the study area
shows the extent of nearby sinkholes and their NW-SE and ENE-WSW orientations. See (d) for the
location. (c) A sinkhole area further to the south shows their extent and E-W orientations. See (d) for
the location. (d) Combined digital terrain and multibeam bathymetry map showing the southern
half of the northern Dead Sea basin. The study area is marked by a green circle. Yellow circles
show the location of micro-earthquakes mapped by [61]. The red arrows are right-lateral strike-slip
faults after [60]. Black and red polygons on the western shore mark sinkholes with subsidence.
EGD—Ein Gedi diapir. A dashed yellow ellipse is a cluster of micro-earthquakes with a similar trend
to other features mentioned in the text. The bottom inset shows tectonic faults (black lines) and
proposed minor faults dictating sinkhole development (red lines) on the Jordanian side of the Dead
Sea (after [65]) with similar orientations to those observed in this study.

6. Conclusions

The integration of techniques used in this study provides a reliable way of discerning
shallow subsurface geology, even in harsh conditions, in a non-intrusive way. It not only can
be used to estimate the lithology by relating changes in apparent conductivity to additional
information from the subsurface (such as logging data), but it can also provide insight
into the actual geology and tectonics of a study area. In this way, not only the missing
upper 10 m of the ICDP 5017-3-C borehole was reconstructed, and the effect of coring on
the sedimentary structure below examined, but also a spatial picture of the local geologic
and neotectonic setting around the borehole was obtained. While the high conductivity
of the subsurface in terrestrial hypersaline environments may lead to oversaturation of
the FDEM data in some places, the unique properties of this method allow it to function
where other geophysical methods are limited, such as coastal areas and other (hyper)saline
environments providing vital information on shallow subsurface geology and tectonics.
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