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A B S T R A C T
The Dead Sea Fault System (DSFS) steps-over at the northern head of the Gulf of Aqaba (GOA), crossing the
evolving continental shelf. We report detailed processing and interpretation of high resolution sub-bottom
proﬁles of the north western tip of the GOA down to a depth of about 120 m. Our data reveal stepping
seaﬂoor morphology comprising a series of relict coastline features, primarily fossil reefs whose present
depth results from the combined effect of sea level rise and tectonic displacements. On the northern slope,
the fossil reefs are embedded in a predominantly single phase ∼ 30 m thick retrograde sedimentary stack that
evolved presumably during sea level rise since the last glacial maximum, about 20 Ka. Large variations in
character within this sedimentary stack bear evidence for large episodic changes in the rates of sea level rise
and ensuing environmental conditions during the Holocene. A prominent terrace and face, a suggested relict
coastline feature, accommodated on the order of 10 m down to the east vertical offsets across the surveyed
area at the north western GOA since submergence, presumably late Pleistocene to early Holocene. The trace
of an active strike strike-slip fault crossing the northern slope is deﬁned by: a. NE striking bathymetric
features; b. discontinuities offsetting the sedimentary layering from just below the sea ﬂoor to the deepest
layers imaged; c. a 30 ± 10 m sinistral and 10 ± 1 m down to the west offset of a fossil reef at a depth of about
65 m. Global sea level curves constrain the age of the 65-m deep reef to 11.5 ± 2 Ka, yielding an estimated
average Holocene sinistral slip rate of 2.7 ± 1.5 mm/yr, about half the regional slip of the DSFS. We conclude
that the submarine fault deﬁned here is a principal strand of the DSFS, a southward left stepping echelon of
the Avrona fault. Such secondary echelon segmentation may be typical for the accommodation of strike-slip
at tips of transform basins.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction

1.1. Fault kinematics of the southern DSFS

Transform basins have received recent attention following the
1999 earthquakes that caused devastation south-east of the Sea of
Marmara. The Gulf of Aqaba (GOA) is a marine inlet created by the
Dead Sea Fault System (DSFS) continental transform, much like the
Sea of Marmara (Hubert-Ferrari et al., 2000; Polonia et al., 2004;
Cormier et al., 2006). In contrast to the Sea of Marmara, GOA was
connected to the global ocean through the last Glacial epoch (Sidall
et al., 2004), and its warm water allow thriving coral reefs around its
fringes. In this study we take advantage of cross cutting relationship of
the DSFS with relic coast line features at the northern tip of the GOA to
study the Holocene activity on the submarine segment of the DSFS.

GOA occupies the southernmost segment of the Dead Sea Fault
System (DSFS), a “leaky transform” (Garfunkel et al., 1981) with a total
accumulated sinistral offset of 105 km since the Miocene (Quennell,
1959; Freund et al., 1968, 1970; Bartov et al., 1980). The GOA comprises
three elongate en-echelon transform basins connected by northeast
trending fault segments (Fig. 1a) (Ben-Avraham et al., 1979; BenAvraham, 1985). Each of the GOA main basins is typically bounded on
the east and west by a pair of longitudinal faults, but seismic proﬁling
has been interpreted to suggest that only one of each longitudinal
pair is a pure strike-slip fault (Ben-Avraham et al., 1979; Ben-Avraham,
1985). The other longitudinal fault has a signiﬁcant normal component, deviating from the symmetry implied by the classic “pull-apart”
model (Ben-Avraham and Zobak, 1992). The transverse ends of the
basins are complex deformed zones, with several active faults that
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Fig. 1. a. A location map summarizing the major features of the southern Dead Sea Fault System overlaid on the topography and bathymetry of the region. Land topography is U.S.
Geological Survey GTOPO30 digital elevation model. The Arava and Avrona faults are marked with a dark grey line (after Garfunkel, 1981; Niemi et al., 2001). Bathymetry of the Gulf of
Aqaba (GOA) is marked (after Ben-Avraham, 1985) with contours at water depths of 100 to 1700 m with spacing of 200 m. The major GOA faults are marked in black, and the outline of
the four major basins is shaded in grey (after Ben-Avraham, 1985). The Epicenter of the 1995 Nueiba earthquake (after Shamir et al., 2003) is marked with a black star. The towns of
Elat (Israel) and Aqaba (Jordan) are marked with black squares. A frame around the area of these towns marks the location of Fig. 1b. The trace of DESERT 2000 near vertical proﬁle
across the Arava Valley is marked with a dashed line. The inset map (top left) outlines Fig. 1a in the context of Middle East coastlines and a geographical coordinates system. Apart for
this inset all maps in this paper are drawn in UTM zone-36 coordinates labeled in kilometers. b. A tectonic map of the northern head of the GOA co-registering the results of previously
published studies in a common UTM zone-36 coordinate system. The major geological units (after Garfunkel, 1970) and sabkhas (after Zilberman et al., 2005) are detailed in the
legend (top left). Major drainages are marked with dotted lines and labeled in italics (W. = Wadi). Recent fault traces in the Arava are marked with various black lines. The Avrona fault
(thick lines) north of Avrona sabkha is marked after Zak and Freund (1966). Elat Fault (marked as a normal fault), the fault bounding the Elat sabkha from the east, and the fault to the
east Avrona sabkha are marked after Garfunkel (1970). Faults in Elat, west of the northern tip of the GOA, are marked after the faulting bands of Ginat et al. (1994). Faults distributed
around the Elat and Avrona sabkhas are marked after Amit et al. (2002). The fault trending north east from the north eastern corner of the GOA is marked after Mansoor et al. (2004).
The Coral Beach National Reserve, where Shaked et al. (2004) estimated about 4 m of downfaulting since 2.4 Ka, is marked with an arrow. A point surrounded by a circle on the
coastline of the Elat sabkha marks the location where a sub-vertical fault is crossed by seismic proﬁle GI-2108 (Frieslander, 2000; see Fig. 2a for proﬁle location). Northern GOA
bathymetry and interpreted faults are taken from Ehrhardt et al. (2005). Grey shading along the north western coastline of the GOA (offshore Elat) mark the extent of the 2002 Chirp
(dark) and 2007 Echo Sounder (light) surveys presented in this paper. Light grey frame marks the extent of Fig. 10.

strike at an oblique angle to the long dimension of the basin (Fig. 1a;
Ben-Avraham and Garfunkel, 1986).
The towns of Elat and Aqaba straddle the northern edge of the GOA
(Fig. 1). North of these towns the Arava valley stretches for some
160 km, a structural and topographic saddle delimited along much of
its margins by normal faults (Garfunkel et al., 1981). The Arava valley is
diagonally crossed by the Arava and Avrona segments of the DSFS,
observed at the surface as mostly discrete strike-slip faults (Fig. 1a;
Garfunkel et al., 1981). High resolution airborne magnetic data
suggests that the shallow manifestation of the plate boundary in the
Arava valley is at most several hundred meters wide, and that its
location was stable throughout its history (ten Brink et al., 2007).
Shallow seismic investigation (Haberland et al., 2003, 2007) carried
out along the DESERT project traverse (Weber and DESERT Group,
2004 and references therein; Fig. 1a) shows that the active faulting is
conﬁned to the geomorphic lineaments identiﬁed by Garfunkel (1981)
and predecessors. Quaternary horizontal slip rates in the range of 2 to
10 mm/yr were estimated based on offset drainages along the Arava
and Avrona fault segments (Zak and Freund, 1966; Garfunkel et al.,
1981; Ginat et al., 1998; Klinger et al., 2000a,b; Niemi et al., 2001). The
more recent estimates converge on an average horizontal slip rate of

about 4.5 ± 1.5 mm/yr on the Arava fault. Geodetic estimates of the
current horizontal plate motion across the DSFS are at the range of 3.7
to 7.5 mm/yr (Wdowinski et al., 2004; Ostrovsky, 2005; Mahmoud
et al., 2005; Le Beon et al., 2006; LeBeon et al., in review), in agreement
with the geological rates. Niemi et al. (2001) and Klinger et al. (2000a)
estimated a maximum horizontal slip of 3 m and 1.5 m per earthquake
event respectively based on reconstructed offset gullies, and the
Roman Byzantine Tilah castle water tank offset of 2.2 ± 0.5 m. Niemi
et al. (2001) inferred a recurrence interval of 500 to 885 yrs for
earthquakes of magnitude Mw ∼ 7. Klinger et al. (2000a) suggested an
equivalent recurrence interval of magnitude Mw ∼ 7 events rupturing
40 km segments of the 160 km Arava fault about every 200 yrs.
Considering the simplicity of the Arava fault, the above estimates
provide a proxy to the activity of the southern DSFS as a whole.
At the southern Arava valley, in the area of Avrona playa 15 to
25 km north of Elat, the Avrona fault bends slightly southward and
splays into a transtensional complex (Fig. 1b; Garfunkel et al., 1981;
Amit et al., 2002). Systematic studies found evidence for at least
15 earthquakes of magnitude M N 6 since late Pleistocene, partitioned
over at least two fault branches simultaneously (Gerson et al., 1993;
Amit et al., 1995, 1996, 1999, 2002; Enzel et al., 1996; Porat et al.,
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1996, 1997; Shtivelman et al., 1998; Zilberman et al., 2005). Earthquake magnitudes during late Pleistocene and Holocene were
estimated at 6.7 to 7 and 5.9 to 7, and average recurrence intervals
of 2.8 ± 0.7 Ky and 1.2 ± 0.3 Ky, respectively. The M N 6 earthquakes'
low recurrence rates observed by Amit et al. (2002) imply that a substantial portion of the DSFS shear has been accommodated elsewhere,
presumably by more easterly faults passing through Aqaba (Whitcomb, 1994; Slater and Niemi, 2003; Haberland et al., 2007). Thus it is
reasonable to assume that only about half (say 2 to 4 mm/yr) of the
total horizontal slip rate is accommodated in the north western side of
the GOA.
The paleoseismological record along the southern DSFS is sparse as
the fault trace is a primarily submarine feature passing through an
arid area. Archeological and historical records suggest that earthquakes caused major destruction in Aqaba during the 4th century AD
(Parker 1999), in AD 1068, and in AD 1212, the last two with an
estimated magnitude of M N 6.5 (Ambraseys et al., 1994; Amiran et al.,
1995). These earthquakes left physical evidence in the form of
intraclast breccia layers in the Dead Sea (Migowski et al., 2004;
Agnon et al., 2006). A ∼ 1.5 m of co-seismic sinistral offset observed on
the curtain wall of the Islamic city of Ayla was related to its destruction
in 1068 (Whitcomb 1994). During recent decades, the southern DSFS
featured extensive seismic activity with relatively quite zones in the
area of Elat-Aqaba (GII, 1996; Klinger et al., 2000a; Salamon et al.,
2003; Hofstetter et al., 2007). The last large earthquake, the 1995
Mw = 7.2 Nueiba event (Fig. 1a; Baer et al., 1999; Klinger et al., 1999;
Hofstetter et al., 2003), was the largest ever recorded instrumentally
along the entire DSFS. Kinematic modeling of seismic waveforms and
radar interferometry suggest a surface rupture along more than 25 km
with slip of up to 3 m in the surface and up to 5 m in the center of the
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ruptured segment at a depth of 7 km (Hofstetter et al., 2003; Shamir
et al., 2003). The 1995 earthquake magnitude and rupture mechanism
are in accord with the geological and historical paleoseismic record
inferred along the Arava valley.
Identiﬁcation of the major faults connecting the Avrona fault with
the faults bounding the GOA basins is ambiguous due to the paucity of
geophysical data. Pioneering geophysical investigations of the GOA
seaﬂoor used sparse single channel analog acoustic soundings to
illuminate the broad-scale picture described above (Hall and BenAvraham, 1978; Ben-Avraham et al., 1979; Ben-Avraham, 1985).
Reches et al. (1987) produced a detailed albeit imprecise bathymetric
map of the GOA slope offshore Elat, and observed the slope through a
series of submersible dives. They suggested that the major strike-slip
fault runs north of Elat along Garfunkel's (1970) Elat fault, descends
southwards off the port of Elat, and connects with the western
longitudinal fault of the Elat basin. Ben-Avraham and Tibor (1993)
produced a bathymetric map and analog single channel proﬁles of the
northern part of the GOA. Their interpretation shows a major oblique
slip fault (their ‘Elat fault’) continuing the western longitudinal fault of
the Elat basin northward along the western shelf offshore Elat, and
connecting with an assumed southward protraction of the Avrona
fault beneath the western part of Elat hotel district. Ehrhardt et al.
(2005) traversed the Elat deep below a depth of about 200 m with
multi-beam and several multi-channel seismic proﬁles. They suggested that the major strike-slip fault is branching northward from the
eastern longitudinal fault of the Elat basin, traversing the northern
part of the basin, paralleling the western coastline of the GOA about
1 km to the east (Fig. 1b). Their interpreted fault projects to an assumed continuation of the Avrona fault through the center of Elat
hotel district.

Fig. 2. Maps of the surveys reported in this paper. a. An outline of the 2002 Chirp survey underlain by a shaded relief depiction of the Chirp data based bathymetric map. Thick
numbered lines mark the proﬁles of Fig. 3. Shaded square (on proﬁles 12a, 13) represents the coverage of the background shaded relief map of Fig. 2b. b. A map of the 2007 echosounder survey locations (black dots) underlain by a shaded relief depiction of the interpolated bathymetric map. White dashed lines mark the overlap of the two acquisition sessions.
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1.2. The geometry of faulting onshore
Faulting in and around the town of Elat is partitioned to two
systems, the boundary fault system and the Avrona fault zone (Fig. 1b),
described in more details below.
1.2.1. The boundary fault system
The boundary fault system comprises predominantly normal faults
dipping 60°–70° and offsetting Plio-Pleistocene alluvial fans on the
western side of the Arava valley — GOA (Garfunkel, 1970; Ginat et al.,
1994) (Fig. 1b). Most recent faulting deﬁnes the eastern limit of these
fans. The boundary faults form morphological steps trending at
azimuths between 320° to 50°, sub-parallel to the western coast of the
northern GOA. In particular, Garfunkel (1970) mapped a semi
continuous fault step, the Elat Fault, from about 15 km north of Elat
through the town center and about 7 km to the south along the
western coast of the GOA (Fig. 1b). He argued that farther to the south
this fault becomes submarine, then emerges along the Sinai coast and
continues producing morphological steps at least 30 km southward
from Elat (Fig. 1). Shaked et al. (2004) showed that catastrophic
earthquake events caused destruction and burial of reefs along the
western coastline of Elat later than 4.7 and 2.4 Ka, and dropped the
seaﬂoor along Elat Coral Beach National Reserve to a depth of about
4 m since 2.4 Ka (Fig. 1b). Frieslander (2000) imaged seismically a
major discontinuity which he interpreted as Garfunkel's (1970) Elat
fault, near the northern tip of the GOA between sedimentary layers on
the east and basement reﬂectivity to the west.

1.2.2. The Avrona fault zone
The Avrona fault zone described above (Garfunkel et al., 1981; Amit
et al., 2002), a predominantly strike-slip system, was suggested to
continue southward crossing the southern Arava valley around Elat
hotel district (Wachs and Zilberman, 1994; and references therein).
Rotstein et al. (1994) imaged seismically below the eastern part of Elat
hotel district a several hundred meters wide vertical deformation
band, while Frieslander (2000) imaged a distinct sub-vertical
discontinuity in the sediments in the same area (Fig. 1b). An offset
street in Elat hotel district, reported following the 1995 Nuweiba
earthquake (Wust, 1997), suggests active surface faulting. In this paper
we report new evidence for a major segment of the Avrona fault that
passes through the eastern part of Elat hotel district, and accommodates a signiﬁcant portion of the DSFS horizontal slip.
2. Data acquisition, processing, and interpretation
Most of the observations described below are based on shipboard
acoustic data. Yet much of the interpretation is inspired by direct
observations from dives (free, scuba, and submersible).
2.1. Chirp sub-bottom proﬁling survey
During four days in June 2002 we collected high resolution subbottom (Chirp) proﬁles over the depth range of 4 to 120 m along the
shelf in the Israeli waters of the Gulf of Elat (Fig. 2a). Proﬁles with a
source spacing of about 2 m and a total length of 50 km were collected

Fig. 3. A composite of sample high resolution raw time-sections of the Chirp sub-bottom survey displayed with a common vertical scale. Two-way-time for all sections is noted on the
left, while the approximate depth (scaled with acoustic velocity 1500 m/s) is noted to the right. Proﬁle numbers are noted in the white circles. Map locations of the proﬁles displayed
are marked in Fig. 2a. West–east sections across the western slope are displayed side by side (separated in white) with a vertical exaggeration ×12 (top). A south-north section along
the 70-m Terrace on the western slope is displayed with a vertical exaggeration ×48 (bottom left). Crossings of the east–west proﬁles with the south–north proﬁle are marked and
connected with thin black lines. Two south–north sections across the Northern Slope are displayed with a vertical exaggeration ×24 (bottom right). Major features discussed in the
text are noted in white. Black arrows mark the 65-m Reef discussed in the text.
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at a nominal spacing of 100 m. The data were collected by the Israel
Oceanographical and Limnological Research institute (IOLR) on board
RV Edva. The proﬁles were acquired with a Datasonic Chirp-II singlechannel 3 to 7 kHz sub-bottom proﬁler with a beam width of 30° to
55°. Submeter positioning was obtained using a Trimble AgGPS
Differential Global Positioning System (GPS). The Chirp provided a
vertical imaging resolution of about 0.5 m and a signal penetration of
up to 30 m depending on the seaﬂoor depth and composition. Initial
processing included source signature removal, transcription of GPS
location, and formatting of the data. We loaded all Chirp proﬁles and
UTM converted ship courses to Paradigm software, which we used to
process and analyze the data in 2D and 3D within one working
environment. The proﬁle sections presented in this paper (e.g. Fig. 3)
are two-way -time (TWT) sections. To ease the discussion we refer in

113

subsequent text to imaged features by their approximate depth,
deﬁned here as the two-way-time divided by two and multiplied by
1500 m/s.
We manually picked the arrival time of the sea ﬂoor reﬂection on
all our reﬂection proﬁles. The picks were corrected for line misties,
and then interpolated using Paradigm's ‘minimum-curvature’ algorithm to produce a TWT map of the seaﬂoor reﬂection with a-10 m
grid spacing. The resulting map was then smoothed by a 50 by 50 m
LOWLESS ﬁlter, and scaled to depth (using a velocity of 1540 m/s) to
produce a high resolution bathymetric map (Fig. 4a). We estimate the
vertical accuracy of this map to about ±2 m, and the horizontal accuracy to about ±10 m. The main error sources include the acquisition
spacing, tidal differences, water acoustic velocity variations, focusing
(migration) effects, and the smoothing inherent in the mapping process.

Fig. 4. 3D shaded relief depiction of our bathymetric map viewed from the south east and above. Black line marks the coast line. a. The shaded relief is colored according to
approximately-scaled water depth (with water velocity of 1540 m/s), and is vertically exaggerated × 20. Features and locations discussed in the text are noted. The NSC fault trace
passes below the gentle step between the ridge and channel (labeled). b. The shaded relief is color coded by the gradient of the bathymetry, overlaid by depth contours, and vertically
exaggerated ×30. Terraces are apparent in red, while steep faces are purple. Apparent vertical offsets of the 100-m Step (see also Fig. 3) are roughly estimated by the changes in depth
of the 2.3° contour (dashed with white circles), and noted with their sense and order-of-magnitude size (dashed lines and arrows). A gap of about 700 m in the 100-m Step below the
port (the “Port Face”) is noted in grey.
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Focusing (migration) effects are mostly negligible due to the small
gradient of the slope. Three dimensional displays of the bathymetric
map (Fig. 4a) and calculation of the sea ﬂoor local gradient map (Fig. 4b)
allowed us to resolve subtle features and lineaments of the seaﬂoor.

3.1. Seaﬂoor morphology and relict coastline features
Based on our new Chirp proﬁles (Fig. 3) and bathymetric map
(Fig. 4) we divide the shelf in the survey area to three main morphological units:

2.2. Echo sounder bathymetric survey
Following the analysis of the Chirp data we carried out an echo
sounder depth sounding survey to map in detail the offset on a 65 m
deep reef (discussed below). The survey was performed on January 10,
and March 29, 2007 on board a 7 m Boston Whaler from the InterUniversity Institute for Marine Sciences at Elat. The data sample seaﬂoor depths at nominal interval of 1 m along 36 proﬁles each about 0.6
to 1 km long (Fig. 2b). Most proﬁles were acquired along a parallel set
of lines at an azimuth of about 23.5 with a nominal spacing of 20 m
and 100 m overlap between the two acquisition sessions. An additional perpendicular set of proﬁles (Fig. 2b) was acquired in the second
acquisition session. The depth soundings were acquired with a Furuno
FCV 582L 200 kHz echo sounder. Positioning was obtained with
Garmin 76 GPS utilizing the ERGOS Wide Area Differential GPS correction providing a location accuracy of 5 m.
The data was edited manually for outliers and corrected for sensor
position, tide, proﬁle misties, and sailing direction. The soundings
were scaled to depth with constant water velocity of 1535.5 m/s, based
on water velocity measurements carried out concurently. Depths were
then interpolated to a 2 × 2 m grid using ArcGIS Geostatistical Analyst
Ordinary Prediction Krigging. Anisotropic calculation was performed
to compensate for the anisotropy in the scatter of the measurements
with an ellipse of 100 × 300 m directed at azimuth 300°, and a 50%
constant trend. This anisotropic gridding tends to smooth the resulting map along the northern slope strike direction, reducing discontinuities like the offset of the 65 m deep reef discussed below. The
resulting map is presented in Fig. 9. The location accuracy of the entire
map is limited by the GPS horizontal accuracy ±5 m, but submeter
precision exists in the location of the soundings with respect to each
other. We tested the accuracy of the map by gridding separately a map
for each acquisition session, and comparing the maps in their overlap.
We estimate vertical accuracy of this map to about ±0.3 m, where the
main sources of error are the effects of waves on the acquisition, the
GPS positioning error, and the smoothing applied in the interpolation.
Focusing (migration) effects are negligible due to the small gradient
(≤5°) of the slope.
3. Results
The continental shelf of the northern GOA, extending to a depth of
about 100 m, is narrow b3 km) and steeply dipping (generally ≥3°)
(Hall and Ben-Avraham, 1978). We show (below) that the deposition
of sedimentary units on the shelf is localized and well deﬁned,
due probably to low supply of sediments in this arid region. As a
result, the shallow stratigraphy and the seaﬂoor morphology,
especially fossil coastal features amalgamated into it, provide a simple
and sensitive set of markers of local sea level change and tectonic
offsets. This paper is focused on estimating recent tectonic displacement rates based on offsets of these sedimentary markers of the
shelf across tectonic features. In the lack of direct age data, we base
our estimates on deﬁning the relative sedimentary sequence and
matching it with eustatic sea level curves and related global changes.
In this section we deﬁne and characterize each of the sedimentary
markers, fossil coastline features (Section 3.1) and stratigraphical
units (Section 3.2), and deﬁne their relative sequence. We identify and
characterize each of the possible tectonic lineaments (Section 3.3),
and evaluate the tectonic offsets of the sedimentary markers across
the postulated tectonic lineaments (Section 3.4). The synthesis of
the results in the context of global constraints is carried out in the
discussion.

a. The gently (∼3°) inclined Northern Slope.
b. The steeply (∼7°) stepping Western Slope.
c. A steep (∼ 14°) face below the port of Elat (the Port Face).
The seaﬂoor morphology of the shelf is characterized by a set of
steep seaﬂoor steps bounding a set of gently sloping terraces (Fig. 4a)
manifested as patches of low seaﬂoor gradient (b0.05; red color) on
our seaﬂoor gradient map (Fig. 4b). The terraces on the Northern Slope
stretch uniformly in depth through distances of the order of 1 km,
while the terraces on the Western Slope rarely exceed 300 m laterally
and are widely scattered over different depth ranges. Most of the
terraces are characterized on our Chirp sub-bottom proﬁles by protruding structures of laterally-rough, commonly high-amplitude, seaﬂoor reﬂections with little to no sub-bottom penetration (Fig. 5). These
reﬂection characteristics are suggestive of the terraces comprising hard
porous rock frame possibly containing gas bubbles, with a rough (at the
scale of several to tens of centimeter) surface (e.g. a biogenic reef
rock). Accordingly, scuba-diving to many of the seaﬂoor terrace-step
complexes, along the Shelf down to a depth of 50 m, we generally
observed coral reef rock with overgrowth of mostly soft corals.
Two terraces of special interest:
a. The Northern Reef
An east–west elongate ridge stretches at the northern corner of the
gulf at a depth of 15 to 30 m (Fig. 4a). Diving on this ridge we observed a
seemingly fossil stone-coral reef (the Northern Reef) with a ﬂat top
reminiscent of a reef table. Scattered active stone and soft corals
population overgrows the older reef. This overgrowth is denser on the
slope of the western part of the Northern Reef. The Chirp proﬁles show a
rough seaﬂoor with strong reﬂectivity and poor signal penetration
(Fig. 5). East of the Northern Reef between about 25 to 10 m depth the
Northern Slope steepens to about 6°, forming a gentle ramp sub-parallel
to the northern coastline. The sedimentary stack forming this ramp
(Unit-3; Fig. 5) is imaged as a set of sub-parallel reﬂections. A rough set of
high-amplitude reﬂections are imaged about 20 m below present sea
level, being about 5 m below the seaﬂoor within Unit-3 sedimentary
stack. These reﬂections lie approximately at the eastern projection of the
Northern Reef. On several of the Chirp proﬁles we can trace a set of
planar layers beneath the Northern Reef seaﬂoor reﬂections (bottom of
Unit-3; Fig. 5). Stratigraphic correlation of our Chirp proﬁles establishes
that this same set of Unit-3 base layers is also traceable beneath the subsurface high-amplitude reﬂections to the east. Moreover the bottom
layers of Unit-3 approached uniformly the stretch of low signal
penetration beneath the reef, while shallower Unit-3 layers curve
downward as they approach the reef (Fig. 5). The tops of the Northern
Reef and the high-amplitude sub-surface reﬂections are at approximately the same depth level, about 20 m below present sea level (Fig. 5).
Taken together our observations imply that the Northern Reef and
sub-surface high-amplitude reﬂections are a band of relict fringing
reefs that grew simultaneously with the deposition of Unit-3
sediments; at a sea level that was locally at least 15 m lower than
today. We suggest that subsequent relative sea level rise brought this
reef to its current depth. Sediments, of Unit-3 supplied at an increased
rate as sea level rose, were blocked by these fringing reefs, ﬂowed
around it in the western part, and buried its eastern part (Fig. 5d). The
reef‘s top is at about the same level where it is covered as where it is
exposed, suggesting that the growth of the reef was slowed before its
burial by sediments.
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Fig. 5. Four Chirp time sections across (a, b), and along (c, d), the Northern Reef. The section amplitudes are corrected by exponential gain, enhancing the internal reﬂectivity patterns
and multiples. The proﬁles traces are overlaid on the shaded relief of the bathymetry and colored by in the inset map (top middle). Arrows between the sections show the
intersections of proﬁle (a) and (b) with proﬁle (c). The sections are overlaid with colored interpretations of the basal surface (B) at the top of Unit-0 (orange), retrograde sedimentary
wedges of Unit-2 (greens), reefs (purple), and Unit-3 coastal ramp layers (yellows). The reefs prevent acoustic penetration, appearing to cast a light shade beneath them. The buried
reef seems somewhat shallower than the exposed reef, but that is probably an artifact of the higher seismic velocity in the burying sediments being higher than in the water. Note the
ﬂat tops of the reef in section (c) representing probably fossil reef tables. The ﬁrst layers of Unit-3 above the basal surface (sections a, b) approach the reef uniformly not appearing to
‘sense’ its presence. Stratigraphically higher layers of Unit-3 dip where approaching the reef, probably because the sediments ﬂow was blocked by the reef. Corresponding layers of
Unit-3 cover the reef farther to the east.

b. The 100-m Step and 70-m Terrace
A prominent sub-linear steep (N7°) face, the 100-m Step, stretches
between about 100 to 130 m depth sub-parallel to today‘s shoreline
(Figs. 3 and 4). This face approaches the Elat port from the east, steeply
bounding the gently dipping Northern Slope (Fig. 4a). An up to 300 m
wide gently (b3°) sloping terrace, the 70-m Terrace, stretches along
the Western Slope at a depth range of 60 to 85 m (Figs. 3 and 4). Off
Elat's Coral Beach National Reserve the 70-m Terrace is covered by a c.
5 m thick sedimentary veneer that thins as it drapes down towards the
100-m Step (Fig. 3). At some points the sediments approach a
promontory structure at a depth of about 80 to 90 m, at the top of the
100-m Step. To the north the 70-m Terrace is truncated obliquely by
the steep Port Face. Between about 85–100 m the slope of the 70-m
Terrace steeps gradually towards the 100-m Step.
The 100-m Step is reminiscent of the continental shelf break
commonly observed world-wide at similar depths, and explained as
marking glacial lowstand (e.g. Emery, 1968). The outline of the 100-m
Step was also mapped at lower resolution by Reches et al. (1987) and
Ben-Avraham and Tibor (1993) (Fig. 1). Reches et al. (1987) made a
series of submersible dives in which they visually observed and
documented the Western Slope offshore Elat. At depths of 60 to 90 m

they observed a gently-sloping terrace (the 70-m Terrace) covered by
seemingly calcareous sand that has a-few-meters-high cliff-like
seaward termination of biogenic rock. At depths of 90 to 125 m they
observed a steep (14°) face (the 100-m Step) made of sub-horizontal
rows of biogenic rock. The generally leveled appearance of the 70-m
Terrace–100 m Step complex and its biogenic origin lead us to suggest,
following Reches et al. (1987), that they are a relict coastline feature
formed when local sea level was at least 75 m below present sea level.
We postulate that the stepping morphology offshore Elat depicts a
series of relict coastline features, mostly fringing reefs, which got to
their current depth as a combined result of eustatic sea level changes
and tectonic activity (see discussion in Section 4.1). The tops of these
relict coastline features approximately preserve the local paleo sea
level at which they evolved. Our identiﬁcation of reefs based on their
reﬂection characteristics on our sub-bottom proﬁles is corroborated
by diving observations.
3.2. Stratigraphy of the Northern Slope sediments
Laterally correlatable sub-bottom reﬂections sequences are imaged
on our chirp proﬁles across the Northern Slope down to 25 m below
the sea ﬂoor, and down to about 100 m below present sea level (Figs. 3
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Fig. 6. Two ∼ 2 km long time-sections across the north slope on the two sides of the NSC fault. The traces of the sections are marked on the inset map, coded by the same color as the
frame of each section. Vertical exaggeration of the sections is about ×10. Section (a) is a composite of two segments. The white shadow strongly apparent right beneath the seaﬂoor in
(b) is an artifact of automatic gain (AGC) applied in processing. Measured two-way reﬂection time is labeled on the left, and the approximate depth for a velocity of water (1500 m/s) is
labeled on the right. The sections are overlaid with colored interpretations of the basal surface (B) at the top of Unit-0 (orange), the top of Unit-1 sub-horizontal reﬂections (light
blue), prograde sedimentary wedges of Unit-2 (white), and retrograde sedimentary wedges of Unit-2 (greens). Note that the apparent southward dip of the sub-horizontal reﬂections
at the top of Unit-1 is probably exaggerated due to higher seismic velocity with respect to water in the overburden. The Northern Reef, the 65-m Reef, and the 100-m Step are marked
with black arrows and labeled. Note the different depth of the 65-m Reef and structural units in the two sides of the NSC fault. The inset map (top center) comprises a shaded relief
depiction of bathymetry overlaid with the approximate trace of the NSC fault (a dashed grey line), the locations where the 65-m Reef is crossed by seismic proﬁles (yellow dots), and
White lines connecting the yellow dots. The projection of these lines across the fault trace is offset by 20 ± 20 m (in the red circle). More robust evidence of this offset is discussed in
the text and displayed in Fig. 9.

and 6). This is in clear contrast to the Western Slope where most
reﬂectivity is scattered and signal penetration rarely exceeds a few
meters (Fig. 3). The reﬂectivity patterns suggest that the Northern
Slope was built primarily by deposition of sedimentary layers of rela-

tively large horizontal extent (N1 km dimension), while the Western
Slope was probably built primarily through local rock slides and reef
growth with little sedimentary veneers. The entire sedimentary stack
imaged on the Northern Slope is predominantly south west plunging.

Fig. 7. Three ∼1 km long time sections across the western ﬂank of the northern slope. Sections vertically exaggerated ×14. Colored interpretations: basal surface (B) at the top of Unit-0
(orange), sub-horizontal reﬂections at the top of Unit-1 (light blue), Unit-2 prograde sedimentary wedges (dashed), Unit-2 retrograde sedimentary wedges (greens), reefs (purple), and
Unit-3 coastal ramp layers (yellows). Sub-horizontal reﬂections at the top of Unit-1 and prograde wedges of Unit-2 clearly onlap the basal surface, although the contact between them is not
well imaged. Note the stepping morphology of the basal surface.
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This plunge suggests that the Wadi Araba drainage (Fig. 1b) is the
principal source of sediments input to the head of the GOA. Other
drainages (mainly the Salomon drainage; Fig. 1b) have signiﬁcantly
smaller area and steeper proﬁles, forming only local sedimentary fans.
Detailed stratigraphic analysis of the sub-bottom proﬁles (e.g. Figs. 6
and 7) reveals a sedimentary stack comprised of three main sequences,
deﬁned here as Unit-1 to Unit-3, that deposited over a ‘basal surface’,
deﬁned here as the top of Unit-0 and labeled B in Figs. 6 and 7. This
basal surface is imaged beneath the western part of the Northern Slope
(Figs. 6 and 7), but is not observed beneath the eastern half of our
survey area on the Northern Slope (Fig. 6b). Beneath and to the north of
the Northern Reef, the basal surface (B) is at the top of a N10 m thick set
of semi-horizontal, about 0.5 to 3 m thick, layers with varying
reﬂections amplitudes (Unit-0; Fig. 5a,b). The sub-horizontal terminations of these semi-horizontal layers of Unit-0 against the basal surface
(Figs. 5a,b, and 7b) suggest that it represents an erosional surface. Gaps
in sub-bottom proﬁling and changing signal penetration inhibit full
correlation of the basal surface in the survey area, but it appears to have
a stepping morphology. The basal surface dip projects to the slope
below the 100-m contour line, but it is not clear whether, and where, it
connects to the current sea ﬂoor. Onlapping of the overlaying horizons
(primarily Unit-1; Figs. 7 and 8) constrain a continuation of the basal
surface beneath the sedimentary stack to a depth of at least 80 m.
Unit-1 overlays the basal surface and comprises at least 25 m of highamplitude sub-horizontal layered reﬂections with a gentle (b1°) south
west apparent dip. It onlaps the basal surface to the west (Fig. 7b) and
north to a depth of at least 70 m. The sub-horizontal reﬂection set at the
top of Unit-1 approaches the seaﬂoor at a depth of about 75 m in the
western part of the Northern Slope (Fig. 6a) and 65 m at the eastern side
(Fig. 6b). As it approaches the seaﬂoor, this set of reﬂections onlaps an
amorphous bulge that is protruding the seaﬂoor along the entire
Northern Slope semi-parallel to the depth contours (e.g. Fig. 6). The
rough surface of this structure, its amorphous internal structure, its
linear extension, and the strong attenuation of seismic waves passing
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through it suggest that it represents a relict reef, the 65-m Reef. This
bulge complex overlays a second set of layered reﬂections that appear to
terminate against a second reef complex at a depth of about 90 m (e.g.
Fig. 6a). Unit-1 and its associated promontory reef complex are correlative beneath most of the Northern Slope providing a stratigraphic
marker fundamental to the work presented here. We suggest, based on
the structural setting of Unit-1, that it was deposited in a low energy
lagoonal setting at a period of moderate to negligible local sea level rise.
A set of sedimentary wedges, deﬁned here as Unit-2, overlays Unit1 and comprises much of the gently dipping part of the Northern Slope
(Fig. 6). Unit-2 is imaged as a set of scattered reﬂectivity wedges
bounded by sharp interfaces, suggesting episodal deposition of poorly
sorted clastics. The set of sedimentary wedges initially onlaps, then
overlays, the basal surface (e.g. Figs. 6 and 7). The stratigraphically
lowest set of wedges progrades outwards with increasing size from
the basal surface, and steeply downlaps the top of Unit-1 (Figs. 6b and
7b). The largest, most seaward, sedimentary wedge overlays Unit-1
out to the 65-m Reef (Fig. 6). In the western part of the Northern Slope
this largest sedimentary wedge covers the 65-m Reef, an analogous
setting to the eastern part of the Northern Reef. This wedge is then
conformably overlain by a set of retrograde wedges that pile up the
slope to a depth of about 20 m (upper part of Unit-2; Fig. 6). The stratigraphically lowest wedges dip locally away from the basal surface,
while overlaying retrograde wedges have a general south westerly dip.
This change in the dip direction is indicative of a change from local
small scale sedimentary supply and accumulation, to the regional
north eastern sedimentary source of Wadi Araba (Fig. 1b).
A stack of layered reﬂections, deﬁned here as Unit-3, shapes a
bathymetric ramp from about 20 m to about 10 m depth stretching
semi-parallel to the north-eastern coastline (Figs. 5ab and 6). Unit-3
reﬂections emerge semi-horizontally beneath the current coastline,
and dip south west downlapping-to-conformal with the underlying
sedimentary wedges of Unit-2. The lower layers of Unit-3 underlie the
Northern Reef subhorizontally, while later layers are bending towards

Fig. 8. Three about 1-km long time sections across the NSC fault. Each section represents a different apparent style of faulting of the NSC fracture system. The proﬁles displayed, and
locations at which each style of faulting is observed are marked with matching colors on the inset map. The different deformation styles are reminiscent of the near-surface appearance
of a strike-slip fault. Interpretation of marker horizons is color-coded as in previous ﬁgures. The purple horizons marked in (c) are not correlated with any of the other units, and
probably represent deeper horizons of Unit-1. Note that while the yellow horizon in (a) is not clearly offset, just bent inwards, the light blue horizon in (b) is offset by about 5 m across
the interpreted fault trace. Due to the retrograde nature of the sedimentation (e.g. Fig. 6) section (a) images younger sediments than section (b), suggesting a differential offset with age.
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it and on the east cover it completely (Fig. 5). The thickness of the
Unit-3 layers gently increases eastward, suggesting sedimentary input
from Wadi Araba and westward marine transport of the sediments.
3.3. Lineaments crossing the GOA slope offshore Elat
Two major bathymetric morphological lineaments cross the survey
area:
a. The Northern-Slope Crossing (NSC) fracture system
The Northern Slope is crossed at its center by a set of quasi-linear
channel and two slender elongated ridges several meters above the

surrounding (Fig. 4a,b) striking about 24°, sub-parallel with the
western coastline of Elat. The eastern ridge emerges from the coastal
ramp formed by Unit-3 at a depth of about 20 m and rises with respect
to the slope in the southward direction. The western ridge emerges
shallower, at a depth of 10 m, and fades southward. The channel, up to
about 2 m deep, passes along the west side of the ridges. Both the
Unit-3 ramp and the 100-m Step seem to be offset by about 100 to
150 m northward along the eastern ridge.
Discontinuities cross the sedimentary layering, approximately from
the sea ﬂoor to the deepest layers, imaged on our north-west trending
proﬁles across the ridges and channel (Fig. 8). The structural style of
these discontinuities changes along strike of the ridges. The northern
proﬁles image Unit-3 layers through to the top wedges of Unit-2, at a

Fig. 9. A high resolution bathymetric map produced (see text and Fig. 2b for details) from the dense Echo Sounder survey measurements (see Fig. 1b for location). a. A depth contour
map of the Echo Sounder bathymetry (contour spacing of 5 m) overlain on a shaded relief depiction of this map. The map is oriented approximately along the trend of NSC fault
bathymetric step (azimuth 23.5), and is centered on its approximate trace (dashed white line). The 65-m Reef appears as a sub-linear, 1 to 2 m high, bump on the seaﬂoor lit on one
side and shaded in the other. The reef is truncated and shifted left laterally where it crosses the trace of the NSC fault. b. Progressive reconstructions of the 65-m reef by shifting the
western (left) side of the shaded relief depiction of the map in (a) northwards (upwards in a right lateral sense) by changing amounts (noted on each panel) with respect to a ﬁxed
eastern (right) side. A thin dotted line marks the contact between the two sides, along which the western panel is shifted. Best continuity of the 65-m Reef is obtained when shifting
the western panel by 30 m. Some continuity is obtained also when the shift is 20, and 40 m. This test suggest that 30 ± 10 m left lateral slip was accommodated by the NSC fault since
the formation and drowning of the 65-m Reef. c. A 3D-shaded-relief depiction of the map in (a) viewed from the south west. Vertical exaggeration is ×6. The 65-m reef is truncated
and shifted both 30 ± 10 m left laterally and 10 ± 1 m down to the west where it crosses the seaﬂoor step that marks the NSC (marked in white). A thin veneer of sediments covers the
65-m reef farther to the west. No signiﬁcant progradation is observed in the depth of the reef‘s top, suggesting that most offset occurred after the reef stopped evolving.
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depth range of 15 to 35 m, bent and segmented at sub-vertical discontinuities with inconsistent vertical offsets (Fig. 8a). The central
proﬁles image the lower sedimentary wedges of Unit-2 through to the
sub-horizontal layers of Unit-1, at a depth range of 45 to 75 m, with at
least 5 m down to the west offset across the seaﬂoor step (Fig. 8b). The
southern proﬁles image the depth range of 80 to 120 m where signal
penetration is poor. These proﬁles image a westward tilted block at the
southern edge of the eastern ridge (Fig. 8c).
The linearity of the ridges-channel system suggests that they
follow a west-stepping en-echelon set of tectonic lineaments (Fig. 4a).
The discontinuities observed in the chirp proﬁles deﬁne a fracture
system, named hereafter the Northern Slope Crossing (NSC) fracture
system. It is reminiscent of the near surface expressions of a major
strike-slip fault because of its variable along-strike style of faulting.
The discontinuities affect every sedimentary layer, suggesting recent
activity of this fracture system.
b. The Port Face
Between the gently dipping Northern Slope and the steeply stepping Western Slope we map a steeply dipping (N14°) face, the Port
Face (Fig. 4). This face is located just south of where the 100-m Step of
the Northern Slope approaches the Western Slope, and the dock of the
port of Elat was constructed on top of it. The Port Face is an about 1 km
wide surface tilted southward along strike by about 3° from a minimum depth of 10 m below the northern end of the port dock to at
least 140 m below the Salomon drainage canyon (Fig. 4). It truncates
the 70-m Terrace along about 2 km from the vicinity of the underwater canyon of Salomon drainage to the port (Figs. 3 and 4).
Shallower terraces are also truncated by the Port Wall and are entirely
missing beneath the northern part of the port dock. The strike of the
Port Face is about 20°, making an angle of about 10° with the western
coast line. Reches et al. (1987) trace their suggested master fault
through the Port Face. We note that the locally averaged slope of this
face (b20°) is lower than the dip expected for the near surface expression of a recently active fault (≥60°). Our Chirp proﬁles do not
image the sub-surface structure below the Port Face (e.g. Fig. 3). This
face may represent a coluvial wedge along a recently active scarp of a
normal fault or a slide.
3.4. Constraining recent tectonic slip by measuring offsets on
relict coastlines
Relict coastline features are usually leveled elongate and continuous features and therefore can provide estimates of offsets across
tectonic lineaments. Here we exploit some of the relict coastline features offshore Elat to provide estimates of tectonic offsets.
We interpret the 70-m Terrace and the 100-m Step to mark a
prominent relict coastline feature extending along most of the shelf
offshore Elat. We estimate the order of magnitude of vertical offsets
along the 70-m Terrace using as a marker the steepening of the terrace
slope. Superimposing bathymetry depth contours on the gradient of
bathymetry map (Fig. 4b) we chose 0.04 and 0.06 as our threshold
gradient values. These threshold values are approximately concurrent
with the 80 m depth contour along a segment about 2.5 km long, from
the vicinity of the Salomon drainage canyon to about 500 m south of
the Marine Observatory. South of the marine observatory, the 70-m
Terrace is truncated and reappears farther south about 5 to 10 m
higher (Fig. 4b). This difference is clearly apparent when comparing
Sections 3 and 4 with Section 1 in Fig. 3. A 5 to 10 m down to the north
offset is consistent with Shaked et al. (2004) estimation of about 4 m
down faulting of the Coral Beach National Reserve since 2.4 Ka. Along
the western part of the North Slope, the threshold gradient values of
0.04–0.06 are approximately leveled at a depth of 90 to 100 m, providing an estimate of 10 to 15 m down to the east offset across the gap
along the Port Face (Fig. 4b). Along the eastern part of the Northern
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Slope, the threshold gradient values of 0.04 to 0.06 are approximately
concurrent with the 80 m contour, providing an estimate of 10 to 15 m
antithetic (down to the west) offset across the NSC fracture system.
Summing up all above offsets, we observe a net offset of the terrace
edge, marked by the threshold gradient values of 0.04 to 0.06, of about
10 m down to the east across the surveyed area of the western GOA.
The morphology of the Northern Slope seaﬂoor (Fig. 4b) provides
also a measure of the horizontal offset across the NSC fracture system.
The 20 m deep coastal ramp displays about 120 ± 50 m left lateral
offset across the NSC fracture system, while the 100-m Step displays
about 150 ± 50 m left lateral offset across the NSC fracture system.
In addition, the fact that the south dipping basal surface is not imaged
in the eastern part of the surveyed Northern Slope (e.g. Fig. 6) is in
agreement with a left lateral offset of the order of at least 100 m of the
basal surface across the NSC fracture system.
The 65-m Reef probably formed as a fringing reef when local sea
level was about 65 m below present sea level (as discussed below).
This reef is clearly identiﬁable on all sub-bottom proﬁles showing
depth range 60–75 m on the southern edge of the Northern Slope.
However, it is imaged with its top at about 72 m west of the NSC fracture system (Fig. 6a) and about 62 m east of it (Fig. 6b). The difference
yields a vertical offset estimate of 10 ± 1 m across the NSC fracture
system since drowning of the 65-m Reef. Interpolating the locations at
which the 65-m Reef is imaged on our sub-bottom proﬁles shows
two smoothly varying segments that are offset left laterally 20 ± 20 m
across the NSC fracture system (Fig. 6 inset). The large errors result
from the width of the 65-m Reef, and possible projection deviations.
The dense grid of the echo sounder survey provides ﬁner detail of the
truncation of the 65-m Reef by the NSC fracture system trace (Fig. 9).
Where the reef crosses the bathymetric step of NSC fracture system it
is truncated and offset vertically by 10 ± 1 m and left laterally by 30 ±
10 m. Assuming that the 65-m Reef formed with a smooth outline, like
the current northern coastline, these offsets estimate the slip on the
NSC fracture system since the drowning of the 65-m Reef.
4. Discussion
4.1. Holocene evolution of the shelf offshore Elat
To evaluate the signiﬁcance of our observations we need to establish the pertinent time frame. Dating results from the shelf offshore
Elat are scarce, rendering direct timing calibration impossible. We
therefore calibrate a relative time-frame of tectonic events with
respect to the sedimentary record and fossil coastline features observed on our sub-bottom proﬁles. We base our calibration on global
and Red Sea sea-level curves (Fleming et al., 1998; Lambeck 2004;
Siddall et al., 2004) which indicate that sea level rose from at least
100 m at the last glacial maximum (about 18 Ka) to approximately
present sea level about 6 Ka. We suggest that the basal surface
represents the surface exposed above sea level during the Last Glacial
Maximum. The sedimentary stack of Unit-1 to Unit-3, overlaying that
basal surface (e.g. Fig. 6), was deposited through the single most recent
phase of sea level rise. Therefore most of the tectonic offsets presented
in this paper provide a measure of Holocene slip.
Several lines of evidence support the above interpretation:
a. No evidence was found on the North Slope of any substantial unconformity structurally above the basal surface. The entire sedimentary stack imaged beneath the Northern Slope is conformal
with no apparent erosional gaps, and hence comprises a continuous
sedimentary tract (e.g. Fig. 6).
b. The sedimentary stack is generally onlapping and retrogradational
from a depth of at least 80 m to present sea level, with a relatively
minor progradational episode (e.g. Fig. 6). Such depositional character indicates a continuous episode of local relative sea level rise,
with a variable rate and a short intermittent hiatus.
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c. Unit-1 to Unit-3 sedimentary stack comprises the top, most recent
sediments we imaged. It is possible that this sedimentary stack is
overlain by a thin sedimentary veneer that is not discernable on
our sub-bottom proﬁles. On land, the thickness of Holocene sediments is of the meter-scale order (Garfunkel, 1970; Ginat et al.,
1994; Amit et al., 2002; Shaked et al., 2004; Greenbaum et al.,
2006). Therefore, it is unlikely that the entire offshore Holocene
sedimentary section would be comprised of a thin veneer, and
Unit-1 to Unit-3 must have deposited through the Holocene sea
level rise.
The tops of fossil coastline features across the Northern Slope
(namely the 100-m Step, 65-m Reef, and the Northern Reef) serve as
approximately leveled isochrones embedded in the sedimentary
sequence. In particular the 65-m Reef extends across the Northern
Slope sub-parallel to the present coastline, and is approximately
leveled along its length (c. 1 km) on either side of the NSC fault (Figs. 6
and 9). These features corroborate that the 65-m Reef is a fossil
coastal feature, probably a fringing reef, that evolved just below sea
level, and stopped growing when local sea level rose above about
65 m below present sea level. The 65-m Reef descended to its depth
below present sea level as a combined effect of eustatic sea level rise
and isostatic and tectonic subsidence. Taking into account uncertainties in the sea level curves, and possible isostatic and tectonic
adjustment in the order of ± 20 m imply that the 65-m Reef stopped
growing when global sea level was 65 ± 20 m below present sea level.
Fleming et al. (1998) and Siddall et al. (2004) detailed sea level curves
imply that this sea level was reached 11 ± 2 Ka. Our estimate is in
agreement with a submergence event that affected reefs throughout
the Indo–Paciﬁc region around 11.5 Ka (Montaggioni, 2005; and
references therein). Most reefs that developed prior to this event are
now encountered as relict features at the depth range of 50 to 90 m
(Montaggioni, 2005).
The 11.5 Ka submergence event is suggested (Montaggioni, 2005;
and references therein) to have been the result of accelerated eustatic
sea level rise and associated environmental changes caused by a melt
water discharge event (MWP-1B pulse of Fairbanks, 1989). Such
change in eustatic sea level rise rate is in agreement with the change
in depositional characteristic between the top of Unit-1 (coincident
with the development of the 65-m Reef) and Unit-2. The deposition
of the sub-horizontal layers of relatively large (N1 km) extent at the
top of Unit-1 required a low energy depositional environment, consistent with slow sea level rise. The subsequent deposition of Unit-2
poorly sorted sediments initially in local prograde fans, then more
regional retrograde fans, is consistent with an acceleration rather than
gradual slow down in sea level rise. The match of the Northern Slope
depositional patterns with patterns observed over the entire Indo–
Paciﬁc region suggests that an age estimate of 11.5 Ka for the 65-m
Reef is more accurate than reﬂected by the simpliﬁed error bounds
above.
The unconformal contact between the basal surface and the overlaying sedimentary stack suggests that the basal surface has undergone erosion during a signiﬁcant period of low sea level stand. We
therefore suggest that the basal surface is an erosional surface at the
top of a sedimentary sequence deposited through previous phases
of sea level rise and eroded through previous low sea level stands.
Reches et al. (1987) suggested, based on a visual examination of the
100-m Step and Shackleton and Opdyke (1976) Quaternary sea level
curve, that the 70-m Terrace and 100-m Step are the eroded remains
of a relict reef formed when sea level peaked at about 60 m lower
than present sea level at 50 to 70 Ka (Marine Isotope Stages 3 and 4).
However, Unit-1, argued here to have deposited in Early Holocene,
comprises at least part of the 100-m Step. We therefore suggest that
the 100-m Step was shaped at least to some extent in late Pleistocene
to early Holocene (b18 Ka), possibly mimicking the underlying basal
surface.

4.2. Faulting geometry and rates offshore Elat
Sub-bottom proﬁles reveal the presence of the NSC fracture
system emerging southward from the northern coastline of the GOA
(Figs. 4 and 8). Taken together, the morphologic sea ﬂoor steps, the
discontinuities and offsets in the sedimentary sequence, and the
offset of the 65-m Reef across this fracture system, are suggestive
of a major strike-slip fault. This fracture system projects less than
200 m northward to a sub-vertical discontinuity crossing the
entire sedimentary sequence imaged to a depth of about 1 km by
Frieslander (2000) (Fig. 10). This observation corroborates that the
NSC fracture system is the shallow manifestation of a deeply rooted
fault. This fault truncates and offsets the sedimentary sequence

Fig. 10. A map incorporating the results presented in this paper in the regional tectonic
and civil context. A LANDSAT image of Elat and vicinity overlaid with 10 m bathymetric
contours, and shaded relief depictions of the Chirp and Echo Sounder bathymetric
maps. Also overlaid are the faults traces of Fig. 1b (black lines), and Ehrhardt et al. (2005)
bathymetry (bright area in the bottom). The thick black line is Ehrhardt et al. (2005)
interpreted fault. The location on the north coast where Frieslander (2000) imaged a
sub-vertical fault is noted with a black bar (surrounded by a black circle), representing
the range of uncertainty in the exact surface impingement of this fault. The eastern
(right) side of this bar represents the projection of the fault‘s trend from about 100 ms
(about 100 m depth). The locations where the 65-m Reef was imaged on our Chirp subbottom proﬁle (dotted circles), and conceptual lines connecting these locations (thin
dashed lines), are marked as on the inset of Fig. 6. The NSC fault is a major fault that
crosses the Northern Slope approximately along the elongated bathymetric step (e.g.
Fig. 4), offsets the 65-m Reef, and project into Elat hotel district and Elat Sabkha
approximately where the sub-horizontal fault is imaged by Frieslander (2000). This
trend of the NSC fault is approximately parallel with the trend of the Avrona fault 15 km
to the north where it impinges southward into the Avrona Sabkha. The Elat fault,
deﬁned by Garfunkel (1970) as a predominantly normal fault, may be splaying southward along the Port Face and accommodating a signiﬁcant down to the east slip (e.g.
Fig. 4b).
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up to the top layers imaged on our sub-bottom proﬁles. Hence this
fault was recently active, and accommodated a signiﬁcant amount of
slip during the Holocene. Speciﬁcally, 30 ± 10 m of horizontal leftlateral slip and 10 ± 1 m down to the west vertical slip were
accommodated across the 65-m Reef. The similarity of the 65-m
Reef on the two sides of the NSC fault (Fig. 6), and the
clean truncation of the reef in map view (Fig. 9), imply that it was
offset mostly after this reef stopped growing 11.5 ± 2 Ka. Thus the
NSC fault accommodated in the Holocene an average horizontal slip
rate of 2.7 ± 1.5 mm/yr, about half the regional slip of the DSFS.
Our estimated slip rate implies that the NSC fault is a major,
recently active, strike-slip segment of the DSFS at the north north
western tip of the Elat basin. The trace of the NSC fault projects
northward to a fault segment mapped by Garfunkel (1970) based on
surface morphology on the east of Elat Sabkha (Fig. 10). The NSC fault
strikes at approximately the same direction as the Avrona fault
mapped in Avrona Sabkha about 5 km to the north (Garfunkel, 1970;
Garfunkel et al., 1981; Amit et al., 2002). The NSC fault is also located at
the northward continuation of a major branch of the DSFS, as drawn
by Ehrhardt et al. (2005) based on their seismic reﬂection proﬁles (Fig.
10). Their interpreted fault is bent southward, traversing the northern
part of Elat basin. Therefore the NSC fault is a left stepping echelon
continuation of the Avrona fault system that cuts across the Northern
Slope of the GOA and plunges into the Elat basin.
The displacement we observe across the NSC fault cannot account
for the full DSFS plate-boundary displacement rate. The residual slip
may be accommodated on the NSC fault in a longer time scale, as
implied by apparent earthquake clustering (Marco et al., 1996; Amit
et al., 2002; Agnon et al., 2006). Alternatively the residual slip may be
accommodated by additional faults cutting through the northern GOA,
such as the Aqaba fault (Slater and Niemi, 2003). The residual displacements cannot be constrained by the data presented in this paper.
Indirect evidence for activity of the boundary fault system along the
Western Slope offshore Elat is given by the steep seaﬂoor bathymetry
(Figs. 3 and 4), the short and scattered terraces distributed at various
depths around the 70-m Terrace across the Western Slope and Port
Face (Fig. 4b). However, none of the boundary faults is directly imaged
on our sub-bottom proﬁles. Our chirp proﬁles (e.g. Fig. 7) and
Frieslander's (2000) proﬁle indicate that the boundary faults system is
clearly separate from the Avrona fault to a depth N1 km in the vicinity
of Elat. The co- linearity of the Port Face with the Elat fault (Fig. 10),
deﬁned by Garfunkel (1970) as a predominantly down to the east
normal fault, suggests that the Port Face may be related to a normal
fault splaying southward from Elat fault (Fig. 10). This fault may have
accommodated on the order of 10 m of down to the east normal slip
since the development of the 70-m Terrace, in Late Pleistocene to Early
Holocene.
In the transition from the smooth plate boundary in the Arava
(Araba) Valley to the Elat Basin, the Avrona fault breaks down into a
series of several km long left-stepping en-echelon strands. This may
be a typical pattern for the accommodation of strike-slip at tips
of transform basins.
Acknowledgements
We thank the staff of the Interuniversity Institute for Marine
Sciences at Elat (IUI) and the participants of the IUI Mapping Course
over the last six years for their resourceful contributions. We particularly thank the co-founder of the course, John Hall, and the coinstructors Roni Sade, and Josh Steinberg. We thank Zeev Reches for
providing unpublished photos from submersible dives. We thank the
Nature and Parks Authority for their ongoing cooperation. The work
presented here was ﬁnanced in parts by the Earth Science Research
Administration of the Israel Ministry of National Infrastructures. This
work was made possible by Paradigm which provided us with their
software, and by the IUI which served as our operational base. We

121

thank Milene Cormier and an anonymous reviewer for their helpful
reviews.
References
Agnon, A., Migowski, C., Marco, S., 2006. Intraclast breccia layers in laminated sequences:
recorders of paleo-earthquakes. In: Enzel, Y., Stein, M., Agnon, A. (Eds.), New Frontiers
In Paleoenvironmental Research. Geol. Soc. Amer. Spec. Paper, vol. 401, pp. 195–214.
Ambraseys, N.N., Melville, C.P., Adams, R.D., 1994. The Seismicity of Egypt, Arabia and the
Red Sea, a Historical Review. Cambridge University Press, Cambridge, UK. 181 pp.
Amiran, D.H.K., Arieh, E., Turcotte, T., 1995. Earthquakes in Israel and adjacent areas:
microseismic observations since 100 B.C.E. Isr. Explor. J. 44/3–4, 260–305.
Amit, R., Harrison, J.B.J., Enzel, Y., 1995. Use of soils and colluvial deposits in analyzing
tectonic events—the southern Arava rift, Israel. Geomorphology 12, 91–107.
Amit, R., Harrison, J.B.J., Enzel, Y., Porat, N., 1996. Soils as a tool for estimating ages of
Quaternary fault scarps in a hyperarid environment—the southern Arava Valley, the
Dead Sea rift, Israel. Catena 28, 21–45.
Amit, R., Zilberman, E., Porat, N., Enzel, Y., 1999. Relief inversion in the Avrona playa as
evidence of large-magnitude historical earthquakes, southern Arava Valley, Dead
Sea rift. Quat. Res. 52, 76–91.
Amit, R., Zilberman, E., Enzel, Y., Porat, N., 2002. Paleoseismic evidence for time dependency of seismic response on a fault system in the southern Arava Valley, Dead Sea rift,
Israel. GSA Bull. 114 (2), 192–206.
Baer, G., Sandwell, D., Williams, S., Bock, Y., 1999. Coseismic deformation associated with
the November 1995, Mw = 7.1 Nuweiba earthquake, Gulf of Elat (Aqaba), detected by
synthetic aperture radar interferometry. J. Geophys. Res. 104, 25,221–25,232.
Bartov, Y., Steinitz, G., Eyal, M., Eyal, Y., 1980. Sinistral movement along the Gulf of
Aqaba—its age and relation to the opening of the Red Sea. Nature 285, 220–221.
Ben-Avraham, Z., 1985. Structural framework of the Gulf of Elat (Aqaba)—Northern Red
Sea. J. Geophys. Res. 90, 90,703–90,726.
Ben-Avraham, Z., Garfunkel, Z., 1986. Character of transverse faults in the Elat-pull-apart
basin. Tectonics 5, 1161–1169.
Ben-Avraham, Z., Zobak, M.D., 1992. Transform-normal extension and asymmetric basins:
an alternative to pull-apart models. Geology 20, 423–426.
Ben-Avraham, Z., Tibor, G., 1993. The northern edge of the Gulf of Elat. Tectonophysics
226, 319–331.
Ben-Avraham, Z., Almagor, G., Garfunkel, Z., 1979. Sediments and structure of the Gulf of
Elat (Aqaba)–Northern Red Sea. Sediment. Geol. 23, 239–267.
Cormier, M.H., Seeber, L., McHugh, C.M.G., Polonia, A., Cagatay, N., Emre, O., Gasperini, L.,
Gorur, N., Bortoluzzi, G., Bonatti, E., Ryan, W.B.F., Newman, K.R., 2006. North
Anatolian Fault in the Gulf of Izmit (Turkey): rapid vertical motion in response to
minor bends of a nonvertical continental transform. J. Geophys. Res. 111 (B4) Art.
No. B04102.
Ehrhardt, A., Hubscher, C., Ben-Avraham, Z., Gajewski, D., 2005. Seismic study of pullapart-induced sedimentation and deformation in the Northern Gulf of Aqaba (Elat).
Tectonophysics 396 (1–2), 59–79.
Emery, K.O., 1968. Relict sediments on continental shelves of world. AAPG Bull. 52 (3),
445–464.
Enzel, Y., Amit, R., Porat, N., Zilberman, E., Harrison, B.J., 1996. Estimating the ages of
fault scarps in the Arava, Israel. Tectonophys 253, 305–317.
Fairbanks, R.G., 1989. A 17,000-year glacio-eustatic sea level record: inﬂuence of glacial
melting rates on the Younger Dryas event and deep-ocean circulation. Nature 342,
637–642.
Fleming, K., Johnston, P., Zwartz, D., Yokoyama, Y., Lambeck, K., Chappell, J., 1998. Earth
Planet. Sci. Lett. 163 (1–4), 327–342.
Freund, R., Zak, I., Garfunkel, Z., 1968. Age and rate of the sinistral movement along the
Dead Sea Rift. Nature 220, 253–255.
Freund, R., Garfunkel, Z., Zak, I., Goldberg, M., Weisbrod, T., Derin, B., 1970. The shear
along the Dead Sea Rift. Philos. Trans. R. Soc. Lond. Ser. A: Math. Phys. Sci. 267,
107–130.
Frieslander, U., 2000, The structure of the Dead Sea transform emphasizing the Arava,
using new geophysical data, Ph.D. Dissertation, Hebrew University, Jerusalem, 101
pp. (Hebrew, English Abstract).
Garfunkel, Z., 1970, The tectonics of the western margins of the southern Arava, Ph.D.
Dissertation, Hebrew University, Jerusalem, pp 96 (Hebrew, English Abstract).
Garfunkel, Z., 1981. Internal structure of the Dead Sea lake transform (rift) in relation to
plate kinematics. Tectonophysics 80, 81–108.
Garfunkel, Z., Zak, I., Freund, R., 1981. Active faulting in the Dead Sea Rift. Tectonophysics
80, 1–26.
Geophysical Institute of Israel (GII), 1996, Seismological Bulletin 1900–1995, Seismol.
Div., Lod, Israel. (Available at http://www.gii.co.il/html/seis/seis_fs.html).
Gerson, R., Grossman, S., Amit, R., Greenbaum, N., 1993. Indicators of faulting events and
periods of quiescence in desert alluvial fans. Earth Surf. Processes Landf. 18,181–202.
Ginat, H., Eyal, Y., Bartov, Y., Zilberman, E., 1994. Recent faults in alluvial fans at Elat.
Geological Survey of Israel, #TR-GSI/14/94.
Ginat, H., Enzel, Y., Avni, Y., 1998. Translocated Plio-Pleistocene drainage systems along
the Arava fault of the Dead Sea transform. Tectonophysics 284, 151–160.
Greenbaum, N., Porat, N., Rhodes, E., Enzel, Y., 2006. Large ﬂoods during late Oxygen
Isotope Stage 3, southern Negev desert, Israel. Quat. Sci. Rev. 25, 704–719.
Haberland, Ch., Agnon, A., El-Kelani, R., Maercklin, N., Qabbani, I., Rümpker, G., Ryberg,
T., Scherbaum, F., Weber, M., 2003. Modeling of seismic guided waves at the Dead
Sea Transform. J. Geophys. Res. 108 (B7), 2342. doi:10.1029/2002JB002309.
Haberland, Ch., Maercklin, N., Kesten, D., Ryberg, T., Janssen, Ch., Agnon, A., Weber, M.,
Schulze, A., Qabbani, I., El-Kelani, R., 2007. Shallow architecture of the Wadi Araba

122

Y. Makovsky et al. / Earth and Planetary Science Letters 271 (2008) 109–122

fault (Dead Sea Transform) from high-resolution seismic investigations. Tectonophysics 432 (1–4), 37–50.
Hall, J., Ben-Avraham, Z., 1978, New bathymetric map of the Gulf of Elat (Aqaba). Abstr.
10th Int. Congr. Sedimentol., Vol. I, Jerusalem, 285 and map 1: 250,000.
Hofstetter, A., Thio, H.K., Shamir, G., 2003. Source mechanism of the 22/11/1995 Gulf of
Aqaba earthquake and its aftershock sequence. J. Seismol. 7, 99–114.
Hofstetter, A., Klinger, Y., Amrat, A., Rivera, L., Dorbath, L., 2007. Stress inversion and focal
mechanisms along the Levantine Fault from seismological data. Tectonophysics 429,
165–181.
Hubert-Ferrari, A., Barka, A.A., Jacques, E., Nalbant, S.S., Meyer, B., Armijo, R., Tapponier,
P., King, G.C.P., 2000. Seismic hazard in the Marmara Sea region following the 17
August 1999 Izmit earthquake. Nature 404, 269–273.
Klinger, Y., Rivera, L., Haessler, H., Maurin, J.-C., 1999. Active faulting in the Gulf of Aqaba:
knowledge from the Mw = 7.3 earthquake of 22 November 1995. Bull. Seismol. Soc.
Am. 89, 1025–1036.
Klinger, Y., Avouac, J.P., Abou Karaki, N., Dorbath, L., Bourles, D., Reyss, J.L., 2000a. Slip
rate on the Dead Sea transform in northern Araba Valley (Jordan). Geophys. J. Int.
142 (3), 755–768.
Klinger, Y., Avouac, J.P., Dorbath, L., Abou Karaki, N., 2000b. Seismic behaviour of the
Dead Sea fault along Araba Valley, Jordan. Geophys. J. Int. 142 (3), 769–782.
Lambeck, K., 2004. Sea-level change through the last glacial cycle: geophysical,
glaciological and palaeogeographic consequences. C. R. Geosci. 336, 677–689.
Le Beon, M., Klinger, Y., Agnon, A., Dorbath, L., Baer, G., Meriaux, A.-S., Ruegg, J.-C.,
Charade, O., Finkel, R., Ryerson, F., 2006. Geodetic versus geologic slip rate along the
Dead Sea Fault. SSA Ann. Meet., San Francisco, USA, April 18–22.
LeBeon, M., Klinger, Y., Amrat, A., Agnon, A., Dorbath, L., Baer, G., Ruegg, J.-C., Charade, O.,
Mayyas, O., in review. Present-day slip rate from GPS proﬁles across the southern
Dead Sea Transform.
Mahmoud, S., Reilinger, R., McClusky, S., Vernant, P., Tealeb, A., 2005. GPS evidence for
northward motion of the Sinai Block: implications for E. Mediterranean tectonics.
Earth Planet. Sci. Lett. 238, 217–224.
Mansoor, N.M., Niemi, T.M., Misra, A., 2004. A GIS-based assessment of liquefaction
potential of the City of Aqaba, Jordan. Environ. Eng. Geosci. X (4), 297–320.
Marco, S., Stein, M., Agnon, A., 1996. Long-term earthquake clustering: a 50,000-year
paleoseismic record in the Dead Sea Graben. J. Geophys. Res. 101 (B3), 6179–6191.
Migowski, C., Agnon, A., Bookman, R., Negendank, J.F.W., Stein, M., 2004. Recurrence
pattern of Holocene earthquakes along the Dead Sea transform revealed by varvecounting and radiocarbon dating of lacustrine sediments. Earth Planet. Sci. Lett.
222 (1), 301–314.
Montaggioni, L.F., 2005. History of Indo–Paciﬁc coral reef systems since the last glaciation:
development patterns and controlling factors. Earth-Sci. Rev. 71, 1–75.
Niemi, T.M., Zhang, H., Atallah, M., Harrison, J.B.J., 2001. Late Pleistocene and Holocene
slip rate of the Northern Wadi Araba fault, Dead Sea Transform, Jordan. J. Seismol. 5,
449–474.
Ostrovsky, E., 2005. The G1 geodetic-geodynamic network: results of the G1 GPS surveying
campaigns in 1996/1997 and 2001/2002. Geophysical Survey of Israel Technical Project
Report.
Parker, S.T., 1999. Brief notice on a possible early 4th century earthquake at Aqaba,
Jordan. J. Roman Archaeol. 12, 372–376.
Polonia, A., Gasperini, L., Amorosi, A., Bonatti, E., Bortoluzzi, G., Cagatay, N., Capotondi, L.,
Cormier, M.H., Gorur, N., McHugh, C., Seeber, L., 2004. Holocene slip rate of the North
Anatolian Fault beneath the Sea of Marmara. Earth Planet. Sci. Lett. 227, 411–426.
Porat, N., Wintle, A.G., Amit, R., Enzel, Y., 1996. Late quaternary earthquake chronology
from luminescence dating of colluvial and alluvial deposits of the Arava Valley, Israel.
Quat. Res. 46, 107–117.

Porat, N., Amit, R., Zilberman, E., Enzel, Y., 1997. Luminescence dating of fault related
alluvial fan sediments in the southern Arava Valley, Israel, Quaternary Geochronology. Quat. Sci. Rev. 16, 397–402.
Quennell, A.M., 1959. Tectonics of the Dead Sea rift. Int. Geol. Congr., 20th, Mexico,
1956 — Assoc. Serv. Geol. Afr. , pp. 385–405.
Reches, Z., Erez, J., Garfunkel, Z., 1987. Sedimentary and tectonic features in the
northwestern Gulf of Elat, Israel. Tectonophysics 141, 169–180.
Rotstein, Y., Frieslander, U., Bartov, Y., 1994. Detailed seismic imaging of the Dead Sea
transform in Elat. Inst. Pet. Geophys. 11.
Salamon, A., Hofstewtter, A., Garfunkel, Z., Ron, H., 2003. Seismotectonics of the Sinai
subplate — the eastern Mediterranean region. Geophys. J. Int. 155, 149–173.
Shackleton, N.J., Opdyke, N.D., 1976. Oxygen-isotope stratigraphy and paleomagnetic
stratigraphy of Paciﬁc core v28-239 late Pliocene to latest Pleistocene. In: Cline, R.M.,
Hays, J.D. (Eds.), Investigation of Late Quaternary Paleoceanography and Paleoclimatology. Memoir 145, 449–464, Geol. Soc. Amer., Boulder, 1976.
Shaked, Y., Agnon, A., Lazar, B., Marco, S., Avner, U., Stein, M., 2004. Large earthquakes
kill coral reefs at the north-west Gulf of Aqaba. Terra Nova 16, 133–138. doi:10.1111/
j.1365-3121.2004.00541. x.
Shamir, G., Baer, G., Hofstetter, A., 2003. Three-dimensional elastic earthquake modeling
based on integrated seismological and InSAR data: The M-w = 7.2 Nuweiba earthquake, gulf of Elat/Aqaba 1995 November. Geophys. J. Int. 154, 731–744.
Shtivelman, V., Frieslander, U., Zilberman, E., Amit, R., 1998. Mapping shallow faults
at the Evrona playa site using high-resolution reﬂection method. Geophysics 63,
1257–1264.
Siddall, M., Smeed, D.A., Hemleben, C., Rohling, E.J., Schmelzer, I., Peltier, W.R., 2004.
Understanding the Red Sea response to sea level. Earth Planet. Sci. Lett. 225,
421–434.
Slater, L., Niemi, T.M., 2003. Ground-penetrating radar investigation of active faults
along the Dead Sea Transform and implications for seismic hazards within the city
of Aqaba, Jordan. Tectonophysics 368 (1), 33–50 26.
ten Brink, U.S., Rybakov, M., Al-Zoubi, A.S., Rotstein, Y., 2007. Magnetic character of a large
continental transform: an aeromagnetic survey of the Dead Sea Fault. Geochem.
Geophys. Geosyst. 8, Q07005. doi:10.1029/2007GC001582.
Wachs, D., Zilberman, E., 1994. Preliminary evaluation of the seismic hazard in the Elat
Area. Report Geol. Surv. Israel 13/94. 53 pp. (Hebrew, English abstract).
Wdowinski, S., Bock, Y., Baer, G., Prawirodirdjo, L., Bechor, N., Naaman, S., Knafo, R., Forrai,
Y., Melzer, Y., 2004. GPS measurements of current crustal movements along the Dead
Sea Fault. J. Geophys. Res. 109, B05403. doi:10.1029/2003JB002640.
Weber, M., DESERT Group, 2004. The crustal structure of the Dead Sea Transform. Geophys.
J. Int. 156 (3), 655–681.
Whitcomb, D., 1994. Ayla: Art and Industry in the Islamic Port of Aqaba: Special
Publications, Oriental Institute. University of Chicago, Chicago, IL. 32 pp.
Wust, H., 1997. The November 22, 1995 Nuweiba earthquake, Gulf of Elat (Aqaba): postseismic analysis of failure features and seismic hazard implications. Geol. Surv.
Israel. Report GSI/3/97. 58 pp.
Zak, I., Freund, R., 1966. Recent strike-slip movements along the Dead Sea rift. Isr.
J. Earth-Sci. 15, 33–37.
Zilberman, E., Amit, R., Porat, N., Enzel, Y., Avner, U., 2005. Surface ruptures induced by
the devastating 1068 AD earthquake in the southern Arava valley, Dead Sea Rift,
Israel. Tectonophysics 408, 79–99.

