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Introduction and Acknowledgements

Since the advent of plate-tectonics the Dead Sea Transform (DST) has been considered a
prime site to examine geodynamic processes. It has accommodated a total of 105 km of
left-lateral transform motion between the African and Arabian plates since early Miocene
(=20 My). Large historical earthquakes on the DST with magnitudes up to 7 and the
1995 Nueiba M7.2 event, as well as ongoing micro-seismic activity show that the DST is
a seismically active plate boundary. The DST therefore poses a considerable seismic
hazard to Palestine, Israel, and Jordan.

The DST segment between the Dead Sea and the Red Sea, called Arava/Araba Fault (AF),
is studied in DESERT in detail, using a multi-disciplinary and multi-scale approach from

the pm to the plate-tectonic scale.

This volume contains the results of the DESERT project running from 2000 to 2006. It
opens with a review paper (DESERT Group, 2009) followed by 33 special papers, see list
of content (529 pages).
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Nablus, Palestine, for their support during the field work between 2000 and 2004. We
thank our contractors the Geophysical Institute of Israel, the Site Group (Jordan) and the
Chemical and Mining Industries (Jordan) for their excellent work under difficult logistic
conditions. The instruments for the field work were provided by the Geophysical
Instrument Pool of the GFZ.
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[1] Fault zones are the locations where motion of tectonic
plates, often associated with earthquakes, is accommodated.
Despite a rapid increase in the understanding of faults in the
last decades, our knowledge of their geometry, petrophysical
properties, and controlling processes remains incomplete.
The central questions addressed here in our study of the
Dead Sea Transform (DST) in the Middle East are as
follows: (1) What are the structure and kinematics of a large
fault zone? (2) What controls its structure and kinematics?
(3) How does the DST compare to other plate boundary fault
zones? The DST has accommodated a total of 105 km of left-
lateral transform motion between the African and Arabian
plates since early Miocene (~20 Ma). The DST segment
between the Dead Sea and the Red Sea, called the Arava/
Araba Fault (AF), is studied here using a multidisciplinary
and multiscale approach from the pm to the plate tectonic
scale. We observe that under the DST a narrow, subvertical
zone cuts through crust and lithosphere. First, from west
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to east the crustal thickness increases smoothly from 26 to
39 km, and a subhorizontal lower crustal reflector is detected
east of the AF. Second, several faults exist in the upper crust
in a 40 km wide zone centered on the AF, but none have
kilometer-size zones of decreased seismic velocities or zones
of high electrical conductivities in the upper crust expected
for large damage zones. Third, the AF is the main branch of
the DST system, even though it has accommodated only a
part (up to 60 km) of the overall 105 km of sinistral plate
motion. Fourth, the AF acts as a barrier to fluids to a depth of
4 km, and the lithology changes abruptly across it. Fifth, in
the top few hundred meters of the AF a locally
transpressional regime is observed in a 100—300 m wide
zone of deformed and displaced material, bordered by
subparallel faults forming a positive flower structure. Other
segments of the AF have a transtensional character with
small pull-aparts along them. The damage zones of the
individual faults are only 5—20 m wide at this depth range.
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Sixth, two areas on the AF show mesoscale to microscale
faulting and veining in limestone sequences with faulting
depths between 2 and 5 km. Seventh, fluids in the AF are
carried downward into the fault zone. Only a minor fraction
of fluids is derived from ascending hydrothermal fluids.
However, we found that on the kilometer scale the AF does
not act as an important fluid conduit. Most of these findings

Weber et al.: AFRICAN-ARABIAN PLATE BOUNDARY
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are corroborated using thermomechanical modeling where
shear deformation in the upper crust is localized in one or
two major faults; at larger depth, shear deformation occurs in
a 20-40 km wide zone with a mechanically weak
decoupling zone extending subvertically through the entire
lithosphere.

Citation: Weber, M., et al. (2009), Anatomy of the Dead Sea Transform from lithospheric to microscopic scale, Rev. Geophys., 47,

RG2002, doi:10.1029/2008RG000264.

1. INTRODUCTION

[2] Large faults are the most prominent surface expres-
sions of crustal and lithospheric processes driven by
motions within the interior of the Earth. Key sites to study
large strike-slip faults include the San Andreas Fault (SAF)
in California, USA; the Alpine Fault in New Zealand; the
North Anatolian Fault (NAF) in Turkey; and the Dead Sea
Transform (DST) in the Middle East (Figure 1). These and
other fault zones constitute some of the most visible
expressions of plate tectonics and can be traced at the
surface for hundreds of kilometers. Active faults are also
the locations of large earthquakes responsible for the risk
associated with seismic hazard. In recent years it became
widely accepted that transform faults represent pathways for
the movement of fluids, especially water/brines, and sites of
enrichments in minerals. Despite their social and economic
relevance and much progress in their understanding in the
last decades, one of the most challenging problems and still
one of the key questions of plate tectonics remains: to
understand in more detail the initiation and the spatial and
temporal evolution of active large fault zones.

[3] Recently, several authors have addressed this question
summarizing the present state of knowledge. One focus has
been the internal structure of crustal fault zones and the
mechanism of faulting at different depth ranges [Chester et
al., 1993; Holdsworth et al., 2001; Ben-Zion and Sammis,
2003; Faulkner et al., 2003]. Other studies have used
geophysical methods [e.g., Ritter et al., 2005a] to show
similarities and differences between geophysical images of
fault zones. The most recent and comprehensive review,
including an exhaustive list of recent references, is given by
Handy et al. [2007] and, from a geophysical perspective, by
Mooney et al. [2007]. One of their key recommendations
and challenges for the future is to study fault zones in a
multidisciplinary approach focused on natural laboratories
and looking at interacting processes within faults. Because
of the wide range of parameters and forces controlling the
shape and kinematics of faults the comparison of the results
derived at several natural laboratories is an absolute neces-
sity to gain a better insight into these processes. In that
context, Mooney et al. [2007] list several outstanding key
questions concerning faults, for example, (1) How far down
into the crust do fault damage zones extend? (2) Does
crustal deformation become narrower or wider in the lower
crust? (3) Is there a physical relationship between pro-
nounced seismic low-velocity zones and high-conductivity
zones?

[4] Here we address some of the key questions and give an
overview of our multidisciplinary investigation (Figure 2)
that aimed to quantify the physical processes responsible for
forming the Arava/Araba Fault (AF) segment of the DST.
This is done by combining findings from seismology,
electromagnetics, gravity, geothermics, petrology, geochem-
istry, field mapping based mainly on surface geology as well
as satellite image interpretation and remote sensing, and
thermomechanical numerical simulations. The spatial scales
analyzed range from 10" to 107> m with the goal of
understanding the evolution of the DST through time. These
findings are compared to results known from the most
intensively studied fault worldwide, the SAF. For details,
see Li et al. [1990], Brocher et al. [1994], Holbrook et al.
[1996], Henstock et al. [1997], Unsworth et al. [1997,
2000], Ryberg and Fuis [1998], Fuis et al. [2001], Hole et
al. [2001], and Becken et al. [2008]. The most recent
overviews are given by Mooney et al. [2007], Wilson et
al. [2005], and Fuis et al. [2008], who compared the
transpressional plate boundaries of the SAF and the Alpine
Fault in New Zealand, and by Jiracek et al. [2008], who
studied the SAF, the Alpine Fault, and the Yarlung-Tsangpo
Suture in southern Tibet.

[5] In section 2 we summarize the results of our multi-
disciplinary geophysical approach to imaging and mapping
the AF, from lithospheric to crustal scale, then from the
kilometer to meter scale, and finally down to the pum scale.
These results, summarized in Figure 3, are then compared to
petrological and geochemical studies together with findings
from surface geology and thermomechanical modeling. In
section 3 we compare our results for the AF with those from
specific locations of the SAF, finding some similarities but
also significant differences. Section 4 contains the discus-
sion and conclusions and an outlook on future challenges.

2. DEAD SEA TRANSFORM

[6] The DST is a ~1000 km long left-lateral fault zone
that extends from the Red Sea spreading center to the
Zagros zone of plate convergence (Figure 1). It cuts through
a continental area whose crust was shaped by the end-
Proterozoic Pan-African Orogeny. Later, from Cambrian to
Paleogene times, it behaved as a stable platform and was
covered by extensive sediment cover. The platformal history
was interrupted by a period of faulting and magmatism
related to shaping the Levant continental margin in the early
Mesozoic, by intraplate magmatism in the Early Cretaceous,
and by mild folding and shearing in Late Cretaceous to
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Valley between lines P9 and P10 in Figure 2f and at line 5 in Figure 2g.
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Miocene times [Garfunkel, 1988, and references therein].
The DST is one of the new plate boundaries that formed
when this continental area broke up in mid-Cenozoic times
[Freund, 1965; Gass, 1970; Garfunkel, 1981; Bosworth et
al., 2005, and references therein].

[7] The ~600 km long part of the DST south of Lebanon
has a broad arcuate shape in map view and is mostly marked
by a conspicuous valley, while its more northern part is less
regular. Our study deals with the southern segment, focus-
ing on an area that was little affected by previous Phaner-
ozoic deformation. Matching of the rock bodies and
structures across the transform along this segment indicates
a left lateral offset of ~105 km (uncertainty is a couple of
kilometers) and that the motion postdated ~20 Ma old dikes
[Quennell, 1958; Freund et al., 1970; Bartov, 1974; Bandel
and Khouri, 1981; Eyal et al., 1981]. Regional plate
kinematics give an independent similar estimate of the
offset, ~100 km (uncertainty < 20 km), and also show that
much of the offset occurred already in Miocene times [Joffe
and Garfunkel, 1987; Garfunkel and Beyth, 2006]. The
structure along the southern half of the DST [Garfunkel,
1981; Garfunkel and Ben-Avraham, 2001; Ben-Avraham et
al., 2008] is dominated by longitudinal strike-slip faults
arranged en echelon that produce a series of deep pull-apart
basins (also called rhomb grabens) alternating with much
shallower fault-controlled structural saddles. These struc-
tures are embedded in a 3—20 km wide depressed zone that
forms a valley delimited on both sides by normal faults so

Weber et al.: AFRICAN-ARABIAN PLATE BOUNDARY
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that the southern segment of DST superficially resembles
extensional rifts. These faults displace very young sedi-
ments and have a direct physiographic expression, indicat-
ing their continuing activity [Garfunkel et al., 1981]. The
strike slip faults trend at a small angle to the overall
elongation of this part of the DST, which indicates a small
component of transtension that is augmented by the longi-
tudinal normal faults. In addition, near our transect and
farther south a part of the lateral motion took place on
several faults crossing the margins of the topographic valley
[Eyal et al., 1981; Sneh et al., 1998], but farther north it was
concentrated in the topographic valley. The development of
the DST was accompanied by uplifting of the flanking
regions. Also, igneous activity took place in a wide region,
mainly east of it and along its northern half, but it was very
limited near our transect [Garfunkel, 1989; Sneh et al.,
1998].

[8] Since the advent of plate tectonics the DST has been
considered a prime site to examine large shear zones
[Quennell, 1958; Wilson, 1965; Freund et al., 1970]. Large
historical earthquakes on the DST with magnitudes up to 7
[Garfunkel et al., 1981; Ambraseys et al., 1994; Amiran et
al., 1994; Klinger et al., 2000b; Ken-Tor et al., 2001;
Migowski et al., 2004; Agnon et al., 2006] and the recent
1995 Nueiba M7.2 event [Hofstetter et al., 2003] as well as
ongoing microseismic activity [e.g., van Eck and Hofstetter,
1989; Salamon et al., 2003; Aldersons et al., 2003] show that
the DST is a seismically active plate boundary (Figure 4). The

Figure 2. Setting of the DST and location of experiments within the Dead Sea Rift Transect (DESERT) project. Known
faults are indicated in red. The area of subsequent blow-ups is indicated by a labeled green box. Note different scales.
(a) Main faults of the Levant [see, e.g., Garfunkel, 1981; Ben-Avraham, 1985]. The left lateral displacement of 105 km at
the DST is indicated by black arrows. The area of Figure 2b is given by the labeled green box. (b) The red lines indicate the
main branches of the DST. Seismic/seismological experiments (transect) in black and white: black line, 260 km long wide-
angle reflection/refraction (WRR) profile (13 shots and 99 receivers); white line, 100 km long near-vertical reflection
(NVR) profile (roll along vibroseis source spacing 50 m, receiver spacing 100 m, and 90-fold coverage), coinciding with
the inner part of the WRR. Passive long-term deployment (1.5 years) of seismological stations (21 short-period (open
triangles) and 27 broadband stations (full triangles)). Electromagnetic/magnetotelluric (MT) experiments in blue: MT-long,
light blue dots, 140 km long, coinciding mostly with NVR. Sites of thermal borehole measurements and surface heat flow
determination are given by black crosses. The area of Figures 2c—2e¢ is given by the labeled green box. Area II of the
microstructural analysis (Figure 22, top right) is also indicated in green. (c) Central Arava/Araba Valley in Israel/Jordan.
The red lines indicate the dominant active faults in the area (BF, Barak Fault; ZF, Zofar Fault; AF, Arava/Araba Fault; AQF,
Al Quwayra Fault). The dashed red lines indicate the surface traces of three buried, now inactive faults (Eastern Fault (EF),
Western Fault (WF), and fossil AF). Seismic experiments (for details, see section 2): NVR and VWIJ-9, white lines;
controlled source arrays (CSA) I, thin black lines, 3 x 10 km long; and CSA I miniarrays, black triangles, 9 station arrays
(10 seismometers each). White stars indicate CSA I shot locations (7 x 5 shots, 4 x 3 shots on/near the AF, and 3 x 2 shots
at end of the three CSA 1 lines). (d) As Figure 2¢ but for MT. MT regional profile, large, light blue dots; MT-pilot, dark blue
dots, 10 km profile in the vicinity of the AF in the center of the MT regional profile; MT 3-D experiment, small, blue dots, 2 x
10 km and 7 x 4 km profiles. (¢) As Figure 2c but for the local gravity survey. Green dots indicate the gravity sites. Locations
of mesostructural and microstructural analysis on the AF (area I, Figure 22 (top left)) are given as red diamonds. (f) The red
line shows the active AF, and the dashed red line indicates the surface trace of the buried fossil AF. Seismic experiments in
black and white: NVR and VWIJ-9, white lines; CSA I, black triangles, part of 3 x 10 km long lines (lines 1-3, station
spacing 100 m). White stars indicate CSA I shot locations on/near the AF. Red stars indicate shots that produced fault zone
guided waves (FZGW). CSA 11, short white profiles, 8 x 1 km (P1—P10; station spacing 5 m on each line and shot spacing
of 20 m). Electromagnetic experiments in blue: Long Offset Transient Electromagnetics, blue line, 8 km long along line 1 of
CSA I (only partially shown); Short Offset Transient Electromagnetics, blue lines, 3 x 1 km long and coinciding with
profiles P6, P7, and P8 from CSA II. (g) FZGW experiment on the active AF. Black triangles are stations of CSA I (lines 2
and 3, spacing 100 m (see Figure 2c); lines 4 and 5, spacing 10 m, with 20 stations per line). Stars indicate shot locations
(shots 101—-103). Red stars and triangles indicate shots and stations that produced or recorded FZGW, respectively. The
shallow low-velocity segment of the active AF identified by FZGW is given by the shaded area.
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historical catalog goes back for more than 2000 years. It is
based on documents by the local witnesses of devastating
events, by pilgrims who came to the “Holy Land” shortly
after the occurrence of the earthquakes, and by historians
that provide detailed accounts of the history of the region
including the felt earthquakes. Some of those events were
catastrophic, causing casualties and widespread damage.
Since no instrumental measurements were available until
the end of the 19th century and most of the literate
population lived north of the latitude of the Dead Sea basin,
the historic earthquakes are assumed to have location errors
of about 100 km (or more) [Salamon et al., 1996]. The
establishment of a few regional seismological stations began in
the early 20th century, followed by several WWSSN stations
in the mid-20th century and at about 1980 by the seismic
networks of Jordan and Israel. This enabled a more accurate
localization of the seismicity along the Dead Sea Transform.
A. Q. Amrat et al. (The Unified Earthquake Catalog of
the Dead Sea Region, 2001, http:/www.relemr-merc.org/)
compiled and unified the historical and instrumental
catalogs of Jordan and Israel, now maintained on a regular
basis, serving as a main source for seismotectonic studies
and seismic hazard assessment. From Figure 4 it is obvious
that the DST poses a considerable seismic hazard to
Palestine, Israel, and Jordan. The present-day relative
motion between Arabia and Africa is ~5 mm/a [Klinger
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nontrivial logistical task. Here we present the results of an
integrated geoscientific investigation along a 260 km long
transect (Dead Sea Rift Transect (DESERT)) extending
from the Mediterranean coast to the Arabian platform.
The central part of the transect crosses the DST at a location
in the Arava/Araba Valley which is as far away as possible
from the center of the Dead Sea, a pull-apart basin, and the
Red Sea, where active rifting occurs, and thus permits the
study the DST and the tectonic processes controlling it
without the complications of rifting. The fieldwork com-
pleted by a team of scientists from Germany, Israel, Jordan,
and Palestine started in spring 2000 and lasted until 2004.
To facilitate identifying and locating the areas covered by
these studies and the results of the analysis on the many
scales employed, Figure 2 shows the spatially nested experi-
ments. The areas covered are indicated sequentially by the
labeled green boxes with mapped faults indicated in red.
Figure 3 summarizes the results of these studies. A detailed
discussion of the results leading to Figure 3 will now be
given starting with the largest, the lithospheric scale.

2.1. Lithospheric Scale

[10] Using fundamental mode Rayleigh waves at inter-
mediate periods, Laske et al. [2008] showed that the
subcrustal S velocity under the region of the DST is, on
average, 5% lower than in the preliminary reference Earth

et al., 2000a; Wdowinski et al., 2004; Bartov and Sagy,
2004; Mahmoud et al., 2005; LeBeon et al., 2006; Reilinger
et al., 2006].

[¢9] Because of the political situation in this area and the
fact that the DST is situated in the border region between
Israel and Jordan, geophysical surveys in that area are a

model (PREM) [Dziewonski and Anderson, 1981] down to
at least 200 km. This is in agreement with the larger-scale
study of Pasyanos and Nyblade [2007], which shows that
such an area of reduced velocities in the lithosphere
stretches along the DST. This reduced value may be due
to elevated temperatures connected to rifting processes in

Figure 3. Structure and dynamics of the AF on different scales along the DESERT transect (Figure 2). Solid red lines
indicate fault traces visible at the surface, and dashed lines are buried faults. Relative motions at faults are indicated by
arrows (strike slip) and ticks (minor normal motion), and buried features (bodies) are outlined at the surface by dashed
areas. Red bodies (‘L") are regions of low seismic velocity and low resistivity. Blue bodies (“H”’) are regions of high
seismic velocity and moderate to high resistivity. Geological units are also labeled by letters (P, Precambrian; Ph,
Phanerozoic; C, Cambrian and Cretaceous; M, Miocene; Pl, Pliocene-Pleistocene). Subsequent blow-ups are indicated by a
labeled green box. (a) Tectonic setting of the Levant [see, e.g., Garfunkel, 1981; Ben-Avraham, 1985]. The left lateral
displacement of 105 km is indicated by arrows. The black line at the surface is the WRR profile; compare Figure 2b. The
seismic basement is offset 3—5 km under the AF, whereas the Moho shows a gradual increase from 26 to 39 km from west
to east with only a maximum of +1 km undulation under the AF. The Moho shallows to about 33 km toward the north on
the eastern side. Prominent features in the crust are a lower crustal reflector under the eastern side and a subvertical zone
with low resistivity located ~10 km west of the surface trace of the AF. Below the Moho a low seismic velocity and
anisotropic zone with a few kilometers additional offset toward the west continues subvertically deeper into the upper
mantle. Vertical exaggeration (VE) = 6.5:1. (b) Central Arava/Araba Valley in Isracl/Jordan (green box in Figure 3a). The
black line at the surface is the NVR profile; compare also to Figure 2¢. Six left-lateral faults, three visible at the surface
(solid red lines (ZF, AF, and AQF)) and three buried faults (dashed red lines (EF, WF, and fossil AF)), have been identified.
A sedimentary body with low seismic velocities, low resistivity due to brines, and low densities (L) is juxtaposed opposite
to a body of Precambrian age with high seismic velocities, moderate resistivity, and higher densities (H). The buried contact
of these two bodies (fossil AF) is displaced 0.5—1 km toward the east with respect to the present-day surface trace of the AF
(active AF). Note also geological units. The migration of fluids is indicated by blue arrows. VE = 5:1. (c) Central AF (green
box in Figure 3b); compare also to Figures 2f and 2g. Several subparallel faults form the AF system on a hundred meter
scale. Some of them are visible at the surface, and some are buried (dashed lines). Toward the north, pressure ridge
structures dominate. Bodies with low seismic velocities and low resistivity (L) and high seismic velocities and high
resistivity (H) can be identified west and/or east of the AF in the shallow subsurface. Note that L and H “bodies™ are
largely reversed in Figure 3c relative to Figure 3b. In the center of the sketch a ~3 km long and ~10 m wide shallow low-
velocity zone detected by FZGW is indicated.
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Figure 4. Seismicity of the Levant. Known faults are indicated in red. (a) Historic earthquakes of the
last 2000 years are given as red dots, based on Migowski et al. [2004] and A. Hofstetter (personal
communication, 2008). Earthquakes from 1900 to 2004 with magnitudes larger than 5 are shown as red
stars (A. Hofstetter, personal communication, 2008). The area of Figure 4b is given by the labeled green
box. (b) Local seismicity from 1983 to 2008 is shown as small white circles, scaled by magnitude
(A. Hofstetter, personal communication, 2008). The DESERT profile is indicated in black.

the Red Sea. The present-day conductive surface heat flow
east and west of the DST, on the other hand, mimics the pre-
Cenozoic thermal conditions not affected by thermal
imprints. These imprints are associated with the young
geodynamic processes that include the Red Sea rifting
starting in the Oligocene [e.g., McGuire and Bohannon,
1989; Bosworth et al., 2005, and references therein], the
eruption and emplacement of basaltic lava flows of Oligo-
cene and younger age [e.g., Shaw et al., 2003], and the
formation of the Dead Sea Transform fault system starting
in the Miocene [e.g., Garfunkel et al., 1981; Garfunkel,
1989; Ilani et al., 2001; Shaw et al., 2003; Bosworth et al.,
2005; Sobolev et al., 2005]. East of the DST (Figure 2b), a
surface heat flow of 60.3 + 3.4 mW/m? was determined at
sites virtually unaffected at shallow depth by basalt extru-
sions and high-heat-production granites [Forster et al.,
2007]. Steady state geotherms calculated on the basis of
60 mW/m? surface heat flow yield Moho temperatures of
~800°C at 37 km depth [Forster et al., 2004]. West of the

DST, geotherms based on surface heat flow of ~40 mW/m?
[e.g., Ben-Avraham et al., 1978; Eckstein and Simmons,
1978] imply a considerably colder lithosphere, with a Moho
temperature as low as 400°C [Stein et al, 1993]. Both
geotherms significantly underestimate the xenolith-derived
lithospheric mantle temperatures [Stein et al., 1993]. This
discrepancy suggests that heating in close proximity to the
DST, and the region east of it, may be due to lithospheric
thinning. However, the thermal pulse at depth has not yet
reached the surface owing to the time/length scale of
thermal diffusion through the lithosphere [e.g., Turcotte
and Schubert, 2002]. Laske et al. [2008] find an 80 km
thick lid of normal § velocity, to the west of the DST,
indicative of thermally unaffected crust and upper mantle.
The whole region is furthermore underlain by an upper
mantle, down to 410 km depth, with 3-4% reduced
S velocities compared to PREM [Mohsen et al., 2006].

[11] Tomographic inversion of body waves (P and PKP
phases) from 135 seismic events recorded at the 48 stations
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of the passive long-term deployment of DESERT (triangles
in Figure 2b) is used to image the P velocity in the upper
mantle under the DST [Koulakov et al, 2006]. After
correction for surface topography and crustal thickness
the amplitudes of the remaining subcrustal travel time
anomalies are small. Figure 5 shows the results of the
inversion and corresponding resolution tests. One robust
feature is the high-velocity P wave anomaly of about +1%
from ~40 to 120 km depth in the SE (Figures 5a—5e),
which could be due to a slightly lower temperature (A7 <
—100°C) and/or a preexisting lithospheric compositional
anomaly in this region. Very little topography of the
lithosphere-asthenosphere boundary is observed beneath
the DST. This observation is confirmed by receiver func-
tion studies [Mohsen et al., 2006] showing a typical
lithosphere-asthenosphere thickness of ~70 km east and
south of the DST and an increase to 80 km in the north on
the eastern side of the DST. Otherwise, no significant
P velocity anomalies are observed in the upper mantle under
the DST. The boundary between the African and the
Arabian plate is detected underneath the DST in the sub-
crustal lithosphere as a narrow, ~20 km wide zone of
anisotropic velocity, most likely produced by fault-parallel
mineral alignment in response to finite strain.

[12] Figure 6 shows the range of possible models (three
clusters of models), based on the inversion of shear wave
splitting observations (SKS waves) along the 100 km long
near-vertical reflection (NVR) line (white line in Figure 2b)
[Riimpker et al., 2003; Ryberg et al., 2005]. The preferred
model is cluster 1. It shows that this zone, accommodating
the transform motion between the African and the Arabian
plate, is displaced ~10 km to the west relative to the surface
trace of the AF. The geometry of this zone with an increased
anisotropy of ~1.8% and a change in orientation of more
than 10° with respect to the neighboring domains suggest
subhorizontal, fault-parallel mantle flow within a vertical
boundary layer that extends through the entire lithosphere.
Interestingly, the width and position of this boundary layer
in the upper mantle agree with the zone of relatively low
resistivity obtained from the magnetotelluric studies (see
section 2.2). The velocity anomaly below the crust, which is
also slightly displaced toward the west relative to the
surface trace of the AF (Figures 7d and 7i), agrees with
the zone of anisotropic velocities detected in the SKS
splitting studies (Figure 6). The apparent contradiction of
substantial variation of seismic anisotropy beneath the DST
and of a seismological homogeneous mantle under the DST
found by Koulakov et al. [2006] is resolved by the obser-
vation that even for high seismic anisotropy in such a
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vertical zone the travel time residuals of subvertical P wave
paths are close to zero [Sobolev et al., 1999]. Interestingly,
all thermomechanical models of the DST have a similar
20-30 km wide zone of shear flow located beneath the
major fault that cut through the entire lithospheric mantle
[Sobolev et al., 2005].

[13] Other estimates on the lateral extent of fault zone
related deformation based on inferences of seismic anisot-
ropy range from ~40 km for the Altyn Tagh fault in Tibet
[Herquel et al., 1999] to 335 km for the Alpine fault in South
Island, New Zealand [Baldock and Stern, 2005]. This indi-
cates that the width of the decoupling zone increases with the
total strain accumulated along the fault as suggested by the
analysis of Baldock and Stern [2005]. However, for trans-
tensional environments, e.g., within the India-Asian colli-
sion zone, some observations show a continuous rotation of
SKS fast directions across the faults [McNamara et al.,
1994], which may be indicative of neighboring regions of
relatively abrupt changes in anisotropy [Riimpker and
Ryberg, 2000]. In these cases the width of the vertical
boundary layer may be reduced because of the more
significant compressional component of deformation.

2.2. Crustal Scale

[14] Results of a simultaneous inversion of regional
seismic phases for source location (not shown), Moho
depth, and 3-D P and S velocity in crust and the uppermost
mantle under the DST are given in Figures 7 and 8 [Koulakov
and Sobolev, 2006]. The Moho depth increases strongly
toward the east (Figure 8). Under Israel/Palestine the crust
is similar to a thin continental margin, and under the Levant
basin it is either the same or oceanic [Netzeband et al.,
2006]. The narrow, NNE—SSW striking low-velocity P and
S velocity anomaly identified in Figure 7 marks the position
of the DST and is interpreted as sediments and a zone of
fractured and deformed rocks in the middle and lower crust
[Koulakov and Sobolev, 2006].

[15] In magnetotelluric (MT) images a 3—5 km wide,
subvertical conductor (Figure 9, fault conductor 1 (FC1)) is
detected in the crust and upper mantle west of the AF. It is
spatially confined even in the ductile lower crust, but the
bottom of the conductor is not resolved. Therefore, it might
even penetrate the lithospheric upper mantle. The width and
location of the conductor may correspond to the core of the
lithospheric-scale shear zone which continues upper crustal
faults down through the entire lithosphere [Sobolev et al.,
2005] (see also section 2.5 for more discussion). This
statement is in general agreement with the anisotropic
vertical boundary layer in SKS splitting (Figure 6) and the

Figure 5. P velocity variation in the uppermost mantle under the DST based on tomographic inversion of 3366 P and PKP
phases recorded at the 48 stations of the passive long-term deployment of DESERT (triangles in Figure 2b). The color bar
gives the P velocity deviation in % (6Vp) from the reference model (IASP91 [Kennett and Engdahl, 1991]). (a—e) P
velocity anomalies. (f—j) Synthetic model with description of anomaly parameters (amplitude and depth interval). Note the
arrow indicating the offset of ~100 km in Figure 5g. (k—o0) Synthetic P wave anomalies model using the synthetic model
and the same ray configuration and parameters as in the data; noise with a root-mean-square (RMS) of 0.14 s is added. The
synthetic model provides 35% of variance reduction and 0.22 s of data RMS, similar to those observed in the case of real
data inversion. Modified from Koulakov et al. [2006], copyright 2006, Elsevier.

10 of 44



RG2002

Weber et al.: AFRICAN-ARABIAN PLATE BOUNDARY

RG2002

Figure 6. Model range of possible P wave velocity anisotropy in the crust and uppermost mantle under
the DST on the 100 km long NVR profile (white line in Figure 2b) perpendicular to the AF (at 0 km).
(bottom) Models for the three typical clusters of solution given by Ryberg et al. [2005]. The preferred
model cluster is cluster 1 [see also Riimpker et al., 2003]. The azimuth of the symmetry axis and the
magnitude of the anisotropy are given in each block. (middle) Corresponding fast polarization direction ®.
Red corresponds to the period band 5—7 s, and blue corresponds to the results for the period band 2—5 s.
Light red and light blue are the smoothed observed splitting parameters. (top) Corresponding delay time 6z.
All models are characterized by a central upper mantle zone of increased anisotropy, which is differently
oriented with respect to its neighbors. Typical features of model cluster 1 are ~20 km wide anisotropic
zones in crust and upper mantle, model cluster 2 has typically narrower anisotropic zones, and model cluster
3 has broader crustal and upper mantle anisotropic zones. Modified from Ryberg et al. [2005].

region of low P and S velocity below the Moho (Figure 7),
which also show anomalies displaced toward the west
relative to the surface trace of the AF but do not have the
lateral resolution of the MT experiment. The enhanced
conductivity of FC1 could be explained by a pathway for
fluids from the mantle or lower crust. Alternatively, this
region could have become permanently conductive by pre-

cipitation of conducting minerals such as graphite during
the transform motion. The second large fault conductor
appears at middle to lower crustal levels and could be
related to the Al Quwayra Fault (AQF) (fault conductor 2
(FC2) in Figure 9). Interestingly, FC2 appears to terminate
at the lower crustal reflector (LCR), discussed later in this
section in more detail.
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Figure 8. Crustal thickness in the eastern Mediterranean region derived from regional earthquakes and
seismological networks in the Levant. The Moho depth was obtained simultaneously with the velocity
model shown in Figure 7. The red lines are plate boundaries, the black lines are coast lines, and the white
boxes indicate the DESERT profile. The color bar gives the depth of the Moho in kilometers. Modified
from Koulakov and Sobolev [2006], copyright Blackwell Publishing.

[16] The results of a combined refraction/reflection
survey from the Mediterranean to the Jordan highlands
(black and white line in Figure 2b) are shown in Figures 10
and 11c, respectively. The top two layers (Figure 10) consist
predominantly of sedimentary rocks with the seismic base-
ment below them offset by 3—5 km near the DST. Since the
wide-angle reflection/refraction (WRR) profile lies 30° off
the proposed symmetry axis derived from S wave (SKS)
splitting (Figure 6), the difference of the two S waves in the
controlled source WRR experiment (N—S and E—W) is too
small to be detected. The P and S wave velocity sections in
Figure 10 show a steady increase in the depth of the Moho
from ~26 km at the Mediterranean coast to ~39 km under
the Jordan highlands, with only a small but visible asym-
metric topography of the Moho under the DST. The lack of
significant uplift of the Moho under the DST, with the

Moho topography varying only +1 km, argues strongly
against a potential extensional rift structure in this area.
The § wave velocities (Figure 10b) and the corresponding
Poisson’s ratios (Figure 10c) for the seismic basement can
be explained by felsic compositions typical for continental
upper crust, while those for the lower crust are representa-
tive of a mafic composition characteristic for continental
lower crust. These findings, of typical nonextended conti-
nental crust, a fact also corroborated by the gravity data
discussed later in this section, again speak strongly against
extensional processes in this area. The spatial coverage of
Moho topography is extended using the receiver function
method (RFM) for teleseismic data recorded at the stations
of the passive long-term deployment of DESERT (triangles
in Figure 2b) and four permanent stations of the Israel and
Jordan seismic networks [Mohsen et al., 2005]. The Moho
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Figure 9. Regional-scale electrical resistivity cross section in €2 m along the magnetotelluric profile
given as light blue dots in Figures 2b and 2d. Red and yellow indicate good conductors. The red lines are
the Moho and the lower crustal reflector (LCR) determined from seismics and seismology; see Figures 10
and 11 and DESERT Group [2004], Mechie et al. [2005], and Mohsen et al. [2005]. UC is an upper
crustal conductor between ~1.5 and 4 km depth, truncated toward the east at about the AF (for more
details, see Figure 15 and discussion there). The locations of the ZF, the AF, and the AQF are indicated
for orientation. These faults are associated with deep subvertical zones of high conductivity (fault
conductor 1 (FC1) and fault conductor 2 (FC2)). Note also the corresponding seismic velocity anomalies
in the lower crust and upper mantle west of the AF in Figure 6. The FC2 anomaly, associated with the
AQF, appears to terminate at the LCR. No vertical exaggeration is applied. Modified from Ritter et al.

[2005b].

depth values under these stations are shown in Figure 11a.
The depth of the Moho across the DST increases smoothly
from about 30 km through 34-38 km toward the east, in
agreement with the WRR data, but also shows significant
north-south variations east of the DST, in agreement with
gravity data discussed later in this section. The depth of the
discontinuity associated with the LCR (see previous para-
graph) and identified east of the DST (RFM study of
Mohsen et al. [2005]), is shown in Figure 11b. Figure 11c
shows the excellent agreement of the depth determination of
the Moho and the LCR along the DESERT profile between
the steep-angle (line drawing) and wide-angle (red band)
controlled source techniques and the passive data RFM
results (green and yellow symbols, respectively). The
LCR is interpreted as horizontal north-south oriented shear-
ing at this plate boundary, a process occurring also in the
thermomechanical simulation of Sobolev et al. [2005] (see,
e.g., Figures 24d—24f). On the other hand, the LCR in the
NVR profile (line drawings in Figure 1lc) and the
corresponding intermittent reflections in the WRR P wave
data mainly east of the DST, from ~30 km depth, could also
be from mafic intrusions associated with the nearby Ceno-
zoic volcanism [DESERT Group, 2004]. The RFM data and
the controlled source data can both be satisfied if the LCR
comprises a small first-order discontinuity underlain by a
~2 km thick transition zone [Mechie et al., 2005].

[17] Further constraints come from 3-D density modeling
by Gotze et al. [2006]. The 3-D density model is based on

the newly compiled Bouguer anomaly for the area of
the DST (Figure 12, top). Three cross sections across the
DST are displayed in Figure 13. The density model along
a profile coinciding with the WRR and NVR profiles
(Figure 13b) matches well with the structure from the
seismic data (black line in Figure 2b). The most negative
Bouguer anomalies along the DST are mainly caused by the
deep low-density sedimentary basins (most prominently the
Dead Sea basin with sediment thicknesses of 8—12 km
[Garfunkel and Ben-Avraham, 1996, 2001; Ginzburg and
Ben-Avraham, 1997; Ben-Avraham and Lazar, 2006; Ben-
Avraham and Schubert, 2006; Ben-Avraham et al., 2008]),
whereas a shallow zone of high-density intrusion at 31°N,
36°E coincides with the local maximum gravity on the
eastern flank of the DST. However, the Bouguer anomalies
are, in general, characterized by higher values of 0 to
—20 mGal in the NW and lower values of —60 to
—80 mGal in the SE of the region (Figure 12, top). This
trend reflects the gradual thickening of the crust from the
Mediterranean toward the Jordan highlands found with the
RFM (Figure 11). The gravity-derived Moho depth matches
the RFM values. Therefore, the western region, near the
Mediterranean, is characterized by the thinnest crust, where-
as the Jordan highlands in the southeast are characterized by
the thickest crust of 38—42 km (Figure 12, bottom). The
thickness (up to 38—42 km) and density of the crust confirm
again that the region of the DST is underlain by continental
crust.
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Figure 10. Crustal P and S velocity structure under the 260 km long WRR profile (black line in
Figure 2b) from the Mediterranean coast (NW) to the Jordan highlands (SE). (a) P velocity model [after
DESERT Group, 2004]. (b) S velocity model. (¢) Corresponding Poisson’s ratio model. Velocities are in
km/s. Triangles at the top of each section represent the shot points. Only the region within the diagonal
lines is resolved in this study. To the NW the boundaries and P wave velocities are based on previous
work by Ginzburg et al. [1979a, 1979b] and Makris et al. [1983], while to the SE the boundaries and the
P and S wave velocities are based on El-Isa et al. [1987a, 1987b]. Note vertical exaggeration of 2:1.
Modified from Mechie et al. [2005], copyright Blackwell Publishing.
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[18] In summary, integration of fundamental Rayleigh The combination of all the findings above suggests local-
waves, body wave tomography, RFM, and shear wave ized deformation and subhorizontal mantle flow within a
splitting with P and S waves from controlled sources, narrow vertical boundary layer that extends through the
combined with MT studies and 3-D gravity data, allows us entire lithosphere. We conclude that rift-type deformation
to derive an image of the AF on the crustal scale (Figure 3a).  did not play a dominant role in the dynamics of the DST, a

Figure 11
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fact supported by the results of Sobolev et al. [2005]. All
observations can be linked to the left-lateral movement of
the two plates, accompanied by strong deformation within a
narrow zone of minimum lithospheric strength cutting
through the entire crust, consisting most likely of fault-
parallel mineral alignment beneath the AF that also gives
rise to significant seismic anisotropy.

2.3. Kilometer to Meter Scale

[19] The elongated structure of the rift-like DST is com-
posed of a series of large basins (the Dead Sea being the most
prominent one), which are mainly attributed to dilatational
jogs related to the left-lateral strike-slip motion. The forma-
tion of the Gulf of Aqaba/Elat had also been associated with
pull-apart structures [Garfunkel, 1981; Ben-Avraham, 1985;
Garfunkel and Ben-Avraham, 2001; Ben-Avraham et al.,
2008]. Along the AF the “rift” valley is further divided into
a series of smaller subbasins [ten Brink et al., 1999a]. Our
study area is situated at the southern termination of the
Dead Sea Basin. The fault-bounded structure of this depres-
sion had previously been revealed by commercial multi-
channel seismic reflection and borehole data, which
suggested an asymmetric, graben geometry of flat subhor-
izontal strata of Miocene to recent sediment fill that becomes
shallower toward the south [ten Brink and Ben-Avraham,
1989; Garfunkel, 1997, Gardosh et al., 1997, Zak and
Freund, 1981; Neev and Hall, 1979; Rotstein et al., 1991;
Ginzburg and Kashai, 1981; Kashai and Croker, 1987]. The
Miocene Hazeva formation is considered the oldest basin fill
unit, overlain by massive evaporite beds and sequences of
marl, clay, sand, and gravel [Gardosh et al., 1997; Zak,
1967; Garfunkel, 1997]. A number of normal, often listric,
faults dominate the structure in the southern Dead Sea Basin
[Gardosh et al., 1997]. The western side of our study area
was previously analyzed by high-resolution seismic profiles
[Bartov et al., 1998; Frieslander, 2000]. Several prominent
faults cut the western half of the Arava/Araba Valley, with
the subvertical Zofar Fault (ZF, Figure 2) being the most
prominent. In the uppermost kilometer west of the ZF,
Cretaceous and Permian rocks are found, while younger
strata related to the Dead Sea Basin are exposed east of it
[e.g., Ritter et al., 2003]. Toward the center of the Arava/
Araba Valley, additional north-south striking faults were
found at this longitude, often joining at depth forming
negative flower structures [Frieslander, 2000].

[20] To study the uppermost crust in the vicinity of the
AF in more detail, tomographic inversion techniques were
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applied to over 280,000 travel time picks of refracted P
waves along the NVR line (red line in Figure 14a) [Ryberg
et al., 2007]. The P velocity structure is well resolved down
to a depth of several kilometers (Figure 14b). It shows
features that correlate well with surface geology, calibrated
by boreholes in the vicinity of the DST [Fleischer and
Varshavsky, 2002; Bartov et al., 1998; Frieslander, 2000].
The tomographic P velocity model (Figure 14b) is character-
ized by a thin layer (few 100 m) of low velocities (<2.6 km/s)
in the depression containing the AF (range 40—60 km).
Geology (Figure 14a) confirms that Quaternary alluvium
(unconsolidated) is thin throughout this depression, which is
underlain by consolidated sediments ranging in age from
Jurassic to Miocene. Basement velocities (>5.0 km/s),
interpreted as Precambrian igneous and metamorphic rocks
(Figure 14c), are found at a depth of ~2 km below sea level
west of the AF and 0—1 km below sea level east of the AF.
Strong lateral velocity gradients (steps) are located at the
following mapped faults, in order of step size: AF, Al
Quwayra, Zofar, and Barak. The high-velocity block on
the east side of the AF is interpreted as a high-standing
sliver of the crystalline basement. The lithological contrast
to the sediment basin west of it could create a hydrological
barrier; see Figure 15 and Ritter et al. [2003], Maercklin et
al. [2005], and Bedrosian et al. [2007] for details.

[21] Magnetotelluric and seismic models [Ritter et al.,
2003; Maercklin et al., 2005; Ryberg et al., 2007] provide
complementary information about the resistivity and veloc-
ity structure of the subsurface (Figures 15a and 15b),
respectively. Using a new classification approach these
independently derived models can be combined to map
the subsurface structure where regions of high correlation
(classes) provide structural and lithological information not
always evident in the individual models [Bedrosian et al.,
2007]. This method was applied to a 10 km long profile
across the AF (seismics (central part of the NVR profile in
Figure 2¢) and coinciding magnetotellurics (Figure 2d)). Six
prominent lithological classes are identified providing a
clear delineation of stratigraphy in accordance with geologic
results (Figure 15¢ and Table 1). All classes except 1 and 6
are truncated at the AF. Classes 1 and 2 show typical values
of igneous or metamorphic rocks (high-velocity sliver in
Figure 14b), classes 5 and 6 can be attributed to sedimentary
rocks, and class 4 shows typical values of clastic or
consolidated sediment at sufficient depth to have undergone
compaction. Class 3 shows moderate seismic velocities,
similar to class 4, but extremely low resistivity, lower even

Figure 11.

Depth of Moho and the LCR in the vicinity of the DST combined with the 2-D reflection seismic image across

the DST. (a) Map of Moho depth from Mohsen et al. [2005] derived using the receiver function method (RFM) at the
stations of the passive long-term DESERT deployment (triangles in Figure 2b). The dotted line indicates the WRR profile.
The Moho is deepest near the southeastern end of the DESERT profile and shallowest at the northwest. (b) Map of LCR
(see also Figure 11c¢) occurring mainly east of the DST. (¢) Automatic line drawing of the depth-migrated seismic common
depth point section of the NVR experiment [after DESERT Group, 2004]. The black arrows mark the drop-off of
reflectivity, generally interpreted as the Moho in seismic reflection data. The red band indicates the location of the Moho as
derived from the WRR experiment in Figure 10a. The green and yellow symbols indicate the Moho and the LCR as
determined with the RFM in Figures 11a and 11b, respectively, in a ~20 km wide corridor along the DESERT profile.
Modified from DESERT Group [2004] and Mohsen et al. [2005] (copyright Blackwell Publishing), respectively.
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Figure 12. Bouguer anomaly and the gravity-derived Moho depth in the vicinity of the DST.
(top) Measured (complete) Bouguer anomaly. The three white lines, subparallel to the seismic profile,
mark the positions of the profile view cross sections shown in Figure 13. The WRR profile is indicated by
small black circles. (bottom) Moho depth beneath the 3-D gravity modeling area. Also shown is the
Moho depth (open circles) from the REM [Mohsen et al., 2005]. Modified from Gdtze et al. [2006] with
kind permission of Springer Science and Business Media.
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TABLE 1. Resistivity (p), Seismic Velocity (Vp), and Thickness (#) of Classes Denoted in Figure 15¢*

Class p (Qm) Vp (km/s) t (km) Age Lithology Type Stratigraphic Unit

1 16—-92 55+0.3 1.5+ IPC ark, cgl, volc Zenifim formation (W); Agaba complex: Ghuwayr volcanic, Araba
complex (undifferentiated) (E)

2 26-173 48+04 3+ IPC cgl, qtz porph Fidan granite, Araba complex: Ahaymir volcanic (E)

3 2—-11 4.4 +0.5 1.6 C-K sst, Ist, dolm, mar, clst Yam Suf, Negev, Ramon, Kurnub, Judea groups (W) ~ 1.7 km

4 6-39 39+03 1.0 IK-T chk, cht, Ist, mar Mount Scopus, Avedat groups (W) (equivalent to Belqa group),
700 m

5 10-43 30+03 0.5 Tm sst, clst, cgl Hazeva group (W) ~ 500 m

6 11-39 22+04 0.2 Tp-Qp alluv: cgl, sd, slt, grv Arava formation (W, E)

?Also included are inferred age (/PC, Late Precambrian; C-K, Cambrian-Cretaceous; /K-T, Late Cretaceous-Tertiary; Tm, Miocene; Tp-Qp, Pliocene-
Pleistocene), lithology type (ark, arkose; cgl, conglomerates; volc, volcanic rocks; qtz, quartz; porph, igneous rocks; sst, silt stone; Ist, limestone; dolm,
dolomite; mar, marl; clst, clastic rocks; chk, chalk; cht, chert; alluv, alluvium; sd, sand; slt, silt; grv, gravel), and stratigraphic units. Classes spanning the
Araba Fault are identified by geologic unit on both the west (W) and east (E) sides of the fault. Modified from Bedrosian et al. [2007].

than that found in the surface sediments. The most plausible
explanation for this class is the presence of a few percent of
hypersaline fluid [Ritter et al., 2003; Maercklin et al., 2005;
Bedrosian et al., 2007]. This is consistent with the obser-
vation of saline brines within the Zofar 20 well a few
kilometers south of the location where the reflection line
crosses the Zofar Fault in Figure 14a. Class 3 terminates
along a vertical plane ~500 m east of the surface trace of
the AF. For a more detailed discussion of this buried fault
(fossil AF (FAF)), see Maercklin et al. [2004, 2005] and
Kesten et al. [2008]. The change in lithology across the AF,
from classes 3, 4, and 5 in the west to class 2 in the east,
suggests that the fault is, at most, a few hundred meters
wide, at a depth of 0.5-3.0 km below the surface. The
vertical uplift of the basement is at least 1.3 km, which is in
accordance with gravity modeling [7asdrova et al., 2006].

[22] A 3-D image of the electrical conductivity across and
along the AF (Figure 16) reveals the continuation of the
upper crustal brine zone toward the north. The AF seems to
act primarily as an impermeable barrier to cross-fault fluid
transport. However, the conductivity images do not reveal a
pronounced fault zone conductor associated with the dam-
age zone of the fault as it has been observed, e.g., at the
SAF [Unsworth et al., 1999, 2000; Bedrosian et al., 2002;
Becken et al., 2008] and the West Fault in Chile [Hoffinann-
Rothe et al., 2004].

[23] A 3-D image of seismic contrasts along a 7 km long
stretch of the central AF between 1 and 4 km depth (Figure 17)
is derived from arrays of controlled seismic sources and
receivers, respectively (controlled source arrays (CSA) I
experiment; for details, see Maercklin et al. [2004]). The
well-resolved 7 km wide area (from ~3 to 10 km in the
v direction in Figure 17) begins ~1 km north of line 1 and
ends ~1 km south of line 3 (Figure 2f). Using a 3-D seismic

migration method based on beam forming and coherency
analysis of P-to-P scattered waves, a subvertical reflector
(red color, FAF in Figure 17) offset roughly 1 km toward the
east of the surface (active) AF can be imaged. The dashed
line gives the downward projection of the AF (Figure 17a).
Resolution tests show that the accuracy of the location of
the reflector (FAF) is ~200 m in the E-W direction.
Because of the configuration of source and receiver arrays
the extent of this scatterer could not be resolved above 1 km
and below 4 km depth and also not farther toward the south,
thus not directly encompassing line 1 of the CSA I exper-
iment and the NVR profile (Figure 2f). Integration of the
results of this independent data set based on scattered
seismic waves with the results of Ritter et al. [2003],
Maercklin et al. [2005], Ryberg et al. [2007], and Bedrosian
et al. [2007] suggests that the reflector imaged here is the
northward extension of the western boundary of the high-
velocity sliver of crystalline basement (Figures 14b and 15c,
respectively).

[24] A detailed local 3-D density model covers an area of
~30 x 30 km down to a depth of ~5 km, partly shown in
Figure 18. That model was computed from a newly com-
piled Bouguer gravity anomaly database corrected for
effects of regional structures such as the Moho [Gérze et
al., 2006]. The 3-D structural image of the upper crust
reveals that the basement is vertically offset across the AF
(Figures 18b—18d). It also shows an abrupt change in the
physical parameters of the two lithological blocks, i.e., of
the sediments in the west and the sliver of crystalline
basement in the east. Analysis of the calculated gravity
gradients (not shown) furthermore suggests that the AF
could be offset at depth as shown in Figure 17. It should
also be noted that such a shift in the location of the active
transform was suggested by Joffe and Garfunkel [1987] to

Figure 13.

(a—c) Three parallel vertical cross sections through the 3-D density model (for location of the profiles in

Figures 13a—13c, see Figure 12). The distance between the cross sections is ~60 km. The density of the various geologic
units is given in Mg/m>. The black circles indicate the Moho depth from the RFM (Figure 11a) [Mohsen et al., 2005]. The
black overlay is the NVR line drawing (Figure 11c), and the black lines indicate the interfaces of the seismic refraction
model (Figure 10a). At the top of each section, the line of black dots indicates the modeled gravity, and the red line gives
the measured gravity along the vertical cross section. Modified from Gdtze et al. [2006] with kind permission of Springer

Science and Business Media.
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Figure 14. Geology, P velocity cross section, and geologic interpretation along the 100 km long NVR
profile (white line in Figure 2b) centered on the AF. (a) Simplified geological map along the NVR profile
(modified after Sneh et al. [1998] and Bartov et al. [1998]). The red line is the slightly smoothed
reflection line of the NVR experiment. Six dominant faults (Sa’ad Nafha, Ramon, Barak, Zofar, AF, and
Al Quwayra) are indicated by black lines (see also Figures 14b and 14c). Here the nomenclature of
Frieslander [2000] and Calvo and Bartov [2001] is used. (b) Tomographic P velocity model along the
NVR profile to a depth of 4 km using vibroseis and shot data [Ryberg et al., 2007]. The vertical
exaggeration is 3.6. The velocity model is characterized by strong horizontal gradients (e.g., at 20, 45, 55,
and 62 km model distance, corresponding to the Sa’ad Natha, Zofar, AF, and Al Quwayra faults,
respectively). Several near-surface sedimentary basins (blue; low-velocity regions) bordered by faults can
be seen. (c) Geologic cross section interpreted from the NVR profile and well data, to a depth of 4 km
[after DESERT Group, 2004]. The vertical exaggeration is 3.6 as in Figure 14b. For more details of this
area, see Figure 19 and Kesten et al. [2008]. Modified from Ryberg et al. [2007].

be the result of a shift of <5° in the local direction of plate
motion which increased transtension some 5 Ma ago or
somewhat earlier, whereas fen Brink et al. [1999a] sug-
gested continuous small variations in plate motion as the

cause of this shift. Note also that Rotstein et al. [1992]
found evidence for a similar 2.5 km shift of the active fault
trace in the area south of the Sea of Galilee.
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TABLE 2. Miocene to Recent Stratigraphic Units in Northern Arava/Araba®

Age Stratigraphic Unit

Absolute Age (Based on)

Pleistocene to recent
playa deposits

Pliocene Arava formation/Mazar formation
Miocene Hazeva formation/Dana conglomerate
Eocene Avedat group/Um Rijam Chert-Limestone formation

Zehiha formation/Lisan formation, alluvium, sand dunes,

1.5-0.5 Ma (basalt flows, Jordan)

3.7-1.7 Ma (basalt flows, Jordan), 6 Ma (En Yahav dike, Israel,
and basalt flows, Jordan)
19-21 Ma (dolerite dikes, Karak)

*After Sneh et al. [1998] and Avni et al. [2001]. Age dating after Steinitz and Bartov [1991].

[25] The 3-D image presented so far is also supported by
the combination and interpretations of geology and seismic
reflection studies (Figure 19) with multispectral (ASTER)
satellite images (Figure 20) [Kesten et al., 2008]. Such a
combination allows us to analyze geologic structures in
space and time since reflection seismics image deep faults
possibly inactive at present, whereas satellite images reveal
neotectonic activity in shallow young sediments.

[26] Starting in the west, we will now discuss distribution
of slip along the central part of the NVR profile, i.e., of
faults in the Arava/Araba Valley and its immediate vicinity.
West of the AF, between profile kilometers 41 and 52,
strong sedimentary reflections and indications of faults are
visible in the NVR data (Figure 19c). Here, the Barak Fault
and the ZF (Figures 19a and 20) are clearly imaged, as
previously by Bartov et al. [1998] and Frieslander [2000].
Whereas the vertical offset at the Barak Fault seems to be
minor, the Zofar Fault shows a vertical separation of
~500 m and has been interpreted as a major fault in the
northern Arava/Araba Valley, where it is the western border
fault of the southern Dead Sea Basin [Bartov et al., 1998;
Frieslander, 2000]. On the basis of the general tectonic
setting, a sinistral strike-slip component has been assumed,
even if the total amount of lateral displacement is unknown
(Z. Garfunkel, personal communication, 2008), but left-
lateral strike-slip creep episodes along the ZF were indicat-
ed by InSAR data [Finzi, 2004]. An antithetic fault, east of
the Zofar Fault at profile km 47 called “Eastern Fault” by
Frieslander [2000], shows no surface expression and hardly
any vertical displacement but is linked to the Zofar Fault at
~2.5 km depth (Figure 19c). The fault at profile kilometer
49 does not seem to cut through the uppermost sediments
and is not recognized at the surface. Thus, we assume it has
not been active recently. There is, however, a marked
contrast in reflectivity across this fault, indicative of previ-
ous strike-slip movement. The fault’s near-vertical geometry
corroborates this interpretation. A subsurface fault (Western

Fault in Figures 2c and 19) is revealed ~4 km west of
the AF in the industry reflection seismic profile VWI-9
(Figure 19b) and the NVR profile (Figure 19c). Whereas
seismic data in Figure 19b show flower structures typical
for strike-slip faults, the satellite image does not reveal the
Western Fault in post-Miocene sediments. Taking into
account the age estimates from Table 2 and the fact that
these sediments overlie the fault trace, the period of inac-
tivity of the “old” strike-slip fault lies between 2 and 7 Ma.
For a more detailed discussion, see Kesten et al. [2008]. The
lack of coherent sedimentary reflections in the direct vicin-
ity of the AF might result from intense brittle deformation
of the rocks close to the fault but could also be caused by
the absorption of high frequencies in this area covered by
sand dunes and alluvium (Figure 19a). There is, however, a
slight change in the character of (diffuse) reflectivity across
the subsurface continuation of the AF (Figure 19c). Farther
to the north (Figure 19b), there is strong indirect evidence of
the AF in the seismic profile VWJ-9. Here the AF lies
between a zone with strong sedimentary reflections to the
west and a purely diffusely reflective upper crust toward the
east. The AF itself is imaged as a nonreflective zone of
~800 m width at the surface, probably consisting of three
branches (Figure 19b). The central one was also delineated
by fault zone guided waves [Haberland et al., 2003] and
high-resolution reflection seismics and tomography to be
discussed in section 2.4. Farther to the south of the study
area, similar subparallel fault segments and flower struc-
tures related to the DST are also known from the Evrona
playa site [e.g., Shtivelman et al., 1998]. About 1 km east of
the AF, another, now buried fault called FAF (Figures 2¢
and 2f) is detected, in agreement with the FAF scatterers in
Figure 17 and the joint interpretation of seismic waves with
magnetotellurics [Ritter et al., 2003; Maercklin et al., 2005;
Bedrosian et al., 2007]; see also Figure 14 for the vicinity of
profile km 57. The AQF (Figures 19 and 20) [see also
Rabb’a, 1991] is the most prominent fault in SW Jordan.

Figure 15. Lithological cross section derived from joint interpretation of magnetotelluric and seismic models along the
seismic NVR profile (white line in Figure 2c) and the 10 km long magnetotelluric pilot profile (dark blue dots in Figure 2d).
(a) P velocity model [Ryberg et al., 2007]. The seismic model was calculated on a mesh of 10,000 cells. The gray and white
areas denote regions where velocities cannot be constrained. (b) Resistivity model to 5 km depth [Ritter et al., 2003]. The
model was calculated on a mesh of 5136 cells. No vertical exaggeration is applied. The red line marks the surface trace of
the AF. (c) Spatial distribution of lithological classes derived from an automatic class selection. Colors correspond to the
classes enumerated in Table 1. The arrow marks the surface trace of the AF, and the thin black lines are our preferred
structural interpretation. Gray region indicates missing model data. Modified from Bedrosian et al. [2007], copyright

Blackwell Publishing.
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depthkm]

Figure 16. Three-dimensional electrical resistivity image around the AF (red line at top) ina 10 x 10 x
5 km box. The resistivity is given in §2 m, and red and yellow indicate good conductors. The resistivity
distribution is derived from 2-D inversions of the three long profiles (10 km length, profiles 1, 6, and 10)
and seven short profiles (5 km length, profiles 2, 3,4, 5, 7, 8, and 9). Profile 1 is also shown in Figure 15b.
The locations of the ten magnetotelluric profiles are given by dark blue dots in Figure 2d. The main
anomaly is a good conductor from 1.5 to 4 km depth west of the AF, showing some variation in the north-
south direction. This anomaly is most likely caused by saline fluids in a sedimentary layer, with the AF
acting as a seal for cross-fault fluid flow toward the east [Ritter et al., 2003; Maercklin et al., 2005;
Bedrosian et al., 2007]. From south to north a shallowing of this brine layer can be observed. No vertical
exaggeration. Modified from Weckmann et al. [2003].

This N—S running fault is more than 100 km long and indicating sinistral movement. Abu Taimeh [1988] proposed
extends into Saudi Arabia. In an outcrop of the AQF on the a left-lateral displacement of 8 km for the AQF based on
NVR profile the Upper Cretaceous sediments dip nearly offset biotite muscovite aplite granites around latitude
vertically and show intense, subhorizontal slickensides, 30.3°N and on an 8 km long rhomb-shaped graben in this
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Figure 17. Color coded 3-D scatter image of the AF area in the central Arava/Araba valley. The model
is derived from scattered seismic waves in the CSA I experiment. See Figure 2c: 3 x 10 km long profiles
(thin black lines in Figure 2c¢); 9 miniarrays with 10 seismometers each (black triangles in Figure 2c); and
7 x 5,4 x 3,and 3 x 2 shots (white stars in Figure 2c). Zones of strong scattering are in red. At these
zones, high semblance values NE are observed; that is, these are the sources of secondary, scattered
waves from the 53 shots located with the 9 miniarrays and the 3 profiles. For details of the method and
the processing, see Maercklin et al. [2004]. Areas with poor resolution are whitened out. (a) A zoom of
Figure 2c, with fault traces in black (except the AF, shown as a red line) and miniarrays (black triangles).
(b—e) The four color-coded horizontal depth slices show the distribution of scatterers from 1 to 4 km
depth, respectively. The downward projection of the AF is indicated by the dashed red line in each of the
four depth slices. Note the 1 km offset of the scatterers (red) toward the east relative to the AF (dashed red
line). Two vertical cross sections through the imaged volume at the two locations indicated by thin
dashed black lines in the depth slices: (f) cut along the fossil AF (FAF) at x = 1.125 km running NNE to
SSW and (g) cut across FAF at y = 8 km running WNW to ESE. The location of the AF at 0 km is
indicated as a dashed red line. Modified from Maercklin et al. [2004], copyright Blackwell Publishing.

Figure 18. Selected cross sections of the 3-D density model of the central Arava/Araba Valley (see Figure 2¢). (a) Study
area and the residual gravity field in 10> m/s?. The local survey gravity stations are marked by small black dots (green dots
in Figure 2e). The 3-D density model consists of 13 cross sections (thin black oblique lines) with 1—3 km of separation. The
position of the five seismic velocity cross sections from the 3-D seismic tomography model [Maercklin, 2004; Maercklin et
al., 2005] used to constrain the gravity modeling are marked by thick black lines (L1, L12, L2, 123, and L3). The AF (thick
black line) and the ZF (thick dashed black line) are also indicated. Cross sections along (b) L3, (c¢) L2, and (d) LI,
corresponding to lines 3, 2, and 1, respectively, in Figures 2c and 2f, of the 3-D gravity model with the corresponding
density values in Mg/m®. Above each density cross section the observed (red) and modeled (black) gravity anomalies in
10> m/s? are shown. The dashed lines are the velocity isolines of 3.5 km/s (top line), 4 km/s (middle line), and 4.5 km/s
(bottom line) from the tomography model (P velocity cross sections) of Maercklin et al. [2005], shown below each panel.
Distance and depth are in kilometers. Modified from Tasdarova et al. [2006].
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Figure 19
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region. This argument seems to be supported by the
geological map by Bender [1974] and Ibrahim [1991].
Barjous [1988], on the other hand, suggested an even larger
horizontal slip in the range of ~40 km. His assumption is
mainly founded on the southernmost outcrops of Precam-
brian rhyolites that occur ~40 km farther to the NE of the
AQEF. This higher value is also supported by stratigraphic
observations (for details, see Kesten et al. [2008]). The
distribution of slip on the faults in the vicinity of the AF,
especially the AQF, led Kesten et al. [2008] to propose that
the AF is clearly the main active fault segment of the
southern DST. Despite this dominant role we postulate that
the AF has accommodated only a limited part (at least 15 km
and up to 60 km) of the overall 105 km of sinistral plate
motion since the Miocene.

[27] In summary, integrating the results of these studies
leads to the structural image of the crust in the vicinity of
the AF given in Figure 3b. Only the integration and cross
validation of several seismic methods (2-D and 3-D tomog-
raphy, scattering mapping, and reflection seismics from
controlled-source experiments), 2-D and 3-D MT experi-
ments, 3-D gravity models, the analysis of multispectral
satellite images, geology, and novel mathematical
approaches (joint classification) allow the imaging of the
3-D structure under the AF on crustal to kilometer scale
(Figure 3b). On the basis of these detailed studies of faults
in the vicinity of the Arava/Araba Valley we suggest that at
the beginning of transform motion deformation occurred in
a ~20-30 km wide belt, possibly with the reactivation of
older approximately north to south striking structures. Later,
deformation became concentrated in the region of the
present-day Arava/Araba Valley. Until ~5 Ma ago, there
might have been other, now inactive faults in the vicinity of
the present-day AF that took up lateral motion (FAF,
Figures 2c and 3b). Together with a rearrangement of plates
~5 Ma ago, the main fault trace shifted then from the FAF
to the position of today’s AF.

2.4. Meter to Microscopic Scale

[28] In a high-resolution small-scale seismic experiment
(CSA 11, Figure 2f and Haberland et al. [2006]) the shallow
structure of the (active) AF is analyzed down to a maximum
depth of a few hundred meters. The experiment consists of
eight subparallel 1 km long seismic lines. The combination
of first break tomography and reflection seismic images
(Figures 21a and 21b) shows a subvertical (main) fault
separating two blocks with different seismic (physical)
properties, positive flower structures, and, based on their
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seismic velocity, indications for different sedimentary layers
on the two sides of the main fault. Often, the superficial
sedimentary layers are bent upward close to the AF, indicat-
ing that this section of the fault (at shallow depths) is
characterized by a transpressional regime [see, e.g., Harding
and Lowell, 1979; Lowell, 1985]. To the north, these
structures correspond to the transpressional elements at the
surface (pressure ridges, see Figure 1¢) caused by the local
restraining eastward bend of the AF near Jebel Humrat
Fidan (Figure 20a at 30.62°N). A 100—300 m wide hetero-
geneous zone of deformed and displaced material
(Figures 21b and 21c) is detected which, however, is not
characterized by low seismic velocities at a larger scale. Note
that the shallow part of the DST in the southern Arava/Araba
Valley is also several hundred meters wide [ten Brink et al.,
2007; Shtivelman et al., 1998]. At depth below ~400 m,
geophysical images indicate a blocked cross-fault structure
(Figures 21d and 21e). The fault cores are not wider than
~10 m, in agreement with the study of fault zone guided
waves from Haberland et al. [2003] indicated by black
triangles in profiles P6, P7, and P8 (Figures 21c—21e). For
a layout of that experiment, see Figures 2f and 2g. Such a
narrow fault core is consistent with the up to 60 km
displacement postulated for the AF [Kesten et al., 2008].
Similar, wide (~1 km) flower structures related to the DST
had been revealed within the sediments of the Evrona playa
basin just north of the Gulf of Aqaba/Elat by high-resolution
seismic studies [Shtivelman et al., 1998]. In trenching
analysis, Niemi et al. [2001] also found subparallel fault
strands, pressure ridges, and comparable narrow fault zones
at the AF zone ~50 km north of our study area. At a segment
~200 km farther to the north, the main faults of the DST
are observed as wide zones of deformation rather than as
distinct fault planes [Rotstein et al., 1992].

[29] Geological and geochemical studies of carbonate
fault rocks at the AF [Janssen et al., 2004, 2005, 2007a,
2007b] document mesoscale to microscale faulting and
veining in limestone at two locations (areas I and II in
Figure 22) representing faulting at depths of 2—5 km and up
to 3 km, respectively. The role of fluids in faulting defor-
mation in the AF is locally quite different from that of other
major fault zones, like, e.g., the SAF. At the AF, the small
amount of veins and the lack of alteration and dissolution
processes in limestone suggest reduced fluid-rock interac-
tions and limited fluid flow within the fault. Note that on the
kilometer to meter scale the AF acts as a barrier for fluids
(see, e.g., Figure 15). Hydrothermal reactions (cementation

Figure 19. Geological map of the central Arava/Araba Valley and near-surface structure derived from seismic reflection
data. Faults: BF, ZF, EF, WF, AF, and FAF. (a) Geological map (compiled after Sneh et al. [1998], Bender [1968], and
Frieslander [2000]). The NVR and the VWJ-9 common depth point lines are given in red (white lines in Figure 2c). The
green dashed box indicates the area of Figure 20a. Information on the stratigraphy can be found in Table 2. The inset shows
information on some major tectonic elements in the Dead Sea region [after Sneh et al., 1998]. Z-20, Zofar-20 well; AR-1
and AR-2, outcrops of Arava/Araba Formation; JHF, Jebel Humrat Fidan; CNSSB, Central Negev-Sinai shear zone; SAFB,
Syrian Arc Fold Belt System. (b) Depth migrated shallow seismic reflection profile VWI-9 [Kesten, 2004]. (c) Upper
central part of the depth migrated NVR profile, where only the 18 km range in the green box in Figure 19a is shown (profile
km 40.5-58.5). Modified from Kesten et al. [2008] with kind permission of Springer Science and Business Media.
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and dissolution) did not affect the strength of the fault zone, Central Negev-Sinai shear zone (CNSSB in Figure 19a
indicating that the AF is a strong fault near the surface (inset)) [see also Frieslander, 2000] or the Syrian Arc Fold
down to a few kilometers in the upper crust. Other seg- Belt System (SAFB in Figure 19a (inset)) [see, e.g., Bartov,
ments of the AF show some iron mineralization, which  1974; Sneh et al., 1998; Shamir et al., 2005]. In area I,
might be related to an older fault system, known as the where pressure ridges expose the exhumed fault and sam-

Figure 20
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ples could be taken (red diamonds in Figure 2e), calcite
mineralization reveals an open fluid system with fluids
originating from two sources. Stable isotopes (§'°C and
6'®0) and trace elements indicate predominant infiltration
of descending meteoric water, possibly supplied from the
high eastern escarpment in Jordan [Janssen et al., 2005].
This source is indicated by the good shallow electrical
conductor east of the AF interpreted as a clay layer and
possibly acting as caprock for meteoric water (near-surface
red color east of the AF in Figure 22 (bottom); Ritter et al.
[2003] and class 6 in Figure 15). This good conductor is
also confirmed in the Short Offset Transient Electromag-
netics experiments (blue profiles in Figure 2f; S. Helwig
(personal communications, 2008)), showing that the sub-
surface groundwater flow is blocked at the AF. In area II
(Figure 22, top right), geochemical data indicate only local
(small-scale) fluid redistribution along profile B. These
fluids were derived from the adjacent limestone under
nearly closed system conditions [Janssen et al., 2004].

2.5. Modeling and Interpretation

[30] Finite element 2.5-D thermomechanical modeling of
the DST on plate tectonic to kilometer scale is used by
Sobolev et al. [2005] to study the dynamics of this conti-
nental transform boundary between the Arabian and African
plates. 2.5-D means calculation of all three components of
the displacement (velocity) vectors under assumption of no
changes in material properties, temperature, and velocity
along the strike of the DST. The results of geological,
geophysical, geothermal, and petrophysical observations,
mostly from the DESERT project reported here, are used
to constrain initial and boundary conditions and to choose
the thermal and rheological parameters. The preferred
model combines plate-scale transtension (strongly dominat-
ed by a strike-slip deformation component of 105 km) with
thinning of the mantle lithosphere of the Arabian Shield at
about 5—10 Ma and has a relatively weak crust [Sobolev et
al., 2005]. Figure 23 shows the setup of the thermomechan-
ical model. In the initially cold lithosphere expected at the
DST, shear deformation localizes in a 20—40 km wide zone
(Figure 23) where the temperature-controlled mantle
strength is minimal. The largest strain rates and finite strain
are concentrated in the 5 km wide core of this zone. The
resulting mechanically weak decoupling zone (20—40 km
wide with the 5 km wide weakest core), controlled by shear
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heating and temperature and strain rate dependence of the
viscosity, extends subvertically through the entire litho-
sphere. That is in general agreement with seismological,
seismic, and magnetotelluric observations (Figures 6—9
and 3a), although important details remain unexplained
(see discussion later in this section). Modeling furthermore
suggests that the location of the AF has been controlled by
the minimum in lithospheric strength possibly associated
with the margin of the Arabian Shield lithosphere and/or by
the increased crustal thickness toward the east, also visible
in seismic data [Koulakov and Sobolev, 2006; DESERT
Group, 2004; Mechie et al., 2005]. In the crust, one or two
major faults take up most of the transform displacement, but
a few kilometers of displacement occur also at several minor
faults. These modeling results are consistent with geological
and geophysical observations of several faults in the crust
(Figures 14-20, 3a, and 3b) and the lithosphere structure
imaged along the DESERT profile. The modeling also
shows that less than 3 km of transform-perpendicular
extension occur (Figure 24), suggesting that the AF segment
of the DST is a dominantly strike-slip plate boundary. Note
also the area of strong fault-parallel deformation in the
lower crust (especially in the weak crust model (Figures
24d-24f)), which possibly is responsible for the LCR in
Figure 11. We would furthermore like to point out that the
hypothesis of the AF as a strong fault [Janssen et al., 2004,
2005, 2007a, 2007b] holds only for the near-surface region
but not for the crustal scale discussed here. Other geolog-
ical, geophysical, and geodetic observations, like the slight
asymmetric topography of the Moho, are also well repro-
duced. The uplift of the Arabian Shield adjacent to the DST
requires young (<10 Ma) thinning of the lithosphere at of
the plate boundary. Such lithospheric thinning is consistent
with seismological observations and the high temperatures
derived from mantle xenoliths in Neogene—Quaternary
basalts [Sobolev et al., 2005].

[31] An interesting question is the nature of the westward
shift of the zone of higher seismic anisotropy and of the MT
conductor relative to the surface trace of the DST, i.e., the
AF. If both seismic anisotropy and conductor are associated
with the locus of the shear deformation in the lower crust
and lithospheric mantle as we suggest, then the present-day
shear zones in the upper crust (AF) and in the deeper crust
and mantle lithosphere (marked by the MT conductor and
zone of seismic anisotropy) appear to be mutually shifted.

Figure 20. Satellite image and fault map of the Arava/Araba Valley. (a) Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER) scene of the central Arava/Araba Valley taken on 6 April 2001. Three types of lineaments
can be distinguished: (1) Solid lines represent lineaments that are clearly recognized as faults (by displaced geological units,
offset alluvial fans, or clear “doglegs” of streams); (2) dashed lines are lineaments that were identified as faults in other,
mainly shallow seismic studies [e.g., Frieslander, 2000]; and (3) dotted lines are lineaments whose origin could not be
clarified for lack of geological or geophysical information. EYF, En Yahav Fault; BWF, Buweirida Fault; PF, Paran Fault;
JR, Jebel Er Risha; JK, Jebel El Khureij. Numbers 1-3 indicate alluvial fans. (b) Fault map of the southern DST, derived
from the interpretation of ASTER satellite images [Kesten, 2004; Kesten et al., 2008] over shaded relief map. The red
numbers indicate the minimum amount of left-lateral strike-slip displacement along the respective faults in kilometers.
AZF, Amaziahu Fault; RF, Ramon Fault; SF, Salawan Fault; TF, Themed Fault. Here the nomenclature of Frieslander
[2000] and Calvo and Bartov [2001] is used. Modified from Kesten et al. [2008] with kind permission of Springer Science
and Business Media.
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TABLE 3. Comparison of Several Characteristics of the Dead Sea Transform and the San Andreas Fault”

SAF

Characteristic DST
Age of onset ~20 Ma
Total offset of main FZ 105 km
Offset in last 5-6 Ma ~60 km
Present displacement rate ~5 mm/a
Current thickness of lithosphere ~80 km
Quake size ~M7.5
Quake frequency 100—-1000 years
Number of faults currently active 1-2
Number of inactive faults in FZ 3-4
Thickness of fault core, active fault 5-20 m

Fluid involvement/barriers and fault

manifestation at depths by barrier

1—4 km: west of AF, brine body stops

at fossil AF

10—-50+ km: vertical FZ ~ 10 km west of AF

5-30 km: AQF dipping east

Heat flow low to moderate

0—1 km: shallow fluid layers separated

28 Ma

480 km (1000 km if distributed shear east to Colorado
Plateau allowed)

~300 km

35 mm/a in northern/central CA and a few mm/a convergence,
30 mm/a in southern CA and 10 mm/a
convergence

~30 km in northern CA (crust only), 35+ km in southern CA

Mg

100—-400 years

3—4 depending on segment

34+

100+ m

3 km: gas and fluid barrier at SAFOD

30+ km: interpreted fluid channel east of SAF at SAFOD,
dips steeply west

15—20 km: subhorizontal fluid-rich layer connecting to SAF
(southern CA)

high at north and south ends, moderate in center

“DST, Dead Sea Transform; SAF, San Andreas Fault; FZ, fault zone; AF, Arava/Araba Fault; AQF, Al Quwayra Fault; SAFOD, San Andreas Fault

Observatory at depth. See also Figure 3.

Thermomechanical modeling [Sobolev et al., 2005] demon-
strates that such a shift is indeed possible (Figures 23c and
23f) because of heterogeneity of the lithospheric strength.
However, the model suggests shift of the mantle shear zone
to the east rather than to the west of the AF (Figure 23f).
The most likely reason for such contradiction is that the
model does not include the Dead Sea pull-apart basin which
is located <100 km north of the DESERT line. If the mantle
deformation zone is placed right beneath the Dead Sea basin
and continues to the south parallel to the strike of the DST,
as it is suggested by the numerical model of a pull-apart
basin [Petrunin and Sobolev, 2006], then it must cross the
DESERT line indeed west of the AF. Another possibility is
that the AF at the DESERT line is a relatively young
feature, and most of the strike-slip displacement is taken
by other faults west of it, located above the zone of strongly
anisotropic mantle. This idea is in line with seismic obser-
vation suggesting that the uppermost section of the AF is
very narrow (10 m) but apparently contradicts geological
observations [Bartov et al., 1998].

[32] Finally, we would like to discuss how the DST
modifies strength of the lithosphere, which it cuts through,
on the basis of thermomechanical model and multidisciplin-
ary observations. Various seismic observations presented in
sections 2.2 and 2.3 indicate reduced seismic velocities and
increased seismic anisotropy in the crust beneath the DST.
This is likely due to the high crack density and indicates
mechanical weakening of the crust, suggesting that the
hypothesis of the AF as a strong fault [Janssen et al.,
2004, 2005, 2007a, 2007b] holds only for the near-surface
region but not for the crustal scale discussed here. The
thermomechanical modeling [Sobolev et al., 2005] also
suggests that major faults in the upper crust of the DST
must be significantly weaker that the bulk of the crust. The

model also infers that the zone of mechanical weakening
continues deeper below the brittle-ductile transition and
crosses the entire lithosphere (see distribution of viscosity
in Figures 23d and 23g). There are at least two reasons why
viscosity drops in the DST shear zone. One is the strain rate
dependency of the viscosity related to the dislocation creep
in lithospheric rocks, which leads to the reduction of the
viscosity in the zone of the highest strain rate. Another
reason is shear heating, which increases temperature in the
shear zone. As a result of a number of processes also
including fluid flow (recall MT conductor in the middle-
deep crust), the lithospheric-scale shear zone appears to be a
self-weakening body crossing the entire lithosphere.

3. DISCUSSION AND COMPARISON OF THE DEAD
SEA TRANSFORM AND THE SAN ANDREAS FAULT

[33] The DST has a relatively slow present-day plate
motion of ~5 mm/a with a total displacement of 105 km
in 20 Ma (up to 60 km of it along the AF). This puts the
DST in marked contrast to other major plate-bounding
transform fault systems such as the NAF zone (presently
20 to 30 mm/a; 80 km in ~5 Ma) located amidst an orogenic
belt [see, e.g., Sengdr, 1979; Barka, 1992; McClusky et al.,
2000; Hubert-Ferrari et al., 2002] and the dominantly
transpressional SAF system (50 mm/a distributed among
numerous faults from offshore to Colorado plateau; 300 km
since 5—6 Ma) which originated from a complicated inter-
action between oceanic subplates and continental rocks
[see, e.g., Nicholson et al., 1994; Holbrook et al., 1996;
Henstock et al., 1997, Fuis, 1998; Atwater and Stock, 1998;
Powell, 1993; Oskin et al., 2001; Mooney et al., 2007; Fuis
et al., 2008]. A comparison of the characteristics of the DST
and the SAF is given in Table 3. In contrast to the SAF the
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recent seismicity at the DST is moderate. As at the SAF,
earthquakes are clustered in time at the DST, with large
earthquakes occurring in a long cycle of several hundred to
thousand years [Marco et al., 1996; Amit et al., 2002;
Marco et al., 2005], whereas the recurrence intervals at the
SAF are typically 100—400 years [Fumal et al., 2002]
depending on the segment. Lyakhovsky et al. [2001] find
that where the rate of healing is large compared to the rate of
loading, the system exhibits short memory, and fault geom-
etry evolves along several seismic cycles. The low rate of
loading on the AF is compatible with such a system and with
the distribution of the total slip across several strands, each
active at a different time (see Figures 3, 9, 14, 15, 17, 19, 20,
23, and 24).

[34] In the subcrustal lithosphere the DST is a narrow 5—
20 km wide anisotropic zone of (most likely) fault-parallel
mineral alignment, suggesting subhorizontal fault-parallel
mantle flow within a zone with distinct mineral alignment
that extends through the entire lithosphere (Figures 6 and 9).
The SAF also cuts through the crust [Holbrook et al., 1996;
Henstock et al., 1997; Unsworth et al., 2000; Silver, 1996;
Mooney et al., 2007; Becken et al., 2008] and even the
lithosphere [Fuis et al., 2008], but estimates of the width of
the fault-related seismically anisotropic zone below the crust
range from 30 to 150 km [Silver, 1996; Savage, 1999]. This
difference between the DST and the SAF could possibly
indicate that the width of the decoupling zone scales with the
total strain accumulated along the fault. One of the most
likely main driving forces for the differences in strain and
decoupling zones between the SAF and the DST is the
difference in mantle thermal structure. While the DST
originated in thick, cold lithosphere, which only recently
may have been thinned to ~80 km [Sobolev et al., 2005],
the SAF has been generated in thin lithosphere underplated
by hot mantle penetrating the opening slab window [e.g.,
Dickinson and Snyder, 1979; Furlong et al., 1989; ten Brink
et al., 1999b; Fuis et al., 2008; Wilson et al., 2005].

[35] Both the DST and the SAF systems show a strong
asymmetry in subhorizontal lower crustal reflectors (LCR in
Figure 11) and a deep reaching narrow deformation zone of
about 5 km width in the middle and lower crust (Figures 7
and 9 for the DST and Holbrook et al. [1996], Silver [1996],
Henstock et al. [1997], Mooney et al. [2007], Becken et al.
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[2008], and Fuis et al. [2008] for the SAF). Whereas two
large subvertical crustal conductivity zones are found in the
Arava/Araba Valley and its vicinity (Figure 9), one SW
tilted crustal conductivity zone is found in the vicinity of the
SAF at Parkfield [Becken et al., 2008, Figure 14]. Such
anomalies could be due to ascending fluids; see Janssen et
al. [2005, 2007a] for the AF and Wiersberg and Erzinger
[2007] for the SAF. At the SAF this conductive zone widens
in the lower crust and seems connected to a broad conduc-
tivity anomaly in the upper mantle, but as stressed by
Becken et al. [2008], the upper crustal branch of the inferred
fluid conduit is located NE of the seismically defined SAF,
suggesting that the SAF itself does not act as a major fluid
pathway, at least not in the area near Parkfield. At the AF,
only reduced rock interactions and limited fluid flow were
observed [Janssen et al., 2005]. This leads us to conclude
that neither the SAF (at least at Parkfield) nor the AF act as
important fluid conduits, despite their strong signal in
seismological and MT studies. We would also like to point
out that the bright spot under the San Gabriel Mountains
[Ryberg and Fuis, 1998] implies large fluid contents. As
this feature is connected geometrically to the SAF in crust
and mantle the SAF is interpreted as a fluid conduit there
[Fuis et al., 2001].

[36] In the uppermost crust the AF occurs as a barrier to
fluid flow (Figures 9, 15, 16, and 3b) and not as a single,
wide damage zone, a characteristic element of large, brittle
fault zone structures [Chester and Logan, 1986; Scholz,
1987, 2000, 2002]. The SAF has multiple strands and is
at ~3 km depth a barrier to fluids, at least at SAFOD
[Unsworth et al., 1999, 2000; Bedrosian et al., 2002;
Becken et al., 2008]. The West Fault in Chile [Hoffinann-
Rothe et al., 2004] also shows a pronounced fault zone
conductor in the top 2—3 km. The central segment of the
SAF near Parkfield is a location in transition between
locked and creeping. Here the zone of high conductivity
within the upper 2—3 km is attributed to fluids within a
highly fractured damage zone [Unsworth et al., 2000; Ritter
et al., 2005a]. The depth extent of the corresponding
seismic low-velocity zone is ~3 km, the base of which
coincides with a cluster of small earthquakes. The width of
this seismic low-velocity zone inferred from fault zone
guided waves [Li et al., 1990, 1997; Mooney et al., 2007]

Figure 21.

Tomographic and reflection seismic images of the top few hundred meters along a ~8 km long N—S segment

of the (active) AF derived from the CSA II experiment (eight short white lines in Figure 2f, P1-P10, station spacing 5 m,
and shot spacing of 20 m). (a) Tomographic inversion of the eight seismic lines. P wave velocities are in color (see scale at
the bottom), and unresolved regions are masked (white). Depth range down to ~200 m. (b) Migrated reflection seismic
sections down to ~500 m depth of all eight lines. Positive and negative amplitudes are shown as blue and red, respectively.
(c) Migrated reflection seismic images (black wiggles) overlaid on the tomography (color) together with geological
interpretation. Black thick lines indicate inferred faults, and dashed lines indicate less well constrained faults. M, S, and C
indicate the main fault, secondary/flanking faults, and the sedimentary cover east and west, respectively. Inverted black
triangles indicate the position of FZGW observations from Haberland et al. [2003]. The shots and receivers producing and
recording FZGW are indicated in Figure 2g by red triangles and stars, respectively. (d) Summary of interpreted sections
down to 500 m depth along a ~8 km long N—S segment of the AF based on Figures 21a—21c. The main fault is indicated
by the red area. (e) Reconstruction of the fault structure based on seismic results. A few subparallel faults form the AF
system in the study area; to the north the pressure ridge structure dominates. Modified from Haberland et al. [2006],
copyright 2006, Elsevier.
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Figure 21
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is 100—700 m. Note also that at the NAF, Ben-Zion and
Sammis [2003] found similar fault zone widths of ~100 m.
Possible reasons why no shallow, single, wide damage zone
is observed at the AF could include the lower slip or
reduced seismic activity along the AF in the last few
hundred years. At the AF, strain may have been localized
for a considerable time span along a narrow, meter-scale
damage zone, with a sustained strength difference between
the shear plane and the surrounding host rock. As a
consequence, the existence or nonexistence of high electri-
cal conductivity in the central part of large-scale strike-slip
fault zones may be an indicator for the degree of strain
localization during faulting [see also Ritter et al., 2005a].

[37] In the top kilometer a network of (subparallel)
individual faults characterized by narrow fault cores/dam-
age zones is observed at the AF (Figures 21 and 3c). A
narrow fault zone width of the main strand, between 5 and
20 m, was found by analysis of fault zone guided waves
[Haberland et al., 2003]. These narrow faults (black lines in
Figure 21c) then form a broad heterogeneous zone of
deformed and displaced material, which, however, is not
characterized by low seismic velocities at a larger scale. On
the other hand, throughgoing, subvertical low-velocity
zones with a typical width of 100—300 m have been found
at large shear zones such as the SAF and the NAF [see, e.g.,
Lietal, 1997, 1998; Ben-Zion and Sammis, 2003; Lewis et
al., 2005]. A comparison of the few-meters-wide main
strand of the AF with the thickness of gouge in laboratory
experiments is consistent with corresponding total slip
along the AF of 60 km [Kesten et al., 2008]. The apparent
distribution of deformation across several fault strands and
the concentration of the deformation to individual narrow
fault zones might be related to the low loading to healing
ratio at the AF. The size of the damage zone is determined
by a competition between localization and delocalization
processes and thus depends strongly on the segment of the
fault studied. The SAF zone does not heal completely on the
time scale of the seismic cycle, and ruptures tend to repeat
on the same smooth trend [Stirling et al., 1996] and in very
narrow zones [Rockwell and Ben-Zion, 2007].

[38] Structural and fluid properties of large fault systems
vary in time and space [Evans and Chester, 1995; Caine et
al., 1996; Evans et al., 1997; Hoffmann-Rothe et al., 2004].
The internal structures of the Nojima fault zone (Japan) and
the SAF are very similar, exhibiting a continuous meter-
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thick fault core containing foliated and nonfoliated ultra-
cataclastites and alteration minerals surrounded by a wider
zone of damaged host rocks [Chester et al., 1993; Ohtani et
al., 2000]. Such a narrow fault core, composed of chemi-
cally altered rocks, was only observed in one outcrop at the
DST, the Serghaya fault section in Syria, ~500 km north of
the study area [Janssen et al., 2007a, 2007b], but not on the
AF. In fluid properties, however, some similarities between
the DST, the SAF, and the Nojima fault zone systems exist.
Both the DST and SAF show significant variations in the
intensity of fluid-rock interaction depending on fault seg-
ment. In all three fault systems, fluids originated from a
variety of sources under different flow conditions, and
geochemical results show that the fluids are predominantly
of meteoric origin and migrated downward at shallow to
moderate depths [Kharaka et al., 1999; Lin et al., 2001; Pili
et al., 2002; Janssen et al., 2004, 2005, 2007a, 2007b].
Besides meteoric fluids, infiltration of brines is observed in
all three faults. Upward fluid migration is found at the SAF
(mantle fluids [Kennedy et al., 1997; Wiersberg and
Erzinger, 2007]) and to a minor extent at the DST (hydro-
thermal fluids from crystalline basement in area Il [Janssen
et al., 2005]). However, as pointed out previously in
this section, the geochemical and geophysical studies of
Wiersberg and Erzinger [2007] and Becken et al. [2008]
indicate that mantle fluids seem to migrate through the
northeastern fault block of the SAF on the North American
Plate, while the seismically defined SAF is not very
permeable in the vertical direction. In addition to fluid
migration under open system conditions, local fluid redis-
tribution under closed conditions is found at the DST and
the SAF [Evans and Chester, 1995], but it has to be pointed
out again that the SAF (at Parkfield) and the AF do not act
as important conduits for deep fluids.

[39] The principal difference in the geodynamic evolution
of the DST and SAF is that the SAF is evolving within a
thin lithosphere and in a system with a highly variable
thermal state. During the northward migration of the Men-
docino triple junction along the Pacific—North America
plate boundary, the slab being subducted beneath it was
replaced by hot asthenospheric material in a slab window or
slab gap [e.g., Dickinson and Snyder, 1979; Furlong et al.,
1989; Wilson et al., 2005]. The transform deformation along
the northern part of the plate boundary thus developed
simultaneously with thermal reequilibration of the litho-

Figure 22. Detailed geological maps of two locations at the AF and sketch of fluid flow at the AF. (top left) Geological
map of the Fidan region (area I) slightly modified from Rabb’a [1991] with locations of mesostructural and microstructural
analysis indicated by black dots with labels (J, location number; D, sample number from Janssen et al. [2004]). These
locations are also indicated by red diamonds in Figure 2e. (top right) Geological map of the Fifa region (area II in Figure 2b,
slightly modified from Tarawneh [1992]). (bottom) Sketch of the fluid movement at the AF (area I, Figure 22 (top left))
illustrating fluid infiltration from different sources. Geological units are from Figure 14c [DESERT Group, 2004]. Red and
yellow areas are regions of high electrical conductivity, indicative of (saline) fluids [Ritter et al., 2003; Maercklin et al.,
2005; Bedrosian et al., 2007; Weckmann et al., 2003] (see also Figures 15 and 16). Meteoric water (the red near-surface
conductor east of the AF) is supplied from the high eastern escarpment in Jordan. Rare earth element and Sr isotopes
analysis also suggest minor involvement of fluids from a deep source that ascend through the AF. Modified from Janssen et
al. [2004] (copyright 2004 by the University of Chicago) and Janssen et al. [2005] (with kind permission of Springer
Science and Business Media).
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sphere. Along the southernmost part of the transform, active
rifting with high heat flow is occurring. Along the central
SAF, older rocks are offset and heat flow is moderate
[Lachenbruch and Sass, 1980] (see also Table 3). Another
key difference between the DST and SAF systems is that the
North American lithosphere must have been affected by the
passage of the Mendocino triple junction below it [Goes et
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al., 1997; Furlong and Govers, 1999]. This makes the
geodynamic situation at the SAF strongly three-dimension-
al, since right-lateral shear is accommodated at the SAF, but
compressional deformation occurs over a much wider belt,
basically across the entire Coast and Transverse Range
province. In contrast to the SAF, at the AF, strike-parallel

Figure 22
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Figure 23
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changes

order approximation [Sobolev et al., 2005].

4. CONCLUSIONS AND OUTLOOK

[40] On the basis of the multidisciplinary approach pre-
sented here, we find that the main characteristics identified
for the Arava/Araba Fault (AF) segment of the DST are as

Weber et al.: AFRICAN-ARABIAN PLATE BOUNDARY

Figure 24. Distribution of crustal structure, shear strain, and extension at # = 17 Ma in the strong and
weak crust models shown in Figure 23. Additionally, the lithosphere was thinned at # = 12 Ma; that is, the
mantle lithosphere was then replaced by the asthenosphere with a temperature of 1200°C, and a few
kilometers of transform-perpendicular (east-west) extension were added. For details, see Sobolev et al.
[2005]. (a—c) Model with strong crust. (d—f) Model with weak crust. Figures 24a and 24d show crustal
structure. Note the occurrence of Moho flexure in the weak-crust model (Figure 24d). Figures 24b and
24e show distributions of absolute values of shear strain |ej,| (horizontal shear at horizontal plane or
vertical shear at vertical plane). Note intensive shear deformation in the lower crust in the weak crust
(Figure 24e) and its absence in the strong crust (Figure 24b). Figures 24c and 24f show distributions of
transform-perpendicular extension (e;; component of the finite strain tensor). Note asymmetric
deformation in the weak crust (Figure 24f). The vertical exaggeration is 2. Modified from Sobolev et
al. [2005], copyright 2005, Elsevier.
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in lithospheric structure can be ignored in a first- follows: (1) a narrow, subvertical zone cutting through the

entire crust, extending into the lithosphere, where the fault

zone width ranges between 20 and 30 km; (2) a Moho depth

(3) a subhorizontal lower crustal reflector east of

the vicinity of the AF, none of which has a large

that smoothly increases from 26 to 39 km from NE to SW;

the AF;

(4) the existence of several large faults in the upper crust in

zone of

decreased seismic velocities’high conductivity typical for

Figure 23. Setup of thermomechanical models with two pure strike slip models and strong and weak crust, respectively.
Lithospheric strength, cumulative finite strain, and viscosity are shown. (a) General model setup with boundary conditions
and lithospheric structure. Results for pure strike-slip models of cold and thick lithosphere with (b—d) a strong crust and
(e—g) a weak crust. Figures 23b and 23e show lithospheric strength prior to deformation (¢ = 0 Ma) on a W—E profile.
Figures 23c and 23f show the distribution of the cumulative finite strain (square root of the second invariant of the finite
strain tensor) at ¢ = 17 Ma, corresponding to present conditions. Thin white lines indicate major lithospheric boundaries
from DESERT Group [2004] and Mechie et al. [2005]. Figures 23d and 23g present the distribution of viscosity at ¢ =
17 Ma. No vertical exaggeration. Modified from Sobolev et al. [2005], copyright 2005, Elsevier.
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damage zones; (5) that the AF acts as a barrier to fluids and
abrupt changes in lithology across the AF occur down to a
depth of 4 km; (6) ongoing tectonic activity in shallow
sediments in at least two AF strands (fossil and active AF);
(7) a damage zone of individual faults with widths of only
5-20 m; and (8) a mainly meteoric origin of fluids in the
AF. As pointed out in more detail at the end of each section,
these eight features (see Figure 3 for a representation at
different scales) could not have been identified reliably if
only one (geophysical) method had been used. Only an
interdisciplinary approach integrating findings from seis-
mology, seismics, electromagnetics, gravity, geothermics,
petrology, geochemistry, and field mapping based on sur-
face geology, multispectral satellite images, and remote
sensing gives sufficient independent confirmation, which
then is tested by thermomechanical modeling. Considering
the dynamics of the DST we find that deformation began in
a 20—40 km wide zone, which later became concentrated in
one or two major faults in today’s Arava/Araba Valley. Until
~5 Ma ago, other, now inactive fault traces in the vicinity of
the present-day AF took up lateral motion. Then, together
with a rearrangement of plates, the main fault trace shifted
to its present position. The AF is the main active fault of the
DST system, but it has only accommodated up to 60 km of
the overall plate motion. The AF is a system of almost pure
strike-slip faulting and the shear deformation is controlled
by the location of minimum mantle strength, which pro-
duced the subvertically mechanically weak decoupling zone
extending through the entire lithosphere.

[41] A comparison of the AF with the SAF and other
large faults shows that the width of the AF is significantly
smaller than that of other major faults, most likely because
of less total slip on the AF (up to 60 km). The narrow
damage zone at the AF could be the result of a faulting
mechanism where strain is extremely localized. Prominent
similarities between the DST and the SAF, on the other
hand, are that both have an asymmetry in subhorizontal
lower crustal reflectors and deep reaching deformation
zones and show flower structures in transpressional regimes
at local scale. Such features are most likely fundamental
characteristics of large transform plate boundaries.

[42] Large transform faults represent varying structure
and dynamics in both time and space. However, a number
of common features can be detected. The dominant mech-
anisms for the development and occurrence of large fault
systems are as follows: (1) the large-scale forces acting on
the plates and their transfer into the contact area between the
plates, where the faults then develop; (2) the previous
history and the geochemical, thermal, and petrological
fabrics inherited during geological time in the contact area
of the plates; and (3) the local hydrological and geological
setting controlling the strength of the fault(s) as they
develop in time. The dependence of the development of
faults on such a large range of spatial and temporal scales,
their specific inherited structures, and the limited number of
large faults studied in detail up to now makes it nontrivial to
isolate fundamental and characteristic features of large
transform faults. The only way to gain a better understand-
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ing of the controlling forces and settings that determine how
faults come into being, evolve, and become inactive is the
multidisciplinary study of more active and fossil faults. Of
special interest for future studies is also how more compli-
cated 3-D structures like deep sedimentary basins/pull-apart
basins (e.g., the Dead Sea Basin) evolve along large faults.
This is the topic of an ongoing study.
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Abstract The left-lateral Dead Sea Transform
(DST) in the Middle East is one of the largest con-
tinental strike-slip faults of the world. The southern
segment of the DST in the Arava/Araba Valley be-
tween the Dead Sea and the Red Sea, called Arava/
Araba Fault (AF), has been studied in detail in the
multidisciplinary DESERT (DEad SEa Rift Transect)
project. Based on these results, here, the interpreta-
tions of multi-spectral (ASTER) satellite images and
seismic reflection studies have been combined to
analyse geologic structures. Whereas satellite images
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reveal neotectonic activity in shallow young sedi-
ments, reflection seismic image deep faults that are
possibly inactive at present. The combination of the
two methods allows putting some age constraint on
the activity of individual fault strands. Although the
AF is clearly the main active fault segment of the
southern DST, we propose that it has accommodated
only a limited (up to 60 km) part of the overall
105 km of sinistral plate motion since Miocene times.
There is evidence for sinistral displacement along
other faults, based on geological studies, including
satellite image interpretation. Furthermore, a subsur-
face fault is revealed ~4 km west of the AF on two
~E-W running seismic reflection profiles. Whereas
these seismic data show a flower structure typical for
strike-slip faults, on the satellite image this fault is not
expressed in the post-Miocene sediments, implying
that it has been inactive for the last few million years.
About 1 km to the east of the AF another, now
buried fault, was detected in seismic, magnetotelluric
and gravity studies of DESERT. Taking together
various evidences, we suggest that at the beginning of
transform motion deformation occurred in a rather
wide belt, possibly with the reactivation of older ~N-
S striking structures. Later, deformation became
concentrated in the region of today’s Arava Valley.
Till ~5 Ma ago there might have been other, now
inactive fault traces in the vicinity of the present day
AF that took up lateral motion. Together with a
rearrangement of plates ~5 Ma ago, the main fault
trace shifted then to the position of today’s AF.

Keywords Dead Sea Transform - ASTER satellite
images - Seismics - Shear zones - Tectonics

@ Springer



154

Int J Earth Sci (Geol Rundsch) (2008) 97:153-169

Introduction

Next to oceanic spreading centres and subduction
zones, transform faults represent the third type of plate
boundary. Whereas oceanic transform faults usually
link segments of mid-oceanic ridges and are tens to
hundreds of kilometres long, continental transforms
usually occur in more complex tectonic settings and
can extend over more than thousand kilometres. The
Dead Sea Transform (DST) in the Middle East, the
focus of this study, is one of the most prominent con-
tinental transforms together with the San Andreas
Fault in California, USA, the Alpine Fault in New
Zealand and the North Anatolian Fault in Turkey. The
DST is the plate boundary between the Sinai micro-
plate to the W and the Arabian plate to the E.

The DST connects the zone of oceanic spreading in
the Red Sea in the S with the region of escape tectonics
of Anatolia at the East Anatolian fault in the N; see
e.g. Reilinger et al. (2006). Especially the southern part
of the DST between the Dead Sea and the Red Sea,
named the Arava/Araba valley, is characterized by
elevated flanks. Due to its topographic expression,
there has been an extensive and persistent debate
about the character of this plate boundary, whether
being a continental rift zone with negligible lateral
offset (Blanckenhorn 1893; Picard 1943; Duberet 1970;
Bender 1968; Mart 1991) or primarily a transform fault
(Quennell 1958; Freund 1961; Wurtzburger 1967; Fre-
und et al. 1968; Bartov 1974; Steinitz et al.1978; Bartov
et al. 1980; Garfunkel 1981; Joffe and Garfunkel 1987;
Courtillot et al. 1987; Rabb’a 1993). Based on numer-
ous geophysical and geological indications, there is
now substantial evidence for a dominantly left-lateral
displacement along the DST of approximately 105 km
during the last 17-20 Ma, with only minor transverse
(=~W-E) extension along normal faults. Large histori-
cal earthquakes at the DST with magnitudes of 6-7
(Ambraseys et al. 1994; Amiran et al. 1994; Klinger
et al. 2000b; Migowski et al. 2004), and the modern
1995 Nueiba M7.2 event (Hofstetter et al. 2003) as well
as recent micro-seismic activity (e.g. van Eck and
Hofstetter 1990, Salamon et al. 2003; Aldersons et al.
2003) show that the DST is a seismically active plate
boundary. The present day relative motion between
Arabia and Africa is ~4-5 mm/year (Klinger et al.
2000a, Wdowinsk et al. 2004; Bartov and Sagy 2004;
Mahmoud et al. 2005; LeBeon et al. 2006; Reilinger
et al. 20006).

The latest evidence for a geodynamic setting domi-
nated by horizontal motion comes from the interdis-
ciplinary DESERT (DEad SEa Rift Transect) project
(2000-2005) combining seismics, seismology, electro-
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magnetics, gravity, petrology, geo-thermics, geology
and thermo-mechanical modelling; see e.g. DESERT
Group (2004), Maercklin et al. (2004, 2005), Mechie
et al. (2005), Riimpker et al. (2003), Mohsen et al.
(2005), Koulakov and Sobolev (2005), Ritter et al.
(2003), Gotze et al. (2006), Janssen et al. (2004, 2005,
2007), Sobolev et al. (2005), Forster et al. (2007), and
Petrunin and Sobolev (2006). Key questions addressed
here are: (1) What is the shallow structure of the
southern DST? (2) Are there (hidden) parallel faults
and are they connected at depth? (3) What are the age
constraints on activity of various DST related faults?
(4) What is the strength of the DST?

With the near-vertical seismic reflection (NVR)
experiment of DESERT, the present crustal structure
on a 102 km long profile across the DST (Fig. 1) was
imaged down to Moho depth. On the other hand,
interpretation of aerial photographs and satellite ima-
ges show surface effects of recent fault activities. Their
combination with seismic results can thus be used to
obtain information on neotectonics and (near-)surface

geology.

Geological setting

The Arava/Araba Fault (AF), the prominent strand of
the DST in the Arava/Araba valley, can be traced as a
rather straight line striking ~N20E at the surface,
forming small and steeply dipping scarps, except where
covered by sand dunes or recent alluvial fans. Some of
these fans are laterally displaced indicating that strike-
slip faulting is still active (Zak and Freund 1966; Gar-
funkel et al. 1981, Klinger et al. 2000a). East of the AF,
late Proterozoic igneous rocks, Cretaceous marine
sediments and Paleozoic to early Cretaceous sand-
stones are exposed, whereas the area directly west of
the AF in the vicinity of the NVR line is completely
covered by young alluvial sands of fluvial and Aeolian
origin and other Wadi sediments (Fig. 1 and Table 1).

Pressure ridges and rhomb-shaped grabens, both
related to strike slip deformation (Garfunkel et al.
1981; Barjous and Mikbel 1990), occur at various scales
(Haberland et al. 2003, 2007; Janssen et al. 2004, 2005,
2007). In the young fluvial sediments, it is, however,
hardly possible to infer the internal structure of the
fault zone using geological methods. Even the scarce
outcrops exposing the fault in older rocks do not ex-
hibit the typical fault zone architecture—a main gouge
zone, a fault related damage zone and undeformed
host rock—well known from other fault studies (e.g.
Chester and Logan 1986; Chester et al. 1993; Schulz
and Evans 1998; Faulkner et al. 2003; Dor et al. 2006).
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Fig. 1 Geological map of the central Arava/Araba Valley in
Israel/Jordan (compiled after Sneh et al. 1998; Bender et al. 1968;
Frieslander 2000). The NVR and the VWJ-9 common depth
point lines are given in red; JHF Jebel Humrat Fiddan. The right
inset shows the tectonic setting of the area and indicates the left

lateral displacement of 105 km. The left inset shows information
on some major tectonic elements in the Dead Sea region (after
Sneh et al. 1998). The green dashed box indicates the area of
Fig. 4a. Information on the stratigraphy can be found in Table 1

Table 1 Miocene to recent stratigraphic units in Northern Arava (after Sneh et al. 1998; Avni et al. 2001; age dating after Steinitz and

Bartov 1991)

Age Stratigraphic unit

Absolute age (based on)

Zehiha Fm./Lisan Fm.
Alluvium, sand dunes, playa deposits

Pleistocene to recent

1.5-0.5 m.y. (basalt flows, Jordan)

3.7-1.7 m.y. (basalt flows, Jordan)
6 m.y. (‘En Yahav dike, Israel and basalt flows, Jordan)
19-21 m.y. (dolerite dikes, Karak)

Pliocene Arava Fm./Mazar Fm.
Miocene Hazeva Fm./Dana Conglomerate
Eocene Avedat Gr./Um Rijam Chert-Limestone Fm.

Thus, high-resolution ASTER (Advanced Spaceborne
Thermal Emission and Reflection Radiometry) images
are used as a complementary tool to discuss the seismic
results.

Seismic data

A 102-km-long, near vertical reflection study (NVR,
Fig. 1), was carried out in the year 2000 as part of the
DESERT project. It was based on a ‘roll-along’ pro-
cedure of an 18-km-long active spread that was daily
shifted 3.6 km along the line. The spacing of the geo-
phone groups (6 x 4.5 Hz, vertical components) was
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100 m. Source spacing of the five vibrators (260.000 Ibs
total peak force) was 50 m resulting in a (nominal) 90-
fold subsurface coverage. The processing consisted of
trace editing, noise suppression, band-pass filtering,
amplitude, static and dynamic corrections, stacking and
depth migration; for details, see DESERT Group
(2004) and Kesten (2004). Figure 2c shows the top
8 km of the central part of the depth migrated NVR
profile.

Profile VWJ-9 (Fig. 2b) was recorded in 1988. The
time sections were recently scanned, digitized and
depth-migrated using additional velocity analyses
(Kesten 2004). The crustal structure deduced from
these two profiles is discussed in the next section.
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Fig. 2 Near-surface structure as seen in seismic reflection data. a
Location of seismic profiles NVR and VWIJ-9; Z-20: Zofar-20
well; AR-1 and AR-2: outcrops of Arava/Araba Formation. b
Depth migrated shallow seismic reflection profile VWJ-9 (Kesten

Crustal structure
Deep crustal structure

Before the interpretation of the shallow seismic data,
which is the focus of this paper, an overview of the
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2004). ¢ Upper central part of the depth migrated NVR profile,
only the range indicated in full red is shown (see Fig. 2a, profile
km 40.5-58.5)

main results of the NVR experiment concerning the
deep crustal structure is given here. A detailed dis-
cussion of the seismic velocities in the crust, the shape
of the Moho, the crustal reflectivity along the NVR
profile and a comparison of these results with telese-
ismic receiver functions can be found in DESERT
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Group (2004), Mechie et al. (2005), Kesten (2004) and
Mohsen et al. (2005), respectively. Based on these re-
sults, Fig. 3c gives a line drawing of the NVR data,
covering the deep crustal structure in the vicinity of the
surface trace of the AF.

Previously published seismic data (DESERT Group
2004) show that the AF extends through the entire
crust into the mantle. This is mainly deduced from a
~15-km-wide zone, with only diffuse lower crustal
reflectivity in the depth migrated CDP stack (Fig. 3c;
and DESERT Group (2004); their Figs. A4 and AS5). In
contrast to other large active strike-slip fault zones
(e.g. San Andreas Fault, California; Alpine Fault, New
Zealand; North Pyrenean Fault, Spain) no significant

0 10 km

Moho offset was observed under the surface trace of
the AF (Fig. 3c). Although a small Moho offset cannot
be ruled out on the basis of our seismic data, a coupled
upward—downward bending of the Moho is favoured
here and is in accordance with seismic, seismological
and gravity data (DESERT Group 2004; Mechie et al.
2005; Kesten 2004; Mohsen et al. 2005; Gotze et al.
2006). Such smooth structures in the topography of the
crust/mantle boundary have elsewhere been attributed
to older, Paleozoic strike-slip zones (Fig. 3a, b, from
Stern and McBride 1998). These authors suggested that
sharp vertical steps of the Moho—produced by discrete
faulting—could not persist over longer periods of
geologic time and would therefore relax into smoother
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Fig. 3 Comparison of two interpretative line drawings by Stern
and McBride (1998) (a, b) to the NVR profile (¢). Dashed red
lines indicate the locus of deformation associated with strike-slip,
not necessarily faults themselves. a Interpretive line drawing of a
time-migrated seismic reflection profile across the Walls Bound-
ary Fault (WBF), the northern continuation of the Great Glen
Fault North of the Shetland Islands, based on a section from
McBride (1994); b Interpretive line drawing of a profile across
the Great Glen Fault Zone (GGFZ) North of northern Ireland,
based on a frequency-wave-number migration by Klemperer
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et al. (1991); ¢ Manual interpretive line drawing of the whole
NVR profile. The surface trace of the AF is indicated by the
arrow. The thinner dashed line west of the Arava/Araba Fault
(AF) indicates the existence of an older inactive fault segment.
The red box outlines the depth section shown in Fig. 2c. The
transparent red horizontal band indicates the location of the
Moho derived from the wide-angle experiment of DESERT
(DESERT Group 2004; Mechie et al. 2005), corroborated by
Mohsen et al. (2005) using teleseismic receiver functions

@ Springer



158

Int J Earth Sci (Geol Rundsch) (2008) 97:153-169

structures. At the same time, this does not mean that
active strike-slip faults are necessarily associated with
jumps in Moho depth. A missing Moho offset across an
active strike-slip zone like the AF, could well be the
consequence of an originally rather homogeneous
Moho structure in the area prior to transform motion
(see also Sobolev et al. 2005 and references therein).
One should keep in mind, however, that one single 2-D
profile might not be representative for a larger region.
In contrast to the seismic reflection profiles across
Paleozoic strike-slip faults that do not show any evi-
dence for a mid-crustal detachment (Stern and
McBride 1998), some reflections at ~18 km depth in
the NVR profile (Fig. 3c, profile km 50-70) might
indicate some shear deformation at the base of the
upper crust, i.e. localized at a compositional boundary.
Considering the result of thermo-mechanical modelling
(Sobolev et al. 2005) and teleseismic shear wave split-
ting analysis (Riimpker et al. 2003), most of the shear
deformation related to lateral transform movement
seems to be taken up on sub-horizontal planes in the
lower crust (Fig. 3c, 27-30 km depth at profile km 70—
95) and upper mantle, however. This is apparently also
the case regarding N-S crustal extension associated
with the Dead Sea Basin (Petrunin and Sobolev 2006).
The deep crustal deformation zone beneath the
surface trace of the AF in Fig. 3c is slightly displaced
towards the west. This is in general agreement with the
seismic anisotropy study by Riimpker et al. (2003) and
Ryberg et al. (2005), who showed that the preferred
models contain a ~20-km-wide upper mantle defor-
mation zone roughly under the surface trace of the AF.
One reason for the westward shift of the shear zone in
the NVR data, with respect to the more diffuse local-
ization given by the teleseismic shear wave splitting,
might be the left step-over of the main fault trace in the
region of the Dead Sea Basin. A further explanation
could be that another, now inactive major fault, exists a
few kilometres west of the AF in the region of the
NVR profile (see Shallow crustal structure). This sug-
gestion is corroborated by the NVR and VWIJ-9 seis-
mic profiles and some N-S trending lineaments on
satellite images discussed in the following section.

Shallow crustal structure

Stratigraphy and structure west of the Arava/Araba
Fault

On the western block of the AF, between profile km 41
and 52, ~4-15 km W of the AF, strong sedimentary
reflections and indications of faults are visible in the
NVR data (Fig. 2c). Here, the Baraq Fault and the
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Zofar Fault (Fig. 1), both seen at the surface are
clearly imaged. Whereas the vertical offset at the
Baraq Fault seems to be minor, the Zofar Fault (Avni
et al. 1998) shows a vertical separation of ~500 m.
Both faults have also been imaged in previous shallow
seismic reflection studies (Bartov et al. 1998; Frie-
slander 2000), in which the data were compared to
synthetic seismograms and correlated with stratigraphy
and borehole data. Based on line GP 2150 of Frie-
slander (2000), coinciding with the NVR line between
profile km 43 and 49, it is possible to determine the
boundaries of lithological units in the NVR data
(Fig. 2¢). The Zofar Fault has been interpreted as a
major fault in the northern Arava/Araba Valley. Its
northern part is the western border fault of the
southern Dead Sea Basin (Bartov et al. 1998; Frie-
slander 2000). Based on general considerations, a
sinistral strike-slip component has been assumed, even
if the amount of lateral displacement is unknown (Z.
Garfunkel, personal communication). Left-lateral
strike-slip creep episodes along the Zofar Fault were
indicated by InSAR data (Finzi 2004). An antithetic
fault, east of the Zofar Fault at profile km 47 called
‘Eastern fault’ by Frieslander (2000), shows no surface
expression and hardly any vertical displacement, but is
clearly linked to the Zofar Fault at ~2.5 km depth.
This linking up is not seen by Frieslander (2000) be-
cause of limited recording time corresponding to a
maximum depth of ~1.5 km.

The fault at profile km 49 (Fig. 2c) does not seem to
cut through the uppermost sediments and is not rec-
ognized at the surface. Thus, we assume it has not been
active recently. There is, however, a marked contrast in
reflectivity across this fault, a reason why we consider it
to have had a strike-slip component. The fault’s near-
vertical geometry corroborates this interpretation.

Another fault is tentatively indicated at profile km
52 in Fig. 2c. Probably the same fault is clearly recog-
nizable in the seismic reflection profile VWJ-9 (Fig. 2b,
profile km 3.2). The relation seems justified since the
VWI-9 profile, running parallel to the NVR profile, is
located only 9 km North of the NVR line (Fig. 2a).
This unnamed fault represents a negative ‘flower
structure’ in the VWJ-9 line. If the discontinuous
reflectivity pattern around profile km 52 in the NVR
line is actually related to the same ‘old’ fault, this fault
would run nearly N-S, and thus be at a small angle to
the currently active AF.

In order to constrain the time of inactivity of the
‘old’ fault, it is crucial to know the age of the surface
sediments. However, only Hazeva Gr. outcrops are
clearly displaced at this location. On the Israeli—Jor-
danian 1:250.000 geological map (Sneh et al. 1998), the
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sediments between the VWJ-9 and NVR profiles east
of the Zofar Fault are mainly attributed to the Miocene
Hazeva Formation/Dana Conglomerate (Fig. 1 and
Table 1). This view is also supported by Calvo and
Bartov (2001). Within the framework of this study, an
outcrop (at point AR-1 in Fig. 2a) of reddish sandstone
and chalky limestone, overlain by a conglomerate with
mainly well-rounded pebbles of limestone, chert and
igneous rocks, strongly resembles the description of an
outcrop of the Arava Formation at Nahal Neqarot
[Figs. 2g, 4 in Avni et al. (2001)], located around 5 km
WSW of ‘En Yahav (AR-2 in Fig. 2a). Taking into
account the age estimates from Table 1 and the fact
that these sediments overlie the fault trace, the period
of inactivity of the ‘old’ strike-slip fault lies between 2
and 7 Ma.

Arava/Araba Fault

As already mentioned, there is hardly an expression of
the AF in the upper crust in the NVR data. The lack of
coherent sedimentary reflections in the vicinity of the
AF might result from intense brittle deformation of the
rocks close to the fault, but could also be caused by the
absorption of high frequencies in this area covered by
sand dunes and alluvium (Fig. 1). There is, however, a
slight change in the character of (diffuse) reflectivity
across the subsurface continuation of the AF (Fig. 2c).
Approximately 1 km to the E of the AF, a relatively
transparent zone might point to a second segment of
the AF. This proposed segment, 1 km E of the AF, is
not visible at the surface, but has been detected at
depth in scattered seismic waves down to a depth of
4 km (Maercklin et al. 2004) and also in the joint
interpretation of seismic waves with magnetotellurics
(Ritter et al. 2003, Maercklin et al. 2005, Bedrosian
et al. 2007). See also Ryberg et al. (2007), for the
vicinity of profile km 57 at Fig. 2c. It could therefore be
a recently inactive branch of the AF, joining it at some
depth. The dashed lines in Fig. 2¢ indicate various
options for a proposed eastern fault segment, not re-
solved by the NVR data.

Further to the North, there is strong indirect evi-
dence of the AF in the seismic profile VWIJ-9 (Fig. 2b).
Here, the AF lies between a zone with strong sedi-
mentary reflections to the west and a purely diffusely
reflective upper crust towards the east. The strong
‘double reflector’ close to the surface between profile
km 7.5 and 8.5 is attributed to the top of the Pre-
cambrian basement. A massive block of Precambrian
rocks crops out in the Fiddan area further to the North
(JHF in Figs. 1, 5) and various small outcrops of
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Precambrian granite are found 700-1,200 m North of
the profile. The AF itself is imaged as a non-reflective
zone of ~800 m width at the surface, probably con-
sisting of at least three branches (Fig. 2b). The central
one was delineated by fault zone guided waves
(Haberland et al. 2003) and high-resolution reflection
seismics and tomography on several 1-km-long profiles
located between VWJ-9 and NVR (Haberland et al.
2006). It seems that this central branch itself consists of
several strands at a smaller scale (~100 to 200 m apart),
thus forming a flower structure. That the AF at the
latitude of VWIJ-9 consists of more than one trace is
also shown visibly in surface geological data, aerial
photographs, and satellite images which all show indi-
cations of sub-parallel fault segments. The surface
appearance of the AF between the NVR and VWJ-9
profiles will now be discussed in more detail.

In the region west of Jebel Humrat Fidan (JHF;
Fig. 1), the AF changes its orientation from ~13.5°E in
the South to ~16.2°E towards the North. This
restraining bend is clearly visible on satellite images
(Figs. 4a, 5) and is responsible for the formation of a
pronounced pressure ridge of Lower Cretaceous
sandstones and Upper Cretaceous carbonates, where
the VWJ-9 crosses the surface trace of the AF.

The main fault trace of the AF runs directly through
this ridge and is associated with steeply dipping beds of
limestone and some fault breccias [for more details, see
also Janssen et al. (2004, 2005, 2007) and Haberland
et al. (2007)]. South of JHF the AF can be traced
across the alluvium, sometimes forming small, steeply
dipping scarps. The beds of Wadis at ~30.55 N, run-
ning approximately parallel to the NVR profile, show
sharp kinks towards a northerly direction, where they
meet the AF (Fig. 5). Scarce outcrops in the area of the
VWIJ-9 profile consist of breccias attributed to the
Pliocene Arava Formation and limestone beds that are
thought to have an Upper Cretaceous age. These few
outcrops show further evidence that the AF in the re-
gion of profile VWJ-9 consists of several branches that
are only partly expressed at the surface. There are
indications of a fault both to the west and to the east of
the limestone outcrop located at 30.587°N in Fig. 5, see
also Janssen (2004, 2005). Along the western border of
this outcrop, the Cretaceous carbonates are extremely
brecciated and at one place, a steeply dipping (N20/88
ESE) fault plane is exposed in the limestone beds. To
the east sub-vertically dipping, gypsum beds and vari-
ous coloured marls provide evidence of a sub-parallel
fault. A third fault branch might be located even fur-
ther to the east, displacing Cretaceous sediments
against Precambrian granites.
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Different sub-parallel fault segments are also in
accordance with shallow seismic tomography (Ma-
ercklin 2004; Haberland et al. 2007). These studies,
which targeted the region between the NVR and the
VWIJ-9 profiles, show a fault zone exhibiting a more
complex configuration towards the North. This is most
probably related to the restraining bend of the AF in
this region.

Further to the South, sub-parallel fault segments and
flower structures related to the DST are also known
from the Evrona playa site (e.g. Shtivelman et al.
1998).

Shallow subsurface structure along the NVR line from
tomography

Tomographic inversion techniques were applied to first
arrival times of direct P waves from the NVR to study
the shallow part of the crust (Ritter et al. 2003; Ma-
ercklin 2004; Maercklin et al. 2005). The uppermost
crust is characterized by velocities of < 3 km/s that
mainly correspond to Miocene and younger sediments,
at least between the Zofar Fault in the W and the AF
in the E.

East of the AF, the most prominent feature is a
high-velocity block with ~4.8 km/s (Ritter et al. 2003;
Maercklin 2004; Maercklin et al. 2005; Bedrosian et al.
2007) that is interpreted as a horst structure of Pre-
cambrian magmatic rocks. This horst structure might
even represent the southward continuation of Jebel
Humrat Fiddan [JHF in Fig. 1, see also Rabb’a (1991)].
The exact location and geometry of the normal fault
~1 km to the E of the AF (Fig. 2¢) is tentative from
the NVR data, but based on the other studies, we de-
duce that this fault represents the contact between the
low-velocity, good conducting sediment in the W and
the high-velocity, lower conducting horst structure to
the E. The eastern boundary of this high-velocity horst
structure (at NVR profile km 60) is not imaged by the
NVR experiment but the satellite data show several
lineaments that might represent the surface traces of a
(now inactive) fault zone (see red triangle in Fig. 5).
Such a fault zone could represent an east-dipping
normal fault to the Al Quwayra Fault (AQF, Fig. 1),
but could also have a strike-slip character and thus
extend sub-vertically downward. Since this fault zone
has not been mapped, and no information about its
geometry has been collected, we conclude that the
nature of this feature is still ambiguous.

The Al Quwayra Fault (AQF, Fig. 1; see also
Rabb’a 1991) is the most prominent fault in SW Jor-
dan. This rather straight N-S running fault is more than
100 km long and extends into Saudi Arabia. Surprisingly,
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only little information is found in the literature
about this fault. Abu Taimeh (1988) proposed a left-
lateral displacement of 8 km based on offset biotite-
muscovite aplite granites around latitude 30.3 N and
on an 8 km long rhomb-shaped graben in this region.
In contrast, Barjous (1988) suggested a horizontal slip
in the range of ~40 km. His assumption was mainly
founded on the southernmost outcrops of Precambrian
rhyolites that occur ~40 km further to the NE of the
AQF. This higher value is also supported by the fol-
lowing stratigraphic observation. Whereas east of the
AQF the Lower Cretaceous Kurnub sandstone is
underlain by the distinct Disi Formation west of the
AQF, this formation is missing and occurs more than
35 km to the South, implying left-lateral movement
along the AQF. The argument by Abu Taimeh (1988)
seems to be supported by the geological map by
Bender (1974), and Ibrahim (1991).

The AQF is delineated in the tomography model
(Ryberg et al. 2006) with a (local) dip of 55° towards
the W, as also measured at an outcrop close to the
NVR profile; but its continuation in depth is unknown.
In an outcrop on the NVR profile ~100 m west of the
main fault plane Upper Cretaceous sediments dip
nearly vertically and show intense, sub-horizontal
slickensides, indicating a sinistral movement along the
AQF. Thus, a subvertical main shear zone with various
fault branches might be considered.

ASTER satellite images

Complementing the seismic experiments ASTER
(Advanced Spaceborne Thermal Emission and
Reflection Radiometer), satellite images were used to
gain additional information on the near surface struc-
ture and neotectonic activity. ASTER consists of three
different subsystems covering the bands A ~ 0.52-
0.86 um (visible and near infrared), ~1.60-2.43 um
(short-wave infrared), ~8.13-11.65 um (thermal infra-
red), with a spatial resolution of 15, 30 and 90 m,
respectively. On satellite images faults are generally
recognized either by offset lithologic contrasts or by
truncations or repetitions of units. Whereas these
observations are non-ambiguous signs for faulting,
other observed lineaments might not necessarily be
expressions of faults.

Method of analysis
The ASTER scene (Fig. 4a) covers the region of the

seismic profiles VWJ-9 and NVR. In Fig. 4a, carbon-
ates mostly appear in greyish colours, with Campanian
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a)

BF

NVR

Fig. 4 a ASTER scene of the central Arava/Araba Valley taken
on April 6, 2001. Three types of lineaments can be distinguished:
(1) Solid lines represent lineaments that are clearly recognized as
faults (by displaced geological units, offset alluvial fans or clear
‘doglegs’ of streams); (2) Dashed lines are used for lineaments
that were identified as faults in other, mainly shallow seismic
studies (e.g. Frieslander 2000); (3) Dotted lines are lineaments
whose origin could not be clarified for lack of geological or
geophysical information. EYF En Yahav Fault, BWF Buweirida
Fault, ZF Zofar Fault, BF Baraq Fault, PF Paran Fault, JHF
Jebel Humrat Fidan, /R Jebel Er Risha, /K Jebel El Khureij and
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numbers 1-3 indicate alluvial fans; b Fault map of the southern
Dead Sea Transform, derived from the interpretation of ASTER
satellite images (Kesten 2004 and this study) over the shaded
relief map. The red numbers indicate the minimum amount of
left-lateral strike-slip displacement along the respective faults in
kilometres. AQF Al Quwayra Fault, AZF Amaziahu Fault, BF
Baraq Fault, PF Paran Fault, RF Ramon Fault, SF Salawan
Fault, TF Themed Fault and ZF Zofar Fault. Here, the
nomenclature of Frieslander (2000) and Calvo and Bartov
(2001) is used
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Fig. 5 Blown-up northernmost part of Fig. 4a. The red triangle
indicates the lineament representing the surface trace of the
eastern boundary of a high velocity horst

and Eocene chert-rich rocks being cyan. Rocks with a
higher Fe-O content are displayed much darker and
show various brown and dark violet shades. Plants and
fields are green. More ASTER scenes covering the
whole Arava/Araba Valley between Dead Sea and
Red Sea (Fig. 4b) are discussed in Kesten (2004).

Structural observations
Character of the Arava/Araba Fault

North of latitude 30.15°N (Fig. 4), the AF is well de-
fined by offset alluvial fans and small scarps. One main
fault trace runs almost straight from the Jebel EI
Khureij/Jebel Er Risha area in the South (JK/JR;
Fig. 4a) to the Jebel Humrat Fiddan in the North (JHF;
Fig. 4a) over a distance of ~40 km. These ‘Jebels’
(Arabic for ‘hills’) are pressure ridges that are related
to right stepovers/restraining bends of the AF. Whereas
Jebel Er Risha is composed of Miocene Hazeva Gr.
conglomerate, Upper Cretaceous rocks crop out at Je-
bel El Khureij (Bender 1968; Sneh et al. 1998). The
pressure ridges west of Jebel Humrat Fiddan consist of
Lower Cretaceous and Upper Cretaceous sediments
(see Shallow crustal structure). The outcrop of Pre-
cambrian granites at Jebel Humrat Fiddan might also
be interpreted as part of this pressure ridge. The out-
crop could, however, also represent a horst structure
related to the general uplift of the eastern flank of the
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Arava/Araba Valley, since the tomographic model
along the NVR profile shows a high-velocity body
~1 km east of the surface trace of the AF at a depth of
1 km and deeper (Ritter et al. 2003; Maercklin 2004;
Bedrosian et al. 2007). This high-velocity body might
refer to the same proposed horst structure, only that the
horst was not uplifted above surface. Alternatively, the
horst might have formed by flexure next to large sub-
vertical dip-slip faults during their propagation to the
surface (see e.g. Sagy et al. 2003).

Not only the pressure ridges but also other segments
of the AF are characterized by a number of sub-par-
allel, overlapping fault segments, see e.g. east of the
alluvial fan number 3 in Fig. 4a. Very similar patterns
of overlapping, en echelon fault segments have been
described from other large strike-slip faults like the
San Andreas and the Hayward-Calaveras faults (Aydin
and Schultz 1990).

Displaced alluvial fans

Prominent features in the central Arava/Araba valley
are three displaced alluvial fans (numbers 1-3 in
Fig. 4a). These surfaces are mainly built up of igneous
(Precambrian origin) gravels of the Late Pliocene to
Pleistocene Arava Formation (Ginat et al. 1998). As
already noted by Ginat et al. (1998), the fans are de-
tached from the recent mountain front and have been
displaced sinistrally along the AF. These authors
showed that the amount of displacement ranges be-
tween a minimum of 15 km up to a maximum of 30 km,
which postdates the Arava Fm. Considering the current
drainage system and the location of Wadis east of the
Arava/Araba Valley, we favour a displacement of
15 km. A 15 km movement together with an estimated
age of the Arava Formation of 5-2 Ma yields a slip rate
of 0.3-0.75 cm/a along the AF. These values are in the
range of calculated slip rates along the southern DST
proposed by other authors (e.g. Eyal et al. 1981).

Faults sub-parallel to the Arava/Araba Fault

Further to the N, the eastern margin of the Arava/
Araba Valley is dissected into several blocks by various
fault systems (e.g. Atallah 1992; Barjous 1992, 1995;
Barjous and Mikbel 1990). The complex fault pattern
might be related to different stress fields that have
acted since Precambrian times (Atallah 1992; Zainel-
deen 2000). No significant displacement could be re-
corded on many of these faults, except of the Al
Quwayra Fault.

Generally, the western flank of the Arava/Araba
Valley does not seem to be as strongly dissected by
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faults as the eastern margin. Especially in the central
Arava/Araba (Fig. 4a) there are, however, some pro-
nounced fault segments that can be interpreted as
western marginal faults of the valley. One of these
faults is the Zofar Fault. Most of its segments are
recognizable as continuous lineaments in the ASTER
data and several E-W trending shallow seismic reflec-
tion lines confirmed its existence (Bartov et al. 1998;
Frieslander 2000).

N-S trending lineaments in the central Arava/Araba
Valley South of the Buweirida Fault (BWF; Fig. 4a) do
probably not represent currently active faults, because
there is no sharp fault trace. They might, however, cor-
respond to the suggested (subsurface) strike-slip fault
recognized on seismic reflection profile VWJ-9 (Fig. 2).

NW-SE trending normal faults

In Fig. 4a, some ~NW-SE trending lineaments are
conspicuous on the ASTER images. These lineaments
were identified as normal faults dipping to the NE using
N-S running seismic reflection profiles. The southern
Dead Sea Basin seems to extend southward to the
Buweirida Fault (BWF; Fig. 4a). There the BWF forms
a clear morphological scarp and thus is probably still
active. The Amaziahu Fault (AZF; Fig. 4b) further to
the North is certainly the most distinct of these NW-SE
trending faults and is expressed by a 50 m high scarp
(Garfunkel 1997). It was suggested to be related to salt
tectonics of the southern Dead Sea Basin and the
development of the Mt. Sedom salt diapir (ten Brink
and Ben-Avraham 1989; Gardosh et al. 1997; Larsen
et al. 2002). It has probably been continuously active
since the Early Pleistocene. N-S stretching of the crust
must have started earlier, however. This is inferred
from a seismic reflection profile suggesting the thick-
ening of Miocene sediments towards the North (Fig. 4.4
in Kesten 2004). A morphological depression in the
Dead Sea region already during Miocene times was also
suggested by Freund et al. (1970), Agnon (1983) and
Garfunkel (1997). At present, no mapped faults have
been associated with this early extension. A lack of
faults that could account for N-S crustal exten-
sion—coincident with large-scale subsidence of the
Dead Sea region—led Al-Zoubi and ten Brink (2002)
to the hypothesis, that lower crustal flow might be the
mechanism responsible for lower crustal thinning.

NE-SW trending lineaments
Some NE-SW trending lineaments observed on the

satellite images cannot directly be linked to surface
traces of faults (Fig. 4). According to their trend, these

63

lineaments might be a subsurface continuation of the
Central Negev-Sinai Shear Belt faults (CNSSB in
Fig. 1; as suggested by Frieslander 2000) or of the
Syrian Arc Fold Belt System (SAFB in Fig. 1; see e.g.
Shamir et al. 2005). Around latitude 30.35 N, e.g. such
lineaments occur NE of the Paran Fault (PF; Fig. 4),
and might be associated with this structural element
which is considered as a potential active fault (Bartov
et al. 2002).

Discussion

The synergy of ASTER data and seismic methods ap-
plies only to the analysis of shallow structures. There-
fore, the following discussion will focus only on the
upper-most part of the crust.

Shallow structure of the Southern Dead Sea
Transform near the DESERT transect

Figure 4b summarizes the main faults related to the
southern DST together with the major NE-SW
trending faults of the Central Negev-Sinai Shear belt. It
is assumed that there are a number of parallel N-S
fault segments that all contribute to take up the total
amount of 105 km sinistral displacement, though it has
been debated, how the lateral motion has been dis-
tributed among the various faults. Especially for the
faults within the Arava/Araba Valley, estimates of
horizontal displacement hardly exist, except for the AF
itself, where Bartov (1994), relying on Judea group
isopach maps, showed a 60 km post-Cretaceous left-
lateral motion on the AF. Moreover, it could be shown
with seismic reflection data (e.g. Frieslander 2000), that
additional fault segments are hidden beneath Quater-
nary sediments. East of the southern AF (South of
30°N) horizontal displacements can far more easily be
determined from offset dikes or contacts between
magmatic units within the Precambrian basement
rocks. Two faults with a sinistral displacement of 3.0
and 3.6 km, respectively, were identified within the
framework of the present study, on a multi-spectral
satellite scene. Another fault with 3 km left-lateral
displacement was described by Abu Taimeh (1988) at
~29.9 N.

As already mentioned, a similar pattern of sub-
parallel faults cutting through Precambrian rocks ap-
pears west of the Gulf of Aqaba. Considering displaced
Miocene dikes Eyal et al. (1981) suggested that left-
lateral motion along these faults did not take place
before Miocene times. The sinistral displacement along
the faults east of the southern Arava/Araba Valley is
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also thought to be related to the motion along the
DST. These structures are supposed to present older,
reactivated structures along this fault with up to
~40 km of left lateral displacement along it (Barjous
and Mikbel 1990).

Age constraints on the activity of various DST
related faults

Regarding the microseismic activity along the southern
DST, it seems reasonable to assume that most of the
recent motion along the southern DST is concentrated
along the AF, even if the fault is not everywhere ex-
pressed by a clear surface trace. The estimated slip-rate
along the AF based on offset alluvial fans lies between
0.3 and 0.75 cm/a during the last 2-5 Ma (Ginat et al.
1998). This is in accordance with slip-rate values for the
southern DST as a whole (Eyal et al. 1981; Klinger
et al. 2000a; Wdowinksi et al. 2004; LeBeon et al. 2006;
Marco et al. 2005; Reilinger et al. 2006).

We suggest here that at the beginning of transform
motion deformation occurred in a rather wide belt (see
also Agnon and Eidelmann 1991, Sobolev et al. 2005),
with the reactivation of older ~N-S striking structures.
A considerable amount of sinistral motion probably
occurred along the AQF during this phase. Later
deformation became concentrated in the region of to-
day’s Arava/Araba Valley. Till 5 Ma ago, there might
have been another, now extinct fault trace ~4 km west
of the AF that took up lateral motion. About 200 km
North of the study area a shift of the main active fault
of the DST Fault System was proposed by Rotstein
et al. (1992) on the basis of shallow seismic reflection
results from the Kinarot basin, South of the Sea of
Galilee. The authors saw evidence for an extinct fault
trace, approximately 2.5 km west of the active segment
of the DST. Although a direct comparison with the
structures at the AF is difficult there could have been a
regional cause for local changes in the structural setting
of the DST. Such changes in the geometry of large
transform faults are generally thought to be quite
common with time. For the DST, a major shift in the
direction of plate motion around 5 Ma ago was sug-
gested by Joffe and Garfunkel (1987). ten Brink et al.
(1999) on the other hand, proposed continuous small
variations in plate motion to be responsible for the
observed geometry of the DST.

Together with this rearrangement of plates, the main
fault trace could have shifted to the position of today’s
AF. This would imply that the AF, as it is observed at
the surface, is just the most recently active fault of the
DST and might have accommodated only part of the
total 105 km sinistral displacement. This assumption
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could explain the relatively narrow fault zone width of a
few meters as determined by guided waves studies and
small scale seismic investigations (Haberland et al.
2003, 2007) and also by the structural and geochemical
studies of Janssen et al. (2004, 2005), who investigated
meso- to microscale faulting east of the AF at latitude
~30.5 N. Note also that magnetotelluric studies by
Ritter et al. (2003) do not indicate a broad fault zone
conductor that is commonly thought to occur at the
position of the fault core of an active fault trace. Ra-
ther, the AF acts as an impermeable barrier for fluid
flow [for further details, see Ritter et al. (2003)].

Strength of the AF and associated extensional
features

An interesting feature of the Arava/Araba Valley is
the transverse (W-E) extension also found in Sobolev
at al. (2005). The question is how to explain such
observations by a NW to NNW trending maximum
horizontal stress o, associated with sinistral strike-slip
motion along the AF. Mainly two theories have been
put forward to explain such structures.

Weak fault hypothesis

This model has been extensively discussed especially
regarding the San Andreas Fault (e.g. Zoback et al.
1987; Zoback and Zoback 1989; Zoback 2000), but has
also been associated with other strike-slip faults like the
Great Sumatran Fault and the DST (Garfunkel 1981;
Ben-Avraham and Zoback 1992; Mount and Suppe
1992). It explains the rotation of the maximum principal
stress o to a nearly fault-normal (in the case of trans-
pression) or a fault-parallel (in the case of transtension)
orientation in the vicinity of the fault by the existence of
low shear stresses along the fault plane. Thus a weak
fault within a strong adjacent crust may reorient far-
field stresses (e.g. Zoback et al. 1987). At the San An-
dreas Fault, high pore pressures within the fault zone
were assumed as the reason for extremely low average
shear stresses in the order of 10-20 MPa (Zoback et al.
1987). The weak-fault approach for the San Andreas
Fault has been debated by Scholz (2000), and alterna-
tive models of slip partitioning that do not require dif-
ferent friction for different fault mechanisms (King
et al. 2005) may also be appropriate for the DST.

Overlapping en echelon strike-slip fault segments
Overlapping sub-parallel strike-slip faults have been

reported from numerous regions around the world.
One of the most prominent examples is again the San
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Andreas Fault Zone in the San Francisco Bay region,
where several sub-parallel faults occur in a ~80-km-
wide belt (Aydin and Page 1984). The Alpine Fault in
New Zealand, the Queen Charlotte Fault in Canada,
the Great Sumatran Fault in Indonesia, and the Tan-
Lu Fault offshore China represent further examples
(e.g. Barnes et al. 2004; Wood et al. 1994; Rohr and
Dietrich 1992; Bellier et al. 1997; Hsiao et al. 2004,
respectively).

Nearly everywhere, these large strike-slip faults are
associated with vertical movements and a variety of
structures that seem to result from fault-normal
extension or contraction. Numerical and analogue
(sandbox) modelling showed, however, that most of
these features can be explained by pure strike-slip
motion (e.g. ten Brink et al. 1996; Dooley and McClay
1997). These models show that fault-perpendicular
subsidence and extension, as well as compression, can
occur due to interaction of en echelon strike-slip faults.
Additionally, the fault tip of a single strike-slip fault is
associated with coupled uplift and subsidence (ten
Brink et al. 1996). ten Brink et al. (1996) further sug-
gest that the amount of uplift or subsidence depends on
the shear stresses acting on the fault. In their models,
the vertical movements are significant, if the faults are
‘weak’. At the same time uplift and subsidence are
considerably less, if strong faults with finite shear
strength are modelled. Another resolution of the
apparent contradiction is the change in the stress field
during the seismic cycle (e.g. Eyal 1996), where the
normal faults act after the large strike-slip event; see
e.g. the 1995 Nueiba event in the Gulf of Aquaba/FEilat
(Hofstetter et al. 2003).

There have been a few direct stress measurements in
the vicinity of the DST/AF (e.g. Eyal 1996; Eyal et al.
2001; Zanchi et al. 2002; Diabat et al. 2004), none of
which could confirm a change in ¢; direction in the
vicinity of the fault. Klinger (personal communication)
determined the stress tensor from fault plane solutions
in the Arava/Araba Valley with the maximum hori-
zontal stress Sy trending approximately NW-SE. Also
the observations by Janssen et al. (2004) at the pressure
ridge west of Jebel Humrat Fiddan (central Arava,
Fig. 4a) indicate a strong fault with estimated paleo-
differential stress magnitudes of about 100 MPa and o
being oriented 45° to the fault plane. Yet it is not clear,
whether these values are representative for the whole
AF and the entire history of slip.

En echelon faults do occur along the southern DST,
but the recent activity of the various segments is diffi-
cult to assess. Evidence for some recent uplift was
found at the AQF close to the NVR profile and also at
some faults east of the southern Arava/Araba Valley.
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The microseismic activity seems to concentrate within
the Arava/Araba Valley, however, and does not give
any evidence for strike-slip motion along other, mar-
ginal fault segments. With respect to sinistral slip mo-
tion, these faults might either be completely inactive or
might have been locked for some time. An episodic or
possibly cyclic nature of faulting (and subsequent
healing) has been proposed for the evolution of fault
zones (e.g. Sibson 1992; Byerlee 1993; Lyakhovsky
et al. 2001). The possibility of clustered seismic activity
at the southern DST has been put forward by Marco
et al. (1996). Some support for this view in the case of
AF is provided by a recent study of catastrophic rock-
falls in Wadi Araba/Arava that indicates a cycle of the
order of 10,000 years (Matmon et al. 2005).

Conclusion

This study demonstrates that in the investigation of the
southern DST, a combination of several geophysical
and geological methods has been proved essential.
Neither seismic reflection data nor satellite images
alone have the potential to answer key questions con-
cerning the structure and dynamics of a highly complex
plate boundary. With an integrated approach, though,
the combination of these methods becomes a powerful
tool for the structural analysis of fault zones. Still it
cannot be ignored that with the rare occurrence of
outcrops of the main fault zone and its various seg-
ments, crucial pieces of evidence for the internal
structure of the AF and its mechanical behaviour are
missing. Nevertheless, it could be demonstrated that
the AF is clearly the main active fault segment of the
southern DST today, but that on the other hand, it has
accommodated only a limited part (15-60 km) of the
overall 105 km of sinistral plate motion of the DST. At
the beginning of transform motion, deformation oc-
curred in a rather wide belt, and later, deformation
became concentrated in the region of today’s Arava/
Araba Valley. The limited amount of deformation on
the AF and the development of deformation in this
region as a function in time also indicate that the role
and importance of the Al Quwayra Fault have so far
not received adequate attention. With a proposed
partial lateral offset of more than 8 km (maybe even
40 km) we think it has played a major role in the his-
tory of the southern DST.
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SUMMARY

The interdisciplinary Dead Sea Rift Transect (DESERT) project that was conducted in Israel,
the Palestine Territories and Jordan has provided a rich palette of data sets to examine the crust
and uppermost mantle beneath one of Earth’s most prominent fault systems, the Dead Sea
Transform (DST). As part of the passive seismic component, thirty broad-band sensors were
deployed in 2000 across the DST for roughly one year. During this deployment, we recorded
115 teleseismic earthquakes that are suitable for a fundamental mode Rayleigh wave analysis
at intermediate periods (35-150 s). Our initial analysis reveals overall shear velocities that are
reduced by up to 4 per cent with respect to reference Earth model PREM. To the west of
the DST, we find a seismically relatively fast but thin lid that is about 80 km thick. Towards
the east, shallow seismic velocities are low while a deeper low velocity zone is not detected.
This contradicts the currently favoured thermomechanical model for the DST that predicts
lithospheric thinning through mechanical erosion by an intruding plume from the Red Sea.
On the other hand, our current results are somewhat inconclusive regarding asthenosphere
velocities east of the DST due to the band limitation of the recording equipment in Jordan.

Key words: Tomography; Surface waves and free oscillations; Transform faults; Dynamics

of lithosphere and mantle.

1 INTRODUCTION

The roughly 1000 km long Dead Sea Transform System (DSTS),
which includes the Dead Sea rift, provides the essential link between
some of the most prominent continental divergent and convergent
plate boundaries: the Afro—Arabian Rift System to the south and the
Anatolian collision zone and fault system to the north. The transform
system is relatively recent (18 Myr). With a present-day slip-rate
between Arabia and Africa of 4-5 mmyr~' (Klinger et al. 2000a;
Wdowinski et al. 2004; Mahmoud et al. 2005; LeBeon et al. 2006;
Reilinger et al. 2006), the total left-lateral displacement amounts to
roughly 105 km (Garfunkel & Ben-Avraham 1996). The DSTS is
currently not as seismically active as the southern California part of
the San Andreas Fault (about half as many earthquakes make it to the
Lamont—Harvard CMT catalogue), but is has nevertheless been the
stage for many devastating earthquakes in historical times (Nur &
MacAskill 1991; Amiran et al. 1994; Klinger et al. 2000b; Migowski
et al. 2004). The last major earthquake, a M ; = 7.3 strike-slip event,
occurred in 1995 in the Gulf of Aqaba (Hofstetter ef al. 2003) where
the bulk of current seismicity is located. More recently, a M, = 5.3
earthquake beneath the northern Dead Sea on 2004 February 11
damaged structures in Jerusalem, Tel Aviv and Nablus 50 km away,
and five M; = 4.0 or larger events have occurred in the greater
Dead Sea region since then (Geophysical Institute of Israel online
event catalogue). Such events and the frequent microseismic activ-
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ity (e.g. van Eck & Hofstetter 1990; Aldersons et al. 2003; Salamon
et al. 2003) are but reminders of the imminent seismic hazard in the
region. The DSTS also hosts the Dead Sea, the deepest depression,
and the Dead Sea basin, the largest pull-apart basin known on Earth.
The Dead Sea basin is almost 150 km long, about 10 km wide and
extends from the southern Jordan valley near Jericho through the
central Arava (or Araba) valley north of Elat. The Dead Sea Trans-
form (DST) is governed by a relatively simple stress field which puts
it in marked contrast to other major fault systems (e.g. the North
Anatolian Fault or the San Andreas Fault Systems). This simplicity
provides the opportunity for a ‘natural laboratory’ to study active
transform faults, a key structural element of plate tectonics. There
have been a few active source experiments in the past to study crustal
structure on both sides of the DST (e.g. Makris et al. 1983; Mechie
& El-Isa 1988). But despite the central role of the DSTS as a ‘world
geological site’, no geophysical transect has ever crossed it so that
many details of the crustal and upper-mantle structure and its role
in the dynamics of this region are still unknown.

An international team with colleagues from Germany, Israel, the
Palestine Territories and Jordan therefore joined forces to conduct an
interdisciplinary, multiscale study of the Dead Sea Rift (Abu-Ayyash
et al. 2000; DESERT Group 2004). The DEad SEa Rift Transect
(DESERT) was launched in 2000 February and addresses such fun-
damental questions as ‘How do shear zones work?’ and ‘What con-
trols them?’ The first DESERT field campaign consisted of several
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Figure 1. Array configuration of the passive seismic components of the DESERT experiment. The small-aperture (several km) controlled source array as well
as an MT array were located along the wide-angle refraction and reflection (WRR) line across the Dead Sea Basin. Stars mark permanent broad-band stations
the data for which are easily accessible through Data Management Centers. The present-day relative plate motion (white arrows) is about 5 mmyr~!. Blue
crosses mark locations of measured conductive surface heat flow (Galanis ez al. 1986; Forster e al. 2007). The white dashed line approximately marks the
Dead Sea Transform boundary. The Dead Sea Rift is characterized by low elevations between the Dead Sea and the Gulf of Aqaba.

active seismic, magnetotelluric and passive seismic projects where
the latter lasted until 2001 June (Fig. 1). DESERT also includes
electromagnetic, gravity, geodynamic, petrological, geothermic and
geotechnical studies.

The centrepiece of the active seismic component of DESERT
is a 300-km-long profile across the Dead Sea Basin (Fig. 1) that
includes a wide-angle reflection/refraction study (WRR), a near-
vertical reflection study (NVR) and a high-frequency controlled
source array. Results from the active seismic studies have recently
started to appear in the literature (Haberland et al. 2003; DESERT
Group 2004; Maercklin et al. 2004; Mechie et al. 2005; Kesten et al.
2008). To summarize some of the results, the damage zone within the
fault is only a few tens of metres wide and therefore much narrower
than that of the San Andreas Fault. The Moho depth along the WRR
line gradually increases from 28 to 38 km but, perhaps surprisingly,
no significant Moho-updoming is observed under the Dead Sea rift.
This observation taken by itself suggests that the mantle has played
a minor role in the extension process associated with the rift itself
(DESERT Group 2004). This also appears to be in concordance with
the ‘normal’ surface heat flow of 45-60 mW m~2 on the uplifted
Arabian Plate to the east of the DST (Eckstein 1979; Forster et al.
2007).

DESERT also has a passive seismic component carried by a 30-
instrument broad-band array (Giiralp CMG-3T and CMG-40T as
well as Wielandt-Streckeisen STS-2 sensors) and a 30-instrument
short-period array (Mark L4-3D sensors), all instruments recording
continuously at 50 Hz. The driving force for setting up the pas-
sive seismic array was to augment body wave tomographic data sets
(Koulakov & Sobolev 2006; Koulakov et al. 2006), and to analyse
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receiver functions (Mohsen ez al. 2005, 2006) and shear wave split-
ting (Bock et al. 2001; Riimpker et al. 2003; Ryberg et al. 2005).
Detailed thermomechanical modelling that has been carried out as
part of DESERT indicates that the mantle must be involved in the
deformation process in order to explain the marked offset in topog-
raphy (more than 1 km) across the DSTS (Sobolev et al. 2005). In
their favoured scenario the lithosphere of the Arabian Plate under-
went thinning through either thermal erosion or delamination, while
the lithosphere west of the DST remains unaffected. This is consis-
tent with the results from the receiver function study of Mohsen
et al. (2006) who detect the top of a low-velocity zone east of the
DST, which is assumed to be the lithosphere-asthenosphere bound-
ary (LAB), to deepen northward from 67 to 80 km depth. Sobolev’s
scenario is also broadly consistent with the results of large-scale sur-
face wave studies by Debayle ef al. (2001) and Maggi & Priestley
(2005) who find anomalously low velocities beneath the Arabian
Plate at about 100 km depth.

Though initially not a target area, the data analysis appears to re-
veal that the seismic structure of the deeper upper mantle, that eludes
most of the initially planned seismic components of DESERT, holds
the clues to understanding the geodynamical state of the DSTS. A
Backus—Gilbert analysis (Backus & Gilbert 1968) reveals that seis-
mic surface waves between 15 and 100 s provide useful complemen-
tary information on local crustal and upper-mantle structure down
to at least 250 km (Fig. 2). Reliable broad-band instrumentation
actually provides high-quality data to much longer periods, so our
estimates are rather conservative. The original DESERT proposal
included no plans to analyse surface waves but it may now be a key
study tool. A regional analysis of surface wave dispersion is also
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Figure 3. Ground velocity responses for a variety of instruments discussed in this paper. STS-2 and CMG-3T equipment are true broad-band instruments,
while the CMG-40T has considerably less bandwidth. Also shown is the LP-end of the response of short-period Mark L4-3D equipment. The grey bar marks

the frequency range of the surface waves analysed here.

one of the few tools that provide absolute seismic velocities. In this
paper, we present our initial teleseismic Rayleigh wave analysis for
periods between 35 and 150 s. Our model exhibits a thin, seismically
fast mantle lid west of the DST that is underlain by a pronounced
low-velocity zone (the asthenosphere), as predicted by the geody-
namic model. On the eastern side, however, shallow seismic mantle
velocities are much lower and a low-velocity zone beneath is not im-
aged everywhere. This suggests that the root of the Arabian Shield
away from the DST may still be intact.

To the east of the DST, our current model has greater uncer-
tainties than we desire. Due to logistical reasons, the area east of
the DST was occupied mainly by wide-band CMG-40T sensors
(see Fig. 1). This strategy was irrelevant for the initially planned
body wave experiments but greatly hampers a surface wave study,
as the CMG-40T cannot record long-period signals with high fi-
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delity. Fig. 3 shows that the low-frequency roll-off in the velocity
response for the CMG-40T is at periods around 33 s, while the
roll-off at true broad-band sensors is around 100 s. The nominal
corner frequencies of the CMG-40T on one hand and the CMG-
3T and STS-2 on the other are 40 and 120 s (see e.g. at the
web site of the PASSCAL program, http://www.passcal.nmt.edu/
instrumentation/Sensor/sensor_info.html). Taking this information
at face value, we could probably expect to measure dispersion to 50 s
but not much more, at a significant loss of resolution below 150 km
(Fig. 2). We were initially skeptical that an analyse of CMG-40T
records can be done for our purposes, as some tests in the field and
on the pier in a vault appear to have been quite discouraging. The
sensor is reported to become quite noisy at periods much longer than
15 s (Frank Vernon 2002, and Jim Fowler, 2003, personal commu-
nication). On the other hand, the signal-to-noise ratio in individual
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Ray Paths to DESERT (May 2000 - June 2001

Figure 4. Events suitable for a teleseismic surface wave study at the
DESERT array. Selection criteria are: epicentral distance less than 105°;
source depth less than 110 km; scalar seismic moment greater than 5 x
107 Nm.

seismograms depends strongly on ambient noise and installation
conditions, and source parameters such as earthquake magnitude.
However, our own experience in low-frequency studies has taught
us that reliable measurements are possible on broad-band sensors
much beyond the low-frequency roll-off. The fact that dispersion
has been measured on Mark L4-3D 1 Hz sensors to periods up to
50s (Forsyth et al. 1998), though this was on the ocean floor, ulti-
mately encouraged us to attempt the study presented here. During
the DESERT deployment, we collected numerous seismograms of
almost spectacularly high quality that appears to disprove the rather
pessimistic view of some of us. Nevertheless, we most likely would
have chosen a different deployment plan had a surface wave com-
ponent been part of the initial proposal. In this regard, the analysis
presented here summarizes the ‘lessons we learnt’.

2 DESCRIPTION OF THE FIELD
PROGRAM

The project concentrates on the area around the Arava Valley at
the southern end of the DST. DESERT is the first experiment of
its kind that is conducted concurrently on both sides of the DST.
The passive seismic component of the DESERT program began
with the deployment of CMG-3T and CMG-40T sensors in 2000
May, while STS-2 sensors followed in 2000 November to augment
the deployment west of the DST and south along the Arava Valley
(Fig. 1). Except for station JSO7, all sites east of the DST were
equipped with CMG-40Ts. The majority of sites in Jordan were
collocated with stations of a permanent seismic network, while about
half the installations in Israel were located in bunkers. All stations
were recovered in 2001 June.

2.1 Data collection, processing and availability

For the period between 2000 May and 2001 June, we can identify
numerous shallow teleseismic earthquakes that are suitable for this
study (Fig. 4). Our database includes 115 shallow events with a
scalar seismic moment of My = 5 x 10'7 Nm or greater which
corresponds roughly to surface wave magnitudes Mg > 4.7. The
azimuthal coverage is very good though events occurring along the
Western Pacific Rim dominate the database.

The original data are sampled at 50 Hz which is impractical for a
long-periods surface wave analysis. We therefore low-pass filter the
data using a steep convolution filter and decimate the data to 1 Hz.
Inunprocessed records, data around 20 s usually dominate the spec-
trum of the wave trains. At teleseismic distances, such data have
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Figure 5. Data filtering response (solid) to a synthetic spike (dashed). A
combination of demeaning and two low-pass filters is applied prior to removal
of the instrument response, and a high-pass and a low-pass filter afterward.

undergone significant multipathing before arriving at the record-
ing array, which hampers a straight-forward analysis. We suppress
the dominance of these data using another, less steep low-pass fil-
ter before removing the instrument response. To ‘pre-whiten’ the
data, we finally apply a combination of high- and low-pass filters.
The response of the complete set of four filter cascades is shown in
Fig. 5.

Fig. 6 gives a rough idea of the data return. We were not involved
in the routine data quality control (QC) and the figure shows only
the recovery for earthquakes used in this study. Nevertheless, it pro-
vides important insight into data restrictions imposed on the surface
wave study described in this paper. Most stations recorded contin-
uously during their deployment and provided useful seismic data
but some sites performed less well. For example, site JSO5 has a
several-months long period during the first half of the deployment
in which it did not return any useful long-period data. Site JS04
was relocated in 2000 November, after recording only few events
in May and September/October and losing the GPS signal. Station
ID09, which was located in a private backyard in Hebron, stopped
recording in July. One or both horizontal components failed tem-
porarily at stations ID0S, ID10, ID12, ID26 and ID30. The failure
at ID10 is particularly disappointing because its near-shore location
at the northwestern end of the array could have provided valuable
reference data outside of the DST area. For unknown reasons, ID10
was noisy between August and November. New Year 2001, both its
horizontal components failed. Starting near the beginning of 2001
March, the horizontal components were back but all 3 components
exhibit a suspicious, time-dependent time offset with respect to other
stations. The offset is not the same for different phases in a seismo-
gram, that is, the offsets grow between the P, S and surface wave
packets. A simple clock error therefore has to be excluded as possible
cause. The time-dependent offset is likely explained by a change in
sampling rate (Jim Mechie, personal communication) and was likely
caused when incompatible electronic components where combined
in the data loggers (Karl-Heinz Jickel, personal communication).
This problem was detected after the DESERT experiment was al-
ready completed. A similar though much more limited problem oc-
curs at station ID33. The surface wave dispersion measured for such
records is physically implausible and has to be discarded because we
have no straightforward strategy to correct for the technical prob-
lem. Fig. 6 also provides information on the quality of individual
surface wave packets. This is discussed in the next section.

2.2 Data examples and data quality
Fig. 7 shows a record section of the 2000 June 18 earthquake in
the South Indian Ocean when only CMG-3T and CMG-40T sensors
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06/18/00, 14:44:33.3 UTC; South Indian Ocean
Ms=7.8; My=7.91x1020Nm
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Figure 7. Data example of ground acceleration for the 2000 June 18 South
Indian Ocean earthquake (grey: CMG-40T; black: CMG-3T). The signals are
aligned with PREM predicted traveltimes (Dziewonski & Anderson 1981)
for 50s Rayleigh waves. The data were bandpass filtered using the series of
convolution filters described in the text.

were operating (see Fig. 6). Visual inspection of the seismograms
suggests that the CMG-40Ts provided excellent data for this earth-
quake that was roughly 74° away from the DESERT array. This
earthquake was the second largest event during the deployment so
the good data quality is perhaps not surprising. The acceleration
spectra in Fig. 8 give insight down to which frequency we can
expect to obtain reliable dispersion data. On the two broad-band
sensors (CMG-3T at ID10, ID08), the noise floor recorded prior to
the event lies about 103-10* decades below the seismic signal, in
the entire band between 3 and 60 mHz (roughly 300 to 17 s). On the
two wide-band sensors (CMG-40T at JS03, JWO01), the noise floor
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Figure 8. Spectra of noise (grey lines) and surface wave signals (black lines)
for some of the records of the 2000 June 18 South Indian Ocean earthquake
from Fig. 7. Stations ID10 and ID08 had a broad-band sensor (CMG-3T),
while JS03 and JWO01 had a wide-band sensor (CMG-40T). The underlying
time-series are 20 min long, a boxcar window is applied and the spectra
are normalized by the record length. Note that the ground accelerations
shown here are not true accelerations as the spectra are affected by our
preconditioning using the filter from Fig. 5.

is much higher and therefore closer to the seismic signal. In fact,
the noise approaches the signal at very low frequencies, so the SNR
approaches 1. At 10 mHz (100 s), the SNR is at least 10 so we are
confident that dispersion analysis is possible.

Fig. 9 shows records for an earthquake that occurred three days
later in Iceland. Its scalar seismic moment, M, was roughly 150
times smaller than that of the south Indian Ocean event. The surface
waves clearly stand out from the background noise though earlier
arriving long-period body wave phases (e.g. arrivals near the —400 s
mark) are now harder to discern on the CMG-40T records. A total
of 33 earthquakes in our database have scalar seismic moments of
My =4 x 10"® Nm or larger so the example shown here is represen-
tative of an earthquake delivering good-quality records. The spectra
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Figure 9. Data example of ground acceleration for the 2000 June 21 Iceland
earthquake. For details see Fig. 7. Due to high noise levels, station ID09 re-
turned no useful signal for this earthquake. Stations JK02 and JSO5 that
recorded the June 18 South Indian Ocean earthquake three days before pro-
duced no data for this event nor through at least 2000 July (see Fig. 6).

in Fig. 10 indicate that a surface wave analysis should be possible for
frequencies down to 5 mHz (7 = 200 s), at the broad-band sensors
such as at stations ID10 and IDO0S. Due to the higher noise levels
at the wide-band sensors, the frequency range there is now rather
limited, for example, to frequencies above 20 mHz (7 = 50 s) at
JWO01 and above 13 mHz (7 >~ 75 s) at JW07. We want to stress
however, that the signal level is sufficient to reliably analyse surface
waves much beyond the anticipated 15 s or so.

A severe distortion of the record prior to the arrival of the earth-
quake signal at JSO3 hampers a reliable noise analysis but inspection
of Fig. 9 suggests that the noise levels may be somewhat higher, as is
the case for JW09. In a somewhat subjective but systematic assess-
ment of waveform quality, we inspect all seismograms individually
and assign grades A—D. We assign an A, if the surface wave signal
stands out clearly above the background noise. If the noise level is
significant, obscuring prior body wave arrivals, we assign a B. Grade
C is assigned to records for which a surface wave train is difficult
to discern and grade D is assigned when no obvious surface wave
train can be observed, for the frequency range used here. For the
Iceland event, the record at ID09 is a D while the records at JS03
and JW09 are marginally B. Inspecting Fig. 6 we find a clear differ-
ence in performance between broad- and wide-band sensors. While
most stations equipped with a CMG-3T or an STS-2 sensor reli-
ably return A quality waveforms, stations with CMG-40T are much
less likely to do so. The broad-band sensors at the DESERT rarely
give grade C records unless there is an obvious installation problem
(e.g. stations ID09, ID10 and JDO1 which was located in a chamber
of a permanent seismic station). Fig. 11 reveals that poor grades
are typically assigned to wide-band records of smaller earthquakes,
while broad-band records are still grade A. A dependence on epi-
central distance is also apparent though we have not many events
at distances shorter than 60° to assess this quantitatively. There are
significant performance differences among wide-band stations but
a good station can provide many grade A and B records. From the
quality assessment shown here, it is quite obvious however that the
installation of a wide-band sensor is not ideal for a long-period sur-
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Figure 10. Spectra of noise and surface wave signals for some of the records
of the 2000 June 21 Iceland earthquake from Fig. 9. For details see Fig. 8.

face wave analysis and limits the number high-quality dispersion
data significantly.

3 MEASURING DISPERSION—THE
TRIANGLE METHOD

For each event, we measure the frequency-dependent relative phase
between two seismograms, or differential dispersion, using the trans-
fer function approach that we apply in our global studies (Laske &
Masters 1996). The only difference is that here we measure the phase
at each station with respect to other stations in the array instead of
measuring the phase with respect to an individual source-receiver
1-D synthetic (Laske ef al. 1999, 2007). As reference seismograms,
we chose only those of broad-band stations, due to their better SNR.
Our final database includes 9290 sets of differential dispersion which
provide the input data for the triangle method for which the phase
at each station is reconstructed from the differential dispersion data
using the same reference station. The great similarity of waveforms
inaregional study leads to differential dispersion that is significantly
less than if compared to 1-D synthetics. In our DESERT phase data
set the rms amounts to only 0.4 per cent. In our study at the tempo-
rary Saudi Seismic Network where we used global 1-D synthetics
as reference, the rms was 0.85 per cent (Laske & Cotte 2000). The
mean measurement error is also smaller, with 0.02 per cent for the
DESERT data set while it was 0.07 per cent for the Saudi data set.
Regional surface wave studies using teleseismic events often re-
sort to the two-station method where dispersion is analysed for earth-
quakes that lie on a two-station great circle (e.g. Woods & Okal 1996;
Meier et al. 2004). While we have applied such a technique success-
fully in the Pacific Ocean (Laske et al. 1999, 2007) we find in those
studies that wave packets traversing continental areas may undergo
significant lateral refraction. As mentioned above, our data set is
dominated by earthquakes along the western Pacific Rim. Surface
waves emerging from the area north of Japan traverse the Eurasian
Continent north of China and the Tibetan Plateau and graze one
of the most pronounced large-scale low-velocity anomalies on the
globe (e.g. Ekstrom et al. 1997). Surface waves travelling along this
corridor experience particularly strong lateral refraction and even
multipathing may be significant (e.g. Laske & Cotte 2001). Our
pre-analysis assessment of the data set includes inspection of the
complete three-component records and the measurement of arrival
angles (see Appendix A). From the particle motion analysis at the
DESERT array we find that surface waves can arrive at a station
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Figure 11. Long-period waveform quality at six stations, as function of epicentral distance and surface wave magnitude Mg. Grade ‘D’ seismograms are

omitted from this figure. For details see Fig. 6.

well beyond 10° away from the expected great circle direction. This
effectively shortens the travel path between two stations and, if not
accounted for properly, biases estimated phase velocities high by
1.5 per cent which is a significant fraction of the signal we expect
from local heterogeneity across the DST. We therefore choose not
to use the two-station approach.

Instead, we use an array processing technique that allows us to fit
approaching wave fronts to the phases of several stations simulta-
neously (e.g. Alsina & Snieder 1993; Stange & Friederich 1993). In
our most basic approach, we fit spherical wave fronts to the phase
of three stations simultaneously. We refer to this approach as the
triangle method. Wave propagation within the triangle is assumed
to be at a constant velocity where the distortion of the wave front de-
pends only on geometrical spreading (see Fig. 12). Off-great circle
propagation between the source and the triangle is accounted for by
allowing an arrival angle as second free parameter in a grid search
to minimize the prediction error for the phase triplet, as function of
frequency. We perform this search by moving the source in incre-
ments of a fraction of a degree in each direction. In a similar study
off Hawaii, we had experimented with fitting plane waves to station
triangles (Laske et al. 2007) but we found that such a strategy gives
higher data misfits and less consistent dispersion curves for different
events. We suspect that the plane wave approach oversimplifies the
actual evolution of the wave fronts across the triangle which depends
on the epicentral distance and the orientation of the triangle relative
to the source. In a plane geometry, the back azimuth to the source is
the same for all three stations, which is not the case on a spherical
earth. Fig. 12 shows plane waves reconstructed from the normals
to the source—receiver rays for the South Indian Ocean earthquake.
If we propagate these plane waves from early stations and those at
the periphery of the array (e.g. JS07) to a later station (e.g. ID10),
we observe a mismatch between the propagated wave fronts and the
actual normal to the ray at this later station. This mismatch can be
significant. For example, at an epicentral distance of 47-48°, the Ice-
land event of Fig. 9 has backazimuths of 330.4°, 330.3° and 331.8°
at Stations ID10, ID30 and JS07. Assuming an average of 331° in
a plane geometry misrepresents the propagating wave front and bi-
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ases the related average phase velocity between ID10 and ID30 low
by 1.6 per cent, which is obviously unacceptable. Wielandt (1993)
and Friederich ez al. (1994) showed that the wave field of teleseis-
mic earthquakes observed at stations in Central Europe may be quite
complicated and that rather complex wave fields have to be included
as additional unknowns in the modelling of the phase and amplitude
at each station. Such a problem almost certainly has non-unique so-
lutions. The station triangles at the DESERT array are so small that
our assumption of a uniform wave field may be acceptable. This
idea is supported by the fact that we use only events for which the
waveforms are extremely coherent across the array. We should also
point out that analyses for larger triangles may have to take source
effects into account. Due to the different deployment times of the
equipment, the choice of suitable triangles is greatly dictated by the
data availability. For this study, we analyse 22 triangles (Table 1).

3.1 Measurement uncertainties

To measure the phase in a seismogram relative to a reference seis-
mogram, we apply a multitaper technique to determine the complex
transfer function between the two (Park ez al. 1987). Using a jack-
knife procedure, this allows us to obtain formal error bars for each
phase measurement (Laske & Masters 1996). Raw phase errors of
individual measurements depend on frequency and can be as small
as 0.2 radians but are typically around 0.4 radians. At periods longer
than 100 s, this may be too large to measure dispersion precisely
enough to resolve subtle velocity anomalies. For example, at 7 =
100 s and a travel distance of 100 km within a station triangle, a
10 per cent phase velocity anomaly gives rise a phase difference of
only 0.15 radians. A single measurement is therefore not sufficient
to resolve long-period dispersion adequately, especially when a typ-
ically noisier CMG-40T record is involved. However, as described
above, we measure the phase at a station relative to several reference
seismograms from other stations which significantly decreases the
phase error for a given earthquake and station.

To convey a rough idea of data accuracy in the triangle method,
Fig. 12 shows the dispersion curves of 3 triangles that share an
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Figure 12. Local wave fronts, phase velocities and arrival angles for the 2000 June 18 South Indian Ocean event obtained with the triangle technique, for three
triangles in the southeastern corner of the DESERT array. (a) Location of the triangles and local wave fronts for some stations (normals to the source-receiver
rays). The propagation of these local wave fronts across the array as plane waves causes a mismatch near the end of the arrays (dashed lines at station ID10;
the mismatch is slightly exaggerated for display). (b) Measured dispersion curves. The triangles cover similar areas so the dispersion curves should be very
similar. Phase velocities are significantly lower than those predicted with PREM (Dziewonski & Anderson 1981), assuming a 40 km thick crust (dashed line).
(c) Arrival angles (deviation from the event backazimuth) can reach 10° which indicates that lateral refraction by heterogeneous structure between the source
and the DESERT array diverted the wave packets away from the source-receiver great circle. At periods much shorter than 35 s, arrival angles increase and
phase velocities become oscillatory and inconsistent. This is possibly a consequence of multipathing between the source and the DESERT array, and related
distortion of the wave front. The triangle method may not work for these cases.

Table 1. Station triangles analysed in this study.

Triangle Stations Area (km?)
1 ID10 IDO8 ID30 3513
2 ID08 ID10 JWO1 5130
3 IDO8 ID25 ID30 2220
4 ID08 ID27 ID32 1595
5 JDO08 JS07 JWO07 1222
6 IDO8 ID28 JWO07 1394
7 ID28 JS02 JS07 5359
8 JS07 JW07 JS03 1997
9 ID27 ID31 JS02 3283
10 JDO8 JW07 JS05 1815
11 ID27 JWO01 JS02 2514
12 JDO08 ID28 JS03 3612
13 JDO8 ID28 JS02 3747
14 ID25 ID30 ID32 6152
15 JDO8 ID30 JS03 7989
16 JS07 JDO8 JS03 2134
17 JS05 JS03 ID32 2956
18 JS4X JD08 JS03 4293
19 ID25 ID29 ID12 945
20 ID26 ID27 ID30 1824
21 1D25 ID29 ID27 2999
22 ID30 ID27 JW01 1757

Centre location

3491E 31.04N 2 0
35.08E 30.94N 16 1
34.88E 30.89N 7 0
35.03E 30.41N 43 0
35.32E 29.71IN 19 1
35.24E 30.03N 11 1
35.60E 30.03N 5 1
35.68E 29.78N 14 2
35.54E 30.35N 5 1
35.46E 29.72N 10 2
35.82E 30.61N 5 2
35.45E 30.0IN 11 1
35.48E 30.13N 5 1
34.97E 30.68N 7 0
35.55E 30.28N 4 1
35.53E 29.69N 15 1
35.67E 29.78N 8 2
35.75E 29.61N 6 2
34.81E 31.08N 5 0
35.12E 30.93N 5 0
34.92E 30.97N 5 0
35.55E 30.90N 4 1

No. of earthquakes

No. of GMG-40Ts

area in southern Jordan. The dispersion curves are quite similar at
periods between 35 and 125 s (28.5 and 8 mHz) which gives us
confidence in the long-period data. However, the dispersion curves
divert at periods much longer than that, which is most likely due to
the limitations of our technique (triangles too small, phase errors
too large) rather than deep-seated lateral heterogeneity. We also re-
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frain from interpreting dispersion at periods much shorter than 35 s.
Such data could potentially reveal crustal shear velocity structure
but the scatter in the data suggest that multipathing effects between
the teleseismic source and the array distort the waveforms enough to
hamper an analysis using the spherical wave front approach in the tri-
angle technique. In the wave front fitting, some of this multipathing
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Figure 13. Rayleigh wave sensitivity kernels for isotropic structure at depth.
Rayleigh waves depend on Vg, shallow Vp as well as density, p, but sensi-
tivity to Vs dominates. The model used to calculate the kernels is spherical
reference model 1066A (Gilbert & Dziewonski 1975).

may actually be taken up by the arrival angle which, in turn, has a
smoothing effect on the phase velocity curve.

4 INVERSION FOR STRUCTURE AT
DEPTH

We retrieve structure at depth in two steps. First we determine aver-
age depth-profiles for each triangle. All profiles are then combined
to display 3-D structure.

Surface waves are sensitive to Vs, Vp and density, p but the most
dominant and best resolved parameter is Vs (Fig. 13). In order to
limit the number of model parameters for a well conditioned inverse
problem, tomographers often ignore sensitivity to V'p and p. Such a
strategy could lead to biased models where shallow Vp structure can
be mapped into deeper V structure. We prefer to scale the kernels
for Vp and p and include them in a single kernel for Vg, using the
following scaling:

Sa = (1/1.7)B - 88

sp = (1/2.5)B - 8B. M

A
R-

The scaling factors were determined in both theoretical and exper-
imental studies (e.g. Anderson et al. 1968; Anderson & Isaak 1995),
for high temperatures and low pressures such as we find in the upper
mantle. They are applicable as long as strong compositional changes
or large amounts of melt (i.e. >10 per cent) or attenuation do not
play a significant role (e.g. Karato 1993). As starting model, we use
a modified version of isotropic PREM (Dziewonski & Anderson
1981) in which the negative velocity gradient above 220 km and
the discontinuity at 220 km are removed. The crustal thickness is
fixed to 33 km. This thickness was chosen from an average of data
that constrain the global crustal model CRUST2.0 (Bassin et al.
2000). It is also consistent as an average along the WRR profile for
which the Moho was found at 26 km depth at the northwestern end
and at nearly 40 km at the southeastern end (DESERT Group 2004;
Mechie et al. 2005). To avoid a strong trade-off between errors in
Moho depth and shallow mantle velocity, we include a crustal layer
in our model. Detailed modelling attempts for triangle #3 also re-
vealed that velocities in the mantle remain largely independent of
a moderate change in the Moho of the starting model, if we do not
include dispersion at frequencies above 28.5 mHz (periods shorter
than 35 s) in the inversions. In the mantle, our model has 14 layers
whose thickness increases with depth to account for the increasing
resolution length: 13 km near the top to 20 km near the bottom,
except for the last layer which is 30 km thick. The bottom of the
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lowermost layer is 287 km. At this depth, sensitivity of our data is ex-
pected to be weak but the inclusion of a deep layer avoids erroneous
imaging of such a deep structure into shallower layers.

We seek smooth variations to the starting model in a linear, direct
matrix inversion that fit our data to within an acceptable misfit,
x2/N, where x = x; — x,, x4 is the datum, x, the prediction and
N the number of data. Formally, we seek to minimize the weighted
sum of data prediction error, x2, and model smoothness, 9m

x>+ u|m"3"oml|, )

where m is the model vector and u the smoothing or regularization
parameter (see Laske & Masters 1996; Laske et al. 2007, for details)
. The two terms can be plotted against each other in a trade-off curve,
as function of the regularization parameter ;. The exact shape of the
trade-off curve depends on the data errors as well as the composition
of the data set but the resulting optimal models are similar to the
ones shown in the following. Usually, the trade-off curve is L-shaped
and a model is often chosen near the bend where both the misfit
of the data and model roughness do not change much when pu is
varied. In our inversions, such models are somewhat oscillatory and
we choose smoother models. Model errors can be obtained from
the data errors through a formal singular value decomposition or
by Monte Carlo forward modelling. The error bounds shown here
represent the range of acceptable models along the trade-off curve.
The final models have misfits, x2/N, between 1.0 and 1.5 so are
slightly inconsistent with the data.

5 VELOCITY MODELS ACROSS THE
DESERT ARRAY

Taking the approach just described, we determine average dispersion
curves for the 22 triangles of Table 1. We notice consistent signifi-
cant changes between triangles of different areas. In this section, we
show examples for the three most distinct groups. For a group west
of the DST (Fig. 14; Group 1), we observe phase velocities at short
periods that reach PREM values but lower velocities at longer peri-
ods. This must result from relatively shallow mantle structure with
high velocities but lower velocities further down. The inversion for
shear-velocity profiles gives models with relatively high velocities
in the lithosphere, down to at least 75 km. With values reaching 4.43
kms~!, these are the highest found across the DESERT array. Down
to depths of 60 km, they nearly agree with PREM but then reduce
to values significantly lower than PREM. At 80 km, the velocities
we observe are 3.6 per cent lower than in PREM. This discrepancy
remains to at least 200 km depth where velocities approach or fall
below 4.25 kms~! (4 per cent lower than in PREM). To summa-
rize, we find a relatively thin lithosphere of no more than 80 km
thickness and an anomalously slow asthenosphere, especially to-
wards the south. Since our data do not extend much beyond 120 s,
they cannot constrain the bottom of the asthenosphere. At greater
depths, higher velocities are found near the north though this trend
may not be significant (see discussion on errors). At periods be-
tween 60 and 80 s, the predictions appear slightly inconsistent with
the observations. The reason for this is most likely because error bars
are smaller at periods between 35 and 50 s so these data, that best
constrain the topmost part of the lithosphere, have more weight in
the inversion. We currently cannot find a realistically smooth model
that fits all data equally well.

A second category of dispersion curves is that of Group 2
(Fig. 15), for which we observe lower phase velocities than for
Group 1 triangles, in the entire period range. This points towards
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Figure 14. Results from velocity modelling for the four station triangles 3, 14, 19 and 21 (group 1). (a) Location of the triangles; Sensor types are coded as in
Fig. 1). (b) Velocity models resulting from the inversions (dark, medium grey) and corridor of possible models for an acceptable range along the trade-off curve
resulting from minimizing eq. (2) (light grey area). Also shown are the starting model (solid black) and isotropic PREM for the mantle (dashed; for clarity,
the crustal part is omitted). The vertical grey line marks Vg = 4.25 kms~!; (c) phase velocity measurements (symbols) and model predictions (dark, medium
grey). The two dashed lines mark predictions for PREM with a modified 26- and 40-km-thick crust. The grey shades in the model and prediction correspond
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a) Group 3: Triangles 7,9,11,15
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Figure 16. Results from velocity modelling for the four station triangles 7, 9, 11 and 15 (group 3). For details see Fig. 14.

significantly lower velocities in the lithosphere. Indeed, we observe
a similar trend in shear velocity with depth as for Group 1 triangles
but the velocities in the lithosphere are only around 4.31 kms~! and
are 2.7 per cent lower than for Group 1 triangles. We can identify two
areas for which we observe this trend. One area is near the south-
ern end of the DESERT array where the mantle may be affected by
rifting effects of the Red Sea. The other area is in the north near the
Dead Sea Basin, on both sides of the DST. Velocities in the astheno-
sphere are essentially the same as those found for Group 1. The
velocity contrast in the lithosphere is well resolved as phase data at
periods between 40 and 85 s best constrain the lithosphere (Fig. 13).
This is the period range for which we can measure dispersion with
the highest precision.

A third group of triangles to the east of the DST (Group 3), away
from the northern and southern boundaries of the array, gives some-
what intriguing results. Fig. 16(c) indicates that phase velocities
scatter more than in the other two groups but generally increase
with period and approach predictions for PREM. This implies that
the deep structure must be close to that of PREM, while shallow
structure is expected to be slower than PREM. The results from for-
mal inversions confirm this as shown in panel b. The lithosphere has
velocities that we find for other triangles east of the DST but the
asthenosphere exhibits higher velocities that reach those of PREM
at depths around 200 km. Below that, our data set cannot resolve
structure. For this group of triangles, we do not observe a decrease
of shear velocity with depth as we see for the other triangles. It is
arguable that the involvement of CMG-40T sensors in these trian-
gles may not allow us to determine structure in the asthenosphere.
This issue is discussed further in the next section.

We should note that the final models do not depend greatly on the
starting model as long as the latter stays realistic and lies within the
limits shown here. We test this with triangles 14 (group 1) and 15
(group 3). A starting model that is 4.5 per cent slower above 300 km
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than the one we used here yields models that are about 1 per cent
slower above 80 km than the ones we get with the faster starting
model, for both triangles. The change diminishes with depth. In
this test, we keep the regularization parameter fixed. The change in
models is within the error bars given by the trade-off curve. We do
not find a compelling reason why we should choose different starting
models for the mantle and different regularization parameters west
and east of the DST.

Our final step is to combine the results of all triangles into one 3-D
model which is shown in Fig. 17. We define a 0.05° grid and average
the results of all triangles that involve each gridpoint. Most likely,
this process results in an over-smoothed model of real structure.
On the other hand, the wavelengths of the surface waves considered
here are longer than most of the triangles used here, so this step
may be justified. As indicated above, we find a marked difference
in shear velocity west and east of the DST. This difference is most
pronounced in the shallow lithosphere and decreases with depth.
At 110 km, this difference is no longer discernible. Below that,
velocities in the asthenosphere decrease west of the DST and east
near the northern and southern boundaries of the array. At these
depths, a strong high velocity anomaly can be found east of the
DST, away from the array boundaries. This anomaly appears to
become stronger towards the east. To estimate the robustness of the
model, we determined errors at each gridpoint as the weighted sum
of hitcount, the number of triangles covering a point (Fig. 18), and
the velocity variance among triangles at this point. Fig. 19 indicates
that errors in the lithosphere are slightly larger to the west of the
DST than to the east and amount to roughly 0.5 per cent. At shallow
depths, increased uncertainties basically reflect a lack of coverage.
The hitcount is less relevant at greater depths were errors get larger.
They reach 1 per cent near the bottom where velocity estimates to the
east of the DST are less certain than to the west, even in well-covered
areas.
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Figure 17. Shear velocity variation in six of the 15 layers in our model. The model is defined on a 0.05° grid and then smoothed. Errors in the model are
displayed in Figure 19. A number in the upper Left-hand corner in each panel denotes average velocities in isotropic PREM. The upper two panels summarize
the results for Moho and lithosphere-asthenosphere boundary depth from Mohsen et al. (2005, 2006) and the Moho depth along the WRR line (DESERT group

2004).

6 DISCUSSION

6.1 Velocity variations in the lithosphere

Along the Arava/Araba Valley, we find a pronounced velocity con-
trast across the DST in the lithosphere with a velocity jump of the
order of 2 per cent. This contrast appears to diminish to the north
towards the Dead Sea Basin. The formal errors are no more than
0.5 per cent so the 2 per cent-velocity jump is significant. There
exists a small trade-off between crustal thickness and velocities in
the lithosphere. In our initial inversions, we had included dispersion
data to a frequency of up to 31 mHz (7 = 32 s), to invert for a
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10-layer model. Using the phase velocities of triangle #3 of Group
1 (Fig. 14), our inversions resulted in a less that 2 per cent shear
velocity reduction in the lithosphere when we allowed the crustal
thickness to decrease from 37 to 26 km. This implies that our ve-
locities could be biased low if we underestimate crustal thickness
and high if we overestimate it. To reduce this bias, we included only
data up to 28.5 mHz (7T = 35 s), to invert for a 15-layer model
that allows for a finer parametrization. In this case, the bias is no
more than 0.5 per cent which is on the order of the formal errors
of Fig. 19 and therefore not significant. We choose a fixed crustal
thickness of 33 km in our start model so the bias should be less than
0.25 per cent. The final models depend somewhat on the starting
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Figure 18. Hitcount for each 0.05° gridpoint in our model. Hit count is
defined as the number of triangles that involve a particular gridpoint.

model, and changes can be more than 0.5 per cent. However, trends
are the same for models on both sides of the DST and we find no
compelling reason to choose different starting models that could
potentially diminish the 2 per cent-jump across the DST.

There is no evidence from the wide-angle refraction seismic study
that the Moho reaches deeper than 37 km along the WRR profile
(DESERT Group 2004) though Moho depths in Jordan appear to
be slightly greater than in Israel. In their receiver function study,
Mohsen et al. (2005) find the crust to be between 32 and 38 km
though the latter values are found only at two stations, JS03 and
a short-period station along the WRR profile northeast of station
JWO07. In a body wave tomographic study using ISC data, Koulakov
& Sobolev (2006) find Moho depths of around 33 km in the area
but crustal thickness could increase to 37 km east of 36° E, which
is near the eastern end of the DESERT array (see also Gotze ef al.
2007). Mohsen et al. (2005) find that the crust is no less than 31
km thick in the west, while the Moho map of Koulakov & Sobolev
(2006) shows a decrease in crustal thickness towards the Mediter-
ranean Sea to values below 26 km though this is confined to coastal
areas, north of the DESERT array. Given these studies and our re-
sults, there is a chance that some of the velocity gradient we find
in the lithosphere across the DST may come from the bias by not
accounting for variations in Moho depth but the effects are small
and the difference in the lithosphere across the DST appears to be
real.

The shallow lower velocities found on the Arabian Peninsula may
indicate that the lithosphere there was altered by cenozoic volcan-
ism. If thermal effects are the dominant cause for changes in veloc-
ities, and not melt or compositional changes, the velocity contrast
scales directly with a contrast in density (eq. 1) which could go along
way to explain the impressive change in topography of about 1 km
across the DST. Many of our triangles are aligned with the DST or
terminate there. One could argue that such a model parametrization
implicitly introduces a boundary in the model that may not exist in
the real world but we doubt that this is the case. Sobolev ez al. (2005)
present a thermomechanical model for the dynamics of the Dead Sea
Transform to explain a variety of geophysical observables. Starting
with a uniform lithosphere, they argue that the inclusion of minor
transform-perpendicular extension and lithosphere erosion east of
the DST are necessary to cause the local relief observed across the
main Arava Fault.
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6.2 The bottom of the lithosphere and the asthenosphere

Sobolev et al. (2005) argue that a mantle plume intruding from the
south may have been the cause for a thinning of the lithosphere east
of the DST. Their favoured model 3 has a markedly thicker litho-
sphere in the west than in the east. An early receiver function analysis
at the DESERT array may have suggested this but the final analysis
tells a different story. Mohsen et al. (2006) argue that the resolution
of the lithosphere-asthenosphere boundary (LAB) is relatively poor
across the DESERT array. They find the LAB to the west of the DST
at about 67 km. In the east, they find a thinning of the lithosphere
from about 80 km in the north to 67 km in the south, which pro-
vides no evidence for a thinning across the DST from west to east
across the Arava Valley, as Sobolev ef al. (2005) suggest. Perhaps,
the geodynamic processes involved have affected the entire study
area and one needs to look further east for a ‘baseline’ lithosphere-
asthenosphere system. For example, Mohsen ef al. (2006) find much
thicker lithosphere (160 km) on the stable Arabian Peninsula, well
to the southeast of the DESERT array. A comparison with a recent
P-velocity model by Koulakov et al. (2006) is somewhat intriguing.
They find high velocities in the lower lithosphere to the west of the
DST which is roughly consistent with our model. However, to the
east of the DST, they find a trend from low velocities in the north
to high velocities in the south which appears inconsistent with both
the receiver function study as well as our surface wave study. Set-
ting significantly different depth resolution aside, such a mismatch
between velocity anomalies could be indicative of compositional
variations or local changes in seismic anisotropy that is ignored in
both studies.

At depths greater than 100 km, we find velocities in the astheno-
sphere that are significantly lower than that of PREM (by roughly
4 per cent). It appears difficult to reconcile such low velocities with
realistic thermomechanical models (Stephan Sobolev, 2004, per-
sonal communication). On the other hand, anelastic effects can in-
crease temperature derivatives for elastic velocities by a factor of
two (Karato 1993) so that smaller changes in temperature would be
required to fit observed velocity anomalies. It is conceivable that
Sobolev’s estimates of attenuating effects are too conservative. In-
deed, recent seismic observations suggest that the uppermost mantle
in the greater area, extending from the Red Sea north towards Asia
Minor, is unusually highly attenuating (Gung & Romanowicz 2004).
Sobolev’s model also does not explain high temperatures that are in-
ferred from xenoliths found in the Dead Sea area and elsewhere in
Jordan (H.J. Forster 2004, R. Oberhénsli, 2004, personal communi-
cation). Although the surface heat flow in Jordan revealed that the
steady-state Phanerozoic geotherm may be hotter than previously
thought, the thermal signal from the relatively young geological pro-
cesses may not yet have reached the surface to produce a significant
heat flow signal (Forster et al. 2007). This allows for the possibility
that the mantle has been altered enough to produce a seismic sig-
nal. Our study is not the only one that finds extremely low seismic
velocities in the area. In global surface wave models, the greater
Afar Triangle-Red Sea area hosts one of the most pronounced low
velocity anomalies in the world (e.g. Ekstrom et al. 1997; Levshin
et al. 2005). In a semi-regional study covering 2/3 of Africa, the
Arabian Peninsula and most of southern Eurasia, Debayle et al.
(2001) find that velocities in the greater Dead Sea area may be less
than 4 kms~! at 100 km depth. This is also supported by the study
of Maggi & Priestley (2005) who investigate the Turkish—Iranian
plateau.

The thermal thinning hypothesis of Sobolev and his col-
leagues may explain some of the anomalies we observe in the
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Figure 19. Error maps for the model shown in Fig. 17. Errors are determined as a weighted sum of rms for each gridpoint and the number of triangles a

gridpoint was hit by (see Fig. 18). Errors are of the order of less than 1 per cent and are largest at greater depths, east of the DST.

asthenosphere but thermal effects alone appear to be insufficient
to cause the low velocities in the region. Rather, a higher melt-
content could lower velocities significantly. Ignoring effects from
strong azimuthal anisotropy can bias estimates of isotropic veloc-
ity anomalies low if earthquakes sample mostly the slow direction
of local anisotropy. The data errors and the azimuthal distribution
of data is not optimal to observe azimuthal anisotropy but we find
no obvious azimuthal dependencies. The following considerations
speak against a strong bias. The Dead Sea area is dominated by plate
motion in the north-northeast to south—southwest direction and only
a small amount of extension is proposed across the DST by Sobolev
etal. (2005). The earthquakes in our study cover azimuths primarily
in the northeastern quadrant with many backazimuths being around
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45°, which is within 20° of the direction of plate motion. With such
data sampling, our estimates may be biases high and are likely not
biased low.

Again somewhat intriguing is our disagreement with the P ve-
locity model by Koulakov et al. (2006) who find high velocities
between 120 and 200 km depth west of the DST but relatively low
velocities to the east. East of the DST, their gradient from higher
velocities in the north to lower velocities in the south at 200 km
depth actually reflects our own, which is in contrast to what they
observe at shallower depths. We currently have no explanation for
this disagreement. We speculate, however, that while their lateral
resolution is probably far superior to ours, their vertical resolution
likely does not match ours. Koulakov ez al. (2006) largely observe
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negative traveltime anomalies west of the DST, implying seismically
fast structure beneath, and positive anomalies to the east. In a hy-
pothesis test we predict vertical S traveltime anomalies through our
model. Considering that their ray coverage decays with depth, we
search for a depth level for which the structure above produces the
contrast they observe across the DST. We predict indeed negative
anomalies west of the DST and positive anomalies to the east when
we truncated our mantle model at 150 km or above. This is about the
depth range for which Koulakov et al. (2006) have the best ray cov-
erage, and ray incidence is nearly vertical. An unresolved outcome
of this test is the fact that we predict strong positive anomalies to
the extreme southeast where Koulakov ez al. (2006) find the ‘fastest’
traveltimes. It is noteworthy that Koulakov & Sobolev (2006) also
find vastly different structure in S and P-velocity across the DST,
just above and below the Moho. Such a disagreement could be in-
dicative for a complex set of mechanisms that are responsible for
the seismic anomalies including differences in melt fraction and
variations in attenuation, anisotropy and petrology.

6.3 Apparent heterogeneity induced
by the instrumentation

Given the fact that our study is not set up to constrain boundaries,
such as the LAB, but only velocity variations with depth, the results
of Mohsen et al. (2006) are consistent with what we find, the only
exception being the high-velocity anomaly in the asthenosphere to-
wards the northeastern end of the DESERT array. Though these
velocities are physically not implausible—recall the velocities ap-
proach those of PREM—we fall short of finding a convincing expla-
nation for this heterogeneity in the asthenosphere unless we actually
see the effects of a nearly unaltered Arabian Shield away from the
DST. There is a remote possibility that Mohsen ef al. (2006) do not
detect this piece of lithosphere in their study due to the sparse station
distribution in northeastern Jordan. It is also worth pointing out that
in receiver function studies, the depth to discontinuities trades-off
with the velocities above them. If Mohsen et al. (2006) let the ve-
locities in the lithosphere vary across the DESERT array, our results
may actually converge.

On the other hand, two factors make the deep high velocity
anomaly in the northeast uncertain in our study. Fig. 18 shows
that areas to the northwest and south are well covered. Structure
in the northeast is constrained by only one or two triangles, which
increases relative uncertainties in the model. Perhaps more impor-
tantly, virtually all of the triangles in the east involve records of
CMG-40T sensors whose bandwidth is severely limited compared
to true broad-band sensors. Though numerical results indicate that
structure at 150 km or even deeper should be resolved, it is possible
that our error analysis does not account fully for the deficiency in
sensor quality. The analysis of a follow-up deployment of 6 CMG-
3Ts in Jordan is currently ongoing and will hopefully shed light on
these unresolved issues.
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APPENDIX: MISALIGNMENT OF
HORIZONTAL SEISMOMETER
COMPONENTS

Our initial data quality assessment routinely includes the inspection
of all three seismometer components. Prior to a Love wave disper-
sion analysis, we examine the frequency-dependent particle motion
and measure surface wave arrival angles (Laske 1995). The latter
give the direction of approach after propagation in heterogeneous
variations in phase velocity. In global studies, arrival angles can be
used to retrieve these variations (e.g. Woodhouse & Wong 1986;
Laske & Masters 1996; Yoshizawa et al. 1999). While this is not
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Figure 20. Arrival angles at station JSO7, observed for Rayleigh and Love
waves at 6 and 10 mHz. The panels show rose diagrams where the polar
angle is the arrival angle, the angle away from a source-receiver great circle
which is zero for any given earthquake. The length of the vectors represents
the reciprocal measurement error. Accurate data with small errors bars tend
to stick out of the cluster of observations. A clustering of data in a particular
panel could either be due to station misorientation or because the dominance
of a certain source-receiver great circle corridor. The numbers below the
panels indicate the station misorientations from individual inversions at fixed
frequency and wave type.

immediately relevant for the study shown here, a useful by-product
is the determination of the orientation of the horizontal seismometer
components. A preposition thereby is that the components are or-
thogonal. The dependence of measured angles on component misori-
entation is non-linear and we iterate a joint inversion for component
misalignment and long-wavelength heterogeneity several times.

Analysing about 18 months of data from the Saudi Seismic Net-
work, Laske & Cotte (2001) show that this technique can be applied
successfully on the limited data sets of temporary networks. An im-
portant point here is that the data are embedded in a global data set
to allow the removal of biases caused by the uneven azimuthal dis-
tribution of earthquakes at a particular station. Using this technique
we can measure enough arrival angles at most of the stations of the
DESERT array to allow for robust determination of component mis-
orientation. Since effects on arrival angles by lateral heterogeneity
is expected to increase with frequency, we restrict analysis here to
three relatively low frequencies: 6, 8 and 10 mHz. In this case, we
do not expect to have a sufficiently large data set to include all of
the stations that had CMG-40T sensors. Fig. 20 shows data for 6
and 10 mHz gathered at station JS07. Different wave propagation
effects at different frequencies and wave types cause some variation
between the four panels but the consistent clustering around about
—20° is a strong indication that this station has a significant mis-
orientation. Measuring arrival angles for Love waves is often easier
than for Rayleigh waves because the latter are more dispersed and
may overlap with the Love wave coda. We therefore typically have
Love than Rayleigh wave arrival angles (see Table 2). Fig. 21 shows
measurements for 12 mHz Love waves at 6 selected stations. The
fact that the arrival angles vary so significantly between stations in
arelatively dense network, such as the DESERT array, is also strong
indication that some sensors are significantly misoriented.

The joint inversions for long-wavelength heterogeneity and com-
ponent misalignment often allows us to narrow component misalign-
ment to within less than 1°, as indicated by the numbers in Fig. 21.
The weighted average of these numbers over all three frequencies
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Surface waves at DESERT 609

Table 2. Component misalignment expressed as apparent north.

Station Apparent North No. of No. of Sensor Comment
(°) Rayleigh Data Love

D27 435+1.60 14 19 STS-2

ID28 —691 £0.86 23 29 STS-2

ID31 —14.01 +£1.27 17 22 STS-2

ID32 090+ 0.77 27 26 STS-2

ID33 0.72 £ 098 24 27 STS-2

ID07 —0.61 £091 24 34 CMG-3T (1)

D08 1535+£0.79 25 33 CMG-3T

ID10 —4.43+£0.85 21 25 CMG-3T

ID12 —0.04 £ 091 19 27 CMG-3T

JDO01 131 £2.78 4 9 CMG-3T  (2);(3)

D08 —7.224+098 25 33 CMG-3T 1)

JS07 —19.00 £ 0.63 50 56 CMG-3T

JKO02 —3.81+253 6 10 CMG-40T (1); (3)

JS05 —548 £2.30 8 11 CMG-40T (3)

JWO01 9.63£2.19 11 19 CMG-40T

JW09 —1022+£2.25 9 14 CMG-40T (3)

Notes: Apparent north is the angle at which true North appears with
respect to the N component of an instrument. Negative values imply a
clockwise rotation of the equipment.

(1) N noisy

(2) Noisy most of the time

(3) Uncertain; few data.

Arrival Angles for 12mHz Love Waves
D07

w o
S

-18.73 £ 0.40

Figure 21. Arrival angles at six stations of the DESERT array, for Love
waves at 12 mHz. For details see Fig. 20. Since effects from lateral short-
wavelength structure become more dominant with increasing frequency the
misorientations for these examples are not included in the final determination
of apparent north. Nevertheless, the larger misorientations are consistent
with the final values of Table 2.

and the two wave types gives the final apparent clockwise rotation
ofthe sensor at JS07 as —19.00 = 0.63. Table 2 summarizes the final
component misorientation for most of the broad-band stations and
some of the wide-band stations for which we have enough reliable
low-noise data. Several stations are nearly aligned with geographic
North but most stations exhibit a moderate misalignment between 0
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and 5°. Some stations have a misalignment of more than 5°, where
an alignment with geographic North to within 5° appears doable
using a compass and a declination map. We obtain a serious mis-
alignment of more than 10° for stations ID31, ID08, JS07 and JW09.
It turns out that many of these stations were not installed using a
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compass but were aligned using the direction of the main road in the
area. While a dispersion study is not affected by this misalignment
studies using arrival angles to determine phase velocity heterogene-
ity clearly need to take this into account as do shear wave splitting
studies.
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SUMMARY

Magnetotelluric and seismic methods provide complementary information about the resistivity
and velocity structure of the subsurface on similar scales and resolutions. No global relation,
however, exists between these parameters, and correlations are often valid for only a limited
target area. Independently derived inverse models from these methods can be combined using
a classification approach to map geologic structure. The method employed is based solely on
the statistical correlation of physical properties in a joint parameter space and is independent
of theoretical or empirical relations linking electrical and seismic parameters. Regions of
high correlation (classes) between resistivity and velocity can in turn be mapped back and re-
examined in depth section. The spatial distribution of these classes, and the boundaries between
them, provide structural information not evident in the individual models. This method is
applied to a 10 km long profile crossing the Dead Sea Transform in Jordan. Several prominent
classes are identified with specific lithologies in accordance with local geology. An abrupt
change in lithology across the fault, together with vertical uplift of the basement suggest the
fault is sub-vertical within the upper crust.

Key words: electrical resistivity, geostatistics, magnetotellurics, seismic structure, seismic

velocity, tomography.

1 INTRODUCTION

The interpretation of geophysical models derived by inversion is a
highly subjective part of any geologic study. Our incomplete knowl-
edge of the subsurface, the spatially-varying resolution of the mod-
els, and the non-uniqueness of the geophysical inverse problem make
it difficult to objectively interpret physical property models in terms
of geologic structure. The problem is exacerbated by the many-to-
many, or at best, many-to-one, relationship between geologic units
and their physical properties. It is thus commonplace to use multi-
ple methods to determine multiple physical properties over an area
of interest in order to discriminate between the range of possible
geologic/lithologic structures. The analysis of such complemen-
tary data, however, is rarely taken beyond a qualitative comparison.
Attempts at a quantitative comparison are, for the most part, centered
upon constitutive or empirical relations between physical properties,
which tend to be limited in scale and applicability.

Seismic and magnetotelluric (MT) methods are often favored for
crustal studies as they provide images of acoustic velocity (V,, V)

*Now at: US Geological Survey, MS 964, Box 25046, Denver, CO, 80225,
USA. E-mail: pbedrosian@usgs.gov
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and electrical resistivity (p), respectively, on similar scales and with
comparable spatial resolution (Jones 1987). By looking in tandem
at velocity and resistivity we retain the strengths of each method,
while lessening the susceptibility of our interpretation to their indi-
vidual weaknesses. Seismic refraction, for example, has difficulty
imaging vertical velocity contrasts. Along a similar vein, MT has
difficulty resolving structure beneath strong conductors due to the
large amount of energy dissipated within them. A properly formu-
lated joint interpretation must take these variations in resolution into
account, but unfortunately there exists no fundamental law linking
resistivity and velocity. The reason for this is that electrical resis-
tivity is most sensitive to minor fluid phases within a rock, while
acoustic velocity is equally sensitive to the rock matrix. This does
not suggest these methods are discordant, but rather that empirical
relations between p and V', at best hold locally, within a specific
lithology. A joint statistical interpretation can describe the correla-
tion between these physical parameters without imposing unrealistic
empirical constraints.

The methodology we explore is sketched in Fig. 1. Coincident and
independently-derived velocity and resistivity models are first inter-
polated onto a common grid. We stress that an inversion model can
be thought of as an ensemble of point values, each associated with
a particular location. Interpolating onto a common grid thus results
in a set of co-located model points, each identified with a velocity,
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Figure 1. Probabilistic approach to structure classification using independent geophysical models. Independent models are first interpolated onto a common
grid. The correlation between the models is subsequently examined and significant classes (localized regions of high correlation) are identified. Classes are

finally mapped back into onto the depth section.

resistivity, and spatial location. Together with error estimates of the
model parameters at each location, a probability density function
(pdf) is assembled in the joint parameter space. Classes are sub-
sequently identified as localized regions of enhanced probability
density and finally mapped back to the spatial domain (a depth sec-
tion) where their locations define geologic structures (under certain
assumptions to be discussed later). Our methodology is based on a
probabilistic approach developed by Bosch (1999). While this work
was aimed at joint inversion, we represent the plural geophysical
data as a pdf in the joint parameter space, in an analogous fashion
to this earlier work. This approach has been applied to lithology
classification, in particular by Bauer et al. (2003), who examined
models of seismic velocity and Poisson’s ratio, linking the resulting
classes to geologic structure through petrological constraints.
More commonly, scatterplots of independent physical property
models are examined, such as a study by Haberland et al. (2003b)
which combined models of electrical resistivity and seismic attenua-
tion to define regions of partial melting within the Altiplano plateau.
Bedrosian et al. (2004) applied a similar method to seismic and MT
models of the San Andreas Fault, delineating several tectonic and
hydrologic boundaries. These studies, however, are rather ad hoc in
their approach to classification and furthermore treat all data equally,
i.e. they ignore the effects of spatially-varying model resolution.
Maercklin (2004) similarly used scatterplots of resistivity and
seismic velocity to delineate lithologic structure surrounding the
Dead Sea Transform (DST). This work was subsequently integrated
with seismic scattering studies to characterize the DST in the near
surface (Maercklin et al. 2005). These preliminary studies are the
motivation for the present work. Using coincident geophysical mod-
els crossing the Dead Sea Transform in Jordan, this paper develops a
statistically-robust framework to extract structural information from
seismic and electric data. This approach fills a gap between qual-
itative comparison of independent models and joint inversion of
the underlying data (Bedrosian 2007); it is more rigorous than the
former and can be applied to existing models without renewed in-
version of the data. Furthermore, this work addresses topics which
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arise in all joint geophysical inversions based on model structure
linkages (Haber & Oldenburg 1997; Gallardo & Meju 2003, 2004,
2007; Linde et al. 2006).

2 BACKGROUND AND MODELS

The left-lateral Dead Sea Transform (DST) accommodates the rela-
tive motion of the Arabian and African plates, stretching over 1000
km between the Taurus collision zone in the north and the Red Sea
rift in the south (inset, Fig. 2). The DST fault system has a Holocene
slip rate of 4 & 2 mm yr~!, and is estimated to have accumulated
~105 km of sinistral offset since its formation around 17-22 Ma
(Niemi ez al. 2001; Klinger et al. 2000; Garfunkel ez al. 1981; Bartov
et al. 1980; Freund et al. 1970). Aside from a compressional period
in the late Cretaceous (Syrian Arc phase, Bosworth ef al. 1999), the
region has remained stable since the early Mesozoic. Recent seis-
mic activity is concentrated along the DST, and to a minor extent on
the Central Negev Shear Zone (van Eck & Hofstetter 1990). Seis-
micity along the southern DST is most pronounced near tensional
features such as the Dead Sea and the Gulf of Aqaba/Elat, though
large historical earthquakes have occurred along the length of the
fault system (Amiran ef al. 1994; Klinger et al. 2000).

Basement in the region consists of late Proterozoic rocks com-
prising the Arabo-Nubian Shield (Stern 1994; Stoeser & Camp
1985; Bender 1968). A succession of Late Precambrian volcano-
sedimentary sequences overlie the basement throughout much of
the region with significant variations in thickness and coverage
(Weissbrod & Sneh 2002). Phanerozoic cover is predominantly
Cretaceous and Tertiary, underlain in places by Jurassic, Triassic,
and Permian sequences. To the east of the DST, these latter sequences
are generally absent, and Cretaceous rocks lie unconformably upon
sandstones of Ordovician and Cambrian age.

As part of the DESERT project, geological and geophysical data
were acquired along a profile centered on the DST, traversing Is-
rael and Jordan (Weber ef al. 2004; DESERT Research Group
2000). The profile crossed the Araba/Arava Fault (AF), locally the

© 2007 The Authors, GJI, 170, 737-748
Journal compilation © 2007 RAS



Lithology from MT and seismic models 739

N PLATE atO\"ﬂ\ —
st valt

EURAS‘A

Alpine Orogenic Belt

* MT site
* NVR profile

30°30°

35°5°

36°

35°15°

35°20°

Figure 2. Site location map for the area of study (small red rectangle on the inset regional tectonic map). WRR = Wide-angle reflection/refraction profile;
NVR = Near-vertical reflection profile. MT site locations in main figure denoted by red diamonds; Black dots represent vibroseis source points along the NVR
profile. Surface geology consists of Quaternary alluvium except as marked. Qp, Quaternary sand dunes; Tm, Miocene Hazeva Fm.

expression of the DST, within the Araba/Arava Rift midway between
the Dead Sea and the Gulf of Aqaba/Elat (inset, Fig. 2). Geophysical
studies included a 100 km near-vertical-incidence reflection (NVR)
experiment, a 260 km wide-angle reflection/refraction experiment,
and a 150 km magnetotelluric transect. This study is concerned with
the innermost 10 km of the profile across the AF, focusing on the
coincident MT and NVR data.

2.1 Magnetotelluric modelling

Magnetotelluric data were first acquired in 2000 with sites spaced
every 100 m in the vicinity of the Araba/Arava Fault, expanding to
every 500 m at the profile ends (Fig. 2). Measurements were made us-
ing GPS synchronized SPAM MKIII instruments (Ritter ez al. 1998),
which recorded electric and magnetic field variations for a dura-
tion of 2 days. Vertical magnetic fields were recorded at all sites in
addition to traditional (horizontal field) MT data in order to further
constrain subsequent inversion. MT and vertical-field transfer func-
tions were estimated within the frequency range of 1000-0.001 Hz
using processing techniques described in Weckmann ez al. (2005).
Dimensionality analysis was carried out via examination of skew,
geoelectric strike, and induction vectors, which all confirm that the
measured data are in accordance with the predominantly 2D geo-
logic structure defined by the Araba/Arava Fault (Ritter et al. 2003).

Upon rotation into a fault-aligned coordinate system (N18°E),
data modelling and inversion were carried out using the Winglink
analysis package (http://www.geosystem.net). The 2D regularized
inversion algorithm of Rodi & Mackie (2001) was employed to pro-
duce potential models spanning a range of regularization parameters
and data error floors. Models were subsequently refined based on
their common characteristics and agreement with the measured data.
The model shown in Fig. 3(a) is derived from a uniform resistivity
starting model (50 Q2m) and fits the MT and vertical-field data to a
combined r.m.s. error of 2.1, a 600 per cent reduction in error from
that of the starting halfspace model.

As all parts of the final inverse model are not equally resolved, es-
timates of the errors in the individual model parameters are needed.
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In magnetotellurics, the pairwise sensitivity of each model parame-
ter to each datum is contained within the Jacobian of the linearized
forward problem, typically termed the sensitivity matrix. Schwalen-
berg et al. (2002) suggest using normalized averages of the sensi-
tivity matrix to assess the relative sensitivity of individual model
parameters. This method in effect calculates the average sensitivity
of a given model parameter to all the measured data, normalized by
the measurement error in each datum. This linear sensitivity analy-
sis (only accounting for small perturbations of the model) has been
used to estimate resistivity errors according to:

Tog(s) }

log(s7) M

Stog(p)i = Clog(p) - [

where s; is the normalized sensitivity of a given cell, and Cog ) is
the mean error in log (p), a constant to be determined. The overline
indicates an average over all model points.

2.2 Seismic modelling

The near-vertical-incidence reflection experiment was carried out
in 2000 using vibroseis trucks as seismic sources. An 18 km record-
ing spread (180 geophones) was moved along the 100 km profile
in split-spread configuration. An additional 86 seismic stations re-
mained fixed along the profile for the duration of the survey. 280,
335 direct P-wave arrival times were manually picked from the sub-
sequent data and inverted using the two-dimensional (2D) FAST
code of Zelt & Barton (1998). Travel time picks have been used to
construct a set of best fitting one-dimensional (1D) models, which
were stitched together and used as the starting model for the 2D
inversion. The final inversion mesh consists of blocks 100 m wide
and 50 m thick. The shallow parts of the model (upper 5 km) gener-
ally have high ray coverage, and hence are well-constrained by the
data. The robustness of the final model (innermost 10 km shown
in Fig. 3¢) was confirmed by testing the stability of model features
while varying smoothness constraints, regularization parameters,
starting models, mesh gridding, and mesh location. An iterative in-
version approach led to a final velocity model independent of the
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Figure 3. Independent resistivity (a) and velocity (c) models selected for joint interpretation. Histograms of model resistivities and velocities (initial point
distributions, IPD) shown in (b) and (d), respectively. Models are only considered from the surface to 5 km depth due to decreasing resolution at greater depths.
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white area of the seismic model is where ray coverage was too sparse to constrain velocities; gray area denotes a region where starting-model velocities were
unaffected by inversion. The red line marks the surface trace of the Araba/Arava Fault (AF).

starting velocity model. An exception is the narrow strip within the
model (gray area in Fig. 3c) where velocities remained unchanged
(to two decimal places) during the inversion; model parameters in
this strip were removed from subsequent analysis as they represent
velocities unconstrained by the data. A final r.m.s. travel time misfit
of 0.045 s was achieved.

Checkerboard tests suggest the model resolution is better than
200 m in the upper 1 km, decreasing to ~500 m at 2 km depth. The
relative velocity errors are estimated from ray coverage. A mean
velocity error, Cy,, remains to be determined. Velocity errors are
estimated as:

log(n) i| ’ 2

8, =Cyp, -
e |:log(ni)

where n; is the number of hit counts in a given cell and the overline
indicates an average over all model points.

3 ANALYSIS

3.1 Interpolation

In order to examine the correlation between the models shown in
Fig. 3, physical property values must be estimated at a common set
of grid points. This procedure will generally involve both projection
and interpolation, though in our case projection is unnecessary, as
sites were projected onto a common profile prior to inversion. Inter-
polation, specifically point estimation, can be performed in a variety
of ways, the details of which are covered in standard geostatistical
texts (Isaaks & Srivastava 1989; Armstrong 1998). What is impor-
tant to any interpolation method is that the estimated and original
point distributions are statistically similar. Recall that each model
can be viewed as an ensemble, or distribution of point values as
emphasized in the presentation of Fig. 3. For our purposes, it is also
important to consider the size (number of model points) within the
initial and estimated distributions as well as the spatial uniformity

93

of the final interpolated models. The former should be maximized
to provide better statistics, while the latter will influence the relative
weighting of various parts of the model.

A fundamental difference between electric and seismic tomogra-
phy methods is the discretization of the model mesh or grid. Though
auniformly-spaced grid is commonly used during seismic inversion,
the physics of the MT problem, in which energy dissipates exponen-
tially with distance inside the earth (e.g. Vozoff 1987), demands a
non-uniform model grid that progressively coarsens with both depth
and distance from the measurement sites. In arriving at a common
grid, one can:

(i) estimate resistivity values at each velocity grid point,

(i1) estimate velocity values at the resistivity grid point, or

(iii) interpolate both resistivity and velocity values onto an inde-
pendent set of grid points.

Choices 1 and 2 result in significantly different estimated point
distributions (EPD) due to differences in the sizes of the initial
point distributions (IPD). As the velocity model contains more mesh
points than the resistivity model, choice 2 (¥, — p) results in a net
loss of velocity information, while choice 1 (p — V) preserves
the information content of both models. Concerning spatial uni-
formity, choice 1 (2) results in an EPD that is spatially uniform
(non-uniform). For subsequent correlation, we require a uniform
distribution to ensure that all parts of the model are equally repre-
sented.

A final consideration is that all interpolation methods, by averag-
ing several point values to form an estimate, produce an EPD that
is smoother (reduced variance) than the IPD. As our final goal is
to identify geologic structures by their different physical properties,
this smoothing masks the differences we seek. Keeping the num-
ber of interpolations to a minimum is desired, and for this reason,
choice 3, in which both data sets are interpolated, is not considered.
We proceed with interpolating the resistivity mesh onto the velocity
mesh (choice 1).
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Figure 4. Experimental (a) and modelled (b) variograms for the resistivity model in Fig. 3(a). Experimental variogram exhibits geometric anisotropy, in which
model structures are more continuous along the profile than with depth. Modelled variogram is the result of a three parameter fit to a spherical function.
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Figure 5. Cross-validation study. Spatial (a) and ordinary (b) distribution of resistivity residuals (original minus estimated resistivity) for ordinary kriging.
Red (blue) regions of the cross-section have resistivities underestimated (overestimated) by the interpolation.

Point estimation, or interpolation was done using ordinary krig-
ing (OK). OK forms estimates from a weighted average of many
samples; sample weights take into account both the spatial cluster-
ing of the samples (in our case the IPD of the resistivity model) and
the spatial continuity of the sample values (resistivity). As such, OK
produces an estimated point distribution whose residuals (as deter-
mined by cross-validation) have zero mean and minimum variance.

OK requires a model of spatial continuity for the property to
be interpolated (resistivity). This spatial continuity is expressed
by the experimental variogram, a directionally-dependent function
which must be calculated and modelled (Isaaks & Srivastava 1989).
Fig. 4(a) illustrates the experimental variogram of the resistivity
model. The lack of azimuthal symmetry in the experimental var-
iogram is indicative of geometric anisotropy, with greater spatial
uniformity along profile than with depth. This is not unexpected, as
geologic structures, and by inference their defining physical proper-
ties, are typically areally expansive, yet often quite thin. Put simply,
lithologies can stretch for hundreds or even thousands of kilometers,
but are seldom more than a few kilometers thick. The short-offset
(0 — 1.5 km) experimental variogram was fit to a three parameter
spherical function model; the resulting best-fit variogram can be
seen in Fig. 4(b) for comparison. This modelled variogram was
subsequently incorporated into the ordinary kriging procedure to
derive resistivity estimates at each of the velocity mesh points. OK
was applied in an analogous manner to derive resistivity errors for
the EPD.

The accuracy of the interpolated resistivity model is evaluated
through cross-validation. A form of jack-knife estimation, cross-
validation builds an estimated point distribution by removing a sam-
ple from the IPD and using the remaining samples to estimate it as
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if it were missing. In this manner, a residual between the IPD and
EPD can be calculated. The spatial and ordinary distribution of the
residuals are shown in Figs 5(a) and (b), respectively, and indicate
little deviation between the IPD and EPD.

The relationship between resistivity and velocity can be examined
using quantile-quantile (QQ) plots, a measure of the statistical simi-
larity between two distributions (Isaaks & Srivastava 1989). Plotted
for the initial resistivity and velocity distributions (Fig. 6a), the QQ
plot is linear except at high values of p/ V", suggesting strong simi-
larity. Post-interpolation, the p/ V', relationship (Fig. 6b) is changed
somewhat due to differences in the initial and estimated resistivity
distributions. In particular, the differences reflect the spatial uni-
formity of the resistivity grid. The non-uniform IPD disproportion-
ately weights shallow structure, in contrast to the uniform grid of the
EPD.

3.2 Model correlation

Having arrived at a common point distribution, we turn our atten-
tion to the correlation of the resistivity and velocity models. While
QQ plots examine the p/V, distributions as a whole, scatterplots
(Fig. 7a) present a point-by-point examination of model correla-
tion. Correlation is evident from the spatial clustering of the model
points in the joint parameter space, however no clear global relation
is observed. This is in contrast to the work of Dell’ Aversana (2001),
where scatterplots from a collection of borehole data define a sim-
ple curve relating resistivity to velocity. A series of arcuate tracks
in Fig. 7(a) form a fine-scale ‘structure’ within the scatterplot, each
track representing a vertical or horizontal slice through the model
section. These tracks are a result of both the periodicity of the model
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Figure 6. Comparison of model distributions. (a) Quantile-quantile plot of initial resistivity and velocity distributions. (b) Quantile-quantile plot of the
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errors in the model parameters. Contour interval is 0.05.

grid and the smoothing enforced by the inversion. The differences
Alog(p) and AV, between tracks are on average less than 0.1 and
0.1 km s~!, respectively, providing estimates of discretization error.
We have used these values to set the mean errors, Clog,) and C,,
in eqs (1) and (2), respectively.

In order to identify classes (regions of high correlation, and by
inference well-defined physical properties), the distribution was
binned to produce the histogram in Fig. 7(b). Binning averages
out some of the distracting fine-scale structure in the scatterplot
(Fig. 7a), however the creation of the histogram requires a choice
of bin size (here Alog(p) = 0.03, AV, =0.03 km s~1), which in-
troduces additional subjectivity into the process. Furthermore, there
is no straightforward way in which to incorporate the errors in re-
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sistivity and velocity model values into the histogram. Though this
approach has been employed by Maercklin (2004) and Bedrosian
et al. (2004), here we pursue a probability density approach which
does not suffer these limitations (Schalkoff 1992).

Each element of our point distribution can be viewed as a measure
or outcome of a process defined by a probability density function
(pdf). Assuming the data (the collection of model points) are in-
dependent, a joint pdf describes the full distribution and can be
expressed as a sum of the probability density functions for each
datum (eqs 3, 4). Assuming a normal error distribution, the pdf for
the ith data point can be expressed as a function of velocity and
resistivity, where 8log (p;) and 8V, ; are the errors defined in eqs
(1) and (2), and » is the total number of data points. The joint pdf
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(Fig. 7¢) can be compared to the histogram in Fig. 7(b); broad-scale
similarities can be seen.
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3.3 Classification

In the previous section we calculated the joint pdf describing the
data set, taking into account error distributions in both resistiv-
ity and velocity. We proceed under the assumption that lithotypes
are spatially-connected domains characterized by uniform physi-
cal properties which are normally distributed about a mean. It is
possible to identify lithotypes from the joint pdf, provided the con-
trast in physical properties between lithotypes is greater than their
estimated errors. Practically, this amounts to being able to separate
overlapping peaks in the joint parameter space. An examination of
the pdf (Fig. 7¢) reveals several regions of enhanced probability
density connected to one another via linear ‘bridges’ in parameter
space. Were the MT and seismic models completely uncorrelated,
the resulting pdf would be structureless (uniform, flat probability
density). The task is thus to extract a series of classes (inferred to
represent lithotypes under the assumption above) from the calcu-
lated joint pdf. The problem of classification reduces to the follow-
ing questions: how many statistically significant classes exist, how
can they be defined, and how do we determine class inclusion for a
given datum?

A hybrid of two classification approaches is pursued. In the first
approach, classes and their boundaries are manually chosen from the
joint pdf (Fig. 8a). In the second, a non-linear least-squares fitting
routine is used to determine the location and extent of classes in
parameter space. The first method, though subjective, allows for
an interactive examination of class structure in both the parameter
and spatial domains. Insight from this manual examination is subse-
quently used to constrain the fitting routine, permitting a statistical

6
> D

5
- D z
%) g
E, ) i
3 2
25 i

[aW)
) -
0.5 1 1.5 2 2.5

Log Resistivity

Lithology from MT and seismic models 743

rather than subjective definition of class boundaries. In effect, this
hybrid method forces the fitting algorithm toward local, rather than
global fitting of the joint pdf, permitting cleaner class separation,
and as will be shown, results in classes that are more realistically
distributed in depth section.

Levenberg-Marquardt least-squares optimization was used to fit
the joint pdf as a sum of bivariate Gaussian functions (eq. 5):

o a; 1

JS(x) = ZZ m exp—3 [(x— ) = (x— )], (%)
where x =[log(p), V', ]. This non-linear, parametric estimation tech-
nique determines the amplitude, a;, mean, u;, and covariance, X;,
for the n Gaussian functions (classes) that best fit the joint pdf.
The number of classes are supplied by the user, as well as initial
guesses for the 6 * n fit parameters. The convergence of this iter-
ative fitting algorithm is sensitive to the starting parameter values,
and for a complicated pdf will rarely converge to a solution given
randomly-chosen starting values. As such, initial class amplitudes,
means, and covariances were chosen close to their assumed val-
ues, as determined during the manual class selection. Constraints
were further placed on the range of certain parameters to enforce
the shape or location of classes in parameter space. Where closely
spaced, class means were fixed at their starting values. All of these
constraints serve to steer the global fitting algorithm toward local
structure and aid in peak separation.

The optimum number of classes was determined from examina-
tion of global misfit as a function of the number of classes fit. The
‘knee’ of the resulting L-curve (Fig. 9a), though not pronounced,
occurs between 4 and 7 classes, beyond which the introduction of
more classes does not significantly lower the misfit. The final choice
of 6 classes stems from examination of the distribution of classes in
depth section. It was found that beyond 6 classes, the spatial con-
nectivity of classes began to falter, suggesting that lithotypes are
being split among multiple classes. The best 6 class fit to the joint
pdf is shown in Fig. 8(b). The misfit between the calculated and
modelled pdf is shown in Fig. 9(b) and illustrates the quality of the
fit in different regions of parameter space.

Class boundaries are defined by confidence intervals for the 6
Gaussian peaks, as illustrated in Fig. 8(b). It is important to avoid
overlap between classes boundaries lest the question of a datum’s
class inclusion become ambiguous. The confidence intervals have

L D
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Log Resistivity

Figure 8. Manual (a) and hybrid (b) class selection. Class boundaries are overlain upon the calculated and modelled pdfs in (a) and (b), respectively. Black
circles in (b) denote the mean class values and colored ellipses the ~60 per cent confidence interval for each of the peaks used to fit the calculated pdf. Manual
class selection was undertaken to interactively investigate the correlation of resistivity and velocity both in parameter space and in depth section (Fig. 10a).
Results were subsequently used to constrain certain parameters within the hybrid fitting routine.
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Figure 10. Spatial distribution of classes derived from manual classification (a) and a hybrid fitting routine (b). Colors correspond to the those of the class
boundaries defined in Fig. 8. Arrows mark the surface trace of the Araba/Arava Fault and dashed lines highlight the boundaries identified. Gray region indicates

missing data in the initial seismic velocity model.

been selected as the full-width, half-maximum (FWHM) value of
each fitted peak. Defining class boundaries in this fashion leads to
minimal overlap, with 76 per cent of the EPD falling within one
of the 6 classes, and less than 0.2 per cent of these falling into
overlapping classes. As opposed to defining class boundaries along
a probability density contour, this choice accounts for variations
in peak amplitude which in turn reflect the differing spatial extent
(cross-sectional area) from which each class derives. As chosen,
the class boundaries represent ~60 per cent confidence intervals,
though these are upper bounds derived not from the class boundaries
themselves, but from rectangular regions enclosing them.

Mapping back to a depth section, Fig. 10 illustrates the spatial
distribution of class boundaries picked manually (a) and through
the hybrid fitting routine (b). Note the similarity between the dis-
tributions, indicating the robustness of the method to how class
boundaries are chosen. The highlighted classes for the most part de-
fine spatially connected regions, verifying an earlier assumption and
suggesting the classes define distinct earth structures. The subhori-
zontal class boundaries, together with their significant along-profile
extent, further suggest they represent distinct lithotypes. Four of
the six classes are abruptly terminated across a vertical boundary
in close proximity to the surface trace of the Araba/Arava Fault.
The slight irregularity within the fault zone may be attributed to
secondary minor faults in close proximity to the major fault.

The imaged classes and their boundaries represent a combination
of'the structure in the initial models (Figs 3a, ¢). The top boundaries
of classes 1, 2 and 4 are primarily derived from the seismic model,
while those for classes 3 and 5 are most clearly imaged by the
MT model. Furthermore, the sharp vertical discontinuity bounding
classes 2—5 is most evident in the MT model. It would be difficult
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to define the lithology of Fig. 10 from either of the two starting
models.

4 DISCUSSION

4.1 Imaged structure

Table 1 enumerates the classes defined in Fig. 10 and their ranges
in resistivity, velocity and thickness. With the exception of classes
1 and 6, all classes are truncated at a vertical boundary, a not un-
expected result given up to 60 km of post Miocene sinistral off-
set (Kesten ef al. 2007) on the Araba/Arava Fault. Classes 1 and
2 are characterized by high velocity and moderate resistivity, typ-
ical of igneous or metamorphic rocks, but less common for the
sedimentary rock found locally, composed of alternating layers of
sandstone and carbonate rock with considerable amounts of clay
and marl. These classes furthermore correspond spatially to deeper
parts of the model, suggesting they may reflect basement rocks
of the Arabo-Nubian shield (Ibrahim & McCourt 1995). In con-
trast, classes 5 and 6, with low velocity and resistivity, can only
be attributed to sedimentary rock, and are structurally the highest
units in the section. Class 4, with ¥, = 3.9 + 0.3 km s~' and
p = 6 — 39 Qm, is typical of clastics or consolidated sediments,
and is at sufficient depth to have undergone compaction. Class 3
is enigmatic as it is characterized by moderate velocity, similar to
class 4, but extremely low resistivity, lower even than the surface
sediments.

Together with regional stratigraphy, and based on the determined
velocity/resistivity values, classes have been associated with specific
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Table 1. Resistivity, seismic velocity, and thickness (t) of classes denoted in Fig. 10. Also included are inferred age, rock type, and geologic unit based on
constraints discussed in the text. Classes spanning the Araba/Arava Fault are identified by geologic unit on both the west (W) and east (E) sides of the fault.

Cls. p(Q-m) V,(km s t(km) Age Lithology type Stratigraphic unit
1 16 — 92 55+£03 1.5+ IPC ark., cgl., volc. Zenifim fm.(W); Aqaba cmplx.: Ghuwayr volc., Araba cmplx. (undif.)(E)
2 26 —173 48=+04 3+ IPC cgl., qtz. porph. Fidan grnt., Araba cmplx.: Ahaymir volc.(E)
3 2—11 44405 1.6 C-K sst., Ist., dolm., mar., clst. ~ Yam Suf, Negev, Ramon, Kurnub, Judea grs(W) ~1.7 km
4 6 —39 39+£03 1.0 IK-T chk., cht., Ist. mar. Mt. Scopus, Avedat grs.(W)(equiv. to Belga gr.), 700 m
5 10 — 43 3.0+0.3 0.5 Tm sst., clst., cgl. Hazeva gr.(W) ~500 m
6 11 -39 22+04 0.2 Tp-Qp alluv: cgl., sd., slt., grvl. Arava fm.(W, E)
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Figure 11. Fluid resistivity/porosity trade-off curves (Archie 1942) corresponding to a bulk resistivity of 42 m, characteristic of class 3 (Table 1). Different
curves correspond to fluids distributed in cracks (dashed line) and spherical pores (solid line). The resistivity of sea water is shown for reference. The dark
shaded region denotes the approximate range of porosities and fluid resistivities consistent with the data.

geologic units (Table 1). The evidence for this geologic association
comes from surface mapping, borehole constraints, and indepen-
dent geophysical results. The determined class velocities and re-
sistivities are in accordance with the inferred geologic units in all
but one case. The Cambrian to Cretaceous sequence equated with
classes 3 and 4 is comprised of sandstone, limestone, dolomite and
marl. The velocity (4.4 & 0.5 km s™!) of class 3, the lower half
of this sequence, is reasonable for such a heterogeneous package,
however the resistivity (2 — 11 2m) is anomalously low. Such low
resistivity usually suggests an unusual mineralogy (e.g. graphite or
metallic sulfides), chemical/physical weathering, or the presence
of a connected fluid phase (Bedrosian 2007). Mineralogy is not
a satisfactory explanation, as deeper stratigraphic levels sampled
in boreholes show no indication of anomalously conductive min-
eralogy. Weathering, which can significantly lower a rock’s resis-
tivity, is also an unlikely explanation, as it is typically limited to
the uppermost hundred meters. Even if exposed in the past, it is
unlikely that this ~1.5km thick section has become pervasively
weathered.

The most plausible explanation is fluids, which in small per-
centages can lower rock resistivity dramatically. Fig. 11 illustrates
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trade-off curves between fluid resistivity and porosity for two end-
member pore geometries (Archie 1942); any combination of fluid
resistivity and porosity lying between the two curves is sufficient
to produce the bulk resistivity determined for class 3. We are lim-
ited to low porosities, however, since beyond a few percent porosity
the observed velocity is untenable (velocity is, to first order, in-
versely proportional to porosity and the modelled velocities are not
anomalously low). The fluid hypothesis thus requires that the litholo-
gies comprising class 3 be saturated by a few percent hypersaline
(p y =0.22m) fluid. This is consistent with the observation of saline
brines within the Zofar 20 well, situated within the Araba/Arava Val-
ley to the west of the study area.

The presence of fluids within such an extensive zone (1.5 km x
>6 km) requires a permeable host, structural control, and lastly a
source of fluids. The layered sandstones may provide the perme-
able host, while an overlying chert of Senonian age (up to 200 m
thick) may serve as a (relatively) impermeable cap. Faulting likely
provides lateral control, as class 3 terminates abruptly along a ver-
tical plane ~500 m east of the surface trace of the Araba/Arava
Fault. Indeed, Ritter e al. (2003) suggest that the AF acts, at
least locally, as a barrier to cross-fault fluid flow. Furthermore, our
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interpretation of class 2 as Precambrian volcanics and gran-
ites suggests a strong permeability contrast exists across the
fault. The western boundary of this conductor is located at the
edge of the Araba/Arava Rift (O. Ritter, unpubl. data) coinci-
dent with the concealed Baraq Fault (Frieslander 1993). It is
thus plausible that the lower part of the Cambrian-Cretaceous
sequence is host to a hypersaline aquifer within the internally-
drained Araba/Arava Rift, bounded by faults to the east and
west.

The above structural identification permits several conclusions
regarding regional faulting. First, the Araba/Arava Fault cuts cleanly
through the subsurface and is subvertical to at least 4 km depth.
Furthermore, the lateral change from classes 3, 4, and 5 in the west
to class 2 in the east suggests that a fault damage zone, if present, is
at most a few hundred meters wide between 0.5 and 3.5 km depth.
This is significantly wider than the damage zone observed either
from geologic studies (Janssen et al., 2004) or from seismic guided-
wave studies by Haberland ez al. (2003a). It must be noted 