
Geophysical images of the Dead Sea Transform in Jordan reveal an

impermeable barrier for fluid flow

O. Ritter,1 T. Ryberg,1 U. Weckmann,1 A. Hoffmann-Rothe,1 A. Abueladas,2

Z. Garfunkel,3 and DESERT Research Group

Received 16 April 2003; accepted 16 June 2003; published 22 July 2003.

[1] High-resolutionseismictomography and magneto-
telluric (MT) soundings of the shallow crust show strong
changes in material properties across the Dead Sea
Transform Fault (DST) in the Arava valley in Jordan. 2D
inversion results of the MT data indicate that the DST is
associated with a strong lateral conductivity contrast of a
highly conductive layer at a depth of approximately 1.5 km
cut-off at a position coinciding with the surface trace of the
DST. At the same location, we observe a sharp increase of
P wave velocities from <4 km/s west of the fault to >5 km/s
to the east. The high velocities in the east probably reflect
Precambrian rocks while the high electrical conductivity
west of the DST is attributed to saline fluids within the
sedimentary filling. In this sense, the DST appears to act as
an impermeable barrier between two different rock
formations. Such a localized fluid barrier is consistent
with models of fault zone evolution but has so far not been
imaged by geophysical methods. The situation at the DST is
remarkably different from active segments of the San
Andreas Fault which typically show a conductive fault
core acting as a fluid conduit. INDEX TERMS: 1515
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1. Introduction

[2] The Dead Sea Transform (DST) fault is a major
strike slip fault in the continental lithosphere. It forms the
boundary between the African and Arabian plates (see
Figure 1) and joins the divergent plate boundaries along
the Red Sea rift in the south with the Alpine orogenic belt
to the north along a length of more than 1000 km with a
total left lateral motion of 105 km [Freund et al., 1970].
The regional style of tectonism has been described as
rifting, (leaky) transform, or some combination of the two
[Garfunkel, 1970, Garfunkel and Ben-Avraham, 1996].
[3] In this letter, we report on geophysical experiments

carried out as part of the multi-disciplinary DESERT

(DEad SEa Rift Transect) project, a 300 km long transect
traversing Israel, Jordan and the Palestine territories
[DESERT Research Group, 2000]. The location in the
Arava valley was chosen in order to study the DST
(locally the Arava Fault, AF - the dominant fault of the
DST between the Dead Sea and the Gulf of Elat-Aqaba)
and the tectonic processes controlling it in their simplest
expression, far from the Dead Sea pull-apart basin and the
active rifting of the Red Sea. The relative simplicity of the
DST in the Arava Valley puts it in marked contrast to
other large fault systems such as the San Andreas Fault
(SAF) system which originated from complicated interaction
between oceanic sub-plates and an accreted continental
margin [Atwater, 1970, Fuis, 1998].

2. Seismic Data

[4] Tomographic inversion techniques were applied to
first arrival times of direct P waves to study the shallow
part (<10 km) of the crust. Vibroseis trucks have been
used as seismic sources. The total length of this near-
vertical reflection line (NVR) was 100 km. The line is
centered on the AF and oriented approximately perpen-
dicular to the DST. The recording spread consisted of 180
seismic receivers over a distance of 18 km. In addition to
this movable spread, 86 seismic stations were permanently
deployed along the line to record wide-angle data. From
this combined data set 280335 P wave first arrival times
from 1734 shots at 266 receivers were manually picked.
These picks were then inverted using the FAST code [Zelt
and Barton, 1998] in its two-dimensional version. Given
the crooked geometry of the line, we projected source and
receiver locations onto a straight line using a regression fit
in a manner similar to the technique of Zelt [1999]. The
velocity model grid consists of 1000 horizontal by 240
vertical blocks, each 100 m by 50 m in size, resulting in a
model extending 100 km in length and 10 km in depth.
Only the shallow part of the model, however, is penetrated
by rays and therefore constrained by data. The highest ray
density (>100 per block) and thus the best model reso-
lution is obtained for the top �3 km of the crust. Deeper
parts of the model are less well resolved. The stability and
robustness of the final model was confirmed by testing
various inversion parameters (shifted and sparser grids,
smoothness constraints, regularization parameters) and
checker-board tests were carried out to evaluate the
resolution of structural details in the model. The horizon-
tal and vertical resolutions are better than 200 and 100 m
to a depth of 1 km and 500 and 300 m at 2 km depth,
respectively; resolution decreases quickly with increasing
depth. We reached a final RMS travel time misfit of 0.05 s.
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The velocity features we discuss are stable through all of
these tests and are above the uncertainty level in the final
model.
[5] The final model in Figure 2a shows a 30 km wide

section of the NVR line centered on the AF. It reveals a
complex velocity distribution which generally correlates
with surface geology. The uppermost crust (to a depth of
�0.5–1 km) is generally characterized by the low veloc-
ities (<3 km/s) of the sedimentary fill. In the vicinity of
the AF this layer is reduced to a thickness of 200 m. At
greater depth (down to 2 km), however, we notice a clear
change of material properties across the fault with low
velocities of �4 km/s west of the fault and a significant
increase to velocities above 4.8 km/s on the eastern side.
The Zofar Fault is imaged as several thin high velocity
(4.7 km/s) blocks. On the eastern side of the Zofar Fault
and on the western flank of the Dead Sea Rift the
sedimentary filling increases to a depth of 1.5 km. At
the eastern flank of the Dead Sea Rift outcrops of higher
velocity material occur which could be related to the
Precambrian Arava complex.
[6] The basis for the structural interpretation that overlies

the seismic velocity west of the AF is interpolated from data
of several deep drill holes, surface geological sections, and
detailed seismic reflection data [Bartov et al., 1998]. The
structural information east of the AF is primarily based on
outcrops.
[7] In summary, the shallow seismic P wave velocity

structure of the rift valley reveals fault blocks along the
eastern and western bounding normal faults (Zofar and
Al Quwayra Faults) and a significant change in material

Figure 1. Plate tectonic setting of the Dead Sea Rift. The
measuring area (white rectangle) is located in the Arava
valley, which extends for 200 km between the Dead Sea and
the Red Sea (Gulf of Aqaba/Elat). Also shown are locations
of the seismic wide angle reflection/refraction (WRR) and
near vertical reflection (NVR) experiments. The Arava
valley is a topographic low formed by shearing along the
transform that separates the Arabian plate from the Sinai
sub-plate.

Figure 2. a) Part of the tomographic P wave velocity model, centered on the Arava Fault (AF) zone. With a receiver
spacing of 100 m and 500 shot points, the resolution at depth is good down to 3 km (the ray hit count generally exceeds 100
per block). Main geological units are also indicated. b) Blowup of superimposed magnetotelluric (color-coded) and seismic
P wave velocity results (contour lines derived from a) in the vicinity of the AF. The 30 MT recording sites are shown as
diamonds at the top. Red and yellow colors indicate high conductivity. Only the top 5 km of the crust are shown, as
resolution degrades at larger depths due to the limited length of the MT profile (10 km). Both the MT and seismic data
indicate significant lateral changes in physical properties across the AF.
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properties across the AF, with a buried basement high east
of the fault.

3. Magnetotelluric Data

[8] TheMT data were recorded in 2000 along a 10 km long
segment, centered on the AF and coincident with the NVR
profile. A dense site spacing of 100 m in the center of the
profile was supplemented by more widely spaced sites near
the profile ends. In total, measurements at 30 sites were made
with GPS synchronized S.P.A.M. MkIII broadband instru-
ments [Ritter et al., 1998], Metronix MFS05 induction coil
magnetometers and non-polarizable Ag/AgCl telluric elec-
trodes. Data were recorded in the frequency range from 1 kHz
to 1 mHz and processed according to Ritter et al. [1998].
[9] Working along profiles implies that the subsurface

conductivity structure is expected to vary only in two
dimensions (with depth and along the profile) with a geo-
electric strike direction perpendicular to the profile. Before
inverting the data with 2D models, it is necessary to first
assess if the MT data are consistent with 2D assumptions,
and if so, to make a best possible estimate of the regional
strike direction. Geo-electric strike directions and estimates
of the dimensionality of the subsurface can be derived from
the measured MT impedance tensor and from magnetic
variation data (induction vectors). Typically, impedance
tensor decomposition schemes are applied to ensure that a
regional structure and its strike are not obscured by small
scale heterogeneities. The rose diagram on the left hand side
of Figure 3 shows regional strike angles using the method of
Smith [1995] with a clearly preferred orientation of N17�E.
This strike is confirmed by the induction vector directions on
the right hand side of Figure 3. The diagram reflects the
typical situation for a 2D environment in which real and
imaginary induction vectors point parallel to each other and
orthogonal to the strike of a lateral conductivity contrast.
[10] The resistivity section in Figure 2b is the result of a

2D inversion of the MT data using the RLM2DI algorithm
[Rodi and Mackie, 2001] (http://www.geosystem.net/
software.htm). Examples of data and model responses for

a site west (35) and east of the AF (65) are given in Figure 4.
The inversion started from a 100 �m homogeneous half-
space model with a mesh of 163 horizontal by 96 vertical
cells. The trade-off between data misfit and model smooth-
ness is controlled by the regularization parameter t which
must be determined iteratively. In our case, a setting of t = 10
resulted in a good compromise between model roughness
and data misfit. The inversion fitted the TE and TM mode
data as well as the vertical magnetic field response functions.
Static shift was included as a free parameter. The inversion
reached convergence to a normalized rms misfit of 1.4 using
pre-set error bounds of 5% in apparent resistivity, 0.6� in
phase and 0.01 for the vertical magnetic fields.
[11] For the shallow crust, the inversion model in Figure

2b reveals a highly electrically conductive layer (red and
yellow colors) from the surface to a depth of �100 m on the
eastern side of the profile. This layer appears to be inter-
rupted at the AF (0 km) and possibly continues west of the
fault at a deeper level (�150 m–250 m). The most prom-
inent features, however, in the resistivity model are firstly the
sharp lateral contrast under the surface trace of the AF, and
secondly the conductive half-layer west of the AF starting at
a depth of �1.3 km. The high conductivity of the half-layer
is probably caused by brines within the Phanerozoic sedi-
ments. In the Zofar-20 well, �14 km west of the AF, saline
waters have been found in a lower Cretaceous aquifer
(depth: �1000 m, temperature: 53� C, salinity: 6.5 g/l; pers.
comm. Th. Wiersberg, K. Erbas, GFZ Potsdam), which may
continue along-profile to the location in the Arava Valley,
where it is cut by the AF. East of the AF, higher P wave
velocities (4.8 km/s) could reflect the Precambrian base-
ment, however the intermediate resistivities (20 to 80 �m)
observed are lower than expected. It is possible that fractured
Precambrian magmatic rocks containing interconnected
fluid bearing veins may explain both the high seismic
velocities and the lower than expected resistivities.

Figure 3. Left: Regional strike angles calculated from the
data of all sites in the period range 0.1 s to 100 s using Smith’s
[1995] tensor decomposition method. Hollow vectors
indicate that strike angles have a 90� ambiguity. Right: Rose
diagram for real (solid) and imaginary (hollow) induction
vector directions. The data represent a typical 2D structure
withageo-electricstrikedirectionofN17�E(bluearrows).This
direction coincides with the surface expression of the DST.

Figure 4. Data (markers) and model responses (solid lines)
of two MT sites located west (35) and east (65) of the fault.
The top two diagrams show TE and TM mode (ie. rotated to
geo-electric strike coordinates) apparent resistivity and phase
curves. Bottom panels illustrate real and imaginary parts of
the vertical magnetic field response function Ty, calculated
from the ratio of vertical to horizontal field components.
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4. Discussion

[12] The MT conductivity model of the AF shows impor-
tant differences when compared with corresponding images
of the SAF. The results of several short MT profiles across
the SAF near Parkfield [Unsworth et al., 2000], a location
described as transitional between locked and creeping,
indicate a strong correlation of the fault core with zones of
high conductivity to a maximum depth of �3 km. This fault
zone conductor at the SAF is attributed to the circulation of
saline fluids within the fault zone. The width of the con-
ductive zone (0.5 km) is in the same order of magnitude as
the width of a seismic low-velocity zone inferred from fault-
zone-guided wave observations [Li et al., 1990], while its
depth extent (3 km) coincides with the occurrence of a
cluster of small earthquakes. Recent tomographic velocity
images of the SAF [Thurber et al., 2003] show a block-like
structure of high and low velocity blocks on both sides of the
fault; very similar to the situation at the DST (Figure 2a). In
contrast, no significant conductivity anomaly is associated
along a locked and seismically quiet segment near Carrizo
Plain [Mackie et al., 1997; Unsworth et al., 1999].
[13] THE Arava Fault, on the other hand, appears to act

as an impermeable barrier between two different rock
formations (Figure 2b). The high electrical conductivity
west of the AF is attributed to the sedimentary filling rather
than a narrow conductive fault core, which is typical for
active segments of the SAF [Bedrosian et al., 2002]. It is
possible though, that the damage zone of the AF is so
narrow that it cannot be resolved even with the dense site
spacing of the MT experiment. This assumption is sup-
ported by preliminary results from geological mapping and
an independent study using fault-guided waves [Haberland
et al., 2003] that suggest a very narrow low-velocity wave-
guide of 3 to 10 m width exists (with 40 to 50% velocity
reduction) at the AF. This width is too narrow to be resolved
by seismic tomography or MT. The reason for this differ-
ence between the AF (very narrow fault zone) and the SAF
(wide gouge zone) is not yet clear, but seems to coincide
with generally lower slip rates and the relatively low recent
seismicity associated with this segment of the AF.
[14] The fault core and damage zone are distinct struc-

tural and hydrogeologic units that reflect the material
properties and deformation conditions within a fault zone.
A fault can act as a conduit, barrier or combined conduit-
barrier system depending on the relative size of the fault’s
core and damage zone and the inherent variability of
fracture permeability [Caine et al., 1996]. A wide fault
core can be generated by cycles of fault healing and
strength build-up with subsequent formation of new faults
at locations where strength contrasts are greatest [e.g.
Mitra and Ismat, 2001]. In contrast, the very narrow fault
gouge and non-existing damage zone could therefore
indicate that the DST has experienced continuous defor-
mation concentrated upon a single, very narrow shear zone.
As a consequence, the existence or non-existence of high
electrical conductivity in the central part of large-scale
strike-slip fault zones may be an indicator for the degree
of strain localization during faulting.

[15] Acknowledgments. We thank the National Ministry of Infra-
structure of Israel, the Natural Resources Authority of Jordan and the
An-Najah University in Nablus, Palestine Territories for their support

throughout this project. The seismic and MT instruments were provided
by the Geophysical Instrument Pool of the GeoForschungsZentrum (GFZ)
Potsdam. The seismic experiment was funded by the Deutsche Forschungs-
gemeinschaft, the GFZ, and the Minerva Dead Sea Research Center; the MT
pilot study was funded by the GFZ. Finally, we would like to acknowledge
the work of the DESERT Working Group at the GFZ and particulary Paul
Bedrosian’s contribution with many discussions and general help with the
manuscript. Critical and constructive comments from Martyn Unsworth and
an anonymous referee helped clarify the manuscript.

References
Atwater, T., Implications of plate tectonics for the Cenozoic tectonic evolu-
tion ofwesternNorthAmerica,Bull. Geol. Soc. Am., 81, 3513–3536, 1970.

Bartov, Y., Y. Avni, R. Calvo, and U. Frieslander, The Zofar Fault - a major
intra-rift feature in the Arava rift valley, Geol. Survey of Israel, current
research, 11, 27–32, 1998.

Bedrosian, P. A., M. Unsworth, and G. Egbert, Magnetotelluric imaging of
the creeping segment of the San Andreas Fault near Hollister, Geophys.
Res. Lett., 29, doi:10.1029/2001GL014119, 2002.

Caine, J. S., J. P. Evans, and C. B. Forster, Fault zone architecture and
permeability structure, Geology, 24, 1025–1028, 1996.

DESERT Reseach Group, Multinational geoscientific research effort kicks
off in the middle east, Eos, Transactions, American Geophysical Union,
No.50, December 12, 81, 609, 616–617, 2000.

Freund, R., Z. Garfunkel, I. Zak, M. Goldberg, T. Weissbrod, and B. Derin,
The shear along the Dead Sea rift, Philos. Transaction of the Royal
Society of London, 267, 117–126, 1970.

Fuis, G. S., West Margin North America - a synthesis of recent seismic
transects, Tectonophysics, 288, 265–292, 1998.

Garfunkel, Z., Active faulting in the Dead Sea rift, Tectonophysics, 80,
1–26, 1970.

Garfunkel, Z., and Z. Ben-Avraham, The structure of the dead sea basin,
Tectonophysics, 266, 155–176, 1996.

Haberland, C., A. Agnon, R. El-Kelani, N. Maercklin, I. Qabbani,
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