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Geometry and subsidence history of the Dead Sea basin:
A case for fluid-induced mid-crustal shear zone?
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[1] Pull-apart basins are narrow zones of crustal extension bounded by strike-slip faults
that can serve as analogs to the early stages of crustal rifting. We use seismic tomography,
2-D ray tracing, gravity modeling, and subsidence analysis to study crustal extension of
the Dead Sea basin (DSB), a large and long-lived pull-apart basin along the Dead Sea
transform (DST). The basin gradually shallows southward for 50 km from the only
significant transverse normal fault. Stratigraphic relationships there indicate basin
elongation with time. The basin is deepest (8—8.5 km) and widest (~15 km) under the
Lisan about 40 km north of the transverse fault. Farther north, basin depth is ambiguous,
but is 3 km deep immediately north of the lake. The underlying pre-basin sedimentary layer
thickens gradually from 2 to 3 km under the southern edge of the DSB to 3—4 km under
the northern end of the lake and 5-6 km farther north. Crystalline basement is ~11 km
deep under the deepest part of the basin. The upper crust under the basin has lower P wave
velocity than in the surrounding regions, which is interpreted to reflect elevated pore fluids
there. Within data resolution, the lower crust below ~18 km and the Moho are not affected
by basin development. The subsidence rate was several hundreds of m/m.y. since the
development of the DST ~17 Ma, similar to other basins along the DST, but subsidence
rate has accelerated by an order of magnitude during the Pleistocene, which allowed the
accumulation of 4 km of sediment. We propose that the rapid subsidence and perhaps
elongation of the DSB are due to the development of inter-connected mid-crustal ductile
shear zones caused by alteration of feldspar to muscovite in the presence of pore fluids.
This alteration resulted in a significant strength decrease and viscous creep. We propose a
similar cause to the enigmatic rapid subsidence of the North Sea at the onset the North
Atlantic mantle plume. Thus, we propose that aqueous fluid flux into a slowly extending
continental crust can cause rapid basin subsidence that may be erroneously interpreted as
an increased rate of tectonic activity.

Citation: ten Brink, U. S., and C. H. Flores (2012), Geometry and subsidence history of the Dead Sea basin: A case for fluid-
induced mid-crustal shear zone?, J. Geophys. Res., 117, B01406, doi:10.1029/2011JB008711.

1. Introduction

[2] Pull-apart basins, which form by crustal extension
parallel to their long axis, provide a window into the defor-
mation of the continental crust. Such basins are bounded
by two strike-slip fault strands along their long axis and by
one or two diagonal normal faults that connect between the
strike-slip fault strands [e.g., Aydin and Nur, 1982; Crowell,
1974; Garfunkel and Ben-Avraham, 1996] or are located
along a jog in the strike-slip fault [e.g., May et al., 1993;
Seeber et al., 2006]. Their shape is often thombic or that of a
parallelogram. The depth to the bottom of the extended
block and the subsidence rate of the basin are undefined in
this kinematic description. One option is for the strike-slip
fault strands to curve with depth and merge to a single fault
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in the middle crust [e.g., Segall and Pollard, 1980]. Another
option is for the separate strike-slip fault strands to extend
into the upper mantle, in which case, the Moho is down-
dropped [Ben-Avraham and Schubert, 2006]. A third alter-
native is for the strike-slip faults to terminate against or curve
into a mid-crustal detachment [e.g., Arbenz, 1984; May et al.,
1993; Seeber et al., 2006].

[3] Sandbox models, [Wu et al, 2009, and references
within], and elastic boundary element models driven by
motion from below [Katzman et al., 1995; ten Brink et al.,
1996] have attempted to recreate the 3-D geometry of pull-
apart basins. Finite element thermomechanical models using
extrapolated laboratory measurements of rock rheology to
lithospheric strength [Petrunin and Sobolev, 2006, 2008]
have also modeled the subsidence rate and history of
these basins. Recent advances in the study of continental
extension focused on the role of strain localization and
dynamic strength evolution, particularly in the middle
crust [Lavier and Manatschal, 2006; Regenauer-Lieb et al.,
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Figure 1. Location of deployed seismometers (black) and explosions (red circles) detonated as part of the
2004 active source experiment plotted on shaded relief topography. Other mining explosions and earth-
quakes that were recorded during the 2-day deployment and used in the tomography (red stars). Numbers
correspond to source locations in Table 1. Dashed rectangle defines the area of the tomographic grid. Fault
geometry simplified from ten Brink et al. [1999] (red lines). Sedom Deep-1 (SD-1) hole. (Inset) Simplified

tectonic map of the Middle East.

2008]. These models have not yet been applied to pull-apart
basins.

[4] Here we present observations which suggest a signif-
icantly weaker middle crust under the Dead Sea pull-apart
basin (DSB) than would be predicted by standard rheological
models. The basin (Figure 1) overlies continental crust with a
relatively simple thermomechanical history. The continental
crust of the eastern Mediterranean margin is a Triassic-
Jurassic passive continental margin with minor later tectonic
activity [Freund et al., 1970; Garfunkel, 1997]. Heat flow in
this region is low (45-54 mW/m? [Eckstein and Simmons,
1977; Galanis et al., 1986]) and the narrow dimension of
the basin (~10 km) assures that elevated heat flow as a result
of extension dissipates rapidly in the surrounding crust
[Pitman and Andrews, 1985; ten Brink et al., 1993]. Hence,
crustal extension of the DSB represents extension of the
rheologically stratified crust without the complications of a
mantle heat source.

[5] The DSB is a long (~150 km), narrow (<15 km), and
deep (<8.5 km) basin along the Dead Sea continental trans-
form (DST). Interpretation of the gravity field over the basin
[ten Brink et al., 1993], later confirmed by seismic refraction
profiles [Mechie et al., 2009; ten Brink et al., 2006], indi-
cates that within data resolution (2-3 km), The Moho is not
deflected upward under the basin. Seismic refraction profiles
also show the 18-km-deep upper-to-lower crust boundary
not to be deflected upward or downward [Mechie et al.,

2009; ten Brink et al., 2006]. The absence of appreciable
deflection at the mid-crust and Moho levels suggests that,
despite its large depth, basin deformation and crustal exten-
sion are confined to the upper crust.

[6] The DST is a strike-slip fault system (inset in
Figure 1), which currently accommodates 5 &+ 1.5 mm/yr of
left-lateral motion between the Arabian and African tectonic
plates [Le Beon et al., 2008]. A total offset of 105-110 km
has accumulated along the plate boundary since the middle
Miocene (~17-18 Ma) [Freund et al., 1970; Quennell,
1958]. The Dead Sea Basin has been accumulating sedi-
ments since the formation of the plate boundary [e.g., Calvo
and Bartov, 2001] and continues to subside at present as
evidenced by its low surface elevation (422 m below sea
level).

[7] In this paper we analyze the structure and subsidence
rate of the DSB to further constrain models of crustal
extension in cold continental crust. The paper combines the
results of 2-D ray tracing models of seismic refraction data,
with 3-D seismic tomography of explosions, mining shots,
and earthquakes, and 2.5-D gravity modeling in the vicinity
of the Dead Sea Basin to better constrain the 3-D structure of
the basin and its surrounding. Simple back-stripping analysis
of the basin fill helps elucidate the recent change in subsi-
dence rate. The 3-D structure of the basin and its varying
subsidence rate with time are discussed in the context of
ductile shear bands that might develop in the middle crust.
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Table 1. Acoustic Sources Used in the Tomographic Inversion®
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Source Type Latitude Longitude Elevation (m) Number of Phase Picks Number of First Arrivals
1 1000 kg explos. 29.7736 35.04994 63 208 592
2 1000 kg explos. 30.1572 35.18869 189 478 475
3 1000 kg explos. 30.5558 35.28107 13 462 575
4 1000 kg explos. 30.9210 35.44712 —305 1534 655
5 750 kg marine 31.3949 35.43104 —417.5 433 727
6 750 kg marine 31.7498 35.5270 —417.5 368 728
7 3000 kg explos. 32.2225 35.55687 —304.36 185 630
8 1000 kg explos. 31.1600 35.08220 515.69 1264 635
9 1000 kg explos. 30.7773 35.83613 1033 1162 654
10 1000 kg explos. 30.5973 36.2808 962 1127 415
11 1000 kg explos. 30.4536 36.71731 1008 1164 363
12 Mining explos. 31.6780 35.9377 650 n/a 299
13 Mining explos. 30.0092 34.7453 508 n/a 638
14 Earthquake 30.1675 35.1892 —15000 n/a 697
15 Mining explos. 31.1217 35.1050 555 n/a 633
16 Mining explos. 32.4375 35.8525 857 n/a 524
17 Mining explos. 29.9920 36.1287 895 n/a 724
18 Mining explos. 30.9210 36.0490 850 n/a 688
19 Mining explos. 31.8525 36.2517 640 n/a 377
20 Mining explos. 29.9250 36.1648 915 n/a 680
21 Mining explos. 29.9920 36.1287 895 n/a 693
22 Mining explos. 31.3062 34.9377 410 n/a 559

“Marine explosion suspended ~50 m below the lake surface. Explos., explosion.

Ductile shear bands might develop as feldspar undergoes
retrograde metamorphism to white mica in the presence of
aqueous fluids.

2. Data Analysis

2.1. Wide-Angle Reflection and Refraction

[8] Seismic data were collected during a multinational
seismic refraction experiment on October 21-22, 2004
[ten Brink et al., 2006]. 753 miniature seismic recorders
(RefTek 125, nicknamed Texans) were deployed along a
280-km-long North—south profile along the transform valley
and a 250-km-long East-west profile across the deep part of
the basin a few km north of Amazyahu Fault (Figure 1). The
Texans were attached to a single vertical 4.5 Hz geophone,
and were placed at intervals of 0.65 to 0.75 km along the
profiles. Nine controlled explosions, eight of 1000 kg
dynamite each and one of 3000 kg (Table 1), were detonated
at the bottom of 25-40-m deep boreholes along the receiver
lines. Two additional explosions, 750-kg dynamite each,
(Table 1 and Figure 1) were suspended at a depth of 50 m
within the waters of the Dead Sea.

[o] Prior to analysis the seismic records from all the
receivers were filtered with an Ormsby band-pass filter with
corner frequencies at 1-2 and 10-20 Hz. The records were
arranged as common-shot gathers and plotted in reduced
travel-time format according to their shot-receiver offset
(Figure Sla). Phase arrivals, corresponding to refractions
and prominent reflections were picked. The picking error is
estimated to be £100 ms. Shot and receiver locations were
projected onto a best fit straight line for each of the respec-
tive north—south and east—west profiles to allow 2-D analy-
sis. A forward and inverse ray tracing routine [Zelt and
Smith, 1992] was used to model interactively [Song and
ten Brink, 2004] the 5853 phase arrivals for the E-W line
(Figure 2) and the 2532 phase arrivals for the N-S line, and to
generate a 2-D velocity model along each profile. Modeling

results of the east—west line were published by fen Brink et al.
[2006].

[10] The structure along the E-W profile is relatively 2-D,
and reciprocal travel-time arrivals can be identified to large
shot-receiver offsets. Therefore, crustal structure along the
E-W profile could be modeled down to the Moho (Figure 3).
As detailed by ten Brink et al. [2006], structures with
amplitudes of less than 2.5 km in the sampled Moho or the
edges of the profile are not resolvable. Modeling the North—
south line as a 2-D structure was difficult in the area of the
Dead Sea Basin between shots 4 and 6, because the shot-
receiver geometry does not provide reciprocity due to the
location of the shots within the lake and many of the recei-
vers along its eastern shore (Figure S2). The regions between
shots 1 to 4 and shots 6 to 7 are modeled to an approximate
depth of 15 km. Deeper arrivals could not be modeled along
the N-S profile because the basin is narrow and raypaths
probably run partially or completely within the surrounding
crust.

2.2. Travel-Time Tomography

[11] In addition to the controlled explosions, the seism-
ometers also recorded ten mining explosions and one shal-
low (~15 km) local earthquake (Figure 1 and Table 1)
during multiple recording windows of 20 min during Octo-
ber 21-22, 2004. First arrivals for all sources were picked in
unreduced time format because the locations of mining
explosions were initially unknown (Figures 4 and S3). A few
first-arrival data, recorded by seismometers of the Geo-
physical Institute of Israel seismic network were also picked.
The seismic records from the Texans were filtered as before.
For consistency, the explosion data from the seismic exper-
iment was also re-picked in this manner. A total of 12,961
arrivals were picked for the tomography study; 6449 arrivals
from the explosion shot data and 6512 arrivals from the
other events. Data generated by the controlled explosions
were assigned a picking error of £250 ms and other data
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Figure 2. Observed (in black) and calculated (in red) travel times for sources used for the modeling the

E-W line. See Figure 1 for source location.

(mine explosion or earthquakes) were assigned a picking
error of =300 ms. Events not listed on the Israeli earthquake
catalog were identified by seismic arrivals from our recei-
vers in the Lisan Peninsula in the Dead Sea Basin. Receivers
located in the Lisan Peninsula consistently detected clear
first arrivals from very small events, even when the rest of
our deployed receivers detected very weak or no arrivals.
Arrivals detected but not related to the experiment shot data

were preliminarily located using Hypolnverse 2000 [Klein,
2002] with a simple 1-D velocity model [Al-Tarazi et al.,
2006]. Since most of the extra events were assumed to be
from quarry explosions, a general new location was identi-
fied using imagery in Google Earth© and known locations
of quarries [Abu-Ajamieh et al., 1988] in the vicinity of the
initial location provided by Hypolnverse. In most cases the
new location at an established quarry was easily found due
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