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Abstract

We interpret large-scale subsidence (5-6 km depth) with little attendant brittle deformation in the southern Dead
Sea basin, a large pull-apart basin along the Dead Sea transform plate boundary, to indicate lower crustal thinning
due to lower crustal flow. Along-axis flow within the lower crust could be induced by the reduction of overburden
pressure in the central Dead Sea basin, where brittle extensional deformation is observed. Using a channel flow
approximation, we estimate that lower crustal flow would occur within the time frame of basin subsidence if the
viscosity is =7x10""-1x10%" Pa s, a value compatible with the normal heat flow in the region. Lower crustal
viscosity due to the strain rate associated with basin extension is estimated to be similar to or smaller than the
viscosity required for a channel flow. However, the viscosity under the basin may be reduced to 5X 10"7-5x 10" Pa s
by the enhanced strain rate due to lateral shear along the transform plate boundary. Thus, lower crustal flow
facilitated by shear may be a viable mechanism to enlarge basins and modify other topographic features even in the
absence of underlying thermal anomalies. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Large subsidence with little attendant brittle
deformation of the sedimentary section, deposited
shortly before sea floor spreading commenced, is
observed in the Iberian, Newfoundland, and NW
Australian continental margins [1-3]. Lower crus-
tal thinning by ductile deformation provides a
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viable mechanism for the observed regional sub-
sidence [3]. In this model, distributed lower crust
thinning across the entire width of the continental
margin takes up the extension in the lower crust,
whereas the upper crust is extending in a narrow
region close to the future location of sea floor
spreading. For this lower crustal thinning to occur
over a wide area, the viscosity should be low,
prompting Driscoll and Karner [3] to appeal to
lower crustal heating by asthenospheric upwelling
during the late stage of rifting.

Lower crustal flow has also been invoked to
explain other phenomena in other tectonics set-
tings. Deng et al. [4] and Freed and Lin [5] inter-
preted post-seismic relaxation of the Landers
earthquake in California to indicate the presence
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of lower crustal viscoelastic flow. Kruse et al. [6]
explained the absence of large differences in the
Bouguer gravity anomaly and the topography be-
tween the extended Basin and Range Province
near Lake Mead, NV, USA, and the unextended
Colorado Plateau by ductile flow in the lower
crust. Kusznir and Matthews [7] explained the
absence of crustal roots under old Variscan and
Caledonian mountain belts by outward flow in a
low viscosity channel in the lower crust in combi-
nation with other factors. Clark and Royden [§]
proposed that variations in topographic gradients
surrounding the Tibetan Plateau are due to var-
iations in viscosity among the various provinces
surrounding the plateau. In this paper, we use
basin stratigraphy to propose that strain parti-
tioning with depth between the upper and lower
crust occurs also in small intracontinental basins
under normal thermal conditions. Specifically, we
examine the style of deformation due to north-
south extension along the axis of the Dead Sea
basin, a large pull-apart basin along the Dead Sea
transform plate boundary (Fig. 1).

Left-lateral motion of ~105 km took place
along the Dead Sea plate boundary since the mid-
dle Miocene [9,10]. The Dead Sea basin is 135 km
long, 10-20 km wide [11], and at least 8.5 km
deep [12]. The basin is surrounded and underlain
by several km of early Cenozoic, Mesozoic and
Paleozoic sedimentary rocks, which are in turn
underlain by Precambrian crystalline crust. The
Mesozoic and early Cenozoic rocks were depos-
ited at a passive continental margin setting and
were gently folded by a compressional event dur-
ing the latest part of the Mesozoic and the early
Cenozoic. The thermal structure of the underlying
crust is probably quite normal. Heat flow in the
surrounding areas is 45-53 mW/m? [13,14], and
the hot springs and locally elevated heat flow in
the northern part of the basin are likely the result
of meteoric water circulation along the border
faults [15]. An average long-term strain rate of

2.1x10715-72x1071% s7! can be estimated
from the stretching factor for the basin
(f=1.19-1.34; [11]), assuming that the basin
started forming 5-15 Ma. Gravity data indicate
that basin extension is confined to the crust [11].
Recent seismic evidence supports the gravity in-
terpretation and indicates that the Moho is not
elevated under the basin by more than 2 km
[16]. Thus, the crust of the Dead Sea basin repre-
sents an example of a deformed continental crust
under extension.

This study concentrates on the southern part of
the basin (Fig. 1), where the basin fill is generally
free of evaporites, and the basement is clearly
imaged. Seismic data from the central part of
the Dead Sea were previously analyzed to deter-
mine the structure of the basin [12,17-21]. The
central part of the Dead Sea is deeper than 6 km
and the seismic data seldom provide clear images
of the basement (basement is used to describe all
the strata underlying the middle Miocene to Ho-
locene basin fill). In addition, this part is under-
lain by a salt layer, which may decouple the over-
burden deformation from the deformation of the
basement [18]. The northern Dead Sea, which is
occupied by a saline lake, is probably less deep,
but was only imaged with a shallow penetrating
single-channel seismic system [22].

2. Interpretation of seismic data

The geophysical data sets used in the study
consist of seismic reflection lines, gravity data,
and data from several boreholes (Fig. 1). Previous
interpretations of the subsurface geology had to
rely on cross-lines across only one half of the
basin and on lines oriented obliquely to the axis
of the basin, because of the location of the inter-
national border between Jordan and Israel. Here
we present a 32-km-long line along the axis of the
basin, Line VWJ-8 (Fig. 2), and a composite

-

Fig. 1. (A) Outline of the Dead Sea transform plate boundary and the main strike-slip faults (modified from [19]). (B) Location
map of the seismic lines (red lines) and boreholes used for interpretation, superimposed on shaded-relief image of the Dead Sea
basin [42]. Heavy red lines — locations of Figs. 2 and 3. Blue dashed dotted line — 1967 coastline of the Dead Sea (after [22]). Lo-

cation of Miocene outcrops is from [26].
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Fig. 2. Seismic Line VWIJ-8. The dotted lines show interpreted stratigraphic unit boundaries. Horizon B is interpreted as the base
of Miocene to recent sediments that fill the Dead Sea basin. Horizon D is tentatively interpreted as the top of crystalline base-
ment. Yellow lines — interpreted prograding sequences of lacustrine deposits. Heavy lines — faults. Heavy dashed line — possible

landslide.

cross-section across the entire basin (Fig. 3).
These lines are part of a larger data set collected
during the past 15 yr for oil and water explora-
tion.

Interpretation of the seismic data was based on
the lithostratigraphic data obtained from com-
mercial boreholes in the area, Amazyahu 1, Arava
1 (e.g. [20]) and Wadi Ghuabe (I. Qabbani, per-
sonal communication, 2000). Dating of the sedi-
mentary fill in the southern Dead Sea basin is
inherently ambiguous because the sediments are
largely terrestrial and lack diagnostic fauna. Ara-
va 1 borehole, located 7 km northwest of the
northern end of Line VWJ-8, was drilled in
1959. Tt penetrated 2650 m of basin fill, consisting
of fluvial and lacustrine deposits, and did not
reach the basement. Palynological data [23] indi-
cate that the bottom 2450 m of the hole is of
Miocene age (Hazeva Formation). Lithological
comparison with units exposed outside the basin
indicates, however, that only the bottom 2250 m
of the basin is of Miocene age [24], and seismic
stratigraphic correlation with seismic lines and

boreholes farther north within the Dead Sea sug-
gests that only the bottom 2000 m of the basin is
comprised of undifferentiated Miocene and Plio-
cene sediments [20]. The Wadi Ghuabe borehole,
located on Line B 2.3 km east of Line 8, was
drilled in 1989. It penetrated 3200 m of basin fill
sediments and did not reach basement. Interpre-
tation indicates that the borehole consists of more
than 680 m of Miocene sediments, 850 m of pos-
sibly Pliocene sediments, and about 1700 m of
Quaternary sediments. We interpret the seismic
data using the Wadi Ghuabe borehole, but the
interpretation of the two boreholes is in fact not
contradictory. The sequence bounded by horizons
A2 and B (Fig. 2) which corresponds to Miocene
sedimentary rocks according to Wadi Ghuabe
borehole, thickens northward, and is about
2.2 km thick at the north end of Line VWIJ-§
and others parallel lines in the vicinity of Arava
1 borehole. Interpretation of pre-rift (pre-Mio-
cene) sediments is based solely on outcropping
rock units in the vicinity of the rift (e.g. [25]).
The most striking feature on the seismic lines,
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Fig. 3. Seismic lines A and B showing a cross-section of the southern part of the Dead Sea basin. Gray lines — interpreted strati-

graphic unit boundaries. See Fig. 2 for further details.

which run parallel to the basin’s axis, is the grad-
ual thickening of the sedimentary section from
south to north. For example, the syn-rift sedimen-
tary section in Line VWJ-8 (above horizon B)
thickens from 0.3 to 3.1 s two-way travel time
(TWT) (> 5 km) at the northern end of this line
some 32-35 km away without major fault offsets
(Fig. 2). In addition, the region of subsidence ap-
pears to have expanded southward with time.

The stratigraphic unit enclosed by Horizons Al
and A2 thickens northward toward SP 710 and is
characterized by prograding sequences in the
upper part of the unit and a possible landslide
in the lower part of the unit. These suggest a
relatively steep north-facing slope toward a depo-
center at SP 710. A cross-line at SP 490 on Line
VWJ-8 (Fig. 1) shows several construction
mounds, which probably resulted from the stack-
ing of valley floor sands at a hydraulic gradient
change or knick point in the basin profile.

The unit bounded by horizons B and A2 thick-
ens uniformly and gradually northward from SP
710 on Line VWIJ-8 (Fig. 2). Prograding sequen-
ces within this unit at SP 900-1300 attest to in-
creasing subsidence toward the north. Reflector
A2, the unit’s upper boundary, reaches the surface
south of SP 160 on Line VWIJ-8. The surface

rocks in this area are part of the Miocene Hazeva
Formation (Fig. 1; [26]), suggesting that the unit,
bounded by reflectors B and A2, is part of the
Miocene basin fill. The projected synthetic seis-
mogram of Wadi Ghuabe borehole onto Line
VWIJ-8 confirms the identification of this unit as
being of Miocene age. The Miocene sequence
maintains a relatively constant thickness south
of SP 710. This part was probably part of Mio-
cene Hazeva Formation outcrops encountered
outside the basin and even outside the topo-
graphic depression of the Dead Sea transform.
Horizon B is probably the basement, i.e. the
base of the sedimentary fill during the develop-
ment of the Dead Sea basin. It is an erosional
unconformity, as indicated by the truncation of
underlying strata at SP 340-400 and at SP 800-
920 on Line VWJ-8. Based on the geology in the
areas surrounding the central and southern Dead
Sea basin, the reflections underlying Horizon B
represent Eocene to Cambrian age sediments
with a total thickness of 2-3 km [25-27]. The
seismic sections show that the pre-rift sedimentary
section in the vicinity of SP 710 was locally deeply
eroded prior to or during the initial stages of ba-
sin development. The location of eroded sedi-
ments is coincident with the area of local depo-
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Fig. 4. Bouguer gravity anomaly map of the Dead Sea basin.
Contour interval is 4 mGal. Location of the gravity profile
in Fig. 5. Dashed-dotted line — 1967 coastline of the Dead
Sea (after [22]). Black dots — location of wells.

center higher up in the basin fill. It thus appears
that the area was first activated in compression
and later reactivated in extension.

East—west oriented seismic lines A and B across
this part of the Dead Sea basin show a full graben
structure bounded on the east and the west by
steeply dipping faults (Fig. 3). The basin is nar-
row — 7 km near the surface. Reflectors are
slightly tilted toward the center of the basin
from both the east and the west, probably as a

result of alluvial fan deposition within a subsiding
full graben. The eastern border of the basin,
known as the Arava Fault, reaches the surface,
and separates coherent basin fill reflections from
chaotic bedrock to the east. This fault trace ap-
pears to be active as it offsets young alluvial fans
and archeological sites (e.g. [28]). The western
border fault appears on seismic Line A as a
750-m-wide zone of chaotic reflections. Reflec-
tions are pulled up along the fault trace below
0.4 s TWT, indicating that the fault was active
throughout much of the basin history. However,
at present the western boundary fault is buried.
Coherent reflections outside the basin (west of the
fault) tilt gently toward the basin. The uppermost
part of this coherent reflection sequence is prob-
ably the Miocene Hazeva Formation, which is
exposed at the surface. The band of strong reflec-
tivity extending to a depth of 0.6 s TWT was
interpreted farther south to represent Eocene to
Cretaceous carbonate rocks [24].

3. Interpretation and modeling the gravity data

The gravity map of the area (Fig. 4), which was
derived from a joint Jordanian—Israeli gravity
data base [29], shows a narrow (<10 km) anom-
aly starting close to the southern end of the seis-
mic profiles, and becoming more negative to the
north. However, halfway north along Line VWJ-
8, the anomaly flattens. We modeled the gravity
anomaly along Line VWJ-8 by converting the
seismic profile to depth (Fig. 5) using the sonic
log of Wadi Ghuabe borehole (I. Qabbani, per-
sonal communication, 2000). Specifically, we used
an average of 2.5-3 km/s for the first 1 s TWT
(upper part of Pleistocene), 3.6 km/s for the lower
part of Pleistocene sediments, 4 km/s for Pliocene
and 4.6 km/s for the Miocene sequence. The
southern half of the profile can be fit well with
a two-dimensional model, but the northern half
cannot. We interpret this misfit to be caused by
the effect of high-density pre-rift rocks along the
eastern and western boundaries. This effect be-
comes more significant as the basin deepens and
the basin width (7 km) becomes comparable to its
depth (> 5 km). To take this effect into account,
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Fig. 5. Observed and calculated gravity profile over seismic
Line VWIJ-8. The shaded layers represent syn-rift sediments.
The RMS difference between the observed and calculated
gravity values is less than 2 mGal.

we modeled the gravity profile using a ‘two and a
half’-dimensional model that allows for a density
change at a specified distance perpendicular to the
profile. We assumed a 2.5-km-thick, pre-rift sedi-
mentary section with a density of 2550 kg/m?
overlying crystalline basement starting 3 km
west of the profile and a crystalline basement
with a density of 2670 kg/m® starting 4 km east
of the profile. Densities for the basin fill were
derived from well logging carried out in Sedom
Deep 1 [30,31] and from Wadi Ghuabe well (I.
Qabani, Personal communication, 2000). The den-
sity of pre-rift sediments and the crystalline base-
ment were derived from well data in the surround-
ing areas of Jordan and from samples collected in
the southern part of Jordan [32].

By accounting for density changes at the basin’s
eastern and western boundaries, we can obtain a
satisfactory fit between the observed gravity pro-
file along seismic Line VWJ-8 and the calculated
anomaly from the depth-converted profile. The
basin fill in the gravity model includes the layers
with densities of 2400 kg/m® corresponding to
Miocene Hazeva Formation, and 2250 and 2150
kg/m? corresponding to the Plio—Pleistocene sec-
tion. The basin reaches a maximum thickness of
6 km at the northern edge of the profile.

4. Discussion

The major feature observed in the longitudinal
seismic profiles is the sagging of the southern part

of the Dead Sea basin toward the north without
major offsets in the basin fill or in the underlying
strata. The basin sag increases from zero to more
than 5 km over the 35-km-long profile. The sag
may have expanded southward with time, as in-
dicated by the stratigraphy. In cross-section, the
sag is symmetric and is confined by steeply dip-
ping western and eastern boundary faults. This
geometry is unusual for pull-apart basins (e.g.
[33]) and is probably indicative of the extension
process that created the Dead Sea basin.

ten Brink et al. [11] interpreted the gravity map
over the entire length of the Dead Sea basin to
indicate that the basin sags toward the center and
is not bounded by faults at its ends. The present
study verifies their interpretation of the gravity
data. ten Brink et al. [11] suggested that the ba-
sin’s shape is controlled by stretching of the entire
(brittle and ductile) crust along its long axis. The
sagging indicates that the upper crust lost its
foundation over a wider area than just the deepest
part of the basin, which could happen if the upper
crust has a finite rigidity and the ductile lower
crust also stretched and necked [11]. Katzman et
al. [34] generated the sagging using a three-dimen-
sional boundary-element numerical model of
overlapping en-echelon strike—slip fault in an elas-
tic medium. In their model, the sagging is caused
by shear traction applied to the base of the brittle
upper crust, which is distributed horizontally over
20-40 km across the Dead Sea transform [34].
The sagging is due to necking of the upper crust,
caused by the north—south stretching, and is small
in amplitude relative to the thickness of the layer.
Our observations show over 5 km of sagging,
which is about 1/3 of the thickness of the upper
crust. It is, thus, unlikely that the sagging is en-
tirely due to necking of the upper crust.

Gravity models across the basin [11] and across
the transform outside the basin [35], as well as
preliminary seismic refraction results across the
southern part of the Dead Sea basin [16], show
that the Moho is not elevated by more than 2 km
beneath the basin. Magmatic underplating does
not appear to be a viable mechanism for produc-
ing a flat Moho in this area, because of the nor-
mal heat flow (45-53 mW/m? [13,14]) and the
paucity of volcanic outcrops (e.g. [26]). Our pre-
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Fig. 6. Conceptual model for the development of the Dead
Sea basin. Lower crustal flow toward the central Dead Sea
basin (DSB) as a result of upper crustal extension and dis-
tributed lower crustal thinning causes the sagging of the
southern DSB.

ferred interpretation is that lower crustal flow ap-
pears to detach upper crustal deformation from
any deformation that might be occurring in the
mantle lithosphere. As mentioned in Section 1,
lower crustal flow may be a ubiquitous feature
of late-stage rifting in continental margins. In
the Basin and Range Province of the western
USA, an area of high geothermal gradient, lower
crustal flow was invoked to explain the relatively
flat Moho beneath this highly extended terrain
[36]. Here we propose that lower crustal flow
can be initiated also under normal geothermal
conditions as probably exist in the vicinity of
the Dead Sea basin.

4.1. Channel flow

Lower crustal flow can be induced by localized
stretching of the upper crust in the central Dead
Sea basin (Fig. 6). Stretching of the upper crust
reduces the overburden pressure of the underlying
lower crust, which drives the ductile flow from the
surrounding areas into the area of localized
stretching. Laboratory experiments (e.g. [37]) sug-
gest that the lower crust deforms under lower
stresses than the overlying crust and the under-
lying mantle, because lower crustal rocks are
less mafic than mantle rocks, whereas tempera-
tures in the lower crust are higher than in the
upper crust. Lower crustal flow can therefore be

approximated as a flow in a low-strength channel
(e.g. [6]). Channel flow occurs in response to pres-
sure differences along the channel. Pressure differ-
ence can be induced by variations in the overbur-
den, i.e. the thickness of the upper crust, in
response to extension. The central Dead Sea ex-
hibits brittle deformation and is filled by ~9 km
of syn-rift sediments and air. This extension has
likely created a pressure gradient between the
southern end of the Dead Sea, where the over-
burden is a 15-km-thick upper crust, and the cen-
tral part of the basin some 80 km away, where the
overburden consists of 6 km crust, ~8.4 km of
sediments and 0.6 km of air. The effective over-
burden thickness in the central part of the basin,
assuming average sediment density of 2250 kg/m?,
is equivalent to a 13-km-thick upper crustal col-
umn with a density of 2670 kg/m?. The magnitude
of the pressure gradient is, however, not impor-
tant in our simple analytical calculation of chan-
nel flow viscosity as will be shown below. The
estimated channel flow viscosity is the viscosity
required for the flow to fully respond to the pres-
sure gradient over the time period of basin for-
mation.

The flow velocity, u, of a Newtonian fluid with
a viscosity, i, in a channel of thickness D with a
pressure gradient of dp/dx, and zero velocity at
the top and bottom of the channel [§], is:

u=———(>—hz) (1)

The flux, Q, of material through the channel [6] is
obtained by integrating the velocity over the
channel thickness, D:

D’ dp

0= [uaz= 5 & 2)

O\b
<

The pressure gradient is the difference in the ef-
fective overburden thickness, 7, between the cen-
ter of the basin and its southern edge [6,8]:

dp dT
dx Pga (3)
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Assuming conservation of mass, changes in the
effective overburden thickness with time can be
related to changes in flux by:

4T do
A (4)

Using Eq. 2, and assuming a constant viscosity
along the channel, we can rewrite Eq. 4 as:

ar _ p* | &1 5)
d ~ 12uPfae

Re-arranging Eq. 5 we can calculate the viscosity,
u:

D L \er (©6)
H=12P8\ar/di ) dx

To get an estimate of the channel viscosity
under the Dead Sea basin, we make the following
simplifying substitutions: we substitute the thick-
ness gradient with the difference in the effective
overburden thickness, AT, between the southern
and central Dead Sea. We further substitute the
thickness variation with time with the difference
in effective overburden thickness over the entire
period of basin subsidence (Table 1). Eq. 6 is then
simplified to the form:

_ D (Ar\AT ™
H=12P8\ AT ) T2

where L is the distance between the central deep-
est part of the basin and its southern edge. Note
that the effective thickness difference cancels out

Table 1

and Eq. 7 reduces to:

D At
H = Epgﬁ (8)

Namely, the viscosity required to equilibrate lat-
eral variations in upper crustal overburden via a
channel flow in the lower crust depends on the
channel thickness, D, the length scale of the
flow, L, and the time. Despite the cubic depen-
dence of the viscosity on the channel depth, D,
viscosity estimates are often more sensitive to
the length scale and the time span, because these
parameters may vary by two orders of magnitude
or more, whereas channel width usually varies by
no more than 5-10 km.

Using Eq. 8 and the parameters in Table 1, we
estimate that channel flow in the lower crustal can
take place if the viscosity of the lower crust under
the Dead Sea basin is lower or equal to 5.4 X 10%°
Pa s. Using acceptable variations to these param-
eters (see Table 1), we estimate the upper bound
viscosity for channel flow to range between
6.8x10" and 1.4x10%' Pas.

4.2. Estimated lower crust viscosity and the effect
of shear

An estimate of lower crustal viscosity under the
Dead Sea basin can be obtained if the strain rate
and lower crustal temperatures are known. Labo-
ratory experiments suggest that lower crustal
rocks deform by thermally activated creep mech-
anisms [37]:

£ :A(O'l—0'3)neiQ/RT (9)

Values of parameters used to calculate lower crustal linear viscosity in the Dead Sea basin by the channel flow assumption, other
reasonable values for these parameters and their effects on the calculated viscosity

Parameter Preferred value Other values Multiply uy by Other values Multiply yy by
D 15 km 7.5 km 0.125 20 km 2.37

L 80 km 50 km 2.56

At 15 Myr S Myr 0.333 10 Myr 0.666

p 2670 kg/m?

g 9.8 m/s?

o — viscosity of 5.4x10% Pa s, calculated using the preferred values given in the first column.
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Table 2
Experimentally determined constants for power law rheology
for the lower crust

Maryland diabase [40] Pikwitonei granulite [41]

4.7 4.2
4.85x10° J/mol 4.45%10° J/mol
8x10° Pa s 1.4x10" Pa s

nQ S

where 7T is the temperature in K, Q is the activa-
tion energy, R is the universal gas constant, and A
and n are constants (Table 2). By substituting
deviatoric stress by the product of strain rate
and effective viscosity, Ueg:

(03—01) = 2Uerré (10)

We can write the power law rheology in terms of
the effective viscosity, as [6]:
é(]/n)—leQ/nRT

ﬂeff:T (11)

To estimate crustal temperatures with depth,
1(z), from the observed heat flow, ¢, we use La-
chenbruch and Sass’ [38] relationship:

T(z) = [(q—HAo)z + H*Ao(1—e ") /k  (12)

which accommodates the exponential decrease of
radiogenic heat production with depth (see Table
3). Using the values in Table 3 and the observed
heat flow for the region (45-53 mW/m?), we cal-
culate the temperature range to be between 240
and 305°C at a depth of 20 km and between 270
and 366°C at a depth of 30 km.

The average strain rate due to the basin exten-
sion and subsidence is 2.1 X107 15-7.2x 10716 57!
(see Section 1). Using the extreme bounds of the
estimated temperatures (240-366°C) and strain
rates, and the experimentally determined rheolog-
ical constants of Maryland diabase (Table 2), we

estimate the effective viscosity to be 1.7x10'8—
6.9 10%° Pa s. This range of viscosities overlaps
the range of viscosities required to generate chan-
nel flow due to differential overburden. Hence,
channel flow may or may not occur due to
north—south extension along the basin.

Lower crustal viscosity may be considerably
smaller, however, if we consider shear, because
shear strain rate due to the strike—slip motion is
one to two orders of magnitude higher than the
strain rate calculated from extension and subsi-
dence. The rate of motion along the Dead Sea
transform is ~5 mm/yr, and if the lateral motion
is accommodated in the lower crust in a 15-km-
wide shear zone (the rate is even faster for a nar-
rower zone), then the strain rate is 1.1 X107 s71.
Using the extreme bounds of the estimated tem-
peratures and the experimentally determined
rheological constants of Maryland diabase (Table
2), we estimate the effective viscosity needed to
sustain the shear to be 4.6xX10'7-5.4x10" Pa s.
The true rheological parameters for the lower
crust are, in fact, poorly known. For example,
using parameters for Pikwitonei granulite (Table
2) gives an order of magnitude lower viscosity
than by using the Maryland diabase parameters.
Regardless, the calculated viscosity due to lateral
shear along the Dead Sea transform is consider-
ably lower than the viscosity required for channel
flow in the lower crust, and this increases the like-
lihood that channel flow is indeed significant
under the Dead Sea basin.

The estimated viscosity due to shear is similar
to the value of lower crustal viscosity in the Mo-
jave Desert, CA, USA (10'8-10" Pa s), required
to explain post-seismic deformation of the Land-
ers earthquake [4], uplift and tilt of Quaternary
lake sediments [39], and delayed triggering of the
1999 Hector Mine earthquake [5]. The low viscos-
ity in the Mojave Desert has been attributed to
the thermal anomaly of the Basin and Range

Table 3

Parameters used to calculate crustal temperatures [38]

K Thermal conductivity

Ao Surface value of radiogenic heat production
H Logarithmic decrement of heat production

q Heat flow

2.5 Wim/K
1.5 uW/m?

15 km

45-53 mW/m?
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Province [4]. We propose here that lower crustal
shear acts to weaken the crust and promote duc-
tile flow even in the absence of a thermal anom-
aly.

5. Conclusions

We present newly released seismic profiles from
the southern part of the Dead Sea basin, which
shed light on the extension processes involved in
the formation of this large pull-apart basin. The
seismic profiles show gradual thickening of the
basin from south to north without major vertical
offsets in either the basin fill or the underlying
strata. At the southern edge of the basin, the
thickness is zero, but 35 km to the north, the fill
expands to more than 5 km. The stratal geometry
indicates a southward expansion of the subsidence
with time, which caused the basin to lengthen.
In cross-section, the basin is 7 km wide, fault-
bounded on both its eastern and western sides,
and the internal stratigraphy indicates symmetri-
cal subsidence. We propose that the observed sub-
sidence is due to necking of the lower crust over a
longer area than is defined by brittle deformation.
Lower crustal flow may be driven by the thinning
of the brittle overburden in the central part of the
basin and possibly by thinning of the lower crust
in response to north-south stretching. Using a
channel flow assumption, lower crustal flow in
response to a gradient in the overburden pressure
will occur within the time frame of basin develop-
ment if lower crustal viscosity is =6.8x 10—
1.4x10*' Pa s. Lower crustal viscosity under the
Dead Sea basin can be estimated from the region-
al surface heat flow and from strain rate. The
estimated viscosity using the strain rate calculated
from basin subsidence due to north-south exten-
sion is similar or slightly smaller than the viscosity
required for a channel flow. Hence, a channel flow
may or may not occur even under extension-only
strain rate. Strain rates due to shear motion along
the Dead Sea transform plate boundary are con-
siderably higher than those for basin extension,
resulting in a reduced lower crustal viscosity
under the basin, 4.6 X 10'7-5.4x 10" Pa s. Thus,
lateral shear along the Dead Sea transform in-

creases the likelihood that lower crustal flow is a
significant factor in the subsidence of the Dead
Sea basin. In contrast to the Mojave Desert,
CA, USA, where a similar range of lower crustal
viscosities is inferred, heat flow in the Dead Sea
region is close to the continental average. We
therefore propose that lateral shear and high ex-
tensional strain rates may facilitate lower crustal
flow even in areas of normal thermal regime.
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