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Abstract

The Dead Sea basin is located along the left-lateral transform boundary between the Arabian and Sinai plates. Its
structure and history are known from surface geology, drilling, seismic reflection and other geophysical data. The basin
comprises a large pull-apart, almost 150 km long and mostly 8-10 km wide, which is flanked by a few kilometres wide
zones of normal faulting. The basin formed at about 15 Ma or earlier, close to the beginning of the transform motion, and
it reached about half its present length before the end of the Miocene. A strong negative gravity anomaly records a thick
sediment basin fill: >5 km under half its length, reaching a maximum of >10 km. The fill includes a few km of salt (ca.
6—4 Ma) which forms several diapirs. At any one time large parts of the basin subsided simultaneously, but the site of
fastest subsidence seems to have shifted northward. Sedimentation rates reached at least hundreds of metres per million
years or more in the Miocene, and >1 km/Myr in later periods.

The basin structure is dominated by longitudinal faults: intrabasinal faults which delimit the pull-apart and which are
the extensions of the major strike-slip faults north and south of the basin, and normal faults which extend along the basin
margins. The latter faults express a small component of extension across the basin, whereas the pull-apart resulted from the
much larger lateral motion along the basin. In addition, transverse faults divide the pull-apart into several segments with
somewhat different histories. The pull-apart grew by becoming longer parallel to the transform motion. At shallow levels
this was probably achieved by normal slip on transverse listric faults while the fill between them was little deformed. The
crust under the basin was stretched and thinned during basin lengthening, which caused its subsidence. Basin formation
was accompanied by uplifting of its flanks by >1 km. Sparse igneous activity occurred along the basin and its flanks. Its
presence suggests a thermal anomaly in the lower lithosphere beneath the basin and adjacent parts of the transform.
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1. Introduction

The Dead Sea, with a water level at about 400 m
below sea, is situated within a large pull-apart that
formed along the intra-continental Dead Sea trans-
form (sometimes also called rift). Being almost 150
km long, this is one of the largest pull-aparts known
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on earth. Understanding of its internal structure and
history can contribute to the understanding of large
pull-aparts in general.

The geology of the Dead Sea basin and its re-
gional setting have been intensively studied for over
150 years and were treated in numerous papers. The
purpose of this work is to present an updated sum-
mary of the tectonics and geophysical features of this
basin. First we briefly review the Dead Sea transform
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in order to outline the regional tectonic framework.
Then the structural, geophysical and stratigraphic
data bearing on its architecture and history are sum-
marized. Finally we discuss the basin’s origin, man-
ner of growth and deep structure, and how they relate
to the transform motion.

2. The Dead Sea transform

The Dead Sea transform, some 1000 km long,
forms the boundary between the Arabian plate and
the Sinai sub-plate which is an appendage of the
African plate (Fig. 1; Quennell, 1958, 1959; Freund,
1965; Wilson, 1965; Freund et al., 1970; McKenzie
et al., 1970). It joins the divergent plate boundary
along the Red Sea with the zone of plate conver-
gence along the Alpine orogenic belt in Turkey. The
transform formed as a result of the mid-Cenozoic
breakaway of Arabia from Africa, which until then
were parts of a continuous continent.

2.1. Regional setting (Fig. 1)

The transform crosses a continental area that
was consolidated during the Late Proterozoic Pan-
African Orogeny. During most of the Phanerozoic
this area behaved as a rather stable platform and
it was covered by a few kilometres of mostly ma-
rine sediments (Picard, 1943, 1959; Bender, 1968,
1974; Garfunkel, 1988 and references therein). The
platformal history was punctuated by a few phases
of tectonic and magmatic activity. Most important
were rifting events in Permian(?), Triassic and Early
Jurassic times which were related to the formation of
the Eastern Mediterranean branch of the Neo-Tethys
and shaped its passive margins. The crust on both
sides of the Dead Sea basin and the nearby parts of
the transform is 30-35 km thick, but it thins con-
siderably on approaching the margin of the Eastern
Mediterranean basin (Ginzburg and Folkman, 1980;
Ginzburg et al., 1981; El-Isa et al., 1987).

The closure of the neighbouring part of Neo-
Tethys began in the Late Cretaceous, when marine

sediments were still being deposited over the area,
and was echoed by mild compressional deformation
(Syrian arc phase). This produced a bundle of NNE—
SSW- to ENE-SSW-trending folds, and a group of
lineaments trending close to east—west along which
right-lateral shearing of up to a few km took place
(the central Negev—Sinai shear belt). The deforma-
tion continued into the Miocene.

2.2. The displacement and history of the transform

The young continental breakup phase, beginning
at about 30-25 Ma, led to the detachment of Arabia
from Africa, which became two distinct plates. Their
separation created the Red Sea where incipient sea-
floor spreading takes place (Coleman, 1984). North
of the Red Sea the Arabian—African plate motion was
mostly taken up by the Dead Sea transform, but a
part of the motion was accommodated by opening of
the Suez rift (Freund, 1965; McKenzie et al., 1970;
Joffe and Garfunkel, 1987 and references therein;
LePichon and Gaulier, 1988). The continuing activity
of both lines is evidenced by faulting of young
sediments and by ongoing seismicity.

The Dead Sea transform trends at a large angle to
the Red Sea axis, so it is quite close to the direction
of plate motion (Fig. 1). The amount of motion —
some 105 km left laterally — is obtained by match-
ing the platformal sedimentary cover and some units
of the basement complex across the transform and
south of about 34°N (Quennell, 1959; Freund et al.,
1970; Bandel and Khouri, 1981). The most accu-
rate value is obtained by matching the lineaments
of the central Negev—Sinai shear belt (Fig. 1; Quen-
nell, 1959; Bartov, 1974). An independent estimate
of the motion, about 100 km close to north—south,
is obtained from the regional plate kinematics based
on data from only the Gulf of Aden and the Red
Sea. Though the amount and direction of motion
obtained in this way are not very accurate, this result
proves that the offset inferred from the local geol-
ogy is consistent with the data on the regional plate
kinematics.

Fig. 1. Regional setting of the Dead Sea basin. Inset show the present plate configuration. DSB = Dead Sea basin. Other place names: A
= Arava Valley; B = Beer Sheva Valley; G = Galilee; J = Jericho; L = Lebanon: T = Tiberias; ¥ = Yizreel (Esdraclon) Valley. CN-S

= Central Negev—Sinai (shear zone).
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The history of the transform motion is not well
constrained. The youngest rock bodies known to be
affected by the entire transform offset are 25-20 Ma
old dikes, which indicates that the transform mo-
tion began later than at 20 Ma (Eyal et al., 1981;
Steinitz et al., 1981). The link between the transform
motion and the opening of the Red Sea provides
an additional constraint (Joffe and Garfunkel, 1987
and references therein). Magnetic anomalies in the
southern Red Sea record an opening of 75 km since
5 Ma, which is only a fraction of the total opening,
showing that most of the opening occurred earlier.
This implies that the coeval transform motion did not
exceed some 40 km. Thus, here too most of the offset
must have occurred earlier than 5 Ma. At a constant
slip rate the entire offset could have been achieved
since 14-12 Ma (Middle Miocene). However, still
older igneous activity and local subsidence along the
transform — near Tiberias and along the Dead Sea
basin — suggest that the transform originated earlier,
perhaps at 18 Ma (Early Miocene). In this case the
initial transform motion was coeval with right-lateral
shearing along the central Negev—Sinai shear belt,
which continued into Middle Miocene times. This
possibility needs further study.

A Comp-
f ressive
segment
Normal
fault Pull
N apart
Transform
valley

2.3. Internal structure of the transform

The structure and physiography vary consider-
ably along the transform, because its trace deviates
slightly, but by variable amounts, from a small circle
about the Euler pole of the Arabian—Sinai plate mo-
tion. Therefore, as the transform moves, its two sides
converge in some places and diverge in others (Quen-
nell, 1958, 1959; Garfunkel, 1981). In Lebanon the
transform trace, which is expressed by a major fault
zone that crosses a high terrain, bends to the right,
so this is a compressional segment (Figs. 1 and 2).
Farther south minor plate separation dominates, so
the southern half of the transform is largely leaky. It
is almost entirely expressed by a valley whose floor
is mostly below sea level — the transform valley.
This valley is usually 5-15 km wide and is gener-
ally delimited by narrow zones of normal faults with
total vertical throws varying from about 1 km to per-
haps >10 km. Though this superficially resembles
an extensional rift valley, the transform valley has
a markedly different internal structure and is much
narrower than extensional rifts.

The internal structure of the transform valley
1s dominated by left-stepping en-echelon strike-slip

\T ransform
valley

apart

w ’

Fig. 2. Sketch showing the basic structural relations along the Dead Sea basin (see text for discussion). (A) The structural pattern in plan
view along the part of the transform enclosing the Dead Sea basin. The main strike-slip faults trend at an angle to the transform valley.
(B) Schematic block diagram showing the architecture of the Dead Sea basin. As lateral motion continues the edges of the basin move

apart and it becomes longer parallel to the transform.
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faults (Fig. 2; Quennell, 1958, 1959; Freund, 1965;
Garfunkel et al., 1981; Garfunkel, 1981). This fault
arrangement produced several pull-aparts (rhomb-
grabens) which form deep basins. The largest ones
are the Dead Sea basin and the basins beneath the
Gulf of Elat (Agaba) (Quennell, 1958; Ben-Avraham
et al., 1979; Garfunkel, 1981; Ben-Avraham, 1985).
The pull-aparts are bordered by extensions of the
major strike-slip faults, but the lateral motion along
these fault segments is variable and in places it
is very small (see below). As transform motion
continues, the pull-aparts become longer in the di-
rection of motion, i.e., along the transform, and
their area increases (Fig. 2B). Thus they are a sort
of mini-spreading centres. The pull-aparts alternate
with structural saddles along which the valley nar-
rows or becomes indistinct, and there compressional
structures are often present.

Because of the en-echelon arrangement of the
strike-slip faults, their trends deviate from the overall
trend of the transform (Fig. 2). Therefore, motion
along these faults leads to some separation between
the transform margins, which is augmented by the
normal faulting along the transform valley margins.
As a result, minor transverse separation (less than
5% of the lateral motion) took place along much the
southern half of the transform and it seems to have
increased with time (Garfunkel, 1981).

During the development of the transform its mar-
gins were deformed to varying degrees. Deformation
was strongest in the Galilee and farther north, where
it extended to distances of 50-100 km and more
from the transform. This was probably related to slip
along the curved part of the transform in Lebanon.
The flanks of the Dead Sea basin are little deformed,
however.

2.4. Uplift and magmatism

The formation of the Dead Sea transform, as
well as of the other young plate boundaries in the
region, was accompanied by regional uplifting and
widespread igneous activity. The areas bordering the
transform were uplifted by about 1 km and in places
considerably more. The shape of the uplifts varies
along and across the transform. Prior to the conti-
nental breakup, the region crossed by the transform
was below sea level until about 40 Ma, and 15-12

Ma (Middle Miocene) it was still low enough for the
sea to briefly extend 20-30 km inland of the present
coast (now they are up to ca. 500 m above sea level).
Thus, the transform flanks were uplifted mostly after
10 Ma ago, i.e., while the transform was active.

Igneous activity accompanying the transform de-
velopment produced mainly alkali olivine basalts,
basanites and nephelinites (Garfunkel, 1989 and ref-
erences therein). On a regional scale the sites of
most voluminous and areally widespread volcanism
are not obviously related to the transform, but are
situated mostly east of it, up to a distance of a few
hundred kilometres. However, some igneous activity
was aligned along the northern 2/3 of the transform,
as far south as the Dead Sea basin. Most of it is
observed on the transform shoulders, but in places
magmas preferentially ascended along the transform
itself.

3. The Dead Sea basin

The Dead Sea basin, about 150 km long, extends
from the southern Jordan valley near Jericho to the
central Arava valley (31°50'N to 30°20'N, Figs. 1
and 3). The area east of the basin forms a plateau
1.0-1.4 km above sea level which descends gradu-
ally away from the transform. The area on the west
forms a broad arch whose crest reaches only 0.6-0.8,
rarely 1.0 km, above sea level. The basin is delimited
by fault scarps trending close to north—south, but
the western fault scarp becomes indistinct along the
northern Arava valley, so there the western border of
the basin is physiographically indistinct. The north-
ern and southern ends of the Dead Sea basin do not
have any topographic expression, but there the trans-
form valley is relatively narrow. Several accentuated
slopes cross the basin floor obliquely and divide it
into distinct parts.

The northern part of the basin is largely covered
by the Dead Sea which is one of the most saline lakes
in the world. Its waters contain >30% of dissolved
salts, mainly Mg, Na and Ca chlorides, as well as
high concentrations of K and Br which are exploited
commercially. North and south of the lake the valley
floor is 300400 m below sea level, whereas about
half of the lake floor is a flat rectangular area more
than 700 m below sea level (water depth >300 m)
(Neev and Hall, 1979). These two topographic levels
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are separated by accentuated slopes which extend
across the basin. The flat lake floor is flanked on the
west and east by 4-5 km and <2 km wide slopes
with average gradients of 7° and 30° respectively,
which separate it from the faults scarps along the
basin borders.

South of the lake the valley floor is mostly 400—
300 m below sea level, except for two >100 m high
hilly areas which formed over the Lisan and Sedom
salt diapirs (Fig. 3). A few decades ago the Dead Sea
waters extended over this area (which was therefore
called the ‘southern basin of the Dead Sea’) to a
distance of more than 20 km south of the Lisan hill
which then formed a peninsula. This shallow portion
of the lake mostly dried out because of a >10 m drop
in the water level and because of human activity. This
part of the basin is delimited in the south by the more
than 50 m high scarp of the Amatzyahu fault which
crosses obliquely the transform valley. Further south
the Dead Sea basin extends along the Arava valley
whose floor, somewhat dissected by erosion, rises
gradually southward from some 300 m below sea
level to about 100 m above sea level where the Dead
Sea basin tapers out (south of 30°30'N).

4. Structure: geological and geophysical data

Surface geology, boreholes and seismic reflec-
tion data allow us to outline the principal structural
features of the Dead Sea basin down to depths of sev-
eral kilometres. This information is supplemented by
gravity, magnetic and seismic refraction data which
provide important constraints on the deeper struc-
ture. The main features are outlined in Figs. 3 and 4,
but many details are still incompletely known.

4.1. Overall basin architecture

In upper crustal levels longitudinal strike-slip and
normal faults are the most prominent elements con-
trolling the basin structure, but transverse faults that
extend across the basin are also important. Evidence
for young slip along the major faults, present-day
seismic activity, and the physiographic expression of
the basin show that it is still tectonically active.

The structure of the Dead Sea basin is dominated
by a large pull-apart that formed between the left
stepping Jericho and Arava strike-slip faults that

extend north and south of the basin, respectively
(Figs. 3 and 4; Quennell, 1958, 1959; Neev and
Hall, 1979; Garfunkel et al., 1981; Garfunkel, 1981;
Kashai and Crocker, 1987; Ten Brink and Ben-
Avraham, 1989). The pull-apart forms a deep trough,
mostly some 8 km wide, between the extensions of
these major strike-slip faults. These structures are
embedded in a wider depression which comprises
the entire width of the transform valley, 13 to 17 km,
and whose marginal zones, on the two sides of the
pull-apart, were shaped by normal faulting (Fig. 2).
The western marginal zone, 4-5 km wide, extends
from near Jericho to the Arava and comprises several
blocks down-faulted by a few kilometres. Mesozoic
sections drilled in these blocks conform to the pattern
of facies changes and erosive unconformities of the
adjacent area on the west (which trend obliquely
to the transform). This proves that the marginal
blocks were not displaced laterally, so that transform
motion took place east of them. The marginal zone
east of the pull-apart is quite narrow, often less than
2 km wide. Thus in cross section the basin has an
overall asymmetric structure, with its deepest portion
— comprising the pull-apart — being closer to the
eastern border fault (Figs. 3 and 4; cf. Ben-Avraham,
1992). This asymmetry is present all along the basin,
and it is expressed in the bathymetry of the Dead
Sea.

4.2. Transverse faults

While this basic architecture persists all along
the basin, several transverse faults or fault zones
extend obliquely across the basin and divide the
deep trough into distinct segments with different
histories (Fig. 3). In the south the Buweirida fault
forms a N-facing scarp which extends across the
Arava. South of this fault more than 2 km of tilted
Miocene sediments (Hazeva Formation, see below;
Bartov, 1994) are exposed over a distance of some
20 km, whereas north of the scarp the basin floor is
underlain by younger sediments. Seismic reflection
revealed another important transverse fault line, also
down-throwing north, near 30°50'N (Iddan fault; Ten
Brink and Ben-Avraham, 1989; Frieslander et al.,
1994). It is not certain whether it reaches the surface,
though a distinct photo-lineament crosses the Arava
in this area.
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Some 20 km farther north is the Amatzyahu fault
(Fig. 3). Seismic refiection data (Kashai and Crocker,
1987; Ten Brink and Ben-Avraham, 1989) show it
to be a listric fault: it flattens out at a depth of 5-6
km some 5 km north of its surface trace, and can be
identified up to 15 km north of its surface trace. In
the north the sediments above the fault surface are
delimited by a NW-SW-trending fault or fault zone
called the Bogeq fault (Fig. 3; Ben Avraham et al.,
1990), but its trace was not well mapped; it probably
down-throws to the north (see below). North of this
line a thick salt body, whose base is some 5 km deep,
forms the Lisan diapir (Bender, 1974; Abu Ajamieh
et al., 1989).

The more than 300 m high slopes which delimit
on the north and south the flat area at the bottom
of the Dead Sea (in the northern part of the basin)
are most likely also tectonically controlled, but hith-
erto faults could not be identified along them. The
structure beneath the southern slope is obscured by
diapirs (Fig. 3), but a magnetic anomaly (see below)
suggests that a nearly WNW-SE-trending fault (or
fault zone) offsets the basement beneath this slope.
The northern slope is obscured by the sub-aqueous
delta of the Jordan River, which according to seis-
mic reflection data consists of an up to 350 m thick
sediment wedge overlying flat beds (Neev and Hall,
1979). Perhaps some faults (NNW-SSE? trending)
cross the area east or north of the delta, but they are
not evident in the topography; alternatively, the slope
is formed by a flexure.

4.3. Gravity data

The gravity field over Dead Sea basin was mea-
sured both on land and over the lake (Folkman, 1981;
Ten Brink et al., 1993; Ginzburg et al., 1994). The
basin was found to be marked by a prominent neg-
ative anomaly which is delimited by steep gradients
along the basin margins (Fig. 5). Over most of the
basin area the Bouguer anomaly is more negative
than — 100 mgal, reaching a minimum of —175 mgal
over the Lisan diapir, which is about 300 and 200
mgal lower than the values east and west of the
basin, respectively. There the free air anomaly has a
minimum of —150 mgal (some 250 and 200 mgal
lower than over the areas east and west of the basin,
respectively). On the other hand, there is hardly any

Bouguer anomaly low over the structural saddles
north and south of the basin.

The accentuated negative gravity anomaly out-
lines the area underlain by a thick fill. It shows that
in the north the basin ends quite abruptly near Jeri-
cho. In the south the anomaly changes more slowly
along the Arava, recording a gradual southward thin-
ning of the basin fill, until the gravity low becomes
indistinct. Modelling of the gravity field (Fig. 5; Ten
Brink et al., 1990, 1993) shows that while over the
saddles north and south of the basin there is hardly
any fill, within the transform valley the low-density
fill is thicker than 5 km under much of the Dead
Sea basin, reaching a maximum of about 10 km un-
der the Lisan diapir. These may be under-estimates,
because the fill was assumed to have a uniform and
rather low density (2.15 g/cm®). The gravity data are
compatible with a Moho under the basin not deeper
than under its flanks, but its exact depth is not well
constrained. The gravity data also show the asym-
metry of the basin and the continuity of the western
zone of marginal blocks.

These results have the important implication that
beneath most of the deep trough of the Dead Sea
basin the crust is at least 7-10 km thinner than be-
neath the basin flanks. In contrast, under the saddles
north and south of the basin the crust appears to
be little modified and there is hardly any depression
along the transform.

4.4. Magnetic anomalies

Several studies of the magnetic field over the
Dead Sea and surrounding areas were carried out
(Neev and Hall, 1979; Folkman, 1981; Hatcher et al.,
1981; Frieslander and Ben-Avraham, 1989). These
works revealed a major discontinuity in the magnetic
anomaly pattern along the transform, and the Dead
Sea basin in particular, with the anomaly pattern
being displaced by ca. 105 km left-laterally. It is
noteworthy that the anomalies west of the basin
extend uninterrupted over the western marginal step
faults. This corroborates the borehole data which
show that the blocks forming this step were not
displaced laterally relative to the area west of the
basin.

The magnetic anomaly over the deep part of the
Dead Sea is smooth. Two-dimensional modelling of
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the anomaly across the basin (lat. 31°34'N) shows the
magnetic basement to be about 10 km deep, which
is not very different from the gravity data. Over the
slope at the south of the Dead Sea (about 31°31'N)
there is a pronounced WNW-ESE-trending gradient.
It probably expresses a major fault in the underlying
basement, which forms the boundary between two
segments of the basin. South of this gradient the
anomalies are irregular. A few very short-wavelength
anomalies are present, and they are interpreted as
due to shallow igneous bodies (see below).

4.5. Seismic refraction data

A deep seismic refraction profile was obtained in
1977 along the west margin of the transform from
the Sea of Galilee to the Gulf of Elat (Aqaba),
passing along the west margin of the Dead Sea
basin (Ginzburg et al., 1981, Perathoner et al., 1981).
As the pre-transform rocks are at shallow depth all
along this profile, it imaged the western margin of
the basin rather than its deepest part. This profile
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reveals an about 32-km-thick crust with an about
5-km-thick transition zone at its base in which V,
changes smoothly from 6.72 to 7.9 km/s, which is
the sub-Moho velocity.

Seismic refraction profiles west of the basin
(Ginzburg et al., 1981; Ginzburg and Folkman, 1980)
show that 30-40 km west of the southern part of the
Dead Sea the crust is about 33 km thick and that
it thickens southward by a several kilometres. How-
ever, west of the transform the basal transition zone
was not observed, the upper crust is thicker than un-
der the margin of the Dead Sea while the lower crust
(Vp = 6.5 km/s) has the same thickness, and V, =
8.0 km/s below the Moho. A deep seismic reflection
profile west of the Dead Sea (Rotstein et al., 1987)
imaged a highly reflective lower crust up to about 20
km west of the lake, but farther west it shows a trans-
parent lower crust. These data suggest a change in
crustal structure within ca. 20 west of the Dead Sea
from about latitude 31°15’'N and southward (there
are no data from further north). Refraction studies
east of transform (El-Isa et al., 1987) revealed an
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about 32-km-thick crust some 50 km away from the
basin, and greater thicknesses farther east; the basal
transition zone was identified in these profiles, and
V, = 8 km/s below the Moho. This resembles the
crust under the western basin margin rather than the
crust farther west.

4.6. Heat flow

Heat flow measurements in abandoned wells on
the western flank of the basin gave an average value
of some 42 mW/m? (Eckstein, 1976, 1979). Temper-
ature gradients in wells in the western part of the
basin are about 20-23°C/km down to depths of 3-5
km (Kashai and Crocker, 1987), which is compatible
with the low heat flow measured west of the basin.
Locally, however, where hot waters rise along the
marginal faults (sometimes producing hot springs)
the heat flow reaches about 90 mW/m?. Similar and
higher values were also obtained near the Zarqa
Main hot springs near the east shore of the lake (Abu
Ajamieh et al., 1989).

Geothermal measurements in the northern part
of the Dead Sea gave an average heat flow of 38
mW/m?, while lower values were obtained in the
southwestern part of the lake (Ben-Avraham et al,,
1978). The heat flow in the lake may be higher,
however, because much heat can escape through the
highly conductive salt of the diapirs rather than
through the less conductive overlying sediments.
Thermal modelling shows that in this case the heat
flow may reach about 60 mW/m? (Ben-Avraham,
1996), but this has not been verified.

5. The basin fill and its history

The Dead Sea basin is mostly covered by late
Quaternary to Recent sediments, but limited expo-
sures of older beds and borehole data supplemented
by seismic reflection data allow to outline the main
features of the basin fill, though the distribution of
the different units and their lateral changes are still
incompletely known. The fill can be divided into
three main units (Zak and Freund, 1981). (a) The
clastic Hazeva Formation, of Early to Late Miocene
age, which consists predominantly of sandstones and
conglomerates of fluviatile and lacustrine origin. (b)
The evaporitic Sedom Formation, of probably Late

Miocene and Pliocene age, which consists predom-
inantly of halite, of lagoonal origin. (c) The post-
evaporitic series, of Pliocene to Recent age, which
consists largely of coarse to fine clastics of fluviatile
and lacustrine origin and of some lacustrine carbon-
ates and evaporites. The latter two units are included
in the Dead Sea Group.

5.1. The Hazeva Formation

The Hazeva Formation (Bentor and Vroman,
1957; Garfunkel and Horowitz, 1966; Bender, 1974;
Sneh, 1981; Sa’ar, 1985; Zilberman, 1992; Bartov
et al., 1993; Garfunkel, 1996) 1s found both inside
the Dead Sea basin and over the nearby areas, but it
is much thicker in the basin. Vertebrate fossils and
pollen show that the Hazeva Formation is of Early to
Late Miocene age (Horowitz, 1987; Goldsmith et al.,
1988). Because of its wide distribution this unit pro-
vides the best record of the Miocene tectonic history
of the Dead Sea basin and of the areas flanking this
part of the transform.

The outstanding feature of the Hazeva Formation
is that it consists of material of distant derivation.
Most abundant are quartzose sandstones which could
have been derived only from the early Palaeozoic
to Early Cretaceous sandy series and the basement
rocks outcropping in southern Sinai and in Saudi
Arabia, some 300 km and more away from the
Dead Sea. Less distant areas could not supply the
sandstones because they are covered by predomi-
nantly carbonatic marine series (of mid-Cretaceous
to Eocene age). Also present are pebbles which are
dispersed in the sandstones or form conglomerate
beds. Most pebbles consist of sedimentary rocks,
often of types not known in situ; most conspicuous
is a special variety of chert of Eocene age (called
‘allochthonous’ or ‘imported’). These exotic pebbles
were derived from now largely eroded facies belts
that existed inland of the presently preserved sec-
tions. Occasionally pebbles derived form the base-
ment are also present.

The distant provenance of the Hazeva clastics and
their distribution show that they were transported by
a river system that extended a few hundred kilo-
metres inland of the Dead Sea and which drained
into the Mediterranean Sea via the Beer-Sheva valley
(Garfunkel and Horowitz, 1966). The functioning of
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such a drainage system indicates the existence of a
regional slope that extended across the transform,
and that the transform flanks were still not uplifted
enough to obstruct sediment transport. The Hazeva
sediments were trapped in the Dead Sea basin as well
as in much shallower erosive and structural lows in
the neighbouring regions, but in places they also
extended over the adjacent higher areas. However,
the regional seaward slope probably did not allow
the accumulation of a widespread thick sedimentary
cover.

Within the Dead Sea basin the Hazeva Formation
is from about 1 to >2.5 km thick (Fig. 4; Kashai
and Crocker, 1987; Horowitz, 1987; Bartov et al.,
1993; Bartov, 1994). The thick sections occur at least
along the southern half of the basin. South of the
Buweirida fault a >2-km-thick section is exposed.
Farther north the Hazeva Formation is >2.5 km and
0.7 km thick in the Arava-1 and Amiaz-1 wells,
respectively, located on the western marginal blocks;
even thicker sections are expected in the adjacent
deep part of the basin. A >2-km-thick section was
recently drilled in the Sedom Deep-1 well near the
margin of the deep trough, just east of the Sedom
diapir (Gardosh et al., 1995). Still farther north,
seismic data show that the salt body forming the
Lisan diapir is about 5 km deep (Abu Ajamieh et al.,
1989), whereas he gravity data indicate about 10 km
of fill (Ten Brink et al., 1993). It is speculated that
the difference indicates that there several kilometres
of Hazeva beds underlie the salt.

In contrast with these thick sections, the coeval
sections west of the Dead Sea basin are generally
only a few hundred metres thick. This is interpreted
(Garfunkel, 1996) as indicating that the basin origi-
nated already in the Early Miocene (earlier than 15
Ma), and that by some time in the Late Miocene (at 8
Ma?) the basin floor subsided a few kilometres. Sed-
imentation rates reached several hundred metres per
Ma, but the site of greatest subsidence is not known;
it could have been east of the Sedom diapir or even
farther north. The Miocene depression was probably
longer than 50 km (even taking into account the sub-
sequent lengthening of the basin — see below), and
was about 7 km wide south of the Buweirida fault,
but further north its width is unknown. Because the
Dead Sea basin is a pull-apart that was produced
by lateral motion, its formation before the Middle

Miocene implies that the transform was already ac-
tive at that time. Thus the Dead Sea basin developed
during most or the entire transform history.

During the early history of the basin (until ca. 10
Ma?) sedimentation kept pace with its subsidence,
i.e., the basin did not form a depression. This is
indicated by the transport of the Hazeva sediments
across the basin and into the northern Negev. The
supply of these sediments was cut off sometime in
the Late Miocene, when uplifting of both transform
flanks disrupted the river system that transported the
Hazeva sediments. Since then sedimentation in the
basin usually did not keep pace with its subsidence
and it became a deep topographic trough.

5.2. The Sedom Formation

This evaporitic unit is confined to the Dead Sea
basin (Neev and Emery, 1967; Zak, 1967; Bender,
1974; Neev and Hall, 1979; Abu Ajamieh et al.,
1989). It is known mainly from the Sedom diapir
which exposes a >2-km-thick section, and from the
Lisan diapir where a still thicker section was drilled.
These sections consist largely of halite (>70%) and
of some gypsum and clastics. Minor amounts of
potassium salts were drilled in both diapirs, but they
seem to be more voluminous in the Lisan diapir.
Farther north diapiric structures deform the floor of
the Dead Sea, and still farther north halokinetic de-
formation is the probable cause of undulations of the
sediments a few hundred metres below the flat lake
floor (Neev and Hall, 1979). Thus, thick evaporites
underlie at least a 50-km-long segment of the Dead
Sea basin. This area overlaps the northern part of the
basin which existed already during deposition of the
Hazeva Formation. However, the depression during
evaporite deposition may have been longer, as part
of the still undated basin fill south of the Amatzyahu
fault may be of the same age as the evaporites.

The Sedom diapir is an about 12-km-long salt
wall which rose along the fault on the western side
of the deep trough (Fig. 3; Zak, 1967). Seismic re-
flection data (Kashai and Crocker, 1987; Ten Brink
and Ben-Avraham, 1989) suggest that the salt rose
from beneath the flat part of the Amatzyahu fault.
In its original horizontal position this salt body cov-
ered more than half the width of the deep trough.
On the marginal block west of the Sedom diapir the
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evaporitic section is much thinner (670 m) than in
the diapir, which shows that this block was struc-
turally higher than the adjacent trough already dur-
ing evaporite deposition. Under the Lisan diapir the
evaporites are much more voluminous — this diapir
is about 20 km long and dome-shaped, and its base
is about 5 km deep (Bender, 1974; Neev and Hall,
1979; Abu Ajamieh et al., 1989). The difference
suggests that the Lisan salt body formed in a more
subsiding part of the basin than the salt that forms the
Sedom diapir. This implies that the Bogeq fault was
active during evaporite deposition, down-throwing to
the north.

The great volume of halite, the presence of potas-
sium salts, and the variations of the Cl/Br ratio in the
halite section of the Sedom diapir indicate that the
evaporites precipitated from brines of an ultimately
marine origin. The Sedom Formation is probably
correlative with a ca. 1-km-thick evaporitic section
drilled in Zemah-1 well ca. 15 km south of Tiberias,
as well as with marine sediments (locally gypsum
bearing) exposed in this region and in the Yizreel
(Esdraelon) valley graben (Fig. 1) which branches
off the Dead Sea transform (Zak and Bentor, 1972;
Marcus and Slager, 1986; Shaliv, 1991). From this
correlation it is inferred that a narrow arm of the
Mediterranean Sea extended into the transform val-
ley and reached the Dead Sea basin from the north.
However, other palaecogeographic settings cannot yet
be ruled out.

Volcanics intercalated in the marine beds of the
Tiberias region gave K—-Ar ages of 6.3-57 Ma
(Messinian) (Shaliv, 1991), and this is also the age
of pollen in the evaporites in the Zemah-1 well
(Horowitz, 1987). However, in the Sedom diapir and
in nearby wells only Early Pliocene pollen were
found (Horowitz, 1987). These data suggest that ei-
ther evaporites of Miocene age exist in the Dead Sea
basin as well (under the Lisan diapir?), or that evap-
orite deposition in the Tiberias region began earlier
than in the Dead Sea basin.

The thick Sedom Formation records important
subsidence of a large part of the Dead Sea basin,
but its timing is uncertain. Since evaporites can
accumulate very fast, the 2—3-km-thick Sedom For-
mation could have formed in less than 1 Ma if an
adequate brine supply were available (Zak, 1967).
However, the above age constraints do not exclude

deposition over a 2-3 Ma long period. Thus sed-
imentation rates could have been anywhere in the
range of 1-3 km/Myr. If the higher value is cor-
rect, a brief period of catastrophic subsidence can
be inferred, but a more likely explanation is that
the evaporites filled a pre-existing depression which
formed by older subsidence that was faster than de-
position (when the supply of Hazeva clastics was
interrupted?). The lower value can be interpreted
as recording syn-depositional basin subsidence, but
filling of a pre-existing starved basin cannot be ex-
cluded.

5.3. Post-evaporite series

After the end of evaporite accumulation, several
kilometres of sediments were deposited along a large
part of the basin (north of about latitude 30°45'N
in the Arava), but their distribution is not known in
detail (Neev and Emery, 1967; Zak, 1967; Kashai
and Crocker, 1987; Horowitz, 1987; Gardosh et al.,
1990). During this period the filling of the Dead Sea
basin did not keep pace with its subsidence, so it
became a deep depression into which the drainage
of a large area was diverted, while there are no
indications of any drainage lines leaving the basin.
Therefore a land-locked lake must have existed all
or most of the time in the topographically lowest
part of the basin. The lake-level rose and fell in
response to climatic fluctuations which determined
the balance between influx of water and water losses
by evaporation. This produced alternations of flu-
viatile and lacustrine beds, sometimes separated by
unconformities.

The bulk of the post-evaporite basin fill consists
of clastics that were derived from the Hazeva Forma-
tion and from the Cretaceous—Eocene carbonatic se-
quences which cover the areas surrounding the basin,
with minor contributions from older sandstones and
basement rocks exposed south of the basin. Coarse
sediments, often of fluviatile origin, were deposited
mainly in the marginal parts of the basin. In the cen-
tral lake mostly fine clastics accumulated, but some
evaporites also formed -— varved carbonates, sul-
phates and rarer halite which was probably derived
from dissolution of the Sedom Formation.

The post-evaporitic sequence is best known from
the area south of the Lisan diapir, where it con-
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tains pollen of Pliocene and Quaternary age (Fig. 4;
Kashai and Crocker, 1987; Horowitz, 1987; Ten
Brink and Ben-Avraham, 1989). These sediments,
up to 3-5 km thick, form a large roll-over structure
which developed in response to the syn-depositional
activity of the underlying shallow-dipping listric
Amatzyahu fault. The average sedimentation rate
reached 1-1.5 km/Myr; the subsidence rate was
somewhat smaller, close to 1 km/Myr, because the
withdrawal of salt forming the Sedom diapir from
the deep basin also contributed to its subsidence.
South of the Amatzyahu fault a few kilometres of
well-bedded sediments, that were imaged on seismic
reflection profiles, are probably also younger than
the evaporites. Over the marginal blocks west of the
Sedom and Lisan diapirs the post-evaporite sections
are only 1.5-2 km thick.

The distinct morphologic expression of the de-
pression occupied by the Dead Sea suggests that it
was the site of the fastest young subsidence along the
basin. Seismic reflection data (Neev and Hall, 1979)
show that the flat part of the lake floor is delimited
by active longitudinal faults. The fastest subsidence
occurs in the southeastern part of the lake where its
floor is deepest (—730 m). There the sediments out-
line a bowl-shaped structure — the Arnon Sink —
whose amplitude increases downwards; dips reach
5-6° about 0.5 km below the lake floor. It is not
clear whether this is related to faulting at depth or
to halokinesis which was active in the nearby area
(Fig. 3).

During the last high-stand of the lake, from about
50,000 to” 15,000 years ago, water level reached
180 m below sea level, i.e., some 220 m above the
present level of the Dead Sea. During this stage the
lake, called Lake Lisan, extended from the northern
Arava to Tiberias, a distance of about 220 km (Neev
and Emery, 1967; Begin et al., 1974). The sediments
deposited during this period, called the Lisan For-
mation, still cover most of the basin floor, though
they are often much dissected by erosion. The ex-
posed sections, up to some 40 m thick, consist of
alternating varves of fine clastics and of chemically
deposited carbonate (aragonite). Near the lake mar-
gins coarse clastics, deposited mainly in sub-aqueous
alluvial fans, are common.

6. Seismicity and young deformation
6.1. Seismic activity

The ongoing deformation of the Dead Sea basin,
and the transform as a whole, is recorded by its seis-
micity (Arieh, 1967; Wu et al., 1973; Ben-Menahem
et al., 1976; Ben-Menahem and Aboodi, 1981; Van
Eck and Hofstetter, 1989, 1990; Salamon, 1993;
IPRG, 1994). Earthquakes along the Dead Sea trans-
form were known since antiquity. Shocks of M| =
6.5—7 occur about once in a century. Within the
Dead Sea basin about five events in this century had
My > 5, the strongest being the M| = 6.5 Jericho
earthquake of July 1927. This low level of seismicity
in the basin and along the transform in general is
representative of the last 1000 yr (probably of the
last 3000 yr). It can account for less than half the
long-term slip rate deduced from the regional plate
kinematics (Garfunkel et al., 1981). The reason for
the discrepancy is not known. Deciphering the seis-
micity in the last 50,000 yr as recorded by disturbed
layers in the Lisan Formation (Marco et al., 1996)
may clarify this question.

The instrumental record reveals diffuse seismic
activity along most of the Dead Sea basin. The earth-
quake foci could not be located accurately enough
to be associated with particular faults, but they may
cluster along the transverse faults (IPRG, 1994).
The 1927 Jericho earthquake was considered to have
originated on the Jericho fault north of the Dead Sea
basin (e.g., Ben-Menahem et al., 1976). An epicen-
tral location some 60 km farther south was suggested
recently (Shapira et al., 1992), though this seems to
conflict with the distribution of damage. The focal
mechanism of this event indicates left lateral slip
along the transform (Ben-Menahem et al., 1976).
Other weaker events within the Dead Sea basin had
similar focal mechanisms, but normal motions along
faults trending nearly north—-south were also found
(Van Eck and Hofstetter, 1989; Salamon, 1993).

6.2. Recent fault motions

Continuing slip on many faults in the basin is ev-
idenced by their morphologic expression and by the
offset and deformation of young sediments. The on-
going activity of the Jericho and Arava faults is well
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expressed (Garfunkel et al., 1981; Reches and Hoex-
ter, 1981; Gardosh et al., 1990). It is noteworthy that
just north and south of the Dead Sea basin, near Jeri-
cho and in the central Arava, the young sediments
along these faults are somewhat compressed (Gar-
funkel, 1981; Gardosh et al., 1990; Rotstein et al.,
1991). This results from minor local bending to the
right of the fault traces, which took place late in their
history (Garfunkel, 1996). Within the Dead Sea basin
compression has not been documented, however.

The intrabasinal longitudinal faults bordering the
deep trough under the Dead Sea are active and
displace the lake floor (Neev and Hall, 1979; Ben-
Avraham et al.,, 1993). The great thickness of the
young fill south of the Dead Sea shows that this
region also continues to subside, and that here too
the intrabasinal longitudinal faults moved in geo-
logically young times, but more slowly than farther
north. In contrast, the marginal faults which pro-
duce prominent scarps along the basin borders did
not move much in the last few 10* years. This is
evidenced by the fact that the Lisan beds often ex-
tend continuously from the basin into canyons which
were eroded into the marginal scarps, while displace-
ments of the Lisan and younger sediments or of the
land surface were documented only along parts of
the marginal fault system (Garfunkel et al., 1981).

The ongoing activity of the transverse Amatzyahu
and Buweirida faults is recorded by their clear mor-
phologic expression. The activity of other transverse
structures is not documented, as noted above, though
they are expressed as topographic slopes that extend
obliquely across the basin.

In addition to the main faults, minor faults dis-
place young sediments in places (Gardosh et al.,
1990; Marco et al., 1996), but the conditions of ex-
posure do no allow to trace them laterally. Therefore,
and because of the very young age (a few 10* yr old)
of the sediments which cover most of the basin floor,
the full scope and long-term effects of this diffuse
deformation cannot be evaluated. Continuing growth
of the main diapirs is expressed by deformation of
the Lisan Formation.

7. Igneous activity

The formation of the Dead Sea basin was ac-
companied by very little igneous activity. Until now

igneous rocks were not sampled within the basin.
However, short-wavelength magnetic anomalies in
the southern part of the Dead Sea (Frieslander and
Ben-Avraham, 1989; Ben-Avraham, 1996) show the
existence of shallow strongly magnetized bodies,
which are interpreted as igneous rocks. Some 40
km north of the Dead Sea a basalt body is exposed
along the transform in the Grain Sabt uplift (Fig. 3;
Bender, 1968, 1974). These bodies must have been
emplaced along the transform, as they are not linked
to any igneous activity on the adjacent basin flanks.
Other igneous bodies emplaced along the transform
are known farther north, indicating that magmas rose
along the transform, but only small volumes reached
close to the surface (Garfunkel, 1989).

Sporadic igneous activity occurred all along the
eastern side of the Dead, Sea basin (Bender, 1968,
1974). K-Ar dating (Barberi et al., 1980; Steinitz
and Bartov, 1991) shows that at about 9—6 Ma basalt
flows were extruded over the plateau east of the
basin, before the incision of the canyons into this
area, i.e., they pre-date most uplifting of eastern
basin flank. Younger activity, at 3.5-0.5 Ma, pro-
duced several cones and minor flows on the plateau
and slopes east of the Dead Sea. Basalt flows de-
scended along the Zarqa Main canyon at 3.4 Ma,
when it was still incompletely eroded, and also at
about 0.5 Ma. The continuation of these volcanics
under the Dead Sea is recorded by a strong localized
magnetic anomaly (Frieslander and Ben-Avraham,
1989). They are probably cut off by marginal faults,
but it is not clear whether their laterally offset exten-
sion can be identified.

8. Summary and conclusions

The foregoing data, though still incomplete, pro-
vide a general picture of the Dead Sea basin and
allow to discuss its formation and growth. Since the
basin is located along an intra-continental transform
and its internal structure is dominated by a large
pull-apart, the basin architecture and development
must have been controlled by lateral motion, while
transverse separation had only a minor role. To inter-
pret the basin from this point of view, several of its
features are most important.

The available data show that the Dead Sea basin
formed at about 15 Ma or somewhat earlier, i.e., in
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the initial stages, or even at the beginning, of the
transform activity. Thus, the lateral motion during
the basin’s history was close to the total transform
offset of 105 km, and most probably >80 km.

The basin history, as recorded by its fill, com-
prises three stages with distinct sedimentary regimes.
In the first stage — when the Hazeva Formation
formed — deposition more or less kept pace with
the basin subsidence, and sediments could be trans-
ported across the basin. This regime ended in the
Late Miocene (10-8 Ma) when uplifting of the trans-
form flanks obstructed the supply of clastics. By then
the basin attained at least half its present length and
a depth of a few kilometres. During the next stage,
at about 64 Ma, the basin was briefly invaded by
an arm of the sea, which resulted in deposition of
a several kilometres thick evaporitic series — the
Sedom Formation — along an at least 50-km-long
area. In the third stage, up to 5 km of fluviatile and
lacustrine sediments — mainly clastics — were de-
posited in a more than 100-km-long area. During this
stage, and probably already since the end of deposi-
tion of the Hazeva Formation, the sediment supply
usually did not keep pace with the basin subsidence,
so it became a land-locked depression into which the
drainage of the surrounding areas was diverted.

This history reflects directly the response of surfi-
cial sedimentation processes to the basin formation,
but it also records deep seated tectonic processes.
The distribution of the basin fill shows that its de-
velopment was characterized by simultaneous sub-
sidence of large parts of the pull-apart, though the
subsidence rates probably varied laterally. Moreover,
at any period the subsiding area overlapped to a great
extent the area which subsided in previous periods:
The Sedom Formation covers a part of the basin
of Hazeva times, while the post-evaporite sediments
covers areas which subsided earlier (Fig. 3). Thus,
the basin growth was more complex than simple
successive additions of more northerly portions as
suggested by Zak and Freund (1981), though the
most strongly subsiding area probably shifted north-
ward. Young subsidence appears to have been fastest
in the northern part of the basin, having produced the
depression occupied by the Dead Sea. Earlier, dur-
ing deposition of the Sedom Formation, the greatest
subsidence occurred farther south — under the Lisan
diapir. On the other hand, the southern extremity of

the basin in the central Arava did not subside af-
ter deposition of the Hazeva Formation. Subsidence
rates reached 0.5-1 km/Myr, but their temporal and
lateral variations are not well constrained.

The ongoing deformation, as recorded by young
fault motions and seismic activity, occurs over most
of the basin area, though with variable intensity: it is
stronger in the low area north of the Amatzyahu fault
than south of it. This correlates with the distribution
of young subsidence, which was also greatest in the
northern half of the basin. It is likely that such a
relation existed throughout the basin history.

The shallow structure of the basin comprises a
central pull-apart and marginal blocks. The pull-
apart is almost 150 km long, 7-8 km wide, and
is filled by low-density sediments with a maximum
thickness of 10 km or more; in its central 70 km
the fill is well over 5 km thick. The marginal blocks
west of the pull-apart form an about 5-km-wide
zone, while in the east they are narrower. Longitu-
dinal faults are the most prominent structures. They
include intra-basinal faults which delimit the pull-
apart and marginal faults which control the marginal
blocks; these fault zones extend north and south of
the pull-apart (Figs. 2-4). The longitudinal faults
bordering the pull-apart, being continuations of the
major strike-slip faults north and south of the basin,
accommodated significant lateral motions (mainly
on the east, see below), as well as prominent verti-
cal offsets (perhaps reaching 10 km). Another type
of intra-basinal structures includes transverse faults
or fault zones which cross obliquely the deep part
of the basin and divide it into segments with dif-
ferent subsidence histories. Between these faults the
basin fill is little deformed, being mildly faunlted
and flexed. Strong deformation is known only near
diapirs formed by the salt of the Sedom Formation.

The deep structure of the Dead Sea basin is lit-
tle known, but the available geophysical data show
that the crust was modified under the basin. Seismic
refraction data show a crustal thickness of about 33
km some 30-50 km west and east of the basin as
well as under the western basin margin, but under
the deep part of the pull-apart the crystalline crust
is only 2/3 as thick (and perhaps thinner) accord-
ing to the gravity data. The heat flow in deep wells
in the western part of the basin and in the north-
ern Dead Sea is quite low — about 40 mW/m?
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(=1 HFU), similar to the average the heat flow
measured on the basin flanks. This shows that if a
thermal anomaly is associated with basin, it has a
limited areal extent. However, the basaltic igneous
activity along the eastern basin flank and along the
transform, and perhaps in the basin itself, suggest
higher than normal temperatures in the lower litho-
sphere beneath the basin.

These features can be used to clarify how the
structure and development of the Dead Sea basin
relate to the lateral transform motion by utilizing on
the observation that this basin is essentially a pull-
apart (thomb-graben) that formed between two major
left-stepping strike-slip faults along a transform plate
boundary. This allows to interpret the basin within
the framework of the basic structural relations of
pull-aparts (Garfunkel, 1981, 1996; Aydin and Nur,
1982; Mann et al., 1983). These relations show
that pull-aparts grow by becoming longer parallel
to the lateral slip that produces them, while their
edges move apart (Figs. 2 and 6). Consequently,
their interiors must be dilated or stretched parallel
to the lateral motion (Fig. 2B), e.g., as a result of
activity of transverse normal faults or of zones of
diffuse extension which trend across the pull-aparts.

To apply this notion to the Dead Sea basin, the
important observation regarding its shallow structure
is that the transverse faults are the only structures
which allow basin lengthening, whereas between
these faults the fill is little deformed. To explain
the basin lengthening in a way compatible with this
observation, Arbenz (1984) proposed that the basin
grew as a result of activity of several transverse
listric faults which continue downward to a mid-
crustal detachment zone. In this model the rocks
within the growing part of the basin slide above the
flat-lying portions of the listric faults without much
internal deformation, while new sediments continue
to accumulate over them. This allows considerable
lengthening of the basin parallel to the transform
while leaving the shallow basin fill — especially
its upper part — little deformed, though above the
curved parts of the faults the basin fill becomes titled
and forms roll-over structures.

Such a deformation style is indeed exemplified
by the Amatzyahu fault (cf. figures in Kashai and
Crocker, 1987; Ten Brink and Ben-Avraham, 1989).
Its activity caused a N—S-oriented extension of per-
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Fig. 6. Effects of lengthening of a pull-apart by stretching of
its floor. (A) Markers within the basin at some time. (B) The
position of these markers after the some growth of the pull-apart.
This results in transfer of the lateral motion across the stretched
part of the basin floor.

haps 5 km during deposition of the post-evaporite
basin fill. If the other transverse faults are similar,
their activity can account for the basin lengthening
at the required rate. However, the Amatzyahu fault
— the only one whose deep structure has been doc-
umented —— flattens out within the basin fill, while
its relation with deeper structures, especially in the
basement, is not known. Thus, it is not obvious that
it has the role envisaged in the Arbenz model. This
model also predicts that the oldest parts of the basin
fill and the pre-transform sediments should have dips
reaching 30-40° where they are crossed by the listric
faults. Hitherto there is no evidence for such dips,
though the available seismic reflection data may not
suffice to test this aspect of the model. Thus, while
the Arbenz model may well identify the principal
style of shallow deformation in the Dead Sea basin,
much more information regarding the deep basin
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structure is needed before this model can be evalu-
ated and applied.

In any case the deep deformation is expected to be
complex. During the early basin history the basement
was shallow enough to be in the brittle field, so it
is expected to have been faulted. However, as the
pull-apart deepened, the thermal blanketing effect of
its fill may have caused parts of the basement that
originally deformed in a brittle manner to deform in a
semi-brittle or ductile manner. Thus, the deformation
style and its variation with depth may well have
changed with time.

Regardless of any particular model, the thinning
of the crust beneath the pull-apart can be interpreted
as a result of its lengthening and stretching of its
floor parallel to the transform, and this is considered
to be the cause of the continuing basin subsidence.
The subsidence history of the Dead Sea basin indi-
cates, therefore, that at any one time large segments
of the pull-apart floor were stretched simultaneously,
similar to the situation in the Quaternary.

Another relevant basic feature of pull-aparts it
that their growth and internal deformation results in
the transfer of lateral slip from one of their sides to
the other (Fig. 6). Stretching of any interior portion
of a pull-apart necessarily involves partitioning of
the lateral motion between the longitudinal faults
along the adjacent sides of the pull-apart. Therefore
the indications that subsidence of the Dead Sea
basin, and by inference also the stretching of its
floor, tended to be fastest along its northern part,
imply that this was the area where transfer of lateral
motion across the basin was most important. Thus,
lateral motion must have been important along both
sides of the northern part of the basin, whereas on
going south lateral motion took place mostly on its
eastern side. This could have influenced the basin
asymmetry.

Interpretation of the crustal thinning under the
pull-apart as a result of stretching during its length-
ening calls for a mass balance of the crustal material
which relates the amount of stretching to the lat-
eral motion that produced the pull-apart. In our case
the lateral motion exceeded 80 km while now the
basin reaches a length of 130-150 km (depending
on where exactly it ends in the south). Thus, if
the present arrangement of the main strike-slip faults
persisted during the entire basin history, then its floor

would have been stretched by a factor of >2. Un-
fortunately, it is difficult to apply and evaluate such
calculations, because some crucial input data are still
uncertain. For example, the present crustal thickness
under the basin is not known with sufficient preci-
sion to test such a conclusion. Moreover, a change
in crustal volume by addition of igneous material
cannot be ruled out. This possibility is raised by
the igneous activity along the transform and by the
evidence that magmas ascended along the transform
(Garfunkel, 1989). The presence of a transition zone
in which V, = 6.7 to 7.9 km/s at the base of the crust
under the basin margin (Perathoner et al., 1981) can
also be interpreted as evidence for intrusion or un-
derplating by basic igneous rocks which have the
such a seismic velocity.

Perhaps the most crucial problem is that the way
in which the shallow deformation extends downward
is unknown. Because of the rheological stratification
of the crust and lithosphere (Kirby, 1985; Carter and
Tsenn, 1987; Cloetingh and Banda, 1992), moder-
ately or shallow dipping detachment zones or struc-
tural decollements may exist beneath the transform.
This will decouple the shallow structures from the
deformation in the lower crust of underlying man-
tle. In particular the lateral motion may not occur
directly below the pull-apart. In such a case the in-
crease in area during the growth of the pull-apart
seen on the surface may not be matched at depth
by an equal amount of separation between the plates
(Garfunkel, 1996).

Because of these problems, quantitative mod-
elling of the crustal extension beneath the Dead Sea
transform is premature. These considerations high-
light the need for better data concerning the structure
of the lower part of the basin fill and the crustal
structure.
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