Anatomy of the Dead Sea transform: Does it reflect continuous
changes in plate motion?
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ABSTRACT density of their fill (2000-2200 kg relative to the surrounding rocks

A new gravity map of the southern half of the Dead Sea transform (2500-2670 kg/) (ten Brink et al., 1993; Rybakov et al., 1998). The loca-
offers the first regional view of the anatomy of this plate boundary. In- tions and shapes of small basins are used to delineate fault segments assun
terpreted together with auxiliary seismic and well data, the map reveals ing that vertical strain develops along irregularities in strike-slip fault sys-
a string of subsurface basins of widely varying size, shape, and depthtems (Bilham and King, 1989; ten Brink et al., 1996). Multichannel seismic
along the plate boundary and relatively short (25-55 km) and discon- reflection data (from the national archives of Jordan and Israel; e.g., Bartov
tinuous fault segments. We argue that this structure is a result of con- et al., 1998; Frieslander et al., 1995, 1996; Gardosh et al., 1997; Kasahi and
tinuous small changes in relative plate motion. However, several seg-Croker, 1987; Neev and Hall, 1979; Rotstein and Bartov, 1989; Rotstein
ments must have ruptured simultaneously to produce the inferred et al., 1991, 1992; Shtivelman et al., 1998; ten Brink and Ben-Avraham,

maximum magnitude of historical earthquakes. 1989; Y. Ben-Gai and M. Rezhnikov, 1997, written commun.; and Fig. 2)
which cross the majority of these faults were examined to verify their loca-
INTRODUCTION tions. These data were collected in support of oil and water explorations by

The Dead Sea transform plate boundary offers a unique opportuttiy Geophysical Institute of Israel and by oil exploration companies during
to study crustal and upper mantle deformation associated with strike-gigpast 30 yr. Line spacing on the Israel side of the rift valley is often ~5 km
motion because of the simple and well-exposed pretransform geology lagttveen the Sea of Galilee and Elat. Similar coverage on the Jordanian side
the slow (<10 mmlyr) relative plate motion (Garfunkel et al., 1981). Thgslimited to the central and southern Dead Sea basin. The areal coverage
plate boundary separates the Arabian plate from the African plate and emat-orientation of the seismic lines were limited by the presence of the inter-
nects the Red Sea spreading center with the collisional belt of southetional border in the middle of the Rift Valley.

Turkey (Fig. 1). The well-developed Rift Valley, as wide as 25 km, and par- The Rift Valley from the Gulf of Agaba (Elat) to about 90 km north-
tially below sea level, straddles the southern half of the transform and isithed is occupied by three basins that become successively narrower anc
focus of our study. Although many studies utilizing outcrop geology, aihallower to the north. They include the Agaba (Elat) basin, which extends
exploration wells, and seismic reflection data have been conducted (é&gm the offshore, the newly discovered Timna (Qa-Taba) basin, which is
Ben-Avraham et al., 1996; Garfunkel et al., 1981; Heimann and Ron, 198f8set en echelon from the Agaba basin, and a string of basins, which we
Horowitz, 1987; Neev and Hall, 1979; Rotstein et al., 1991, 1992; Shali@me the Gharandal basin. The basins are oriented diagonally to the axis of
etal., 1991; ten Brink et al., 1993), it was impossible to obtain a compl#te Rift Valley, an arrangement similar to that in the Gulf of Agaba (Ben-
view of this plate boundary, because the international border betwéeraham et al., 1979). Intermittent morphological expressions of an active
Jordan and Israel is within the Rift Valley. The gravity map presented hfzngt (Garfunkel et al., 1981) and a 1-km-wide fault zone identified in high-
(Fig. 1) offers the first complete regional view of the anatomy of the platesolution seismic profiles (Shtivelman et al., 1998) are coincident with our
boundary. The making of the map is the result of a cooperative projectfaph locations based on gravity. Two-dimensional gravity modeling of the
proved as part of the peace treaty between Jordan and Israel. The mBEmiga basin indicates that it is 1300 m deep (Fig. 2C).

based on ~40000 gravity stations which, within the Rift Valley, are mostly The next 150 km of Rift Valley to the north are occupied by a large
distributed at a spacing g0.5 km. The stations were measured over theegative gravity (maximum of —132 mgal) that represents the Dead Sea
years by the Natural Resources Authority, Jordan, the Geophysical Iristisin. The transition from the Gharandal basin to the Dead Sea basin is
tute of Israel, and there are additional marine surveys of the Dead Seachadhcterized by a gravity high, which corresponds to a topographic saddle
the Sea of Galilee (ten Brink et al., 1993; Ben-Avraham et al., 1996). Tieween the northern and southern Arava (Araba) Valley. Deformation in
databases of Israel and Jordan were mutually tied by measurements thiglarea may be complicated by an east-west—oriented fault, which inter-
at the Agaba-Elat and the Bet-Shean border crossings. The data wereséiets the valley from the west. The Dead Sea basin appears to be dividec
to an absolute gravity base station 9002 in Amman, and were reduiogéa segments 20—30 km long, and seismic reflection profiles (Frieslander

according to the 1971 reference ellipsoid. etal., 1996; Gardosh et al., 1997; ten Brink and Ben-Avraham, 1989; Fig. 1)
confirm the existence of diagonal cross-basinal normal and listric faults.
OBSERVATIONS The 6.5-km-deep Sedom-Deep well (Fig. 1) did not reach the base of the

The gravity field, which is indicative of density variations of subsubasin fill (Gardosh et al., 1997) and gravity models indicate a maximum of
face rocks, is a powerful tool to map in detail the anatomy of this plat&0 km of basin fill under the Lisan subbasin (ten Brink et al., 1993).
boundary, especially when combined with analysis of seismic reflection and The character of the plate boundary changes north of the Dead Sea. A
well data (Fig. 1). Basins, generated as a result of the relative plate magtwadlow (~800 m deep) asymmetric basin, which we name the Jericho basin,
and fault geometry, are detected in the gravity field because of the fgunges westward (Fig. 2A) and terminates against a west-dipping strike-slip
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Figure 1. Bouguer gravity
anomaly map of Dead Sea
transform, Jordan and Is-
rael, corrected with den-
sity of 2670 kg/m 3. Con-
tour interval is 3 mGal.
Terrain correction was cal-
culated from digital terrain
model (DTM) (Hall, 1993)
with 25 m grid using in-
house code. Background:
Shaded relief topography
from DTM. Black lines: Lo-
cations of profiles in Fig-
ure 2. Abbreviated basin
names: A, Agaba (Elat); B,
Bet Shean; D, Damia; G,
Gharandal; H, Hula; J, Jeri-
cho; K, Kinarot (Bakura);
N, S, northern and south-
ern Sea of Galilee; T, Timna
(Qa'Taba). Dead Sea basin
is further divided into fol-
lowing subbasins (ten
Brink and Ben-Avraham,
1989; Bartov et al., 1998):
Z, Zofar; SH, Shezaf; SD,
Sedom; L, Lisan; and Dead
Sea. Green crosses are oil
exploration wells, from
north to south: Notera
(in H), Zemah (in K), Jor-
dan Valley-1 (in J), Ein-
Gedi on Dead Sea shore,
Amiaz-1, Sedom-1, Melekh-
Sedom, Sedom Deep, and
Amaziahu (in Sd), and
Arava-1 (in SH). Top inset
is simplified plate geom-
etry and location of maps.
Bottom inset is regional
Bouguer gravity map of
Israel and Jordan.
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fault (Rotstein et al., 1991). A buried monocline parallels this segmento ¥ ¢ JERICHO BASIN 5 DISTANCE (km) 10F
fault on the west and is indicative of local transpressive motion (Rots ///”//;/;//N—m Wac
etal., 1991). A shallow (~250 m deep) basin (Fig. 2B), which we name / | = Totaceois~
Damia basin, occupies the central Jordan River valley. The shape of the %//// - =

in the gravity map is complex, and seismic reflection data show sev
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parallel faults at the edge and within the basin. The central faults are b~ / / I’ _ -

under a few hundred meters of sediments (Fig. 2B), although surface - _ -

logical evidence and abrupt stream-course changes suggest recent a .7

(Garfunkel et al., 1981). The Bet Shean basin to the north plunges a .7 A

5

metrically toward the east (Shaliv et al., 1991; M. Gardosh, 1998, pers
commun.). The narrow (~6 km) and long symmetric Kinarot (Bakura) b: ¥
(Rotstein et al., 1992) occupies the upper Jordan River valley and exi
into the southern Sea of Galilee (Ben-Avraham et al., 1996; Y. Ben-Gai
M. Rezhnikov, 1997, written commun.). The presence of many gabbro
basalt layers within the 4.25-km-thick basin fill in the Zemah well (Marc
and Slager, 1985) explains the small gravity anomaly over this basin.
Gravity modeling _and_seismic _reflection data suggest tha_t the nort \ — | E” Basin Fil 267 |
part of the Sea of Galilee is occupied by an asymmetric basin plungir EE 21 gem3 g/om3
the southeast, and the basin does not appear to be associated with a _ B || DISTANCE ke s Coo
north-south strike-slip fault (Ben-Avraham et al., 1996; Y. Ben-Gai ¢ : :
M. Rezhnikov, 1997, written _commur_l.). Seismic.reflection data (Rotste,:ilréure 2. Line drawings of seismic reflection profiles crossing (A)
and Bartov, 1989) and geological studies (e.g., Heimann and Ron, 1993) jericho basin and (B) Damia basin. H1: Base of rift fill, which at Jordan
cate that the plate boundary is reestablished as a strike-slip fault with a svalley-1 well occurs at 276 m depth. C: Two-dimensional gravity model
compression north of the Sea of Gallilee. A left stepover of faults generacross Timna (Qa'Taba) basin. There are no coincident seismic lines
the classical pull-apart Hula basin, where 2.8 km of alternating lake bere- See Figure 1 for location.
and volcanic flows have been drilled (Heimann and Steinitz, 1989).

-
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\

DISCUSSION 3. An extensive analysis of stress indicators in Israel, Jordan, and Sinai
Our interpretation of fault locations based on the gravity and aidedsmggests spatial and temporal fluctuations in the stress field direction since
seismic reflection data indicates that the motion along this 420-km-lahg formation of the Dead Sea transform in the Miocene (Eyal, 1996).
plate boundary is accommodated by at least 15 separate fault segments withd. Well data (see Fig. 1 for location) show variable and asynchronous
segment lengths varying between 25 and 55 km. More fault segmentsadiment accumulation rates among basins of the Rift Valley. The accumu-
shown buried on seismic reflection profiles and do not offset or perturb ld@n must at least partly reflect basin subsidence because an accommoda
upper sedimentary section (e.g., Frieslander et al., 1995, 1996; ten Btimk space had to be present for thousands of meters to accumulate in thes
and Ben-Avraham, 1989), indicating that they are no longer active. Strigaall continental basins (Horowitz, 1987). Accumulation rates during the
slip faults tend to smooth themselves as they mature; i.e., the geometiitiatene were high in the Kinarot basin and in the southern part of the Dead
complexity of strike-slip faults should decrease with increasing cumulatsea basin (Horowitz, 1987), but the Hula basin was a structural high until
strike-slip offset (Wesnousky, 1988). The cumulative offset of 105 km alofd/la (Heimann and Steinitz, 1989). Palynostratigraphy of the wells indi-
the Dead Sea transform is expected to be accommodated by a sicajtes unusually high accumulation rates between 2.3 and 1.8 Ma and dur-
smoothed 420-km-long fault segment (Stirling et al., 1996; Wesnousikg the past 250 k.y. in the Dead Sea basin (Horowitz, 1989). In the Hula
1988). The observations of a large number of basins and of numerousbasth, the accumulation rate increased gradually after 3 Ma, and jumped
overlapping fault segments along the Dead Sea plate boundary suggsigindicantly only during the past 70 k.y. In the Kinarot basin, rates were
continuous adjustment to changes in the relative plate motion. A continuaigs from 2.2 to 2 Ma, but negligible ever since (Horowitz, 1989). Similar
adjustment of the plate boundary is to be expected, considering that theipidemation is not available from other basins.
of rotation between Arabia and Africa is close to the Dead Sea plate bound- 5. The subsidence of the Dead Sea basin appears to have migrated witt
ary and may have been getting closer with time (Chu and Gordon, 1988)e from south to north. Well (Horowitz, 1987; Gardosh et al., 1997) and
Alternatively, it could be argued that the basins developed before thuitcrop (Bartov et al., 1998) data suggest that the Miocene depocenter was
Dead Sea fault system smoothed itself, and that structural response gbithieably centered in the Shezaf subbasin (>2000 m thick), included the
uppermost crust may remain complex despite a smooth slip at depth. Eddfar and Sedom subbasins, but did not extend as far north as the Ein-Gedi
guake data from the region do not have sufficient resolution to locatewra (Fig. 1). The Pliocene evaporitic Sedom Formation, 1300 m thick in the
faults at depth. However, other lines of evidence indicate a dynamic&kdom Deep well (Gardosh et al., 1997), forms salt diapirs in the Sedom
changing plate boundary with time. and Lisan subbasins and probably farther north (Neev and Hall, 1979), but
1. An extinct fault trace, associated with an inactive anticline at Zermamot found in the Arava-1 well (Horowitz, 1987), and no evidence for
well, was observed in seismic reflection profiles in the Kinarot basin (Raglokinesis is found on seismic lines south of 305 Brink and Ben-
stein et al., 1992). The extinct fault and anticline are oriented northedstaham, 1989). The Pliocene-Pleistocene lacustrine Kuntila Member in
whereas the active eastern boundary fault trends north-south. The abdbacofar subbasin is at a depth similar to that outside the basin, but is 530 m
of sediment accumulation in the Zemah well between 2 Ma and 60desper in the Arava-1 well farther north (Bartov et al., 1998). The Pleisto-
(Horowitz, 1989) led Rotstein et al. (1992) to conclude that the basin undere section is only ~40 m thick in Arava-1 well (Horowitz, 1987), but is
went compression and shortening during that period due to a change iB80® m thick in the Sedom Deep well (Gardosh et al., 1997). The lowest
geometry of the transform. elevation of the basin is currently at the Dead Sea, at 720 m below ms|.
2. Paleomagnetic data and K-Ar dates from basalt flows and sedi- 6. Seismic stratigraphic analysis indicates that the initiation of activity
mentary strata between the Sea of Galilee and the Hula basin show that wartse diagonal basin-crossing faults of the Dead Sea basin migrated north-
pressive deformation started there only ca. 0.9 Ma (Heimann and Ron, 198&)d with time, and that the shallow sequence of the Shezaf subbasin thickens
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gradually northward (ten Brink and Ben-Avraham, 1989). The westépardosh, M., Kashai, E., Salhov, S., Shulman, H., and Tannenbaum, E., 1997,
boundary fault in that area is buried under 1.4 s of sediments, suggesting thatydrocarbon exploration in the southern Dead Sea Bashiiemi, T. M.,

it has not been active for some time (ten Brink and Ben-Avraham, 1989). g?(?(;ﬁjvrg?(?g?aleh?/rgs(ﬁ?tb‘r]és?s” Sdg;;h; Dead Sea: The lake and ts seting:

If we accept that the segmented nature of the fault system reflectsghgunkel, z., zak, 1., and Freund, R., 1981, Active faulting in the Dead Rift;
present plate boundary geometry, we could argue that it is due to highly Tectonophysics, v. 80, p. 1-26.
oblique transtension, because physical models of oblique strike-slip motitg#f. J. K., 1993, The GSl digital terrain model (DTM) project completed: Israel

; ; ; Geological Survey Current Research, v. 8, p. 47-60.
produce multiple highly oblique short fault segments (Tron and Br néuksson, E. Jones, L. M., Hutton. K., and Eberhart-Phillips, D., 1993, The 1992

1991). However, with the exception of the southern Arava valley and the" | angers earthquake sequence: Seismological observations: Journal of Geo-
Gulf of Agaba farther south (Ben-Avraham et al., 1979), fault orientations physical Research, v. 98, p. 19,835-19,858.

deviate both clockwise and counterclockwise from that of the plate bouHgimann, A., and Ron, H., 1993, Geometric changes of plate boundaries along part
ary, whereas the faults in physical models are oriented either clockwise or ©f the northern Dead Sea Transform; geochronologic and paleomagnetic evi-

counterclockwise to the direction of motion, but not in mixed direction dence: Tectonics, v. 12, p. 477491,
' Pimann, A., and Steinitz, G., 1988Ar/3%Ar total gas ages of basalts from Notera

(Tron and Brun, 1991). #3 well, Hula Valley, Dead Sea Rift: Stratigraphic and tectonic implications:
Analysis of historical records suggests a maximum local magnitude, Israel Journal of Earth Sciences, v. 38, p. 173-184.
M, = 7.3, which, using the local relationship, logL = 0.5 M1.6, corre- Horowitz, A., 1987, Palynological evidence for the age and rate of sedimentation

sponds to a maximum rupture length of 115 km (Ben-Menahem, 1991). Slolrz)g7t_hle15Dead Sea RIift, and structural implications: Tectonophysics, v. 141,

The corresponding moment magnitu_dg,\, 7.3, is larger than expected Horowitz, A., 1989, Palynological evidence for the Quaternary rates of accumulation
from the rupture of a single fault (Stirling et al., 1996). Hence, few fault  along the Dead Sea Rift, and structural implications: Tectonophysics, v. 164,
segments were likely moving simultaneously during a single earthquake, p.63-71. )

possibly in a manner similar to that observed during the Landers eaf@sahi, E. L., and Croker, P. F., 1987, Structural geometry and evolution of the Dead

quake in California (Hauksson et al., 1993). A section of 115 km corre- 5 ela“—:l\-]()r;’d?z)ag_rg(t)system as deduced from new subsurface data: Tectonophysics,

sponds to the distance from the southern end of the Dead Sea bagifus, E., and Slager, J., 1985, The sedimentary-magmatic sequence of the Zemah
(lat 30°28) to the northern end of the Lisan peninsula (lat 31f28here 1 well (Jordan—Dead Sea, Israel) and its emplacement in time and space: Israel
there is a possible jog from the eastern to the western side of the Dead SeaJournal of Earth Sciences, v. 34, p. 1-10.

Another possible section extends from the northern end of the Dead S&§ Y D-» and Hall, J. K., 1979, Geophysical investigations in the Dead Sea: Sedi-
mentary Geology, v. 23, p. 209-238.

the northern end of the Sea of Galilee. Rotstein, Y., and Bartov, Y., 1989, Seismic reflection across a convergent continental
transform: An example from the Dead Sea rift in northern Israel: Journal of
CONCLUSIONS Geophysical Research, v. 94, p. 2902-2912.

A new Bouguer gravity anomaly map of the Dead Sea rift reve&latstein, Y., Bartov, Y., and Hofstetter, A., 1991, Active compressional tectonics in

numerous basins of various sizes and shapes occupying the Rift Valle the Jericho area, the Dead Sea Rift: Tectonophysics, v. 198, p. 239--259.
p pying yRWStein, Y., Bartov, Y., and Frieslander, U., 1992, Evidence for local shifting of the

interpret this structure to represent a plate boundary comprising NUMerous main fault and changes in the structural setting, Kinarot basin, Dead Sea trans-
and short fault segments. We argue that this fault geometry is due to a con-form: Geology, v. 20, p. 251-254.

tinuous adjustment of the plate boundary to small changes in the reldfiveakov, M., Goldschmidt, V., Fleischer, L., and Rotstein, Y., 1998, Geological
plate motion between Africa and Arabia, and review other lines of evidence StPPINg of the gravity field of Israel: Israel Journal of Earth Sciences, v. 47,

. e L .69-74.
that suggest a dynamically changm_g pla_te boun_dary W'_th tl_me. The "@Bjiv, G., Mimran, Y., and Hatzor, Y., 1991, The sedimentary and structural history
presented here underscores the merits of international scientific cooperationof the Bet She'an area and its regional implications: Israel Journal of Earth Sci-
in the Middle East and should serve as a framework for additional research ences, v. 40, p. 161-180.

on the anatomy and mechanics of this transform plate boundary. Shtivelman, V., Frieslander, U., Zil_berma_m, E._, and Amit,_R., 1998, _Mapping shallow
faults at the Evrona playa site using high-resolution reflection method: Geo-
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