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ABSTRACT

The Elat fault system in the southern Ar-
ava Valley (Dead Sea rift, Israel) is a com-
plex fault zone, characterized by marginal
normal faults and central sinistral strike-
slip faults. Paleoseismic evidence shows that
the Elat fault system has generated at least
15 earthquakes of magnitudes (M) larger
than 6 during the late Pleistocene and the
Holocene. At least two branches of the fault
zone were tectonically active simultaneous-
ly, indicating that the seismic response over
a period of 80 k.y. was time and space de-
pendent. Late Pleistocene earthquakes dis-
placed the surface by 1–1.5 m; their mag-
nitudes were between M 6.7 and M 7, and
their average recurrence interval was 2.8 6
0.7 k.y. Movements along the fault system
in the Holocene had a higher frequency and
a recurrence interval of 1.2 6 0.3 k.y., but
resulted in smaller displacement amounts
(0.2–1.3 m) and smaller earthquake mag-
nitudes (M 5.9–M 6.7). Historical records
document the last seismic event along the
Elat fault zone at ;1000 yr ago. The de-
crease in tectonic activity with time is in-
ferred from the concentration of offset
along the fault segments in the central part
of the Elat fault zone and the decreased
seismicity in the eastern and western mar-
gins. The magnitude range determined for
the central zone (M 6.1–M 6.7) was likely
not high enough to activate the marginal
faults. The average slip rate on the normal
faults is 0.2 mm/yr. However, the slip rate
has changed through time on different fault

*E-mail: Rivka@mail.gsi.gov.il.

segments in the active wide shear zone and
between clusters of events related to the
same segment. The event-specific slip rates,
therefore, have varied from 0.1 to 0.3 mm/
yr. The decrease in earthquake magnitudes
with time, combined with the observations
that the last large event occurred in A.D.
1068 and that no microseismicity has been
detected during the past 15 yr, might signal
locking of the Elat fault zone. This effect, if
true, may result from episodic global reor-
ganization of the system’s mode of strain-
energy release, reflected in the configura-
tional entropy of stress states on the fault.
These results have significant implications
for seismic hazard assessment in the south-
ern Arava Valley, southern Israel, and un-
derscore the possibility that the Elat fault
may be a site of major earthquakes in the
near future.

Keywords: Dead Sea rift, Elat fault zone,
maximum displacement, normal faults, pa-
leoearthquake magnitudes, recurrence in-
tervals, surface rupture.

INTRODUCTION

One of the most active segments of the
Dead Sea rift is located in the Gulf of Elat
(Fig. 1). The last severe earthquake (M 7.2) in
this area occurred in the Gulf of Elat, 70 km
south of the cities of Elat and Aqaba, in au-
tumn 1995. The seismic analysis, including
the focal-mechanism solution, showed very
clearly that the propagation direction of this
earthquake was northward, toward the popu-
lated cities of Elat and Aqaba. As a result, a
large effort has been directed toward studying

the current seismicity and the paleoseismicity
of the continental segment of the Elat fault,
which emerges from the gulf and heads north-
ward into the southern Arava Valley. In the
southern Arava Valley, current seismic and
microseismicity measurements show no seis-
mic activity along the segment of the Elat
fault from the city of Elat to the Yotvata playa
(Shapira, 1997). However, a complex, wide
fault zone, with clear, well-preserved surface
traces, indicates that large earthquakes have
originated along the Elat fault in the past. The
ruptures displaced and deformed Holocene
and late Pleistocene alluvial-fan surfaces and
playa deposits (Garfunkel et al., 1981; Gerson
et al., 1993; Zak and Freund, 1966). Paleoseis-
mic analysis and modeling of fault-scarp deg-
radation, including luminescence dating, show
that young fault scarps are ,2000 yr old (En-
zel et al., 1996; Amit et al., 1996). Historical
evidence further documents two large events,
one in A.D. 1068 and the other in A.D. 1212
(Ambraseys et al., 1994; Amiran, 1994). Mo-
tivated by these results, we have conducted a
systematic study of the paleoseismicity in the
Elat-Aqaba area. Some of the paleoseismic re-
sults have previously been published, includ-
ing partial paleoseismic data and analysis re-
garding the Elat fault zone. The published
studies were focused on several subissues
such as (1) developing a methodical approach
to paleoseismic analysis in extremely arid re-
gions in sediments of a bolson-type rift by us-
ing geomorphic and pedologic indicators
(Gerson et al., 1993; Amit et al., 1995, 1996,
1999), (2) examining and testing numerical
dating methods such as optically stimulated
luminescence (OSL) and semiquantitative dat-
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Figure 1. Map of the Dead Sea rift showing the locations of the Arava Valley and the Elat
fault zone.

ing methods such as the scarp degradation
model in an area with no datable material (En-
zel et al., 1996; Porat et al., 1996, 1997), and
(3) testing the use of high-resolution seismic
reflection in detecting surface ruptures at a
depth of 200 m (Shtivelman et al., 1998). As
the Elat fault zone is wide and its faulting pat-
tern is highly variable, the previously pub-
lished studies presented only fragmental and
locally restricted paleoseismic information.
The aim of the present paper is to present a
holistic and systematic picture of the paleo-
seismic history of the southern Arava Valley.

In particular, this study addresses three ques-
tions: What is the pattern of earthquake dis-
tribution with time across the fault zone?
What are the recurrence intervals and the eval-
uated magnitude of large earthquakes? Does
this segment constitute a seismic gap?

SITE SELECTION

The part of the Elat fault zone selected for
study is 6 km wide by 40 km long and extends
from the Gulf of Elat into the Yotvata playa
area. The fault zone is composed of two sub-

zones of normal faults forming 2-km-wide mar-
gins that trend northwest and north-northeast
on both sides of the rift and a central subzone
(5 km wide) composed of sinistral faults ac-
companied by push-ups, pull-apart basins, and
shatter ridges. The marginal faults cross the
Roded, Shehoret, Avrona, and Raham alluvial
fans (Fig. 2); the central fault zone crosses the
distal parts of the Shehoret and Avrona allu-
vial fans, the Avrona playa and the distal parts
of the Mahatadi alluvial fan, and the eastern
side of the Yotvata playa close to the eastern
mountain front. Five fault lines were selected
for the paleoseismic analysis; at least one
trench was opened across each fault (Fig. 2).
Trench T-8 was excavated across the western-
most fault studied, whereas trench T-20 was
excavated on the easternmost fault. Trenches
T-10, T-15, T-6, T-17, T-16, T-18, and T-19
were excavated across three faults in between
(Fig. 2).

The climatic conditions in the southern Ar-
ava Valley are extremely arid. Mean annual
precipitation is 30 mm from rainfall during a
few isolated storms in the late fall or winter.
Mean annual temperature is 25 8C; hot sum-
mers are extremely hot and winters are cool.
During the Quaternary, the region varied be-
tween a mildly and an extremely arid climate
(Begin et al., 1985; Gat and Magaritz, 1980;
Horowitz, 1979). Under such climatic condi-
tions, the fault scarps and surface-deformation
features are well preserved.

METHODS

Geomorphic Mapping

Faults and lineaments were mapped through
the use of 1:7000-scale aerial photographs and
satellite images. In addition to aerial photo-
graphs taken in 1995 and 1996, aerial photo-
graphs from the 1950s and 1960s were used
in order to avoid loss of information due to
intensive human activity, which has damaged
large parts of the area in recent years. In ad-
dition, information from the 1:50 000 geologic
map of Garfunkel (1970) was incorporated.
The resulting map is shown in Figure 2.

Geophysical Survey

To characterize the structural pattern of
the shallow subsurface fault system, a high-
resolution, shallow seismic reflection survey
was conducted across the shear zone. Four
geophysical lines were shot: one across the
marginal area and three across the central area
(Fig. 3). The lines followed a previous deep
seismic reflection survey at the same locations
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Figure 2. Map of the southern Arava Valley showing the main morphologic and morphotectonic elements of the southern Arava Valley.
Notice marginal and central fault zones, the distribution of the trenches across the selected fault lines, and the location of the seismic
lines. Trenches T-6, T-17, and T-16 are located along the same fault line.

Figure 3. Profile of high-resolution seismic reflection line across the Elat fault zone (line number 1 in Fig. 2).

(Ben Gai et al., 1993). They were shot in a
generally east-west orientation by using a con-
ventional common-midpoint (CMP) tech-
nique. The spacing between receiver stations
on all lines was 2.5 m. The source was applied
at every station by using split-spread geome-
try (Shtivelman et al., 1995). In most cases, a
single blow of a hammer was sufficient to
generate P and S waves. The data were pro-
cessed with the PROMAX package. Because
only the shallow information was needed, no

static corrections were applied to the data
(Shtivelman et al., 1998).

Trenching and Logging

Information derived from mapping geomor-
phic features and from the shallow seismic re-
flection survey served as the basis for site se-
lection for trenching across morphologic and
tectonic elements. Trenches were opened and
logged at a 1:20 scale. The trenches are 10–

70 m long, up to 5 m deep and 1.5 m wide,
with vertical walls. One wall in each trench
was selected for mapping. A metric horizontal
datum line was established along the trench
wall and vertical rod sections were taken to
delineate contacts of alluvial and colluvial
units and pedogenic horizons. Alluvial and
colluvial stratigraphic units were differentiat-
ed on the basis of texture, structure, type of
boundary, color, degree of cohesion, and ped-
ogenic features (McCalpin, 1996). The soils



Geological Society of America Bulletin, February 2002 195

TIME DEPENDENCY OF SEISMIC RESPONSE ON A FAULT SYSTEM, DEAD SEA RIFT

and paleosols exposed in the sedimentary se-
quences were described, sampled, and ana-
lyzed following procedures of the Soil Survey
Staff (1975) and Birkeland (1984).

Numerical and Relative Age Dating

Two numerical dating methods were ap-
plied in this study: Conventional 14C radio-
metric dating and luminescence dating. Most
sediments were dated by using luminescence
methods; unless stated otherwise, all ages pre-
sented in this study are OSL (optically stim-
ulated luminescence) ages. The gypsic and
salic soils and associated sediments in the
study sites rarely contain organic material and
in general do not contain authigenic CaCO3

that can be dated by 14C. Therefore, only the
playa sediments, in which a few charcoal sam-
ples were found, were dated by using 14C.

The luminescence technique dates the last
sunlight exposure of mineral grains in the sed-
iment, which resets the luminescence signa-
ture (Aitken, 1998). Samples were collected
from holes drilled into natural outcrops or
trench walls, at a depth of ;30 cm. To prevent
exposure to daylight, the samples were im-
mediately put in light-tight bags, and all sub-
sequent sample preparation was made under
subdued orange light. A sample was also col-
lected from the present-day stream bed of
Wadi Avrona, to test for the degree of reset-
ting of the IRSL (infrared stimulated lumines-
cence) signature in modern sediments. Labo-
ratory procedures follow those outlined in
Porat et al. (1999). Alkali feldspars with den-
sities of ,2.58 g/cm3 were extracted from the
modal fine-sand size fraction of each sediment
sample. Equivalent doses (De) were deter-
mined by using the IRSL signature and either
the single-aliquot or multiple-aliquot added
dose procedure (Aitken, 1998). Most of the
dates mentioned here were previously pub-
lished in detail (Porat et al., 1996, 1997; Amit
et al., 1999). Semiquantitative ages were ob-
tained from morphologic age dating by using
the slope-age software (Enzel et al., 1996;
Nash, 1987).

For relative dating, a chronosequence of
Reg (Torrifluvent, Typic Haplogypsid, or Gyp-
sic Haplosalid) soils was calibrated against
dated alluvial surfaces, whose ages were
known from 14C, OSL, and prehistoric artifact
dating (Amit and Gerson, 1986; Amit et al.,
1993; Avni et al., 2000). Reg soils can be used
to differentiate among four different time pe-
riods: late Holocene (2–4 ka), early Holocene
(10 ka), early Holocene to late Pleistocene
(10–14 ka), and Pleistocene (older than 50 ka)

(Amit and Gerson, 1986; Amit et al., 1995,
Avni et al. 2000).

Estimating Paleoearthquake Magnitude

To induce a surface rupture, an earthquake
of at least M 6 is needed (Bonilla et al., 1984;
Slemmons et al., 1989; Wells and Copper-
smith, 1994). This statement implies that the
tectonic events that occurred in the study area
and that were detected in the trenches were at
least of this magnitude. The approach used in
this study for estimating paleoearthquake
magnitude M is the maximum-displacement
(Dmax) method (Bonilla et al., 1984; Wells and
Coppersmith, 1994). The equation used for
calculations of magnitude M, for normal
faults, is M 5 6.61 1 (0.71 logDmax). We ap-
plied this equation to provide a regression of
M on log Dmax for 80 earthquakes in the his-
torical data set (Wells and Coppersmith,
1994). Most of the studied faults are of normal
multiple-event type with moderate levels of
spatial preservation. On such multiple-event
faults, the method based on integration of sev-
eral displacement samples collected along a
surface rupture with globally derived sam-
pling statistics such as proposed by Hemphill-
Haley and Weldon (1999) is not applicable.
The surface-rupture length method for paleo-
magnitude estimation is not appropriate either
for the study site because erosional obscuring,
burial by younger deposits, and fragmentation
of the continuous fault line by alluvial-fan in-
cisions make the length measurements uncer-
tain. In relation to the field evidence and the
degree of preservation of the faults, our as-
sumption was that the displacements observed
in the trenches were maximal, on the basis of
the morphologic evidence that led us to ex-
cavate the trenches at sites with the largest and
clearest apparent offsets along each detected
fault line. This assumption might not be true
for all the events in a single studied point. But
in the light of the problematic correlation be-
tween events that occurred simultaneously on
an entire surface rupture in combination with
dating uncertainties, there is no better way to
tackle this issue. As defined by Wells and Cop-
persmith (1994), the maximum-displacement
regression provides only the expected largest
slip at a point along a rupture.

RESULTS

Geophysical Survey

A high-resolution seismic reflection survey
was conducted at the study site. One line was
shot across the alluvial fan of Wadi Shehoret

and the Avrona playa sites (Fig. 2, line 1) and
three others across the Avrona playa site
(Shtivelman et al., 1998) (Fig. 2, lines 2, 3,
4). The interpreted seismic sections reveal that
the Elat fault is composed of several distinc-
tive subparallel branches. The subsurface fault
pattern is complex, with several converging
and diverging north-northeast–trending sub-
parallel fault splays. The fault zone, interpret-
ed as consisting of flower structures, is several
hundred meters wide. Its surface expression
changes along its trace, alternating between
compressional and extensional structures
along the central part of the fault zone; normal
faults form the fault-zone margins. Generally,
the subsurface structures are consistent with
the surface expressions of the faults across the
alluvial-fan surfaces and the playa (Amit et
al., 1999; Shtivelman et al., 1998).

Fault Analyses

Marginal Fault Zone
The alluvial fans of Wadi Roded, Wadi She-

horet, and Wadi Avrona are displaced by sub-
parallel normal faults arranged in a domino
structure. The displaced alluvial surfaces are
of Holocene and Pleistocene ages. The domi-
no structure has a surface expression of shal-
low saddles scattered across the alluvial sur-
faces and arranged along straight lineaments
striking north (Fig. 2). Nine trenches were ex-
cavated from west to east across several fault
scarps in this zone. To the west, faults displace
alluvial surfaces of middle Pleistocene age,
and to the east, faults displace late Pleistocene
and Holocene alluvial surfaces and Holocene
playa deposits. The apparent vertical displace-
ments on these normal faults range from 7.5
m in trench T-6, where a fault displaces a late
Pleistocene alluvial surface, to 0.5 m in trench
T-15, where a fault displaces a Holocene al-
luvial surface. All the faults show evidence of
multiple rupture events except the youngest
Holocene fault, which is a single-event trace
(Table 1). The detailed paleoseismic analysis
of this fault was discussed in several previous
papers (Gerson et al., 1993; Amit et al., 1995),
and is briefly summarized here for further dis-
cussion and integration.

Oldest Fault. The oldest fault, exposed in
trench T-8 (Fig. 2), trends north-northwest.
The paleoseismic history of this fault is dis-
cussed in Gerson et al. (1993). The numeric
dating added in this study shows that this fault
was active later than 80 ka. However, a mature
Reg soil whose age was evaluated to be late
Pleistocene (Amit et al., 1993) was detected
along the whole fault scarp continuously. This
finding implies that the fault scarp reached a
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TABLE 1. ELAT FAULT ZONE DATA

stage of stability and its tectonic activity
ceased by at least 40 ka.

Fault with Youngest Movement. The fault
with the youngest activity is exposed in
trenches T-6, T-15, T-17, and T-16. All these
trenches were excavated across a north-
trending fault that is ;3.5 km long. The ori-
entation of this lineament contrasts with the
north-northwest trend of the fault line exposed
in trench T-8. In trench T-6 (Fig. 4; Table 1),
the entire offset on the fault occurred during
seven discrete events that caused surface rup-
tures ranging between 0.2 and 1.6 m (Gerson
et al., 1993; Amit et al., 1995; Porat et al.,
1996). Determination of the discrete events
was based on the identification of colluvial
wedges, which can be distinguished from one
another by the presence of buried soils at their
surfaces (Amit et al., 1995; Gerson et al.,
1993). Surface Qa1 is dated at 56 6 10.8 ka.
After it was abandoned, a displacement of 1.6
m occurred and was followed by deposition of
colluvial unit 15, which was dated at 34.8 6
4.3 ka. From these geochronologic data, the
first earthquake was estimated to have oc-
curred at 40–35 ka. A second event, which
displaced unit 15 by 1.5 m, occurred at 32 ka
and was followed by a quiescence of ;2000
yr. The third event, at 30 ka, displaced unit 16
by 1.6 m and was followed by ;2000 yr of
quiescence. The fourth event, at 18 ka, caused

a 1.6 m displacement of unit 17. The fourth
event was followed by quiescence of ;2000
yr. The fifth and sixth events displaced unit 18
by 0.4 m and 0.5 m, respectively. The age of
the overlying alluvial unit 19 is 13.6 6 2.3
ka; therefore, these two events occurred prior
to this time. On the basis of the degree of soil
development on the upper part of each collu-
vial wedge, both the fifth and sixth events are
estimated to have occurred at ca. 14 ka. The
seventh event, estimated to have occurred at
10 ka during the deposition of unit 19, caused
a displacement of 0.5 m. Silty colluvium (unit
21) bears evidence of slope stability, as does
the indurated saline horizon in units 22, 23,
and 24. Fault A in Trench T-6 (Fig. 4) shows
that the faulting activity started at least at 55.7
6 4.2 ka in an active channel.

Summary. Trench T-6 exposes a 56-k.y.-old
sediment. The soil stratigraphy and OSL dat-
ing results indicate that most of the displace-
ment (four events of 1.5 m displacement each)
occurred during a relatively limited period
(37–18 ka) (Fig. 4). More recently, the amount
of displacement has decreased to 0.5–0.4 m
during each event. The total displacement is
the greatest detected along this fault, and it
reaches 7.6 m (Table 1).

A similar trend is also discernible in trench
T-15, which was excavated on the same fault
line as trench T-6 (Table 1). In this case, fault-

ing displaced a Holocene surface. Only one
event with a displacement of 0.5 m is evident.
On the basis of relative dating of soils, it oc-
curred during the Holocene (ca. 8 ka) (Gerson
et al., 1993).

Another trench, T-17, was excavated on the
continuation of the fault trace exposed in
trench T-6 (Figs. 2, 5). The total amount of
displacement in this location, which is 100 m
north to T-6, reaches 3.4 m. This normal fault
is characterized by an angular unconformity
associated with faulting accompanied by back-
tilting and followed by normal drag along the
fault plane. The tilting of the brittle materials
(dry sand and gravel) mainly resulted in the
opening of tension fissures related to the nor-
mal fault between the tilted blocks (Fig. 5).
The sequence of the most recent events was
reconstructed from the superposition of the
upper part of the fissure fill along the main
fault plane of fault A (Fig. 5). Three discrete
colluvial wedges (Fig. 5; units C1–C3) were
deposited as a result of three faulting events
post–63.9 6 10.9 ka, the age of the surface
on which the Reg soil developed across the
tilted blocks (Fig. 5). The age of the faulting
event related to the deposition of unit C1 can-
not be precisely determined by OSL. This dif-
ficulty is because of poor bleaching of the sed-
iment as a result of rapid burial of the
collapsed soil material from the hanging wall
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Figure 5. Log of the southern wall of trench T-17, 100 m north of trench T-6 across the same fault line. The location of trench T-17 is
shown in Figures 2 and 9A.

and of soil material dragged toward the fault
on the downfaulted block (Porat et al., 1997).
Therefore, the OSL age of wedge C1, com-
posed of colluvial material, represents the age
of surface Qa1 and not the age of the faulting
event (Fig. 5; unit C1). This tectonic event,
which displaced the surface by 1.5 m, oc-
curred after 63.9 6 10.9 ka, the age of the
surface. A soil developed in unit C1 during an
interval of 7–10 k.y. This evaluation is based
on the distribution and amounts of gypsum
and of shattered gravel and the degree of
weathering of the petrosalic horizon (a contin-
uous indurated salic horizon that is cemented
by soluble salts such as, e.g., sodium chloride)
fragments incorporated in the collapsed sedi-
ment (Amit and Gerson, 1986; Amit et al.,
1993, 1996). The estimate of the time to form
the soil is used to bracket the timing of the
first tectonic event detected in this trench to
between 7 and 10 k.y. (the duration of soil
formation) before the second tectonic event
(36 6 4.5 ka); thus, the first event occurred at
ca. 45 6 2 ka. Colluvial unit C2 was dated at
36 6 4.5 ka and is composed of wash deposits
that were derived from the hanging wall after

a second faulting event. This sediment was
well bleached at the time of deposition (Porat
et al., 1997). Therefore, the best estimate for
the timing of this faulting event is shortly be-
fore 36 ka. A third, small tectonic event oc-
curred later; according to the very weak soil
profile developed in this colluvium, the event
might have occurred sometime during the past
10 k.y.

The results just described are summarized
in Figures 6 and 7. Figure 6 shows that the
westernmost part of the marginal fault zone
has been inactive since ca. 80 ka (Fig. 2;
trench T-8). The next set of fault traces ;0.5
km to the east was active between 37 and 5
ka, during the late Pleistocene and the middle
Holocene (Fig. 2; trenches T-10, T-15, T-6).
At least two fault branches represented by
trenches T-10 and T-6 were active together
(Fig. 6). A clear trend of decreasing with time
in the amount of displacement is also evident
across this fault zone (Fig. 7; Table 1). An
important observation is that the amount of
displacement and number of faulting events
vary along a single fault trace (e.g., trenches
T-6, T-15, T-16, and T-17) (Fig. 7; Table 1).

Central Fault Zone
The central part of the Elat fault zone is

characterized by extensional and compression-
al structural features, such as grabens and
push-up ridges. Flower structures typical of
strike-slip faults are clearly defined in the sub-
surface. Two environments were chosen for
paleoseismic analysis. One is a Holocene al-
luvial fan of Wadi Shehoret that is crossed by
a graben structure (Fig. 2, trenches T-18 and
T-19). The other, located to the east, is the
Avrona playa, across which push-ups, pull-
aparts, and normal faults occur (Fig. 2).

The Holocene Shehoret Alluvial Fan
The Holocene alluvial fan of Wadi Shehoret

(Qa3) is crossed by an asymmetrical graben
that trends north. Detailed mapping of the two
sides of the faulted alluvial fan shows clearly
that the alluvial fan was deformed so that its
distal (lower) side is found to be higher than
its proximal (upper) side. In addition, the
northern and southern margins were dragged
below the level of the active channel (Amit et
al., 1998). Two trenches were excavated
across the graben at two different locations:
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Figure 6. Earthquake distribution in time and space across the Elat fault zone. The y-axis
shows the trenches studied; they are plotted top to bottom from east to west. The black
dots mark identified and dated events detected along the main fault plane exposed in each
trench. The x-axis shows the time of the tectonic event. An error bar indicating the dating
uncertainties is attached to each dot. The shaded rectangles indicate possibly correlative
earthquakes; these are interpreted to have occurred simultaneously on different branches
of the Elat fault zone (except for trenches T-6 and T-17, which are located on the same
fault line 100 m apart from each other).

Figure 7. Variation with time of the displacement along the Elat fault zone. The black
bars attached to each symbol mark the error in the determination of the age of the seismic
event.

trench T-18 across the graben’s southern tip
(Figs. 8 and 9), and trench T-19 at the stream
channel that flows along the northern side of
the alluvial fan (Fig. 9).

Trench T-18. The sedimentary and pedo-
genic analyses of the alluvial material com-
posing the Qa3 surface and the dating results
of several sedimentary units present a unique
scenario. Before the graben formed, the alluvial-
fan surface was abandoned at ca. 30 ka for at
least 10 k.y., during which a Reg soil devel-
oped on its surface (Qa2, unit 3; Figs. 8, 9B).
The fan surface was reactivated, resulting in
deposition of units 4–6 and burial of the Reg
soil (Fig. 8). This alluvial surface was aban-
doned again at ca. 12 ka, resulting in the pre-
sent exposed surface Qa3 on which another
Reg soil profile developed during the past 12
k.y. (Fig. 8, unit 6). Thus, after the surface
was first abandoned, fluvial activity was re-
newed, and deposition of alluvium continued
over the deserted alluvial surface. This se-
quence of events resulted from the faulting ac-
tivity during the late Pleistocene in the She-
horet alluvial-fan area, which caused the
Pleistocene surfaces to be downfaulted and
buried under young Holocene alluvial mate-
rial. An example of these events is illustrated
by the unconformity between the elevated
Pleistocene alluvial surface Qa1 and the Ho-
locene alluvial fan Qa3, which buries the
downfaulted block in trench T-6 (Fig. 4).

The graben formed in three stages, once the
tectonic activity along the marginal faults had
decreased and almost terminated (Fig. 7). Dur-
ing the first stage, three wide cracks were
opened and filled with collapsed sediments.
No colluviation occurred (Fig. 8, faults A–C).
On the basis of stratigraphy, the amount of
vertical displacement was probably minor and
cannot be evaluated. The second stage started
at ca. 4.5 ka; a vertical displacement of 1.3 m
occurred along fault B and resulted in the de-
position of colluvial unit VI (Fig. 8). This
event was followed by another tectonic event,
which resulted in the deposition of colluvial
unit VII. The proximity in time between these
two events is evident from the absence of ped-
ogenic features at the contact between these
two different units. After a quiescence of
;2000 yr, three tectonic events occurred dur-
ing a short period of time, each one associated
with a 0.2–0.5 m displacement. The different
events were distinguished by the identification
of different soil characteristics in each collu-
vial wedge. The most prominent diagnostic
pedogenic feature was a shattered gravel ho-
rizon on each colluvial wedge. Such horizons
could only have formed close to a surface that
had been exposed for ,1000 yr (Amit et al.,
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1993). At the third stage, the graben was al-
most fully developed. The recent graben struc-
ture has been quiescent since 1 ka. The result
is supported by the morphologic ages of the
graben scarps that were found to be younger
than 2 ka (Enzel et al., 1996).

Trench T-19. The graben narrows north-
ward and wedges out toward the active stream
channel, which flows eastward along the
northern edge of the alluvial fan (Fig. 9A).
The two sides of the southern side of the gra-
ben converge northward into a narrow shear
zone, manifested as a vaguely defined linea-
ment crossing the stream bed. Trench T-19
was excavated in the stream bed across the
extrapolated continuation of the graben (Fig.
9A). As a result of the deformation of the
whole fan (Amit et al., 1998), the sedimentary
sequence exposed in this trench is buried un-
der the alluvial cover of the active channel;
nevertheless, it is clearly correlative to the se-
quence exposed in trench T-18 (Fig. 8). This
correlation is evident from the existence of the
same two paleosols in both trenches and the
similarity in their ages. The lower paleosol in
trench T-19 was dated at 28.0 6 2.3 ka (Fig.
9B), whereas the same paleosol in trench T-
18 was dated at 30.3 6 6.8 ka (Fig. 8). On
the basis of the degree of soil development,
the age of the upper paleosol in trench T-19
(Fig. 9B, unit R2) was estimated at ca. 10 ka,
and the upper surface in trench T-18 was dated
by OSL at 12.5 6 3.0 ka (Fig. 8).

Five faults that reach the surface were ex-
posed in trench T-19. They are mostly vertical
and characterized by rotated clasts and small
vertical displacements. The major deformation
zone occurs between fault C and fault D. The
section is noncorrelative across faults C and
D. The two paleosols used as stratigraphic
markers in this trench and in trench T-18 are
absent between the two faults. In addition, the
recent age (1.1 6 0.1 ka) and the absence of
a soil profile emphasize the possibility that
this sediment was exposed and its age reset.
The total vertical displacement cannot be ac-
curately determined, but it is at least 1 m,
which is the vertical separation between the
base of the lower paleosol on both sides of the
uplifted block and its eroded top on fault D.
The geometry of the faults, which are char-
acterized by vertical fault planes and flower
structures, is typical of strike-slip zones. The
reversed displacements in faults A and C sug-
gest a local compressional stress regime.

To conclude, a change from extension to
compression resulted in the formation of a
push-up structure in the northern tip of the
graben. This push-up was formed during the
second stage of the graben formation, between

4.5 and 1 ka. The tectonic activity at this site
clustered into the past 4 k.y. with a recurrence
interval of ;1 k.y.; prior to this period, tec-
tonic activity at this site was not sufficiently
strong for surface rupture to occur.

Avrona Playa
The youngest surface ruptures in the south-

ern Arava Valley were detected in the Avrona
playa area (Figs. 1 and 2). The playa forms
one of several en echelon tectonic basins
bound by subparallel left-stepping faults. It is
a 10-km-long and 0.5–2-km-wide basin that is
crossed diagonally by the north-northeast–
trending Elat fault zone. The playa area at pre-
sent forms a broad, elevated, and elongated
ridge. Its relief is composed of low longitu-
dinal subridges (0.5–4 m high and as long as
5 km) and shallow braided channels flowing
along and across these ridges. Wadi Avrona
and Wadi Raham drain the playa toward the
Gulf of Elat through the Elat coastal sabkha.
A detailed analysis of the tectonic history—
during which the Avrona playa was de-
formed and changed from a closed basin
with an internal-drainage system to an open
basin—is presented in Amit et al. (1999).
The paleoseismic data are summarized brief-
ly next.

A 2-km-long by 1-m-high fault scarp dis-
sects a transitional, nonsterile, vegetated playa
zone composed of sand to sandy-loam sedi-
ment. This fault was evaluated to be the youn-
gest in the playa area. A trench excavated at
this site exposes a multiple-event normal fault
with one main fault plane (Fig. 10). Five par-
tially preserved colluvial units were identified
adjacent to the fault plane (Fig. 10, units I–
V). Each wedge merges with a fluvial unit on
the downfaulted block. Continuous fluvial
erosion on the downfaulted block removed
most of the colluvial material, leaving only the
uppermost part of each colluvial wedge. The
variation in the pedogenic features in the col-
luvial units indicates that each wedge formed
during a different time period. According to
the age of unit 3, which overlies the colluvial
units, and the age of unit 1a at the base of the
section, five tectonic events occurred between
14 200 6 300 and 3700 6 300 yr ago. Each
of these events was accompanied by displace-
ments of at least 0.5 m. The deposition of unit
3 marks the beginning of at least 2000 yr of
quiescence. During this period, fluvial sedi-
ments were deposited mainly on the down-
faulted block. Fluvial activity along the fault
scarp decreased over the past 3 k.y. Toward
the end of this period, fluvial and eolian sand
sheets were deposited over the entire playa
area and covered the fault trace. At this stage,

a soil developed continuously across the in-
active faulted area. Tectonic activity along this
fault was renewed sometime between 700 and
1000 yr ago, as indicated by a vertical surface
displacement of ;1 m; the petrosalic horizon,
detected in unit 5a, of the Salorthid soil was
used as a stratigraphic maker for the measure-
ment of the displacement. To conclude, at
least six surface rupture events have affected
the Avrona playa during the past 14 000 yr.

DISCUSSION

Estimating Paleoearthquake Magnitudes

Although various types of primary evidence
have been used to infer magnitudes of pa-
leoearthquakes, the length of surface rupture
and the maximum displacement on continental
fault traces are by far the most commonly
used parameters (Bonilla et al., 1984; Mc-
Calpin, 1996; Wells and Coppersmith, 1994).
In the Elat fault zone, the amounts of displace-
ment during the late Pleistocene were higher,
more consistent, and less variable than those
occurring during the Holocene. The maximum-
displacement method for evaluating pa-
leoearthquake magnitudes shows that during
the past 40 k.y., the earthquake magnitudes
ranged between M 5.9 and M 7 (Fig. 11; Table
1); they showed a narrow range of M 6.7 to
M 7 between 40 and 18 ka and a wider range
of M 5.9 to M 6.7 since 18 ka. In addition, a
decrease in earthquake magnitudes is evident.
The highest-magnitude earthquake occurred
between 40 ka and 18 ka. From 18 ka until
the present time, smaller-magnitude events
were common; the smallest-magnitude events
occurred between 10 ka and 2.5 ka.

The use of the surface-rupture length meth-
od for evaluating paleoearthquake magnitudes
is limited at the study site because of intense
erosion and deposition processes at the central
part of the Dead Sea rift. However, the two
length values obtained, one from the marginal
fault zone (3.5 km) and the other from the
central part of the fault zone (35 km), showed
a magnitude range of M 6 to M 6.9. These
values are in agreement with the values de-
rived from the maximum-displacement
method.

Historical evidence of seismicity during the
past 2500 yr along the Dead Sea rift docu-
ments ;110 earthquakes of local magnitudes
in the range of 6.7 , Ml , 8.3 (Ambraseys
et al., 1994; Ben-Menahem, 1991). In the
southern Arava Valley segment, only two
large events are inferred to have occurred dur-
ing this period: the earthquake of A.D. 1068
(M .7) and the earthquake of A.D. 1212 (M
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Figure 10. Log of the southern wall of trench T-20, across a fault scarp in the Avrona playa. The location of trench T-20 is shown in
Figure 2.

Figure 11. Temporal distribution of earthquake magnitudes on the Elat fault zone. Two
clusters of earthquake magnitudes were detected. One cluster represents the past 20 k.y.,
during which the maximum magnitude was M 6.7. A second cluster represents a time
range from 80 to 20 ka during which the maximum magnitude was M 7.1.

6.7) (Ambraseys et al., 1994; Amiran, 1994;
Zilberman et al., 1998). However, earthquakes
larger than M 7 have not been detected in the
southern Arava Valley area. The fluctuations
of earthquake activity appear to reflect chang-
es in the seismic response of the Elat fault
system (see subsequent discussion on this
aspect).

Paleoseismic Recurrence and Slip Rates

Recurrence intervals and slip rates are two
fundamental descriptors of paleoseismicity,
and both are critical components of seismic
hazard assessments. In the present study, the
recurrence interval involves dating each sep-
arate paleoearthquake directly (the geologic

method) (McCalpin, 1996; Working Group on
California Earthquake Probability, 1995). The
purpose of dating almost each paleoearth-
quake is to bracket the time of faulting during
the past 40 000 yr as tightly as possible. The
analysis of six faults (seven trenches) and 27
dated tectonic events in the southern Arava
Valley revealed that the long-term recurrence
interval of large earthquakes in this area (M
.6) is 4.4 6 1.1 k.y. This value differs from
the previously proposed value for this area of
1.5 k.y., which was determined on the basis
of archaeologically determined seismicity and
historical evidence from a time period only
since 4 ka (Ben-Menahem, 1991).

One approach to interpreting these data is
to subdivide the 40 k.y. time period into two
subperiods (Fig. 11). One is the late Pleisto-
cene (until 18 ka), which is characterized by
large-magnitude earthquakes (M 6.7–M 7) and
recurrence intervals of 2.8 6 0.7 k.y. The sec-
ond is the Holocene period, characterized by
a higher frequency of tectonic events, a wider
range of earthquake magnitudes (M 5.9–M
6.7), and a recurrence interval of 1.2 6 0.3
k.y.—a value that is closer to the 1.5 6 0.3
k.y. calculated by Ben-Menahem (1991) for
the past 4 k.y. Events with magnitudes larger
than M 6.7 were not detected during the past
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Figure 12. Time elapsed between tectonic events over the past 40 k.y. across the Elat fault
zone. The length of each bar reflects the length of time between two successive events.

Figure 13. Time and space diagram of
earthquakes with magnitudes larger than
M 6.5. The location of the large events mi-
grates with time over the fault zone. Each
trench represents a separate fault branch.
The black lines reflect the time of each tec-
tonic event, and the box length reflects the
time error.

18 000 yr. A similar trend is indicated in Fig-
ure 12, which shows that the elapsed time is
longer on faults that were active mainly dur-
ing the late Pleistocene than on those that
were active also or only during the Holocene.
The other more cautious way of interpreting
the data is to accept the long-term recurrence
interval of 4.4 6 1.1 k.y. with a wide range
of earthquake magnitudes. This more conser-
vative value can be problematic when used for
seismic hazard assessment, especially in the
light of the currently nonactive fault system.

In the study site there are no measurable
geomorphic or stratigraphic markers for deter-
mining lateral slip rates. As a result, only nor-
mal faults can be used for slip-rate evalua-
tions. The average slip rate of the normal
faults is 0.2 mm/yr. This value changes
through time on different segments of the ac-
tive, wide shear zone and among clusters of
events related to the same segment (Table 1).
The change is in the range of 0.1–0.35 mm/
yr. This range indicates low slip rates in com-
parison to the worldwide slip-rate range for
normal faults, which vary from ,0.5 mm/yr
to .3 mm/yr (Yeats et al., 1997).

Nonuniformity of large-slip events on seis-
mogenic faults and variations of slip rates are
normal characteristics of the faulting in the
southern Arava Valley area. Considering that
extension has characterized the Elat shear
zone province during most of the past 40 k.y.,
it would be surprising if slips on individual
faults were uniform for long periods of time
or if local areas did not become active while
others remained quiescent (Wallace, 1987;
Yeats et al., 1997). Such a situation exists in

most places, especially if the depth of the
earthquakes is ,20 km (Shapira and Shamir,
1994; Wallace, 1987). In addition, the cumu-
lative displacement on faults is an increasing
function of fault length (Scholz, 1982; Scholz
et al., 1993; Sornette and Davy, 1991; Wes-
nousky, 1999). For example, the fault zone of
the northern Arava Valley is longer and nar-
rower than the fault zone in the southern Ar-
ava. With continued displacement, longer
faults develop at the expense of shorter faults,
and the longer faults accommodate an increas-
ingly greater part of the displacement budget
(Wesnousky, 1999). Thus, it may be speculat-
ed that the Elat fault zone is not subject to
constant regional displacement rates. Instead
this fault zone may be too young to have had
enough cycles of large events (Ben-Zion et al.,
1999).

Model of the Elat Fault’s Behavior

Comparative analysis of paleoseismic data
from the different branches of the Elat fault
zone shows that it consists of subzones in
which several faults are active together. Each
tectonically active subzone is at least 0.5 km
wide. Taking into account the dating uncer-
tainties, at least two neighboring branches of
the irregular shear zone were tectonically ac-
tive simultaneously during several of the total
detected earthquakes (Fig. 6, Table 1). How-
ever, along one fault line, not all the tectonic
events observed in one trench were detected
in the other trenches. For example, trenches T-
6, T-17, and T-16 are located along the same
fault line (Fig. 2), but they differ from each

other in the number of detected tectonic
events, displacement amount per event, and
total displacement amount. However, several
events are correlative between these trenches
(Table 1). Such changes could be due to high
variability in the location of the basement be-
neath the alluvial fill. Indeed, a trend of deep-
ening of the basement northward was detected
by the geophysical survey (Frieslander, 2000).

Furthermore, the Holocene has been a time
of intense tectonic activity in the central part
of the Arava Valley, followed by a decrease
in tectonic activity at the valley’s western and
eastern margins. This trend is depicted in a
time and space diagram (Fig. 13), which
shows that with time the large events migrate
east toward the central part of the fault zone.
However, the inference that most of the earth-
quakes during the Holocene were not as
strong as those during the Pleistocene can be
interpreted in two ways (Fig. 11): (1) During
the Holocene, the magnitude range determined
for the central zone (M 5.9–M 6.7) was likely
not high enough to activate the marginal
faults, or (2) the evidence for the larger mag-
nitudes during the Pleistocene in the central
zone is buried under the thick Holocene allu-
vial fill in the Avrona playa and cannot be
reached and exposed by trenching. Neverthe-
less, both of these options support the hypoth-
esis that the behavior of the Elat fault zone is
time dependent and is characterized by chang-
es in the faulting sequence.
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Another important observation is that a par-
ticular fault or group of faults in the study area
usually do not generate successive large and
similar displacements per event, which is ba-
sic to the concept of the characteristic earth-
quake model (Schwartz and Coopersmith,
1984). For example, fault analysis in trenches
T-6 and T-17 shows variable displacements at
the same location and along the same fault
line location on each of the different faults
(Table 1).

As the southern Arava Valley fault system
is distinguished by complex and nonhomoge-
neous fault traces, its frequency versus mag-
nitude distribution can be much better sup-
ported by the Gutenberg-Richter (GR)
distribution than by the characteristic earth-
quake model (CE) (Kagan, 1993; Wesnousky,
1999). The equation for the GR distribution is
Log N 5 a 1bM, where a and b are empirical
constants, and N is the cumulative number of
earthquakes of magnitude M or greater. The
frequency versus magnitude equation for
earthquakes in the local-magnitude range 1.5
. Ml , 8 established for the Elat fault yields
a b-value of 0.86 (Ben-Menahem, 1981, 1991)
and 0.9 (Shapira and Shamir, 1994). A fre-
quency between 1000 and 5000 yr is derived
from the GR model for earthquakes with mag-
nitude M 6.5 to M 7. The long-term recur-
rence interval of 4.4 6 1.1 k.y. calculated in
this study for large events (M 6.5–M 7) over
a time period of 40 000 yr is closer to the
upper limit of the frequency value derived
from the GR model. To conclude, although the
GR model is much more consistent with the
paleoseismic data presented in this study than
the CE model, neither model results are in
good agreement with the paleoseismic data.

These models also fail to explain the pattern
whereby a decrease in the tectonic activity on
one fault branch is accompanied by an in-
crease in the activity on parallel branches dur-
ing the same time period. To illustrate, trench
T-6 shows two clusters of tectonic activity, a
cluster of four events between 37 and 14 ka
with magnitudes exceeding M ;6.8 and a
cluster from 14 ka until the present during
which three events occurred, all of magnitudes
less than M 6.5. By itself, the fault behavior
exhibited in this trench could be a classic ex-
ample of a change with time from CE model
behavior to a GR power-law relationship, as
proposed by Leonard et al. (1998) on the basis
of paleoseismic data from that trench (T-6).
However, paleoseismic data from other trench-
es across the Elat fault zone show that during
the same time period, tectonic activity and the
amounts of displacement on faults exposed in
trenches T-20 and T-18 increased (Fig. 7) and

ranged from 0.2 to 1.3 m with evaluated mag-
nitudes between M 6.1 and M 6.7 (Table 1).
The clear trend detected in trench T-6 of a
change with time from a CE model to a GR
model was not observed across the entire Elat
fault zone and cannot be easily applied to the
southern Arava Valley area, as suggested by
Leonard et al. (1998).

The model ‘‘mode switching’’ suggested by
Ben-Zion et al. (1999) might better explain the
seismic activity pattern of the southern Arava
Valley area. According to this model, a rela-
tively high ratio of characteristic times of
damage healing to loading leads to the devel-
opment of geometrically regular fault zones
and frequency-size event statistics compatible
with the CE earthquake distribution. Relative-
ly low ratios of damage healing to loading
lead to the development of highly disordered
fault zones and frequency-size statistics com-
patible with the GR distribution. Intermediate
ratios represent a fault zone with a seismic
response that alternates between time intervals
of intense seismic activity containing clusters
of large events and lower-activity periods dur-
ing which only small to moderate earthquakes
occur. Such fluctuations of earthquake activi-
ty, which are typical in the Elat fault zone,
appear to reflect mode switching of the seis-
mic response of an individual, large fault sys-
tem. An extreme manifestation of mode
switching of seismic activity may produce a
transition between brittle (seismic) and effec-
tively creeping (or aseismic) responses to tec-
tonic loading (Ben-Zion et al., 1999).

Yet another alternative is that the switching
and the changes of seismic activity across the
Elat fault zone with time represent a change
in the mode of strain release on the underlying
fault plane. Such changes can end with the
formation of a locked fault zone. This possi-
bility is supported by the observed change
from large earthquakes to smaller ones with
time in combination with evidence of quies-
cence during the past 1000 yr and no current
microseismic activity (Shapira and Feldman,
1987). It is also consistent with the observa-
tion that the faults show a change in their di-
rections with time (Gerson et al., 1984). The
oldest and westernmost faults have a north-
northwest trend, and the youngest faults, lo-
cated in the central part of the Arava Valley,
trend north-northeast.

CONCLUSIONS

The long record of paleoseismicity along
the Elat fault zone shows that this currently
nonactive segment of the Dead Sea transform
was active in the past, with earthquake mag-

nitudes reaching a maximum value of M 7.
Moreover, the present study shows new evi-
dence, which indicates that the earthquake pat-
tern in the southern Arava Valley area has
changed over time. By using the maximum-
displacement method for estimating pa-
leoearthquake magnitude, we here suggest that
during the past 80 k.y., earthquake magnitudes
and recurrence intervals have appreciably de-
creased. The late Pleistocene earthquakes had
a magnitude range from M 6.7 to M 7 and a
recurrence interval of 2.8 6 0.7 ka, whereas
the Holocene earthquakes had a magnitude
range from M 5.9 to M 6.7 and a recurrence
interval of 1.2 6 0.3 ka. Surprisingly, at pre-
sent, this fault zone has had no instrumentally
recorded seismicity, even at microearthquake
levels. This finding suggests that the Elat fault
zone displays time-dependent seismic behav-
ior. The decrease in earthquake magnitudes
with time, combined with the observations
that the last large event occurred in A.D. 1068
and that no microseismicity has been detected
during the past 15 yr, might signal locking of
the Elat fault zone. Such locking may result
from episodic global reorganization of the sys-
tem’s mode of strain-energy release, reflected
in the configurational entropy of stress states
on the fault. These results have significant im-
plications for seismic hazard assessment in the
southern Arava Valley, southern Israel, and
underscore the possibility that the Elat fault
may be a site of major faulting in the near
future.
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