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QUATERNARY GEOLOGY OF AQABA

Agaba, Jordan is built predominantly on alluvial
fan sediment derived from the adjacent mountain
ranges to the east (Fig. 1). The drainage basin of the
Wadi Yutim reaches far into the eastern plateau and
covers a minimum area of 1100 km?. It is the largest
drainage system in the southern ‘Arabah valley and
flows into the 'Ain Defiya depression in Eilat. Several
branches of the Wadi Yutim flow southwestward
toward the Gulf of Agaba. The Agaba Regional
Authority has constructed flood control measures to
divert runoff away from the city of Agaba.
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Figure 1. Geologic map of the Agaba region based on
interpretation of 1:25,000 scale airphoto from 1953. Cross fan
faults (CF 1-4) are mapped as continuous lines even though these
features are eroded by wadi washes. These cross faults formed as
normal to oblique-slip faults associated with a left stepover in the
Dead Sea Transform. Locations AQ 1-3 mark the sites of
exploratory trenches excavated across the NW-trending faults. A
high concentration of archaeological ruins in the Agaba area
provide age constraints on surface deformation and provide a
unique record of damage from past earthquakes (modified from
Niemi and Smith, 1999).

Niemi and Smith (1999) divided the alluvial fan
sequence in the Agaba region into five mappable fan
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units (Qoa, Qf,, Qf,, Qf, and Qf,). Remnants of a
Pleistocene alluvial fan sequence, designated Qpga,

located near the mountain front, may correlate to the
Upper Pleistocene fan surfaces mapped on the
Shehoret alluvial fan sequence west side in Israel.
The oldest Holocene alluvial fan surface (Qfy) is
distinguished by a moderately developed desert
varnish. It overlies archaeological artifacts from the
Chalcolithic period (Tell Magass and Tell Ghuzlan)
dated to 5-6 ka. The Qf, fan surface is slightly inset

into or buries the Qf, surface. The age of the Qf, fan

surface is unknown. The young alluvial fan deposits
are generally incised across older fan surfaces and
include the active channel deposits and distal fan
sediments. The youngest unit also contains aeolian
and beach sediment within the coastal zone.

PALEOSEISMOLOGY

Airphoto interpretation of the Agaba regional
surficial geology (Fig. 1) suggests that a strike-slip
fault emerges from the gulf and that slip is transferred
to cross faults. This geometry constrains the location
of the Agaba fault to lie east of the cross faults and
west of alluvial fan surfaces that contain no north- to
northeast-striking fault lineaments. The location of
the Agaba fault is therefore believed to lie within a
500-m swath that is covered by the modern city (Fig.
1). It appears that the Agaba fault follows a recent
wadi that has obliterated its active fault morphology.
A ground-penetrating radar survey in the city
confirmed the location of a portion of the Agaba fault
(Slater and Niemi, 2003; Abueladas, 2005; Abueladas
et al., in prep).

The Aqgaba fault apparently trends northeast with
increasing curvature as it dies out toward the
northeast. This bending to the northeast of the eastern
bounding fault of a pullapart has been noted for other
large pullapart basins along the Dead Sea Transform
including the Dead Sea and the Sea of Galilee
(Garfunkel et al., 1981; Garfunkel, 1981). Reches
(1987) showed using clay model experiments that that
faults initially bend away from each other at a
dilational jog in ductile materials. This geometry led
Reches (1987) to conclude that the Arabian plate was
thickening by ductile deformation. The Agaba fault



should therefore have a reverse component to its
motion. New GPR data across the fault confirm this
prediction (Abueladas et al., in prep; Fig. 2).
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Figure 2. GPR profile highlighting the potential reverse
component of the Agaba fault. These data were collected as part of
the MERC project ““High resolution marine geophysical imaging of
active faults in the Agaba-Eilat region™.

Geological trenches excavated across several
faults in Agaba document that the fault motion is
transferred from the Agaba fault onto five northwest -
trending cross-faults that produce active tectonic
subsidence at the head of the Gulf (Mansoor, 2002;
Slater and Niemi, 2003; Fig. 4). Mapping of alluvial
fan and buried soil horizons in trenches excavated on
three of the cross faults reveal multiple fault ruptures
on the highest scarps and fewer distinct ruptures on
the lowest scarp (Mansoor, 2002). The scarp heights
range from 25 cm across the youngest Qf4 surface to

1.3 m across the older Qf1 and Qf2 surfaces. These

data indicate that scarp heights reflect cumulative slip
events. The most recent scarp-forming event fault
occurred after A.D. 1045-1278 based on a corrected,
calibrated radiocarbon age from charcoal collected
from a buried campfire at the base of the scarp (Fig.
3). This likely represents fault motion in either the
historical earthquakes of 1212 or 1068.
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Figure 3. Trench log of the north wall of AQ-1 excvated across the
cross fault 4 (Mansoor, 2002).

ARCHAEOSEISMOLOGY IN AQABA
Islamic Ayla

Based both on the historical accounts and the
archaeological work of Whitcomb and Parker (e.g.
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1996), it is clear that earthquakes have played a
significant role in the history of the Agaba region.
The exact location of the Agaba fault remains
somewhat uncertain because it has never been
exposed in paleoseismic trenches in this heavily
urbanization location. Whitcomb  (1993; 19)
hypothesized that the wadi running across the ancient
site of Ayla has its origins in erosion along the
structural weakness of the fault itself. Thus, our main
objective in investigating the city wall of Ayla was to
test this hypothesis and to locate the Agaba fault.
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Figure 4. Map of the city of Agaba showing the location of major

archaeological sites. Active cross faults (CF) mapped from aerial
photos and discovered in the archaeological excavations of J-east
are also shown (Thomas et al., 2007).

The Early Islamic site of Ayla, extensively
excavated by Donald Whitcomb of the Oriental
Institute at the University of Chicago, is a walled city,
circa 250 m southeast of the Byzantine city wall
excavated by Parker (1996; 2002), and approximately
850 m north of the Mamluk castle in modern Agaba
(Fig. 4). The city of Islamic Ayla was probably
founded under the Caliph ‘Uthman ibn ‘Affan around
650 A.D. (Whitcomb, 1995; 277). The city seems to
have suffered some damage as a result of the 748
A.D. earthquake, and extensive reconstruction with
the beginning of the Abbasid period (Whitcomb,



1994; 9). It is described by al-Mugaddasi in the late
10™ century, as he described it in reference to the
ruins nearby of the Roman/Byzantine site (after
Whitcomb, 1997; 359). The town was severely
damaged by the earthquake in 1068 A.D. (Ambraseys,
1994; 31). The destruction and loss of life (accounts
claim that all but 12 residents who had been out
fishing were killed) caused by this earthquake may
account for the relative ease with which Baldwin | of
Jerusalem took over when he arrived with a small
retinue in 1116 A.D. Baldwin I constructed a small
fortification (the origin of the current castle?), and a
new settlement grew up around this (Whitcomb,
1997; 359). The site of Islamic Ayla was apparently
never reoccupied to any significant degree after the
time of the Crusaders.
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Figure 5. (Top) Site Plan of Early Islamic Ayla, from Whitcomb
(1995). (Bottom) Section of the Sea Wall, tilted outward and
buttressed in antiquity, with reconstructed wall on original
alignment in background, view to SE.

Al-Hamoud and Tal (1998) conducted
geotechnical investigations using three boreholes to a
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depth of 12m on the tell of Islamic Ayla.
Archaeological deposits overlie sand and gravels.
They noted tilting and sinking of exterior walls that
they interpreted as slumping due to horizontal ground
acceleration in an earthquake. Similar conclusions
were reported by Al-Tarazi and Koryenkov (2007).
According to the analyses of Mansoor et al. (2004),
Ayla lies in an area of high liquefaction susceptibility
due to the presence of saturated sands at shallow
depth. This means that during seismic shaking, the
substrate may lose its ability to bear weight, resulting
in collapse of structures. Areas in the city of Agaba
that experienced subsidence in the Nuweiba
earthquake of 1995 lie along the beach zone near the
ancient site of Ayla (Wust 1997; Malkawi et al.,
1999; Al-Tarazi, 2000).

Rucker and Niemi (2005) reported on the results
of excavation of the northeast corener tower the
walled citadel of Islamic Ayla. In the four trenches
excavated, the wall aligns across the entire width of
the wadi indicating that no fault offset is present in
the NE or SE city wall or through the corner tower in
the wadi. Furthermore, the 2001 Department of
Antiquities restoration project in the south corner of
the site revealed a section of the Sea Wall that was
tilted outward (Fig. 5). The outer edge of this section
before excavation would have appeared on the ground
surface 1.5 to 2m from the alignment of its actual
foundation. Interestingly, it appeared to have been
buttressed and continued in use in antiquity. This
phenomenon, (easily caused by liquefaction and
subsidence, not faulting) may provide an explanation
for the apparent misalignment in the Sea wall above
foundation levels observed by Whitcomb and others.

Byzantine Aila

The Roman Agaba Project directed by S. Thomas
Parker (North Carolina State University) excavated a
monumental mudbrick structure heavily damaged by
successive earthquake faulting in Agaba (in
excavation Area J-East), between 1994 and 2003. A
collaborative study of the excavated evidence from
this area identified a sequence of seven earthquakes
that have ruptured the fault since the 2nd Century
A.D. (Thomas et al., 2007).

Previous excavations of the monumental
Byzantine mudbrick structure indicate that a portion
of this building collapsed in the earthquake of May
19, 363 A.D. This date is derived from over 100
coins of Constantius Il (337-361 A.D.) found beneath
a thick layer of collapsed mudbrick walls. Our
detailed mapping of the excavated Early Byzantine
walls revealed ancient repair work over seismically-
induced structural wall failures. The structural repairs
of the Church walls indicate that the southwest corner
of the building subsided. This damage may have



occurred in a minor earthquake (perhaps a significant
foreshock) prior to the major earthquake that
collapsed the structure. Based on subsidence across
the fault location, changes in floor elevations, and
layers of collapsed mudbrick, the archaeological data
suggest that the site was ruptured in an early 2nd
Century earthquake, an early 4th Century earthquake,
and the 363 A.D. earthquake. The monumental use of
the structure was converted to domestic use in the late
4th to early 5th Century.

——

Figure 6. Faults across the
Person is standing by the wall that is faulted. View toward the SW.

We also have evidence for primary ground
rupture for at least four post-date 363 A.D.
earthquakes that transect the ruins in the J-East area
of Aila. Primary fault rupture is documented in
stratigraphic sections and plan maps of walls of
various construction age (Fig. 6). Two earthquakes
occurred during the Late Byzantine to Umayyad
period (sith to eighth Century). There is a hiatus of
deposition at this location between the Umayyad and
the modern age. The two most recent earthquakes,
with 42 and 35 cm of dip slip, occurred some time
after the 8™ Century and may correlate to the
historical earthquakes of 1068 and 1212 A.D. No
stratified materials were found at this site that could
be used to further refine the timing. Our data suggest
significant periods of active seismicity (M 6-7) in the
4™ 78" “and probably in the 11"-13"™ Centuries.
These data clearly show that historical earthquake
catalogues are incomplete with regard to some of the
less damaging earthquakes that have affected southern
Jordan but may have played a significant role in the
cultural history of the region. The data also document
a long period of quiescence since the last phase of
intense earthquake activity along the southern Dead
Sea transform and highlight the elevated potential
earthquake hazard in the region.

GEOLOGY FROM AQABA TO PETRA
The mountains east of Agaba and for a distance
of 50 km northeast are Precambrian igneous rocks of
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the Agaba Granite Complex (Rashdan, 1988). These
igneous rocks are composed of granite, monzogranite,
granodiorite, and quartz diorite that developed during
the Pan-Arrican orogeny. A series of dikes with
widely varying compositions from diabase to felsite
cross cut the granitic rocks.

Nonconformably overlying the Agaba Granite
Complex are Paleozoic rocks of the Ram Group (Fig.
7). Cambrian arkosic sandstones and conglomerates
derived from the weathered granitic rocks (Salib
Formation) form the basal unit. These rocks grade
into massive quartzose sandstones of Cambrian to
Silurian age (Umm Ishrin and Disi Formations).
Outcrops of Lower Paleozoic sandstone are present
50 km northeast of Agaba along the eastern mountain
range. Erosion of the sandstone supplies the sand
which has formed extensive dune field within Wadi
‘Arabah to the north.

LITHOLOGY REMARKS ON LITHOLOGY
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Figure 7. Generalized graphic log of the lithostratigraphic units
exposed in Southern Jordan (Barjous, 2003).

The road to Amman crosses the Agaba Complex
rocks within the canyon of Wadi Yutim along part of



the King’s Highway—the Via Nova Traiana
commissioned by Trajan in 111-114 A.D. The walls
of the canyon expose the cross-cutting late phases of
dike intrusion during the latest Precambrian.
Pleistocene terraces line the course of the wadi.

Near the turn-off for Wadi Rum, the valley opens
and the contact between the Agaba Complex and
overlying sedimentary sequence is easily discerned.
The nonconformity represents an erosional peneplain
that is tilted to the east (Abed et al., 1998).

North of Wadi Rum the region of Ras En Nagab
is a spectacular area of scenic beauty. The NW-SE
trending fault escarpment separates Lower Cretaceous
varicolored sandstone and Upper Cretaceous
carbonates in the north from the sandstone highlands
in the south (Abed et al., 1998). The recent highway
improvements in this area expose outcrops of faulted
bedrock.

PETRA

Petra, the “Rose City” was the capital of the
Nabataeans during the Hellenistic and into the Roman
periods. In the Siq of the Petra, you will first pass
through the white Disi Sandstone and then the
underlying thick red Umm Ishrin sandstone into
which most of the monuments were carved (Abed et
al., 1998). “Following the course of Wadi Musa, the
city-center was laid out on either side of the
colonnaded street on an elongated plan between the
theater in the east and Qasr al Bint in the west. Petra
basin boasts over 800 individual monuments that
were mostly carved in the Cambrian sandstone by the
technical and artistic genius of the Nabataeans”
(Barjous, 2003). Some of the most famous antiquities
at Petra include al Khazneh (the Treasury), Qasr al-
Bint (the free-standing, two-storey building), the
Roman Amphitheater, the Great Temple, the Temple
of the Winged Lion, and the Petra Church.

Several earthquakes are likely to have caused
damage at Petra since it’s founding. Josephus Flavius
in his Jewish Wars describes an earthquake in 31 B.C.
that “killed an infinite number of cattle and thirty
thousand people” in Palestine (Guidoboni, 1994:
173). Evidence from this early occupation period is
scanty because of later monumental construction.

There is evidence of massive destruction in Petra
at the Temple of the Winged Lions, at the Great
Temple, and other monuments dated to the beginning
of the 2" century A.D. Much scholarly debate has
focused on the interpretation of the destruction in
light of sparse and rather enigmatic documentary
evidence for the Trajanic annexation of Nabataea ca.
106 A.D. The lack of historical text leaves open the
possibility of multiple interpretations for the
destruction horizons. Coins and milestones suggest
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Arabia was “acquired” rather than gained by military
force. Corroborating evidence for a 2" C. earthquake
in the southern Levant has been documented at
Nabataean sites in the Negev, Wadi ‘Arabah (Arava
Valley), and at Agaba. The coincidence of an
earthquake with a documented political transition
makes  unequivocal interpretation  of  the
archaeological record extremely difficult (Niemi et
al., 2006).

Undeniably, Petra sustained significant damage
in the May 19, 363 earthquake that affected the region
from north of Lake Tiberias to Agaba in the south.
Russell (1980) and Guidoboni (1994: 264-267)
provide convincing literary data for the earthquake.
Furthermore, coins from 358-361 beneath collapse at
the Petra site of Ez-Zantur (Stucky et al., 1990) and
Agaba (Parker, 1999) confirm damage at both sites in
the earthquake.

-

Figure 8. Collapsed columns of the Great Temple at Petra viewed
toward the east. The collapse likely dates to late antiquity sometime
after the 6" century.

In the Byzantine period, the Urn tomb was
modified into a 5" century church. Other churches
were constructed through the 6" and 7" centuries as
Petra thrived as a Byzantine center. Many Hellenistic-
and Roman-era Nabataean building stones and
architectural elements are reused in this construction
phase. Excavators of the Petra garden and pool
complex just east of the Great Temple (Bedal et al.,
2007) note that the final destruction there probably
occurred in the 6" century, perhaps they
hypothesized, by the 551 A.D. However, the source
rupture of this earthquake is the Lebanese coast (Elias
etal., 2007).

Scrolls found in the Petra Church provide an
unprecedented record of Late Byzantine Petra (Feima
et al., 2001). The church was destroyed in a fire at the
end of the 6™ or the beginning of the 7" century. The
fire carbonized scrolls that were being stored in the
church. The last recorded date on the scrolls is 597
A.D. It is possible that the earthquake that destroyed



Aereopolis (east of the Dead Sea) based on a
dedicatory inscription found there that states
“Restored in 492 (597-598 C.E.) after the earthquake”
(Zayadine, 1971), also caused damage in Petra.

After the fire and into the 7" century A.D., the
church ceased to function as an ecclesiastical
building, materials were gutted, and the shell of the
structure was converted to a domestic complex. Feima
et al. (2001) noted evidence for two earthquakes in
the later phases of the Petra Church—one in the 7™
Century and one in the medieval to Ottoman period—
at which time no columns remained standing.
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The structure of the western margin of the Dead Sea rift, southern Arava Valley

(modified after Garfunkel et al., 1974,  Raham conglomerate — new evidence for
Neogene tectonism in the southern part of the Dead Sea Rift) paper attached

The Red Sea Rift splits in the N into the Suez Rift and the Dead Sea Rift (Fig. 1).
The southern part of the latter is occupied by the Gulf of Elat (Agaba). A
thick marine Neogene series developed in the Suez Rift attests to its already
advanced development in Miocene, and probably in older, times (Hume, 1906;
Said, 1962; Robson, 1971). Marine Miocene rocks are also known from the
southern tip of the Gulf of Elat (Hume, 1906; Omara, 1959; Bramkamp ef al.,
1963; Goldberg, (unpub. thesis, Hebrew University of Jerusalem) 1957; see
Fig. 1), but these do not bear any direct evidence on the age of the tectonic
depression which comprises the Dead Sea Rift. Neogene sediments were not
clearly identified nor described from the southern part of the Dead Sea Rift.
This led to the belief that the Gulf of Elat, which is much deeper than the Gulf
of Suez and bears abundant evidence of young tectonism, was shaped by
Quaternary movements only. The southernmost Neogene basin within the Dead
Sea Rift, located more than 100 km N of the Gulf of Elat, is filled with continental
sediments of the Hazeva Formation (Bentor & Vroman, 1957; Garfunkel &
Horowitz, 1966).

This work describes a newly discovered group of Neogene sediments
around the northern part of the Gulf of Elat, herein called the Raham Con-
glomerate, which bears direct evidence on the Neogene existence of the southern
part of the Dead Sea Rift.

The Raham Conglomerate was deposited subsequent to, and as a result of, the
creation of a considerable topographic and structural relief in the Elat region.
The retreating Middle (and Late?) Eocene seas left a very subdued relief here
and an almost tabular structure, later considerably modified by tectonic move-
ments and by erosion, mainly related to the formation of the Dead Sea Rift.
The formation of the deformed Raham Conglomerate is related herein to the
early stages of the formation of the Rift Valley during the Neogene.

The existence of a considerable topographic and structural relief when the
Conglomerate was formed is indicated by the coarseness of the conglomerates
and the nature of the clast-
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The occurrence of clasts from different parts of the section requires that
they were all exposed side by side, which could result only from tectonic uplifting
and subsequent stripping of the overlying sediments. In particular the occurrence
of clasts of Precambrian rocks in Nahal Taba indicates that the basement rocks
were exposed at least at the same topographic elevation as the Eocene rocks
which underlie the Conglomerate. Therefore, S of Nahal Taba the structural
relief was at least 1200 m, which is approximately the thickness of the sedimentary
cover in this region. If much of the structural relief was achieved by flexures,
as it is now, then the structural relief must have been considerably larger,
perhaps exceeding 2 km. Analogously, a lesser, though still considerable relief,
is also indicated near Ras Burga.

Precambrian rocks are now exposed W of the northern part of the Gulf of
Elat in a narrow strip, due to uplifting along the margins of the rift valley. The
older outcrops could not have been larger, and rocks similar to the clasts in
the Raham Conglomerate are exposed there. It is therefore assumed that the
development of the border structures of the rift in this region was well under
way when the Raham Conglomerate was deposited, possibly as a syntectonic
sediment.

The angular unconformities at the base of the Raham Conglomerate
suggest still older tectonism, but since the various outcrops are probably not
strictly contemporaneous, an older and distinct phase cannot be demonstrated.

Later movements deformed the Conglomerate, and erosion stripped the
rock formations which supplied the clasts of the Conglomerate from most of the
area. In particular Senonian to Eocene rocks, which were still abundant in the
Elat region when the Raham Conglomerate was formed, are now virtually
completely eroded, except in few structural lows. It is most probable that
considerable volumes of the Raham Conglomerate itself were also eroded.

The bulk of the Conglomerate is probably fiuviatile and lacustrine, but
the occurrence of marine beds indicates that an arm of the sea, conveniently
termed the ‘ancestral’ or ‘proto’ Gulf of Elat, reached as far N as the Elat
region. This further corroborates the conclusion that the depression of the Dead
Sea Rift was already well outlined when the Raham Conglomerate was deposited.
This old Gulf probably did not communicate with the Mediterranean, but only
with the Red Sea. Marine Neogene sediments are well developed at the southern
end of the Gulf of Elat (see Fig. 1, and Omara, 1959; Bramkamp et al., 1963;
Goldberg, 1957, see Introduction above), but they do not clearly prove the
existence of a Neogene Gulf. The few fossil occurrences and the tectonic position
indicate a Neogene age for the Raham Conglomerate.

Additional information can be derived from consideration of the relations
of the Raham Conglomerate with continental sediments preserved on the
plateau W of the Gulf of Elat (Fig. 1).

These sediments belong to the higher parts of the Hatzeva Formation
and contain conglomerates of extremely well-rounded pebbles, mainly of chert
and quartzites, of the type known as the ‘cover conglomerate’ (Bentor & Vroman,
1957; Garfunkel & Horowitz, 1966). These conglomerates were transported
over distances exceeding 150-200 km, and in the N interfinger with marine

sediments of Late Miocene or earliest Pliocene age (Reiss & Gvirtzman, 1966).
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The conglomerates in the higher parts of the Hazeva Formation are probably
only broadly contemporaneous, but they do seem to record a definite episode
when a well-integrated drainage system crossed the entire Negev and debauched
into the Mediterranean in the Beer Sheba region.

For the present purpose the following observations are important:

(a) The ‘cover conglomerate’ was transported across the outcrops of the
Raham Conglomerate west of Elat (Fig. 1).

(b) The ‘cover conglomerate’ was deposited on rocks of the Judea Group
or on down-faulted younger rocks; the field relations indicate that by that
time the Eocene rocks had already been virtually completely eroded away from
the region west of Elat, and the Senonian rocks were also largely eroded.

(c) The virtual total absence of clasts of local derivation, and the great distances
of transport of the clasts of the ‘cover conglomerate’ indicate a generally
subdued, plateau-like landscape. In fact, the region N of Sheikh Atiya still
largely retained this physiography.

These features suggest that the Raham Conglomerate, except perhaps the
uppermost parts of the section near Ras Burqa, is older than the ‘cover con-
glomerate’ in this region, and that a period of extensive erosion intervened
between the two. Thus the Raham Conglomerate may be of Middle Miocene
or even older age.

It should be stressed that the very characteristic clast assemblage of the
‘cover conglomerate’ was not found in any of the outcrops of the Raham
Conglomerate or anywhere else in the rift valley within a distance of 150 km N
of Elat. It seems that the interior of the rift valley in the Elat region was already
separated by a watershed from the drainage of the plateau W of it, similar to the
present situation.

The Raham Conglomerate is probably roughly equivalent to the basal
conglomerate and lower parts of the Hazeva Formation of the Central Arava
and Northern Negev, which are older than the ‘cover conglomerate’ (Bentor &
Vroman, 1957). This is suggested not only by the relations in the Elat region
discussed above, but also by:

(a) general lithologic similarity;

(b) similar tectonic position, namely deposition in the first morphotectonic or
topographic depressions to be formed along the borders of the Dead Sea Rift,
and probably also inside the rift valley.

A new formational name is suggested herein for the southern conglomerates
because they were deposited in a separate basin or in several basins which were
related to the Gulf of Elat. On the other hand, the Hazeva Formation was
related to a northward flowing drainage system and to a basin in the Central
Arava. Thus it seems that the two groups of sediments record somewhat different
histories.

It seems that the Raham Conglomerate is also generally correlative with the
‘Untere Syntektonische Konglomerate’ of southern Jordan which occurs in
similar structural circumstances, and possibly also with an outcrop of marine
Neogene beds at Gebel Hureij, all of which were described by Bender (1968).
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Summarizing, the Raham Conglomerate records a Middle Miocene or
older phase of deposition which was related to early movements in the southern
half of the Dead Sea Rift. A morpho-tectonic depression was already developed
and it was partly occupied by the ‘proto’ Gulf of Elat, which communicated
with the Red Sea. The structural relief in some parts of the border structures of
the rift exceeded 1.2 km, and probably even 2 km.

The major erosion of the rift margins which ensued in response to the
deepening of the rift valley had not yet occurred when the Raham Conglomerate
was formed, and the cover of Eocene rocks was still largely preserved in the
Elat region. The deposition of the Raham Conglomerate in fact records part
of this erosion, which was already very advanced by the time of the deposition
of the ‘cover conglomerate’ (Latest Miocene or Early Pliocene) of the Hazeva
Formation.

Later tectonism greatly deformed the Raham Conglomerate and eventually
shaped the present form of the rift valley.
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Late Quaternary Seismicity of The Southern Arava Valley,
The Dead Sea Fault

Rivka Amit", Yehouda Enzel?’, Porat Naomi!", Yariv Hamiel'", Ezra Zilberman'
'Geological Survey of Israel
*The Hebrew University of Jerusalem

rivka@qsi.qov.il
*Field guide

Late Quaternary paleoseismicity of the southern Arava was deduced from offsets on faults
detected in trenches, in a fault zone that is 6 km wide and 40 km long, extending through the rift
valley from the north-western coast of the Gulf of Elat (Aqaba) to the north-east (Amit ez 4/,
1995; Amit et al., 2002; Zilberman ez al., 2005). The fault zone may be subdivided into three
subzones: a central sub-zone, 5 km wide, trending northeast, characterized by sinistral faults
expressed by push-ups and pull-aparts, and two marginal zones characterized by normal faults
that trend northwest and north—northeast on both sides of the rift valley (Fig. 1). Amit ez al.
(2002) reported 20 different paleo-earthquakes between 45-1 Kyr BP in the southern Arava
segment. The cumulative normal slip versus time that was calculated from these data shows that
a constant slip rate of 0.5 mm/year can account for the total normal slip. The lower-than-average
amount of normal slip per event recorded during the last 16 Kyr (12 events, average slip of
0.65m per event) is compensated by the shorter recurrence interval in that period (1,500 years),
as compared to the earlier period of 45-16 Kyr (8 events, average slip of 1.4m, and a recurrence
interval of 3,000 years) (Fig. 2). The difference in slip per event between the two periods is
statistically significant (p< 0.002 in the Mann-Whitney test, where p is the probability that the
two samples are drawn from the same population).

Assuming an average slip rate of 5 mm/year for the left lateral motion along the DSF, the average
cumulative normal slip rate in the southern Arava of 0.5 mm/year suggests that normal faulting is
only ~10% of the total strike-slip motion in the last 45 Kyr. This is supported by the calculated
rate for small and large earthquakes along the DSF in modern times (Hofstetter ez al., 2003;
Salamon ez al., 2003), and by the amount of transverse extension along the fault (e.g. Joffe and
Garfunkel, 1987). Similar dip slip to strike slip ratio was observed in the north-eastern Sea of
Galilee basin (Marco et al., 2005).

The transformation of displacement detected in trenches across faults to earthquake magnitude
was calculated using the regressions presented by Wells and Coppersmith (1994). The calculated
magnitudes for all paleo-earthquakes in the Arava segment are in the range of 5.9<M,<7.1, with
average magnitude of My6.5 for 16-1 Kyr, and 6.8 for 45-16 Kyr BP. Due to the nature and
inaccuracy of the displacement-magnitude relation (Wells and Coppersmith, 1994), we assume

an error in magnitude of +0.6 (-10%) for all paleo-events. The earthquake catalogues that are
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based on historical records report a single large earthquake (M>6) that occurred in the year of
1068 AD in the southern Arava (e.g., Guidoboni and Comastri, 2005; Zilberman ez al., 2005),
which is included in the above mentioned record. Due to the remoteness of this desert area in
ancient times it is hard to find a reliable historic evidence for earlier events. Fig. 3 shows the
calculated frequency-magnitude relation for the Southern Arava segment using the instrumental
and paleo-seismic records. The instrumental record includes 123 events and was divided to
magnitudes between 2-2.9, 3-3.9, and 4-4.9. The instrumental data were taken from the
Geophysical Institute of Israel earthquake catalogue (www.gii.gov.il). As the catalogue is
complete for earthquakes with Mi>2 only since 1983, we used instrumental data that were
recorded between the years of 1983 and 2007. We found that the data points as retrieved from
paleo-seismic record for the Southern Arava segment lie on the linear extrapolation of the
frequency-magnitude relation of the instrumental record, with a calculated 4-value (the slope of
the frequency-magnitude relations) of 1. This value is in agreement with $=0.96 that was found

for the DSF in Israel using instrumental data only (Shapira and Hofstetter, 2002).

The marginal fault zone — Nahal Shehoret

The alluvial fan of Nahal Shehoret is dissected by sub-parallel normal faults arranged in a
domino structure. The displaced alluvial surfaces are of Holocene and Pleistocene ages (Fig 4).
The domino structure has a surficial expression of shallow saddles scattered across the alluvial
surfaces and arranged along straight lineaments directed north - south. Eight trenches were
excavated from west to east across several fault scarps in this zone. The faults were trenched from
west to east. To the west, faults displace alluvial surfaces of Middle Pleistocene age and to the
east faults displace Upper Pleistocene and Holocene alluvial surfaces and Holocene playa
deposits. The total vertical displacements on these normal faults ranges from 7.5 m at trench T-6
(Fig. 5), where a fault displaces an Upper Pleistocene alluvial surface, to 0.5 m at trench T-15,
where a fault displaces a Holocene alluvial surface. All of the faults are multiple-event fault types
except the youngest Holocene fault, which is a single-event type (Table 1). The oldest fault,
exposed in trench T-8 (Fig. 1), is oriented NNW and was active after 80ka; based on the
catenary relationship it was determined that its activity ceased at most 40ka ago. The fault with
the youngest activity is exposed in trenches T-5,T-6,T-17 and T-16. All these trenches were
excavated across a N-S lineament of about 3.5 km long. The orientation of this lineament

contrasts with the NN'W orientation of the fault line exposed in trench T-8 (Amit et al., 2002)

Trench T-17 (Fig. 4)

Trench, T-17, was excavated on the continuation of the fault line exposed in trench T-6 (Fig.
6). The total amount of displacement which is 100 m north to trench T-6 reaches 3.4 m. The

normal fault is characterize by an angular unconformity associated with faulting accompanied by
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back tilting and followed by normal drag along the fault plane. The tilted of the brittle materials
mainly resulted in the opening of tension fissures related to the normal fault between the tilted
blocks. Three dicrete colluvil wedges (Fig 6; C1-C3) were deposited as a result of three faulting
events post 63.9+ 10.9 ka, the age of the surface on which the Reg soil developed across the tilted
blocks. The age of the faulting event related to the deposition of unit C1 can not be precisely
determined by OSL. This difficulty is because of poor bleaching of the sediment as a result of
rapid burial of the collapsed soil material from the hanging wall and soil material dragged toward
the fault on the down faulted block. There for the OSL age of wedge C1, composed of colluvial
material represents the age of surface Qal and not the age of the faulting event. This event
displace the surface by 1.5 m, occurred after 63.9+ 10.9 ka, the age of the surface. A soil
developed in unit C1 during an interval of 7-10 ky. The estimated of the time to form the soil is
used to bracket the timing of the first tectonic event detected in this trench to between 7-10ky
before the second tectonic event 36 + 4.5 ka; thus the first event occurred at 45+2 ka. Colluvial
unit C2 was dated at 36 +4.5 ka A third small event occurred later; according to the very weak
soil profile developed in the colluvium, the event might have occurred during the past 10ky. The
two events are related to the major faulting activity detected in trench T-6. Later displacements
were smaller, up to 0.4 m, as also evident in other trenches on this lineament .

A similar trend is also discernible in trench T-15, which was excavated on the same fault line as
trench T-17 and T-6 (Table 1). In this case, faulting displaced a Holocene surface. Only one
event with a displacement amount of 0.5 m is evident. Based on the relative age dating of soils,

it occurred during the Holocene (about 8ka).

The westernmost part of the marginal fault zone was active until 80 ka (Fig. 1,4; trench T-8).
The next set of fault trace ~0.5 km to the east was active between 37 and 5 ka, during the late
Pleistocene and the middle Holocene (trenches T-10, T-15, T-6). At least two branches
represented by trenches T-10 and T-17 were active together. A clear trend of decreasing with
time in the amount of displacement is evident across this fult zone. An important observation is

that the amount of displacement and number of faulting events vary along a single fault trace.

The central fault zone - Avrona Playa

The central part of the Elat fault zone is characterized by extension and compression structural
features, such as grabens and push-up ridges. Flower structures typical of strike-slip faults are
clearly defined in the subsurface. Two environments were chosen for paleoseismic analysis. One
is a Holocene alluvial fan of Nahal Shehoret that is crossed by a graben structure (Fig. 7). The
other, located to the east, is the Avrona playa, across which push-ups, pull-apart and normal

faults occur (Fig. 8).
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The youngest surface ruptures in the southern Arava valley were detected in the Avrona playa
area (Fig. 1). The playa forms one of several en-echelon tectonic basins bounded by subparallel
left-stepping faults. It is a 10 km long and 0.5-2 km wide basin that is crossed diagonally by the
Elat fault zone in a NNE direction. The playa area at present forms a broad elevated elongated
ridge. Its relief is composed of low longitudinal sub-ridges (0.5-4 m high and up to 5 km long)
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, which deformed the Avrona playa, and changed it from a closed
basin with internal drainage system to an open basin, is presented in Amit et al. (1999) (Fig.

8,9). The paleoseismic data is summarized briefly next.

A 2 km long by 1 m high fault scarp dissects a transitional, non-sterile, vegetated playa zone
composed of sand to sandy-loam sediment. This fault was evaluated to be the youngest in the
playa area. A trench excavated at this site exposes a multiple-event normal fault with one main
fault plane (Fig. 10). Five partially preserved colluvial units were identified adjacent to the fault
plane (Fig. 10, units I-V). Each wedge merges with a fluvial unit on the down-faulted block.
Continues fluvial erosion on the down faulted block removed most of the colluvial material,
leaving only the upper most part of each colluvial wedge. The variation in the pedogenic features
in the colluvial units indicates that each wedge formed during different time period. According
to the age of unit 3, which overlies the colluvial units, and unit 1a at the base of the section, five
tectonic events occurred between 14,200+ 300 and 3700+ 300 years ago. Each of these events
was accompanied by displacements of at least 0.5 m. The deposition of unit 3 marks the
beginning of at least 2000 years of quiescence. During this period, fluvial sediments were
deposited mainly on the down faulted block. Fluvial activity along the fault scarp decreased over
the last 3000 yr. Toward the end of this period, fluvio-eolian sand sheets were deposited over the
entire playa area and cover the fault trace. At this stage a soil was developed continuously across
the inactive faulted area. Tectonic activity along this fault was renewed sometime between 700
and 1000 years ago, as indicated by a vertical surface displacement of about 1 m (the petrosalic
horizon, detected in unit 5a, of the Salorthid soil was used as a stratigraphic maker for the
measurement of the displacement). The paleoseismological, geophysical and archaeological
evidences indicate that this last event was the historical devastating earthquake which occurred in
1068 AD in the eastern Mediterranean region (Fig. 11) (Zilberman et al., 2005). To conclude, at

least six surface rupture events have affected the Avrona playa during the last 14,000 years.

161



Geodetic measurements of the displacement field along and across the DST

The estimated seismic slip rate along the DSF, based on historical earthquakes account for only
1/3 of the total plate motion (Garfunkel et al., 1981), and the 20th century seismicity accounts
for only 10% of the geologic slip (Salamon et al., 1996). These estimations indicate that either a
strong earthquake along the DST is overdue or that the missing slip is aseismic. A first direct
evidence for creep along the DSF was reported by Finzi (2005). In this study, aseismic slip was
detected by Interferometric Synthetic Aperture Radar (InSAR) measurements of surface
deformation along the Arava segment within Yotvata, Zofar and Avrona fault step-over zones.
However, no creep was detected between these zones. Finzi (2005) suggested that 30-50% of the
total slip was released aseismically during the years 1995-2000. However, due to the fact that the
look angle of InSAR satellites is almost perpendicular to the direction of the DSF, it makes it
very difficult, almost impossible, to measure interseismic surface deformation along the DSF
using InSAR observations.

Several attempts were made to geodetically measure the displacement field along and across the
DST in Israel. A network of far-field permanent GPS receivers revealed about 3.7 mm/yr left-
lateral movement across the DST, but suggested that the fault itself is locked (Wdowinski et al.,
2004). Analysis of two campaign GPS measurements in Israel in 1996 and 2002, led Ostrovsky
(2001) to estimate the present rate of plate movement along the central DST to be 7.5mm/yr.
Recent detailed GPS measurements across the Arava segment (southern DST) suggested left-
lateral motion on the order of 5Smm/yr and a locking depth of 12km (Le Beon et al., 2008). Still,
all recent GPS observations along the DST lack near-fault measurements and therefore are
unable to resolve the depth or the rate of shallow creep motions. Figure 12 presents the location
of new campaign sites along a dense profile (200-1000 m apart) and across the geologically

mapped Arava fault zone .

References

Amit, R., E. Zilberman, N. Porat, Y. Enzel (1999). Relief inversion in the Avrona playa as
evidence of large-magnitude historical earthquakes, southern Arava Valley, Dead Sea Rift.

Quaternary Research 52, 76-91.
Amit, R., Harrison, ].B.]J., Enzel, Y., 1995. Use of soils and colluvial deposits in analyzing
tectonic events — the southern Arava valley, Israel. Geomorphology, v.12, 91-107

Amit, R., E. Zilberman, Y. Enzel, and N. Porat (2002). Paleoseismic evidence for time
dependency of seismic response on a fault system in the southern Arava valley, Dead Sea rift,
Israel, Geol. Soc. Am. Bull. 114, 192-200.

Finzi, Y., 2005. Current deformation in the southern Dead Sea Transform: Radar interferometry

measurements and their tectonic implications. Geological Survey of Israel report, GS1/24/04, 74

p.

162



Garfunkel, Z., I, Zak, and R., Freund, 1981, Active faulting in the Dead Sea rift, Tecronophysics,
80, 1-26.

Guidoboni, E., and A. Comastri (2005). Catalogue of earthquakes and rtsunamis in the
Mediterranean area from the 11th to the 15th Century. INGV-SGA, Italy.

Hamiel, Y., R., Amit, Z.B., Begin, S., Marco, O., Katz, A., Salamon, E., Zilberman, N., Porat

(in press), The seismicity along the Dead Sea fault during the last 60,000 years. BSSA

Hofstetter, A., H.K. Thio, and G. Shamir (2003). Source mechanisms of the 22/11/1995 Gulf
of Aqaba earthquake and its aftershock sequence, /. Seism. 7, 99— 114.

Jofte, S., and Z. Garfunkel (1987). Plate kinematics of the circum Red Sea- a re-evaluation,
Tectonophysics 141, 5-22.

Le Beon, M., Y. Klinger, A.Q. Amrat, A. Agnon, L. Dorbath, G. Baer, J-C Ruegg, O. Charade,
O. Mayyas, 2008. Slip rate and locking-depth from GPS profiles across the southern Dead
Sea Transform, /. Geophys. Res., 113.

Marco, S., T.K. Rockwell, A. Heimann, U. Frieslander, and A. Agnon (2005). Late Holocene
slip of the Dead Sea Transform revealed in 3D palacoseismic trenches on the Jordan Gorge
segment, Earth Planet. Sci. Lett. 234, 189-205.

Ostrovsky, E., 2001. The G1 GPS geodetic-geodynamic reference network: Final processing
results. Israel Journal of Earth Sciences, v. 50, 29 - 38

Salamon, A., A. Hofstetter, Z. Garfunkel, and H. Ron (1996), Seismicity of the Eastern
Mediterranean region: Perspective from the Sinai subplate, Tectonophysics, 263, 293-305.

Salamon, A., A. Hofstetter, Z. Garfunkel, and H. Ron (2003). Seismotectonics of the Sinai
subplate - The eastern Mediterranean region, Geophys. J. Int. 155, 149-173.

Shapira, A., and A. Hofstetter (2002). Seismicity parameters of seismogenic zones, Geophy. Inst.
Israel report, 592/230/02.

Wells, D.L., and K.J. Coppersmith (1994). New empirical relationships among magnitudes,
rupture length, rupture width, rupture area, and surface displacement, Bull. Seismol. Soc. Am.

84, 974-1002.
Wdowinski, S., Bock, Y., Baer, G., Prawirodirdjo, L., Bechor, N., Naaman, S., Knafo, R., Forrai,
Y, Melzer, Y., 2004. GPS measurements of current crustal movements along the Dead Sea Fault.
JGR, v. 109, B05403, doi:10.1029/2003]JB002640

Zilberman, E., R. Amit, N. Porat, Y. Enzel, and U. Avner (2005). Surface ruptures induced by
the devastating 1068 AD earthquake in the southern Arava valley. Dead Sea Rift, Israel,
Tectonophysics 408, 79-99.

163



"SOUI[ DTWSISS JO UOTIEDO[ 33 PUE SaUI|

1[NeJ P2IO[AS Y SSOIOE SAYIUAI ) JO UOINGINSIP Y2 (10]0d MO[[2X) 2UOZ I[NEJ [EIIUD PUE (10]0D IYM) [euIdIenr MON] “Ad[[eA
BABTY UIDYINOS 9 JO sIUdWd druoidaroydiow pue resrdojoydiow urew oy Suimoys £3][e A eARTy UIayInos o jo depy :1 aandry

90BLINS 8U3J0|0H 908LINS 8UBI0ISIB|d
usges * dnysnd *® Bupejdsipyney —  Buioe|dsipyney —

auoz Jne} aul] IWSISS JO
enusd [ Jsquinu pue uoneso

auoz yney jeutbrey =4

. e
- - pmm e - Ly
. e o .. b, B

uvi | _,P:aﬂ . - ...../cwv.u

—

r .

=7 wey e ==...;~M

- - €

..... 7

164



‘Teaf/ww ¢*() jo a1ex difs e sarensny[r

auT] Sjoe[q Y [, "(SPUOWIEIP) BIEP Orwsias-0o[ed BARIY UISYINOS 9} WoIj dwn sns1da difs [ewIou aAne[nwNy) g 3Indry

00005

(1eak) oby
0000t 0000¢ 00002 00001 0
_ _ _ : 0
st ad ¢ 0
v o
e For 2
2% Rt &
....... @
* - 0¢ ©
3
leaAjuw g g==1el diis -

0c

165



(VSSg ss21d ur e 10 [orwey]) ‘s1uaw3as 221

[[e 703 23uer v1ep o[oym op ure[dxd ued ¢'() JO (2AIND 2y Jo 2dos Y1) aN[eA-g 1Byl 10N "BIBP [[& 10] [SPOW PaNJ 153q Y2 $I0UP (P)

ur ouT| Yor[g "uone[odenxa si1 0UdP saUT] PAYsep PuUE (2-B UT) A[UO PIOOII [EIUSWNIISUT Y1 JOJ SIAIND UOISSIIZII ) 210UP SIUI] JOr[(]
*Sp10221 (sa1enbs) orwistes-oayed pue ¢(sa[3UrLN) [B21101STY (SPUOWIEIP) [BIUIWNISUT SUTsN (P) 19719301 s1USWS2S 221 [[E PUE (2) UTSEq
82G PEI(T oY “(q) 1uawidas A3[[e A UBPIO[ UIIYIIOU 2} (B) 1USW3Is AJ[[e A BABIY UIYINOS 21 10J suone[a1 sapmirudew-£ouanborg :¢ amSrg

(M) epnyuBep (M) apnuubep
8 L 9 g 14 € Z L 8 L 9 ] 14 € Z L
L g g~
(4AY 6S-6) Dlwslas-oajed - S B0 g (1AM 65-6t) DIwsies-08ed |
48y 91-t¥) J1wsias-08jed - BAG BAQ G- (A3} 91-p¥} SILISIBS-0BIEY | -
|eOIOISIH - B9S Oy o =
~o |e2U01SIH ¥
[EJUBLINASU| - BES PRA(] o - -
(44} 0-¢) onusias-oa|ed - Ae)ep uepior ﬁ Iguawnsu) ¢ €-
(4% 5°¢-11) onusias-oaled - Lajjep uepior g £ .L.ﬂ|.f
lesuo}siy - fsjlep UBpIOr § ﬂ iy m
|ejuawinisu| - A3jleA UEPIOS 4 [~} =3
(453 91-G¥) dnus|as-0d|ed - BARIY o ,NN. - Z
(A3 1-91) onusies-oajed - BARIY g - = _AU
* |BJUBWINASU| - BABIY o 0
0
; 3 1 L
T E+N.G6'0-=(IA/N)BoT L9 E+IN.L6'0-=(1A/N)Bo
‘BIEP IV ) 3 ‘uIseq eas peaQ © |z
(M) epnyube (M) epnyubeny
8 L 9 5 v € c I 8 L 9 g ¥ € C b
G- - G-
{18y 0-¢) Aoyey |8 :olusIes-08jed [ (1A 9L-5¢) onwusias-oajed )
i (443 g'¢-11) @3|1jeD jo eag :olLSIaS-08|ed | s T (ahy L-91) o1wusies-oajed m I
~
_|llm|.f |eduOISIH Y —— [eJuBwInsu| ¢
— = [RjUBWINASU| 4 €- B < €
= i ~ ) k= ~
= il o Mg Pl
o o
a -
- 2 - £
3 =
0 0
J: L
9€ Z+IN.G58 0-=(1A/N)B0o € e+, L-=(1A/N)BoT

:Ka|jea ueplop UlayLoN (@ . "BARLY LIBYINOS €  z

166



.quﬁESQ ﬁﬁw UONeEd0| wvﬂucuuu

‘s93e TGO £q $20BJINS PAIEP ) DMON

"uej [e1an[[e 19104a2yg jo oloyd [eiry :f arndry

167



‘U0z JJneyf ~Nﬁﬁw.~d& Y3 $SOIS Je(] SI[NEJ 91 JO 9UO SSOISE - T [YOU2Il JO [[em UIoyInos oyl Jo mO‘H e Duﬂ.—w-m

(w) 3oNVLSIA

v € ¢ T¢ O0c 6T 8T 2T 9T ST ¥T € 2T 1L OT 6 8 L 9 S ¥ € ¢ T 0
| | | | | | | | | | | | | | | | | | | | | | | 1T
7HS
VIS e 2y F L'SS
L ! . -0T
L 6
T-HS : o b T
Z-HS BYECFOET m ; po ] ..Wm
DIEVFEVE Ted = -
eT 1] -8
g1ned ST-T

A €-HS
e oTF18er £°0

O lineq

aned 5 |

SR

H G-HS
Te0 ©Y 80T ¥0°9S

1S3am

1Sv3

(w) HLd3Aa

168



“eAe[d ruo1Ay o ur dIEDS I[NEJ B SSOIOE /-] YOUI JO [[eA UIIYINOS O3 Jo 307 :9 2Indry

(w) 30NVLSIA

/T 9T 1 i €T ¢t T 0T 6 8 L 9 S 14 € 4 T 0

T T T T T T T T T T T T T T T T T
BY0LT +506

B1G6F/L€6 Voime |

©Y0'TT ¥2°00T

B V'EF 969

®

S PN oy 0T 7696 © 0
GO oi967699 ()

S ®I98FZT9 ()
/iy 709 O e
® ® s pue pues [

M uozuoy aifesonad M | 5
VoL * 05 |oAeIb U1y pue 8sIE0 uozuoy oiesonad [ 7]
@ 180 PaLIOS [[9M 4O UO11e| BIIBI 14 ® Jo sjuswbei B
laneib asieon 19T [
1S pue pues  ge'T |
spun Aseyuawipas Jo uondiossqg :SHUN [BIAN]I0D
10B)U0D AJRIUS WIPAS —~—
sisep pajeroy 9 NN
30BJINS UB) [BIAN]]Y  TED auoz Jeays v\\
abe g0 ST FENL ynequop — L _ —
‘usdwesiso © itos Bey [
Bunep 1Syl Joy ojdwes ¢ Alwioguooun M~
aN3oal
av 890T &xenbylies 1se
MeoFeT

9’9 ~ M| ‘Juawade|dsIp [ed11I8A W T ~

) [11dad

169



(w) 3oNWVLSIA

T€ 0€ 6¢ 8¢ L¢ 9¢ G¢ v¢ €¢ ¢¢ 1¢ 0¢ 6T 81
1 1 1 | 1 1 1 1 1 1 1 1 1 1

q u—Sw.w 0ol HCMUﬁDUN eaIe mO mﬁduuﬁ mBOJm NOQ uﬂrﬁ

"2UO0Z 1[NEJ [BIIUID ) UT PIIBIO] 2INIONIIS UIQRI3 B SUIMOYS ‘@ -], YOU21 JO [[em UIYINOS o3 Jo 307 :/ aandr

M [10S

9Je
NS uey [eIANfY

auoz Jeays
S|un Mol sugaq
Siun [elanjjod
s1un asde|jo)
jos Boy

jlos Bay paung
Hs

\

™
<
(@4

.

urelb ajbuis zuend @
TSyl ledsplay @
‘ou sldwes  ©

ocm_am_tmco_m
[onesb parerol i ey YA

ior
10eu09 Aejuswipss L
[10s 6oy paxiomey [

puaba

0E¥FeCT

I
o

143d

@ E

170



¥/00-ID PUE $900-1D ‘1900

15 Ppapeqe] 21e saul] [ed1s4qdoad (- pareusisop ore synej urewr oy J, ‘eI eAe[d 91 UIIIM SUIBIIIS MO[[BYS PUE MOIIBU [BIDA3S OIUT SIT[ds
pue yaIou 9y ur uorssardop [ernionns & sa1dnooo YoTyM ‘UIedns BUOIAY TPE\ PIPIEI] opIm Y1 JIew SedIe auol-1y3I oy ], “Juawrpas ederd
oqura1s payrjdn oy 01 spuodsarrod syudweaul] 1ySrens 4q papunoq edre Iep Ay ‘0g-], Ul PAYOUSII Sem I[NeJ SIY] U0 IBdYS BUOIAY
o jo nej Surpuan-gNN € s1uasaidar (vare syrep) ederd oy $9sso10 pue spunoq ey Judwedu]] ydrens oy I, *(so[3ue1oar) sarsodxs pue
SAYOUDI1 A JO 1S AP pue (s9]0110) sa[goid oryderdodor srmowrerdoroyd jo saoen o1 Summoys eAe[J euoiay ) jo soloyd 11y :g oSy

171



-o0ejIns eAe[d paread[d oy Sune[e110d 10§ 1asrewr orqdeISnens-ouoIyd € Se $IAIS YOTym uoziIoy difesonad
oY) 201ON] 'EAIE pawIojop A[[edruo1dan oy noysnoryp Amreqrurs Suimoys sisodop edeld pareaspp oy jo w ¢ 12ddn oy yussardar
sopjoid Areruawrpas pue q1os oy T, sa[1jord ay3 Jo s1udw3as 01 19Ja1 SIqUINN] "SPIT PAIBAI[D ) SISSOIO WIBINS Y 2I2YM ) pue ¢ srutod
U22MI2q [QUUEBYD Weans ) Jo 2[1jord X2AU0d oY) pue UeJ [eIAN][e Y} S0e[dSIP 1By I[NEJ Y3 SISSOID WEINS dYI d1oym ‘Y I 1utod Jo1u
o 2omoN] “eare eAe[d oY1 $s010€ 23PII-qNS PAIBAI[D Y PUE [PUUEYD WEINS BUOIAY IpeA\ Jo sayyoid orydeidodor snsodwony :g aandry

w 0009
o) q ! °
wd_ms_%ge>< N
68 /L b 4 G2
v¢ 3 9
; tel €23 22l
;_ . (parosloud)
o Oel 0s
_x ,/ \\ Y w
\m \\ \\ / /// Z
-3 T¢-1 €3 el
v 08T % 08T =
(154) OSTF00ST® fovt (R Y ATl 54 0270/0T ¥ 08"
s ‘ Ly 7 v | 7, T rost I HooT = TeroeLs —
R O L7 el t . ol w M A L
A (Ow) OTTFOLYT | S == [T LTk ovT Lon lom
f v root %% v v f v F 00T — 9 % [ |%| - |f| = I 1
1 1 L v L n v == l0z2T @ v ot |~ | 0zT
ST T T ros Vy\q\f\»\;\f\‘om Dt S I 1 AT bk
A i; gzll‘ (154 0/F00TT® oot = 00T L S
LR AN T 1SH) Or+0E8 @ o E 1ﬁ AL KLal L
e »:mh Ao | 08 An_mm_voo._u+oov._”. 08 I i F 08
—— Lo — Bt S
jmm_,mo?oﬁmo ov [ v _v v ror vO 9 A._mm_vomé%!ow
v <4<N4§ mq . quqh Vo 0% 8 v 1 v L r o9 PR S A 09 <IE]
\\q\\\\ﬂw\\JWON v T v, t® h\\ﬁﬂﬂ\‘ v © vy e A7 e v Loy
B Y t [ov < LT ov — v vl
Lo Lo A o r ! b - it AT e
wo \J“‘Q“\ON “‘%‘Q‘P/‘Q‘ 0c v P/
MU . 9
wo

Wydn w g - g°¢

‘eAe|d RUOIAY

172



(w) H1d3a

1

“ede[d vuo1Ay 9 Ul dIeds I[NEJ B $SOIOE ()7- ], YOUI JO [[eM UIIYINOS 33 Jo 50T :QT 2In31

LIRS ALY D sapeiaudie owsdd® pungg l Anpa e pues auk| D
psedap wop) 12ays ue padojasap pos I SIUSIIROS FRlADT] JETec Ty I simmoomdeisneng  g1-1
pues piangy [ BOZUO JIESONT] me— simm o [ 1]
avso 200z “'[e 19 Ny (W) JONVLSIA

l < £ v 5 9 L 8 (5] 01 Il cl £l ¥l gl 91 Ll 81 61 Oc
T T T T | T T T T T T T T T _ T T T T T

CISHD 001ZF001'01

CISHI OOLIFO0TL
CISHD 00ET ¥ 00T+ @) A8

(IS 08F00ZI /.:z:: DOEF0LE @

. Q) ® CISAD 0870011
(o) A SLTFOTSN
C1sHDos F 069

av 890T &enbylies 1sen
MEOFTT
99 ~ M ‘juswade|dsip [ed1ldan W T ~

173



"uonels [e101 N (g Aq paanseaws o1om sa[ijoId oy T, "wiIe] OIWe[s] BUOIAY 9 UT [eued 121em o Jo djoid oryderSodoy :11 am3ig

FENITY 7

e 00000 =T T T, - —
e~

(w) aouelsiq
004 002 00€e 00¥%
¢
|eued Jajem BUOIAY 3y} jo d|yoid olydeibodoy ’
’ [
’
/
_-e
- b
uo19aIIp MOl T -7
JI0AIBS3) -7 |
\ Jo wonog [ Jatie
\ /
1 L g
* / |eueo JBlEM — — —
||||| °
! S T
g hd T-e- 1} iod painseapy @ -
v I
|eueo Jajem
Heys |edlusA 0"
suoz uoneusopa || _occamomtzmn:mx\m‘l [
SO e
~ Ko
110A19831 B ..x.x.

1-

(w) uonjeas|3

wa1sAs uonebiual yeued) — wJaej olwe|s| Aj1es BUOIAY

174



N.8€.6¢

N.Ov.62

NiZt.6¢

luswaInseawr § 5 JO uoneoo] "UuOmu muvm

3.6€

3.5€

171 2m3rg

3.86.¥¢

N.8E.62

N.O¥.62

N.Z¥.62

175



99 T T0¥FT'T €
$I10S ‘0,1 “1SO 01 €0 £0¥C '9 z G0 €0FLE z | ozl
v'9 G0 LTFTL T
S110S IS0 - - - 99 [3UURYD BANOY T 8'0FT'Y T | 6T-L
Z'9 €0 §'0¥FT 6
29 €0 §'0¥FT 8
79 S0 G0FS'T L @
[9pow 39v3dO1S b9 50 — 9 W
s110S “1SO 01 €0 v’ 0FT 79 v Z0 T¥GC S | 8Tl =
L9 €1 ¥y 14 mlw
T9 20 FL € m
79 Z0 7¥8 Z s
9 G0 ZF0T T
s|l0s 8 70 Z¥8 79 G0 G0 c¥8 T GT-L
1s0 — — — 79 [auueyd 3AINDY S0 6+F9¢ T 9T-1L
l3pow 3OVIdOTS 20| 10 €9 vo ¥ €
1105 IS0 14 €0 v'1F9°9 L9 7'e g1 SyFIE z LT-1
L9 ST ZFsh T
v'9 S0 GF0T L
20 7’9 50 vIFT 9 vwv
€9 0 9'TF9T g g
[3pow IOVIJOT1S 520 o : . ; ; - =)
1108 150 1€ 9'0¥8'€ MM 9/ MH 9 Hmw M 9l W
¢ L9 g1 v'eFee z mﬂ
1’9 971 L'EFLE T m
6'S 10 GTFS 14
[9pow 39VIdO1S . 7’9 Z0 G¥0T c
U s1108 74 Z0 Z¥S 59 v 0 p— . 0T-L
6'9 € GTFSC T
S0 — - — (WA Q'€ g'e 9+18 T 8-L
%%cﬁwwm oS %ﬁ e dils Awwﬂﬂw&m (W) apnuBeny Ew\ﬁw_vmﬁw_oc W ‘Juswiaoe|dsiq | ey 8By 1uang %w% || wewbes

BIEP SUOZ I[Nej JE[I ] J[qe],

176



Landscape development in an hyper arid sandstone environment along
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In this study we explored the spatial and temporal relations between boulders and their original in-
situ locations on sandstone bedrock cliffs. This was accomplished by combining field observations
with dating methods using cosmogenic isotopes (’Be and '"C) and optically stimulated
luminescence (OSL). Our conclusions bear both on the landscape evolution and cliff retreat process
in the hyper-arid region of Timna and on the methodology of estimating exposure ages using

cosmogenic isotopes.
Geological and morphological setting

Timna is located at the western margin of the southern Arava Valley, a hyper-arid region extending
from the Dead Sea basin to the Gulf of Aqaba (Fig. 1). Timna is an uplifted core of late Precambrian
igneous rocks (Druckman et al., 1993) overlain by Cambrian and lower Cretaceous clastic
sediments. It is a bowl-shaped valley, about 8 km in diameter, and is surrounded by cliffs of upper
Cretaceous limestone and dolomite rising up to 600 m above the valley floor.

Landscape development in the Timna area is controlled by the tectonic activity along the southern
section of the DSF (Hannan Ginat, personal communication). Erosional truncation of the upper
Cretaceous carbonate cap rocks during the Oligocene and Miocene exposed the more erodable lower
Cretaceous sandstone. As the southern Arava Valley developed into a topographic base level, the
sandstone was eroded and transported towards that base level, the Timna Valley was incised, and the
Precambrian basement and Cambrian sediments were exposed at the base of the Timna Valley.

The Cambrian sandstone in Timna reaches a thickness of about 100 m (Druckman et al., 1993) and
forms cliffs that dominate the landscape. Within the Cambrian sandstone terrain, erosion is
dominated both by detachment of massive boulders from the sandstone cliffs and by slow
weathering of the cliff faces, as evident from 0.1 m-scale cavities (tafoni). Generally, boulders

detached from sandstone cliffs are found in piles, and are usually coated with varnish. In many
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locations, the cliff face and the faces on the boulders match perfectly both in detail and overall
morphology. Some of these boulders can be accurately traced to their original position on the cliff
from which they were detached (Fig. 2).

We concentrated on three boulder sites in the Timna area (Figs. 1 and 3). The first, the Lower
Valley, contains two boulder piles (one close to the source sandstone cliff face, which we call the
“Closer Pile”, and one farther away, the “Farther Pile”) detached from a cliff that rises 10-14 m
above the valley floor. The boulders at this site were deposited at the mouth of the Lower Valley
(30X60 m), creating a dam, and causing upstream accumulation of sandy sediments on the valley
floor. The second site, the Upper Valley, contains several boulder piles. We concentrated on a single
boulder pile detached from a nearby 10 m cliff. At both locations boulders are not significantly
affected by erosion and perfectly match the cliff faces (Fig. 2). Unlike the first two sites that contain
unweathered boulder piles, the third site we examined contains three weathered boulders that are

located at distances of 20, 14, and 4 meters from the source cliff.
Results

We recognize three discrete rock fall events, at 31 ka, 15ka, and 4ka (Figs. 4 and 5). In this hyper
arid region the most plausible triggering mechanism for rock fall events is strong ground acceleration
caused by earthquakes generated by the nearby Dead Sea fault (DSF). Our record, however, under
represents the regional earthquake record implying that ongoing development of detachment cracks
prior to the triggering event is slower than the earthquake cycle.

Cliff retreat rates calculated using the timing of rock fall events and estimated thickness of rock
removed in each event range between 0.14 m ky' and 2 m ky"' (Fig. 8) When only full cycles are
considered, we derive a more realistic range of 0.4 m ky" to 0.7 m ky'. These rates are an order of
magnitude faster than the calculated rate of surface lowering in the area. We conclude that sandstone
cliffs at Timna retreat through episodic rock fall events that preserve the sharp, imposing, landscape
characteristic to this region and that ongoing weathering of the cliff faces is minor.

A 10%-20% difference in the '"Be concentrations in samples from matching boulder and cliff faces
that have an identical exposure histories and are located only a few meters apart, indicate that
cosmogenic nuclide production rates are sensitive to shielding and vary spatially over short distances.
However, the uncertainties associated with age calculations for boulder and matching cliff face pairs
yielded ages that are similar within 1 . The use of external constraints, in the form of field relations
and OSL dating helped to establish each pair’s age. The agreement between calculated '“C and Be
ages indicates that the accumulation of '“Be at depth by the capture of slow deep-penetrating muons

was properly accounted for in the study.
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Rock falls and earthquakes

Many processes, including tectonic, climatic, and environmental factors can cause rockslides
(Wieczorek et al., 1996). Many of these factors can be eliminated in the case of rockslides in Timna.
Snowmelt, freeze and thaw effects, ground water seepage, and tree root wedging can be ruled out due
to the hot and hyper-arid conditions in the area. Although rain storms and the resulting expansion of
clay and salt particles in cracks is a plausible mechanism, we would expect boulders to detach one at
a time rather than in groups that form large piles as is the case in Timna. Furthermore, the frequency
of clay and salt wetting events is not high enough to generate proper stress in the fractures to allow
boulder release. Several observations, mainly the large size of the boulders (many of the boulders
have at least one dimension longer then 5 meters) and the agreement in ages of boulder piles in the
sampling locations suggest that each pile of boulders was detached from its source cliff in a single
event. The proximity of Timna to the DSF, where >M6 earthquakes are common, suggests that
ground shaking due to seismic events is the most likely cause for the Timna boulder slides.

Rock falls are sensitive recorders of strong ground motion resulting from earthquakes (Bull and
Menges, 1977). Synchronous rock falls may indicate the occurrence of past earthquakes and rock fall
timing may constrain earthquake recurrence intervals and magnitude. The relation between seismic
events and the formation of boulders in rock falls is well established. A worldwide correlation
between landslide size and distribution and variables such as earthquake magnitude and the specific
ground-motion characteristics was determined by Keefer, (1984). A coseismic lichenometry model
was developed in New Zealand following the discovery that lichens growing on rocky hill slopes
recorded synchronous pulses of rock falls generated by historical earthquakes. The lichenometry
model was used to date boulders and rock falls associated with earthquakes (Bull, 1996a,b; Bull et
al., 1994; Kong, 1994; Smirnova and Nikonov, 1990).

Current measurements in the southern Arava Valley along the DSF system show no seismic
activity (Shapira, 1997). However, historical evidence documents several large seismic events
(Ambraseys, 1994; Amiran, 1994; Fig. 6). Paleoseismic studies in the southern Arava Valley suggest
that late Pleistocene earthquakes ranged in magnitude between 6.7 and 7.1 and the average
recurrence interval was 2.8+£0.7 ky (Amit et al., 2002). These studies indicate that Holocene
earthquakes were more frequent, with an average recurrence interval of 1.240.3 ky, but with smaller
magnitudes that ranged between M5.9 and M6.7. Several studies in the northern Arava Valley also
suggest frequent Holocene and late Pleistocene seismic activity (Amit et al., 1996; Ambraseys, 1994;
Ken-Tor et al., 2001; Migowski et al., 2004; Enzel et al., 1996; Gluck et al., 1999).

The time interval between the three boulder forming events recorded in this study is much longer

than the recurrence interval of >M6 earthquakes in the region. However, this discrepancy does not
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rule out seismic motion as the mechanism for the boulder formation. We suggest that the interval
between boulder forming events represents the time that is necessary for fractures to develop to the
point of minimum friction between boulders and bedrock (Fig. 7). During this time, earthquakes
occur and gradually enhance the opening of fractures that surround boulders. Once these fractures
are sufficiently developed, the next major earthquake releases the boulders. The spacing between the
fractures determines the thickness of collapsed wall during each rock fall event and the level of
sandstone lithification determines the resistance of the fresh exposed rock to weathering. Continued
study of additional rock piles at Timna may help better constrain the temporal frequency of rock fall

events, and improve the correlation between rock falls and earthquakes.

Conclusions

The combined ages of boulders from the three investigated sites suggest that they were deposited in
three events at 31 ka, 15 ka, and 4 ka. The most likely mechanism for boulder formation in this
tectonically active hyper-arid region is by tectonically induced ground motion. Paleoseismic studies
in the area suggest a recurrence interval of 1000-2000 yr for earthquakes >M6. The cosmogenic and
OSL age dating of the boulders suggests that boulder-formation events do not occur as frequently as
>6M earthquakes occur in this area Therefore, it is apparent that boulder falls in the study area do
not represent a full seismic record. We suggest that boulder formation events occur during
earthquakes only after blocks of rock are sufficiently separated from bedrock by large and well-
developed cracks. These cracks allow the detachment of the boulders when the next earthquake
occurs.

Cliff retreat rates determined from the rock falls in Timna range between 0.14 and 2 m ky'. A more
constrained range of 0.4 to 0.7 m ky™ is calculated from the complete collapse cycles. These retreat
rates are similar to those calculated in other arid regions. Field observations suggest that the retreat
occurs mainly during rock fall events and that continuous weathering of the rock faces is less
important. Since cliff retreat rates in Timna are an order of magnitude larger than the calculated rate
of surface lowering, as calculated in the Lower Valley site, the sharp and imposing landscape

characteristic to this region is preserved.
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Reconstructing active rift margin tectonics using cosmogenic exposure
age dating of desert pavements: Quaternary subsidence along the
western margin of the Dead Sea Rift

Benny Guralnik™, Ari Matmon'*, Yoav Avni?, David Fink®

nstitute of Earth Sciences, The Hebrew University of Jerusalem
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Fragmentation of drainage basins, their rearrangement, stream divergence, and consequent
full drainage reversal occur in response to tectonic forcing such as subsidence of continental rift
valleys and uplift of rift shoulders. We present new cosmogenic data from the Negev Desert,
southern Israel, that shed light on the relations between the tectonic history of the western margins
of the southern Dead Sea Rift (DSR) and drainage basin evolution since the Pliocene. In the
Pliocene, a north-oriented river system drained the central Negev into the Dead Sea basin, collecting
tributaries that originated east of the DSR and flowed westward (fig. 1). Tectonic deformation along
the western margin of the DSR that began in the Pliocene caused regional eastward tilting and
reversal of these tributaries by the early Pleistocene. Zero regional gradients which prevailed during
the reversal stage, were accompanied by the accumulation of red beds and lake deposits, currently
found on progressively lower elevations towards the rift, recording the Quaternary subsidence. To
constrain the breakdown history of the Pliocene drainage system and reconstruct the Quaternary
subsidence, we sampled mature desert pavement from 14 abandoned alluvial surfaces associated with
the Plio-Pleistocene deposits. Seven samples were collected from the highest windgaps along major
water divides, in which remnants of the early Pleistocene surface are preserved. Five of these samples
yielded exposure ages that range between 1.9 Ma and 1.5 Ma (fig. 2). These ages bracket the collapse
of the Pliocene drainage basin and suggest the eastward migration of this process. Seven other
samples which yielded ages that range between 1.3 Ma and 0.5 Ma were collected from alluvial
terraces inset into the early Pleistocene surface. They indicate stages of incision of the present
drainage system. Under conditions of long-term hyperaridity and the absence of soil and vegetation
desert pavement chert clasts are continuously exposed at the surface and do not erode. Thus, their
cosmogenic isotope concentration may reflect changes in production rate due to elevation changes
during exposure. By interpreting the cosmogenic isotope concentrations measured in the our
easternmost samples as partially being produced at higher elevations we infer a minimum, and

reasonable subsidence rate of ~130 m/Ma since 1.3 Ma (fig. 5). The detection of such a slight
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change in elevation is enabled due to the unique condition of continuous exposure and no erosion of

the chert clasts in the desert pavement.
Introduction

The present study focuses on the western margin of the Dead Sea Rift (fig. 1), in which the
unique combination of hyperaridity, considerable subsidence during the Plio-Pleistocene (0.5 — 0.7
Km; Avni et al, 2000a), and the continuous exposure and extremely low erosion of desert pavement
clasts (<0.2 m/Ma; Matmon et al, 2008) present a case-study for detecting a cosmogenic signal of
tectonic activity.

Although basin fragmentation may occur even within a cratonic provenance (Chorowicz and
Fabre, 1997), rift-induced modification of topography results in dramatic regional-scale flow
reversals, as was reported from the Corinth—Patras Rift (Zelilidis, 2000), the Rio Grande Rift (Mack
et al, 2006), Tasman Rift (Ollier, 1995), and East African Rift (Summerfield, 1991). Flow reversal
was observed also in transform zones such as the East Anatolian Fault Zone (Boulton and Whittaker,
2008), and even in the glacial environments of the West Antarctic Rift system (Van der Wateren and
Cloetingh, 1999, and references therein; Bart, 2004). Most commonly, paleo-flow directions are
reconstructed by the inspection of windgaps, which are dry paleo-valleys that represent now-
abandoned water courses (Keller et al., 1999; Burbank and Anderson, 2001). The time scale for river
reversal has been recently demonstrated on the Palaco-Nyabarongo River system, which switched
from drainage into the East African Rift towards drainage away from it within approximately 300 —
350 Ka (Holzforster and Schmidt, 2007). A tectonic model for the drainage reversal induced by the
Dead Sea leaky transform (traditionally referred to as "rift"; Garfunkel, 1981) was proposed by
Wdowinski and Zilberman (1996), while specific drainage reversals have been reported from many
locations along it (Kafri and Heimann, 1994; Matmon et al, 1999; Zilberman and Avni, 2006; Avni
and Zilberman, 2007; Garfunkel and Horowitz, 1966; Ben David et al, 2002; Ginat et al, 1998;
Ginat et al, 2000; Avni et al, 2000a).

The Negev Desert (10,000 km?* at 29°-31°N, fig.1) is part of the larger Saharo-Arabian
desert belt, and is currently among the driest places on Earth (Amit et al, 2006). Its Neogene history
was dominated by the 18-14 Ma sinistral transform boundary between the present African and
Arabian plates (Bartov et al, 1980; Garfunkel, 1981). During the Miocene, a >650 m thick section
of the fluviatile Hazeva formation was deposited all over the Negev by westward-flowing rivers
which originated hundreds of Km east of the transform and drained into the Mediterranean (Calvo
and Bartov, 2001). The activity of this drainage system terminated at the latest ~6 Ma (Steinitz and
Bartov, 1991; Steinitz et al, 2000). This termination coincides with the change in the plate's motion
direction, which caused extension and initiated the development of the Dead Sea Rift as a deep

inland drainage basin at -5 Ma (Garfunkel, 1981). This tectonic phase was followed by the collapse
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of the Miocene fluvial system, rift margin uplift, erosion of most of the Miocene sedimentary
deposits, and the development of a N-S main water-divide along the western margins of the Dead
Sea rift (Wdowinski and Zilberman, 1996).

By the early Pliocene, a new north-oriented river network known as the paleo-Paran drained most of
the southern and central Negev into the Dead Sea basin. The sediments deposited by the paleo
Paran drainage basin (the Arava formation) originated from the northern Sinai as well as from the
Trans-Jordan Mountains (the "Edom Channel"; Ginat, 1998). Smaller westward-oriented paleo-
rivers were identified as well (Avni, 1998; Avni et al, 2000a) (fig. 1). Although never directly dated,
an age of 2-4 Ma was attributed to the Arava formation (Avni et al, 2000a).

During the Pliocene-Pleistocene transition, a simultaneous uplift of ~200 m of the Negev Highlands
with the subsidence of ~500 — 700 m in the central Arava Valley, caused a gentle eastward tilting of
a ~-60 Km-wide strip about an axis roughly coinciding with the main channel of the Paleo-Paran.
The proximity of the tilt axis to the paleo Paran channel is suggested by the location of the current
active Paran channel only 1 — 3 Km east of its ancestor and <20 m below it (Avni et al, 2000a). In
the vicinity of Mt. Zenifim (a local Plio-Pleistocene uplift axis), the axis of rotation is shifted to the
east, and may be identified with the Paran Plains (fig. 1). The eastward tilting caused the
fragmentation of the paleo Paran system into several smaller drainage systems (Paran, Hayyon,
Neqarot, and Quraya) and relicts of the once westward-flowing rivers are found today at
progressively lower elevations toward the east (Ginat et al, 1998; Avni et al, 2000a). During the
period of stream reversal, as the regional gradients approached zero, a syntectonic sedimentary unit
termed the Zehiha formation was deposited upon the stagnated channels (Ginat et al, 2002),
masking the previous basin boundaries and promoting its break-up (Avni et al, 2000a). The
resemblance of the fauna and hominid artifacts found in the Zehiha formation to those of 'Ubediya
(Tschernov, 1987), assigned it an early Pleistocene age of ~1.4 Ma (Ginat et al, 2003). Although the
tectonic framework of the Plio-Pleistocene is relatively well established, the fluvial deposits associated
with this period lacked direct dating, limiting the understanding of the relationship between the
tectonic and fluvial processes accompanying the subsidence of one of the most studied rift margins

in the world.

Tectonic scenarios

The original elevations of the Pliocene Arava deposits along the presently reversed channels
can be reconstructed by assuming a westward paleo-gradient similar to that of the present day Paran
and Hiyyon channels (-4.5%o), and extrapolating it from the tilting axis (where no elevation change
occurred) to the east (Ginat et al, 2000; Avni et al, 2000a). With these reconstructions, the
cosmogenic concentrations at these sites can be subjected to two "end-member" interpretations (fig.

4). In the "pre-DP subsidence” scenario (fig. 4), the pavements developed after the surfaces reached
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their final (stable) elevation. Thus, the cosmogenic concentration should reflect nothing but age and
may point at the period (-400 ky) it took the paleo Paran system to completely disintegrate. The
main weakness of the "pre-DP subsidence” scenario is that it forces the zero-gradient stage to be >
1.9 Ma (equal or older than the oldest desert pavement sample PS-6). This is in contradiction to the
assigned age of ~1.4 Ma of the deposits of lake Zihor and the associated red beds, which have been
related with the fluvial stagnation during the gradient reversal (Ginat et al, 2002; 2003).

Alternatively, in the "post-DP subsidence” scenario (fig. 4), desert pavements were developed
during the drainage reversal phase and at significantly higher elevations. A signal of subsidence
postdating terrace abandonment should therefore be present in their cosmogenic concentrations,
making their true abandonment ages slightly younger than simple exposure ages, based on a
relationship derived below.

Denoting uplift and erosion rates (U,&) and the reciprocals of atmospheric and rock
attenuation lengths (M, &), we expand Craig and Poreda's original model (1986) to account for an
unstable nuclide, by including its disintegration constant (A) in the "effective irradiation time", T
(Lal, 1991):

TU,&)=(A+MU +ug) " (1)
The ratio of the measured concentration in a sample (N ) to the calculated in-situ production rate
(P ), must then satisfy the equation:

N/P=T(U,e)(1-exp(—t/TU,s))) )
where t is the true exposure age, which can be expressed as

t:—T(U,g)_lln(l—(N/P)-T(U,g)) (3.1)
Since erosion of chert clasts in the Negev in desert pavements can be neglected equation (3.1)

becomes:

t=—(4+MU)In(1-(N/P)-(1+MU)*) (3.2)

The dependence between t and U for an observed N/P value, given by equation (3.2), may
be represented by a curve which hereafter will be referred to as N/P plot (fig. 5). In such N/P plots
simple exposure ages are obtained at the intersection of the N/P curve with U =0 and for a fixed
N/P ratio, there is a negative trend between exposure age and subsidence rate, one being on the
expense of the other. The thin solid red and blue lines in figure 4 correspond to the observed N/P
ratios at sites ES and EZ, respectively. The color band around the N/P curve represents the
confidence interval due to the analytic uncertainty in N only. At this confidence interval, the
observed N/P ratios of samples EZ (1.082 = 0.005 x10°) and ES (1.041 = 0.016 x10°) do not
overlap, which means that the age of ES is significantly younger than that of EZ. This fact supports
the geologic field relations: site EZ is situated on an uplifted and abandoned surface of the Edom
Channel; it pre-dates the zero-gradient stage. On the other hand, desert pavement at site ES

developed on top of the Zehiha formation, and post-dates the zero-gradient surface Based on known
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rates of carbonate precipitation and soil formation, the time required to deposit the 15 m thick
sequence of the Zehiha formation which separates both sampled surfaces was estimated to 50 — 150
Ky, (Ginat et al, 2003).

Since equation (3.2) is a solution of a differential equation, for any given point in the U —t
space, the tectonic rate U represents an averaged tectonic rate over the entire exposure age indicated
by t. As a first-order approximation, constant tectonic rates may be assumed. Points 1 and 2 in
figure 5 mark such combinations of age and constant subsidence rate (1.56 Ma at 10 m/My for EZ,
1.38 Ma at 142 m/My for ES). The product yields the estimated amount of subsidence since the
Pleistocene (17 m at EZ and 195 m at ES). While the subsidence and the age shift for site EZ are
negligible, the simple exposure age of ES shifts by about 100 Ky to 1.38 Ma, implying an age
difference of 0.19 Ma between EZ and ES, corresponding to the time it took to deposit the Zehiha
formation.

These averaged rates calculated above may significantly differ from instantaneous rates. Field
evidence from the Negev suggests that the rapid tectonic activity that shaped the present basins
during early Pleistocene diminished with time (Avni et al, 2000a). The cosmogenic concentrations at
ES due to random monotonous subsidence histories (starting at 450 m asl, and ending today at 255
m asl) are simulated. Only those subsidence histories that produced the observed concentration at ES
(within the analytic uncertainty in N and 5% uncertainty in P) are presented in figure 6. Despite the

significant scatter, a trend of a diminishing tectonic activity with time is noticeable.
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Figure 1: Study area. Present-day drainage basins are outlined in blue, faults in black,
Plio-Pleistocene upwarp axes in red. Reconstructed paleo-Paran drainage is outlined in
pink (arrows indicate flow direction), major tributaries are numbered: 1 — Zenifim, 2 —
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Avni et al (2000)
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Speleoseismology in the Soreq Cave: The first dated ultra-long
record of strong earthquakes

Kagan Elisa? Miryam Bar-Matthews”', Avner Ayalon’ Amotz Agnon"

! Institute of Earth Sciences, The Hebrew University of Jerusalem
*Geological Survey of Israel

elisa.kagan@mail.huji.ac.il
*field guide

Research of past earthquakes, typically retrieving records from soft sediment
deformations, can benefit from the study of rockfalls and damaged deposits in caves. Dating
of damaged speleothems and deposits overgrowing rockfalls constrains the dates of
earthquakes. We have compiled a long-term (-200 kyr) paleoseismic record at the Soreq and
nearby Har-Tuv caves, near Jerusalem. The study caves, located 40 km west of the Dead Sea
Transform, record earthquake damage from Dead Sea Transform ruptures and, possibly,
smaller local intraplate events. The caves were discovered by quarrying activity at 1968,
before which they were entirely closed.

In the Soreq Cave, we will see a large variety and quantity of speleoseismites. We will
see collapsed cave ceilings, fallen stalactites, fallen columns, stalagmites with their tops
severed, and cracks (Fig. 1). Many of these damaged cave deposits are covered in post-
collapse regrowth, be it a thin film of calcite, flowstone, or stalagmites, which constrain
damage age. Also, the crack network will be seen, through which most of the water entering
the cave seeps.

Non-seismic sources of collapse, such as ice-movements, ground subsidence, and cave-
bears, problematic elsewhere, were considered and refuted. Neither ice cover, nor perma-
frost, has occurred in this region during the investigated period. Ground subsidence does not
pose a problem since the cave floors are solid carbonate rock. The caves have only non-
natural recent openings; therefore pre-1960’s animal or anthropogenic effects are not a
possibility. The study caves offer an excellent opportunity for paleoseismic research as they
contain a large amount of damaged deposits. The two study caves present the opportunity to

correlate between two nearby sites.
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Figure 1: Some of the types of speleoseismites to be seen in the Soreq Cave. Stars denote pre-
earthquake age, circles denote post-earthquake age. 1a-Severed stalagmite and post-break stalagmite
regrowth. 1b- Severed stalagmite and post-break stalagmite regrowth off the pre-earthquake location.
lc- Collapsed group of stalactites with post-collapse stalagmite regrowth. 1d-Collapsed block

covering previously active stalagmite, with new stalagmite regrowth on block.

The Soreq and Har-Tuv caves were mapped at considerable resolution and the detailed maps
demonstrate dominant EW and N'W-SE orientation of fractures, and dominant EW and NS
orientation of collapsed speleothems (Fig. 2). The prevailing orientations of collapsed
speleothems are equivalent to directions of ground motion during the passage of surface
waves emitted from the Dead Sea transform. These preferential orientations of collapse
strongly support a seismic source of collapse. We identified “new generations” of speleothem
growth on top of collapses. This post-collapse precipitation constrains ages of collapse. The
unconformities between the collapses and the in-situ regrowth were recognized, and termed

paleoseismic “contacts” or “horizons”. Laminae above and below the unconformity were
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separated and dated by the ?°Th/?*%U mass spectrometry method at the MC-ICP-MS at the
Geological Survey of Israel. The pre-seismic and post-seismic dates of a collapse bracket the
period within which the earthquake occurred. The closer in age the pre-seismic and post-
seismic deposits are, the better constrained is the earthquakes age. When dating post-seismic
regrowth on collapsed bedrock (and not collapsed speleothem), only the post-seismic age is
available. We also drilled cores into the flowstone floor and discovered laminae that embed
fallen small stalactites (soda-straw formations) (Gilli et al., 1999). We dated the laminae that
embed the fallen stalactites, which give the age of the seismic event. We also compared the
oxygen stable isotopic record (**O) of the laminae adjacent to the tectonic unconformities
with the extensive well-dated stable isotope record of Soreq Cave speleothems, as was
reconstructed for the last 185 kyr by Bar-Matthews et al. (2000) and Ayalon et al. (2002).
This stable isotope comparison technique improves and corroborates the U/Th ages. It also

helps us to rule out climatic events as sources for rockfalls.

Figure 2: Rose diagram (intervals of 5°) depicting the orientations of the long axes of fallen
speleothems in the Soreq Cave. Sixty fallen speleothem orientations were measured and incorportated

into this diagram. Dominant EW and NS orientations are evident.

Seventy damaged speleothems were sampled and dated from which about twenty
separate events were defined. The Holocene events observed in the cave correlate with
lacustrine seismites dated in cores from the Dead Sea and with historically or archeologically
recorded earthquakes: 185+30 yr BP correlates with an earthquake in the 1830’s, 250+30 yr
BP correlates with an earthquake that took place in 1759. Both dates refer to post-
earthquake dripping, and we do not have positive evidence for large ground accelerations (yet
these dates may correspond to crack opening responding to stress redistribution). 4400 +400
yr BP may correlate with an archaeologically recorded earthquake from Tel Ai at ~4.7 ka
(Karcz et al., 1977) and 4.6 +0.9 ka marginal DST fault displacement (Gluck, 2001). It also
correlates with a breccia layer from the Dead Sea (Migowski et al., 2004; Agnon et al.,

2006). All cave events have lacustrine counterparts, but many lacustrine events do not
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correlate with cave events. This may suggest that the cave filters out the smaller events and
records only the larger events (Kagan et al., 2005, 2007).

For the period correlating to the Last Glacial paleo-Dead Sea Lisan Fm (75 to 20 ky)
we identified -6 events, three to four (- 38, 40, 53, and 70 ka) of which correlate with
lacustrine soft sediment deformation in all studied Lisan paleoseismic sites and additional
two events (- 47, 26 ka) which correlate with only some Lisan sites (Kagan et al., 2007).
Cave-recorded events older than 75 ka (at approximately 75, 85, 108, 119, 128, 133, 150,
155, 180 ka) are at present the only dated paleoseismic record for this period in the central
Dead Sea region and present a promising breakthrough in long-term paleoseismic research.

The karstic paleoseismic record supports the lacustrine seismite evidence, and the long
dating range of calcite cave deposits and their potential for recording seismic events can

vastly increase the length of the seismic record and are valuable for seismic hazard assessment.
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