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Abstract

A detailed study of the syndepositional Masada Fault Zone (MFZ) provides an example for fundamental characteristics of

earthquakes, such as long term temporal clustering, repeated faulting on the same planes for a limited time of the order of a few

thousands of years, and the formation of subaqueous breccia layers interpreted as seismites. The MFZ was studied in outcrops

of 70–15 ka Lake Lisan sediments. Detailed columnar sections on both sides of well-exposed faults show that each individual

fault exhibits a cluster, up to 4 ky long, with 3–5 slip events on the same plane. Each slip event is associated with the formation

of widespread layers exhibiting soft sediment deformation, which are interpreted to be seismite layers. The uppermost part of

the Lisan section, about 5 m, is not faulted, hence the last cluster of slip events ended about 25 ky ago. The clusters of activity of

individual faults coalesce to form larger clusters. These are evident in the distribution of seismite layers throughout the entire

Lisan section which shows earthquake clustering during periods of ~10 ky. The clusters are separated by relatively quiescent

periods of comparable duration.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The present study addresses the issue of temporal

distribution of surface breaking (commonly M N6)

earthquakes on individual fault strands within a fault
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zone.We employ sub-centimeter stratigraphy as well as

conventional paleoseismic practices to study natural

outcrops of Late Pleistocene lacustrine laminites in

the Dead Sea Basin near Masada. The Masada Fault

Zone offers a unique opportunity to examine the rup-

ture history of faults. We examine the number of rup-

ture events sustained by individual fault strands, the

temporal distribution of earthquakes associated with a

fault zone, and the longevity of faults. The tectonic

context of the study is the Dead Sea Transform fault

(DST).
2005) 101–112
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1.1. Late Quaternary earthquakes in the Dead Sea

Basin

The Dead Sea Basin is a pull-apart graben

enclosed between two overlapping segments of the

Dead Sea Transform fault (Fig. 1), the boundary

between the Arabian plate and the Sinai plate

(Freund et al., 1968; Garfunkel, 1981; Quennell,

1956). The Dead Sea Fault is seismically active.

Three sources provide information on past earth-
Late Pleistocene
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Fig. 1. (A) Tectonic plates in the Middle East. The Dead Sea Transform (D

and the Taurus–Zagros collision zone. (B) Maximum extent of Late Quat

syndepositional fault zone near Masada. The general north–south tre

morphotectonic features to east and west of fault zone. The faults are a

southeast. Dips are between 408 and 708 eastward as well as westward.

length, largest petal is 28%. Numbers indicate documented fault exposure
quakes: Instrumental data that have been amassed

since the early 20th century, historical and archeolo-

gical data that cover the last few millennia, and

paleoseismic geological data that span tens of thou-

sands of years. Reches and Hoexter (1981) and

Gerson et al. (1993) initiated the paleoseismic stu-

dies along the DSF. Subsequent studies have aug-

mented our knowledge on the seismic activity of the

DSF, although many questions still await further

research.
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1.1.1. Geological paleoseismic records

Paleoseismic data can be acquired by recording the

activity of individual faults (bon-fault studiesQ) or fault
segments and by boff-fault studiesQ in which the

occurrence of seismites, layers that exhibit earth-

quake-triggered deformation, are documented.

Marco and Agnon (1995) interpreted breccia layers,

i.e., broken and mixed lacustrine seasonal laminae of

the Lisan Formation in the Dead Sea Basin as seis-

mites (Fig. 2). Marco and Agnon (1995) called them

bmixed layersQ, a term that may cause confusion with

a number of unrelated uses in the Earth sciences. We

prefer to use bbrecciaQ because it is an accurate

descriptive term. Undisturbed laminated layers

between these breccia layers represent interseismic

intervals. The breccia layers in the lacustrine Late

Pleistocene Lisan Formation and Holocene Dead

Sea sediments comprise an almost continuous

70,000-year paleoseismic record in the Dead Sea

Basin (Ken-Tor et al., 2001; Marco et al., 1996). A

remarkable agreement between breccia-layer ages and

historical earthquakes in the last 2 millennia in the DS

basin supports the interpretation of the breccia layer as

seismites. Evidence of combined faulting and shaking

effects were recovered in the Darga alluvial fan, north-

ern Dead Sea (Enzel et al., 2000). Paleoseismic on-

fault studies revealed slip histories on marginal nor-

mal faults of the southern Arava (Amit et al., 1999,

2002; Porat et al., 1996) and the Hula basin (Zilber-
Event
Horizon

Post-Seismic
Section

Fig. 2. Photograph of a 7-cm-thick breccia layer in the Lisan Formation sh

decrease of fragment size. The top of the breccia layer is made of pulverize

formed by fluidization of upper part of the sediment at the bottom of the
man et al., 2000). Strike-slip movements have been

measured and dated along the Jordan Gorge Fault,

north of the Sea of Galilee, where 2.2 m and 0.5 m

sinistral slip occurred in the earthquakes of 1202 and

1759 respectively (Ellenblum et al., 1998). A 15-m

displacement of a 5 ka stream channel gives a mini-

mum average rate of 3 mm/year (Marco et al., 2005).

Dating of offset channel deposits in alluvial fans in the

northern Arava (Klinger et al., 2000; Niemi et al.,

2001) yields an average Late Quaternary slip rate of

about 4–5 mm/year.

1.1.2. Historical and archeological earthquake record

The people who inhabited the Middle East were

aware of earthquakes. Some of their settlements have

been affected by earthquakes and the remains of

damage together with historical accounts, provide us

with a unique record of past seismic activity in the

region (e.g., Amiran et al., 1994). Archaeology can

usually corroborate history although interpreting

damage to ancient structures is not trivial. Damage

related to earthquake shaking is recognized in numer-

ous ruins but finding evidence for historical earth-

quake ruptures is extremely rare. The first such

evidence from the DSF has been recovered Jericho

area (Reches and Hoexter, 1981). Precise stratigraphic

constraints on the age of faulting were found in the

Crusader fortress of Vadum Iacob, now called Ateret

(Ellenblum et al., 1998; Marco et al., 1997). The
seism
ite

Pre-Seismic
Section

owing large fragments of former laminas at the bottom and upward

d laminae. We interpreted such layers as seismites, which have been

lake during strong earthquake shaking (Marco and Agnon, 1995).
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Fig. 3. Typical syndepositional fault exposures #16, #18 and #26

(see locations in Fig. 1). Line drawings are traced from photographs

emphasizing bedding, breccia layers (gray), and fault planes (solid

lines). The association of faults and breccia layers indicates that the

latter formed when slip occurred on the fault. Dashed thick lines are

traces of the surfaces immediately after slip events, i.e., even

horizons. One of the breccia layers in exposure 16 contains an

embedded intraclast with vertical laminae. It probably fell from

the adjacent fault scarp.
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fortress, which was built on the active trace of the fault,

was torn apart twice, first by the earthquake of 1202

and again by the earthquake of 1759, in agreement

with the paleoseismic observations mentioned above.

A water reservoir at the Roman–Early Byzantine site

Kasr-e-Tilah in the northern Arava was also offset by

the fault (Klinger et al., 2000; Niemi et al., 2001).

1.1.3. Instrumental record

The seismological division of the Geophysical

Institute of Israel operates the Israel Seismic Net-

work with some 100 monitoring systems. The

accrued data reveal several important characteristics.

Activity is clustered in both time and in space. Since

the early 1980s the most active area has been the

Gulf of Aqaba, where thousands of small earth-

quakes cluster during periods of several months to

a few years in different regions of the gulf. The

activity culminated in the 22 Nov. 1995 Mw7.1

earthquake (Baer et al., 1999; Klinger et al., 1999).

Most of the hypocenters are between 5 and 20 km.

Focal plane solutions of other events confirm the

primary sinistral motion predicted by local geology

and plate tectonic considerations. Normal faulting

manifests local complications in the form of step-

overs. Reverse fault solutions are rare (Salamon et

al., 1996; van-Eck and Hofstetter, 1989, 1990). The

earthquakes largely obey the Gutenberg–Richter

magnitude–frequency distribution with typical b

values of 0.85–1.0 (Shapira and Shamir, 1994; Sal-

amon et al., 1996).

1.1.4. Patterns of seismicity

By combining several disciplines including history,

archaeology, and seismology, several spatio-temporal

patterns begin to emerge from the data. Clustering,

periodicity, and triggering have been reported in sev-

eral studies. In accordance with theoretical and experi-

mental results (e.g., Lyakhovsky et al., 2001), a

temporal pattern in a century time window may

resemble that of the 10,000-year window. The longest

continuous off-fault record (~70–20 ka) from the

Lisan Formation shows that strong (M N6) earth-

quakes cluster during periods of ~10 ky, with more

quiet periods between the clusters. During the long

cluster periods earthquakes appear in secondary clus-

ters (Marco et al., 1996). A pattern of clustering is

also evident in the record of the last 2 millennia in the
Dead Sea (Ken-Tor et al., 2001) and in the M N4

record of the 20th century (Marco et al., 2001).

1.2. The Masada fault zone (MFZ)

The MFZ is a north-striking syndepositional fault

zone in the western coast of the Dead Sea, near

Masada, the 2000-year-old Jewish rebels’ stronghold
,

t
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(Fig. 1). The faults, which are exposed in the Lisan

Formation, were mapped in a previous study (Marco

and Agnon, 1995). Most of the fault planes strike

north, paralleling the main graben faults and mor-

phological trends. The offset layers are overlain by

continuous horizontal layers, indicating that the

faults are syndepositional. Fault planes dip between

508 and 708 eastward as well as westward, with

normal displacements up to 2 m. The average strike

is 360F3.48 (weighted by exposed length) with

distribution pattern resembling the active graben

faults. Gouges, consisting of fine aragonite and det-
Fig. 4. A model of subaqueous faulting that explains the observed

faults (Fig. 3). (A) Horizontal laminated sediment at the bottom of

the lake. (B) Faulting forms a scarp (solid line) and the shaking

triggers the formation of a breccia layer composed of a mixture of

laminated fragments at the top of the sediment. The breccia layer is

thicker in the hanging wall. Reclining folds in the hanging wall

form coseismically when uppermost poorly consolidated layers

slump down the fault scarp. (C) A second slip event.
ritus breccia, calcite and some gypsum, are limited to

narrow zones, commonly about 1 cm but in places

up to 10 cm. Reclining folds in the hanging walls

commonly accompany the faults (Fig. 3). These

folds recline away from the fault planes, with hor-

izontal axes paralleling the fault planes. Special type

of layers that exhibit unusual thickness, structure,

and fabric are associated with the faults in the

Masada area. They are composed of massive mix-

tures of fine-grained matrix and tabular laminated

fragments, therefore they are called dbreccia layersT
(Fig. 2). Graded bedding is common where fragment-

supported texture shows a gradual upward transition

to a matrix-supported texture. Fragments are several

millimeters to centimeters long. No imbrication, lat-

eral grading, or other horizontal transport indicators

were found. The folds are interpreted to have been

formed at the top of the sediment when a fault

ruptured the consolidated sediment while the footwall

sediment slumped over the fault scarp and was

folded. Subsequent sedimentation was followed by

another fault slip that cut the fold limb (Fig. 4).

Field relations show that every slip event of the faults

formed a breccia layer, possibly with local slumping

and folding on the fault scarp. The widespread dis-

tribution of the breccia layers also far away from the

fault planes indicate that the trigger to their formation

is the shaking caused by M N5.5 earthquakes (a mini-

mum for surface rupture) in the Dead Sea area

(Marco and Agnon, 1995; Migowski et al., 2004).
2. Reconstructing slip history

We describe two detailed columnar sections on

each side of several of the well-exposed N-striking

normal faults in the Masada fault zone. Variations in

color, aragonite/detritus proportion, and breccia layers

are defined as lithostratigraphic units and used for

correlation. We estimate the uncertainties in thickness

of individual layers to be less than 2 cm, mainly due

to lateral variation. Uncertainty in elevation may accu-

mulate to about 5 cm.

In the example of the sections of a fault exposure

(Fig. 5) we see two parts: in the lower section, up to

425 cm the stratigraphy on both sides is identical with

units lying at precisely the same elevations relatively

to the basal datum. The datum itself is offset 180 cm
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by a normal fault, west side down. Above 425 cm the

same lithological units are found on both sides but

they are often thicker in the downthrown block. We
Fig. 5.
interpret the thickness variation as indicator for a fault

scarp at the time of their deposition. According to our

model (Fig. 4B) each slip event of the fault is recog-



Fig. 5 (continued).
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nized as a sequence comprising of a breccia layer at

the bottom and undisturbed layers above it, which are

thicker in the downthrown side. The event horizons

are the tops of the breccia layers. The stratigraphy
near the fault (Fig. 5) shows that the first slip event

occurred after the deposition of at least 425-cm-sec-

tion. This translates into 4600 years with no slip,

assuming a mean deposition rate of 0.9 mm/year



Fig. 5 (continued).
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(Schramm et al., 2000). Subsequently, three slip

events occurred within 2.4 m in the footwall or 3 m

in the hanging wall, i.e., about 3000 years. Three

breccia layers that are not associated with slip on

this fault are also present in this part of the section.

They were formed when other faults slipped. The

remaining Lisan section of over 7-m above the 15-

ka top of the fault, is not faulted at all, indicating

altogether about 23 ky of inactivity, until the Present.

Hence, the three slip events exhibit a cluster of earth-

quake activity, preceded and followed by quiet peri-

ods. This behavior is typical to all the faults in the

MFZ. The activity of the individual faults add up to

form a 10 ky long cluster of earthquakes that is

apparent in the record of the breccia layers throughout
the whole section (Fig. 6). None of the faults of the

MFZ offset the 15 ky old top of the Lisan Formation.

At present the active strand is some 3 km to the east,

where a sharp break is noticed in the bathymetry of

the Dead Sea (Neev and Hall, 1979), hence either the

faulting activity shifted basinward or both fault zones

have been active simultaneously.
3. Discussion

Temporal and spatial clustering of earthquakes can

be observed in various environments, magnitude

ranges, and time intervals. These include fracturing

experiments, microseismicity and large earthquakes.



Fig. 5. Columnar sections on two sides of a syndepositional fault and step-by-step reconstruction of the sequence. (i) A schematic location

diagram. The sections are about 20 m apart. (ii) Details of the observed sections on two sides of fault exposure number 1 (see location in Fig. 1).

Breccia layers are named A–G (patterned-black). Datum is an arbitrary level at the base of the exposure. (iii) The lower 425 cm in the section

were deposited at the bottom of Lake Lisan before the faulting began. Two earthquakes triggered the formation of breccia layer A at 40 cm and

breccia layer B at 420 cm. We do not know which fault slipped concurrently with these earthquakes. (iv) When the top of the sediment was at

430 cm the first fault slip occurred. It reached the surface forming a scarp between the sections. Breccia layer C was deposited on both sides of

the fresh scarp (see model in Fig. 4). Some downslope transport of material resulted with locally larger thickness of the breccia layer, up to 25

cm, in the downthrown block. (v) Sedimentation continued with a thicker section accumulating on the downthrown block until the scarp became

buried (grey zones). (vi) Breccia layer D that has a constant thickness laterally is overlain by the same thickness on both sides of the fault up to

breccia layer E. D is therefore interpreted as a result of an earthquake that was associated by slip on another fault. (vii) Breccia layer E, like

breccia layer C, is overlain by a thicker sequence in the downthrown block, indicating a second slip on the fault. (viii) Breccia layer F is

interpreted as an off-fault event because it is overlain by the same thickness up to the next breccia layer (denoted G on part i of the figure). This

is the third and last slip event on this fault. The fault plane is not recognized above this level and the subsequent layers are continuous across it.
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Fig. 6. The distribution of breccia layers along 28 m section of the

Lisan Formation near Masada correlates with the three breccia

layers that were formed during the slip events on fault #1 (Fig. 5).
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Most of the data come from short-term records, b10

ky. Long-term paleoseismic records are very rare and

somewhat vague, but they also indicate that earth-

quakes appear in clusters. For example Clifton

(1968) and Dorsey et al. (1997) describe sedimentary

cycles suggestive of btectonic eventsQ with a periodi-

city of tens of thousands of years, possibly related to

movements on faults. Clustering is also predicted by

several theoretical models (Ben-Zion and Rice, 1995;

Dietrich, 1994; Lyakhovsky et al., 2001). Temporal

clustering has profound effects on the viability of

earthquake prediction.

Our results show a 3-ky-long cluster of up to five

slip events on individual faults. These events are a

part of a 10-ky-long cluster that was recorded off-fault

(Marco et al., 1996). The clusters of the individual
faults in the fault zone thus coalesced into a larger

cluster (Fig. 6).

Several possible processes that can cause temporal

clustering have been proposed.

Crack fusion: Newman and Knopoff (1983) pro-

posed a model in which the fusion of small cracks into

large ones, combined with tectonic stress release and

time delays, produces repetitive clusters. The model

envisions the continuous formation of a small crack

population at the plate boundary due to plate driving

forces. The protracted fusion of cracks results with

time delay between the productions of distributed

small cracks (inter-cluster periods) and the large-

scale fault rupture, possibly a cluster of earthquakes.

Lyakhovsky et al. (2001) have used a distributed

damage model to simulate seismicity and fault evolu-

tion. They find that recurrence may show either quasi

periodicity or clustering, depending on the rate of

crack healing relative to the rate of loading.

Cyclic pore pressure: A model of episodic pore

pressure buildup and release (Nur and Walder, 1992)

suggests a cycle duration on the order of 103–105

years. Pressure buildup followed by hydrofracturing

may cause protracted stress release in the form of a

cluster of earthquakes.

Episodic action of plate-driving forces: A possible

mechanism of generating clusters may relate to ridge-

push cycles of magma generation, injection, and reser-

voir replenishment.

In the southern half of the San Andreas system,

migration of historical earthquakes was explained to

result from creep waves induced by episodic magma

injections at the East Pacific rise (King, 1987; Savage,

1971). Likewise, processes in converging plate

boundaries can give rise to pulses that would be

expressed in the conjugate transforms.

Alternating periods of activity between the two

boundaries of the Arabian plate is observed in the

historical catalogues on a century time scale. Ambra-

seys (1978) noted that the seismicity alternates

between the North Anatolian Fault Zone and the

East Anatolian Fault Zone, and that the seismic activ-

ity along the latter alternates with the DST but with

longer periods of overlapping. We believe that this

might be a mechanically efficient way of plate trans-

lation on longer time scales as well. During each

period in the cycle a different transform is active

while the other one stores the elastic energy.
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4. Conclusions

Our study of individual faults within the Masada

Fault Zone shows that each fault was active during a

few thousands of years in which 3–5 slip events

occurred on the same fault plane.

Unfaulted 20–25 ka layers of lacustrine sediments

overlie the entire fault zone, indicating that it has

become inactive. The active trace of the transform is

at least some 3 km further east, where a sharp break in

the slope of the Dead Sea margin is evident in bathy-

metric maps (Garfunkel et al., 1981; Neev and Hall,

1979).

The studied normal faults are secondary to the

major sinistral Dead Sea Fault, but judged by the

associated surface slip, they were able to generate

M5.5–6 earthquakes.

While active, the fault zone showed clustered

activity. This is evident in the distribution of seismite

layers throughout the entire Lisan section which

shows clustering during periods of ~10 ky separated

by relatively quiescent periods of comparable duration

(Marco et al., 1996). A few possible mechanisms that

cause clustered activity are mentioned here but the

present level of knowledge is insufficient for telling

which (if any) acts in the DST.
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