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ABSTRACT

INTRODUCTION

Despite the hazard caused by near-surface
destructive horizontal displacements during
earthquakes, field evidence for coseismic slip
along horizontal discontinuities is exceptionally rare, mainly due to the lack of adequate
exposure and markers. However, within the
seismically active Dead Sea Basin, the late
Pleistocene Lisan Formation contains vertical clastic dikes that are sheared laterally
at maximum depths of 15 m, and thereby
provide unique profiles of such horizontal
displacement. In order to investigate how
coseismic horizontal shearing is distributed
near the surface, we document an ~1-m-thick
brittle shear zone, consisting of up to 11 slip
surfaces that can be traced for tens of meters
in the Lisan Formation. Displacements along
individual slip surfaces are up to 0.6 m, and
the total displacement across the shear zone
is up to 2.0 m. Displacement profiles and
gradients indicate that the brittle shear zone
formed by simple shear, and deformation was
associated with slip partitioning and transfer
between primary and secondary slip surfaces. Evidence for concurrent displacement
along slip surfaces during a single event indicates that the brittle shear zone was formed
during a coseismic event subsequent to 30 ka.
We consider the mechanical effect of seismicwave–related transient stress, which, when
added to the initial static effective stress, may
result in concurrent horizontal shear failure
along detrital-rich layers in the Lisan Formation. The exceptional quality of exposures
and markers enables us to document, for the
first time, the details of near-surface horizontal shearing, and indicates that displacement
along horizontal bedding planes is a viable
mechanism to absorb coseismic deformation
in well-bedded near-surface strata.

Near-surface deformation can involve reacti
vation of preexisting joints or faults, and coseismic slip along other discontinuities such as
bedding planes (Berberian, 1979; Aydin and
Du, 1995; Roering et al., 1997; Berberian et al.,
2000). In the case of subhorizontal discontinuities, deformation is difficult to observe due to
the typical lack of properly oriented vertical
markers that would characterize such displacements. Indeed, observations of coseismic slip
along horizontal discontinuities are exceptionally rare, despite the hazard caused by horizontal
particle movement (i.e., destructive horizontal
displacement) during near-surface seismic wave
propagation.
Lake sediments deposited in seismically
active regions are prone to be deformed and
reworked to form earthquake-induced horizons
and structures known as seismites (Seilacher,
1969). The late Pleistocene lacustrine Lisan
Formation, widely exposed around the Dead
Sea Basin, exhibits several types of world-class
seismites recently reviewed by Agnon (2014).
In detail, the Lisan Formation consists of ~40 m
of thin (1–5 mm), alternating white authigenic
aragonite and fine dark detrital laminae, with a
1-m-thick gypsum layer at the top. It provides
excellent exposures of slumped horizons, which
are typically less than 1 m thick. Undeformed
sequences of horizontal sediments may truncate and cap each slumped unit, providing evidence that these structures are soft-sediment
and slump generated rather than related to any
later tectonic deformation of a lithified sequence
(Alsop and Marco, 2011, 2013, 2014). These
slump sheets were postulated to have formed at
the bottom of the lake by the triggering action
of seismic waves (El-Isa and Mustafa, 1986;
Alsop and Marco, 2011). Intraclast breccia
layers (“mixed layers”) were formed simultaneously with small-scale faulting and formation
of microtopography (<1 m) on the bottom of
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the lake (Marco and Agnon, 1995, 2005; Begin
et al., 2005). Documentation of these temporal
and spatial relations led Marco and Agnon
(1995, 2005) to suggest a causative relationship
between faulting and breccia layers. Detailed
studies of breccia layers have provided ample
examples with which to distinguish the funda
mental characteristics of earthquakes in the
Dead Sea Basin, such as long-term temporal
clustering, and repeated slip on the same fault
planes for a limited time in the order of a few
thousands of years (Marco et al., 1996; Marco
and Agnon 2005). The Lisan Formation, including the slump sheets and the breccia layers, are
crosscut by hundreds of clastic dikes that have
been studied in terms of fracture mechanics
and magnetic-based fabric analyses (Levi
et al., 2006a, 2006b, 2008, 2009). These papers
have demonstrated: (1) a physical connection
between the sediment that infills dikes and clayrich source layers in the Lisan Formation, (2) a
similar mineral assemblage in both the source
layers and clastic material within the dikes, and
(3) a primary upward transport of clastic material within the dikes, and a secondary horizontal transport near the source layer and below
the upper gypsum layer of the Lisan Formation. Levi et al. (2006a, 2006b) and Porat et al.
(2007) concluded that the injection of clastic
dikes was triggered by fluidization of the source
layers during strong (M > 6.5), early Holocene
earthquakes along faults located at the seismically active Dead Sea area. Levi et al. (2008)
found that the emplacement of clastic dikes in
the Ami’az Plain (Fig. 1) was associated with
high-pressure values (1–10 MPa), which probably evolved due to the passage of seismic waves
through the soft lacustrine sediments. This conclusion was later supported by Shani-Kadmiel
et al. (2012), who used two-dimensional (2-D)
numeric simulations to suggest that the seismic
waves in the Ami’az basin are amplified during
an earthquake. Based on field observations and
peak ground velocity calculations, Jacoby et al.
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the result of gravity-driven sliding (slumping)
or the product of coseismic shearing during an
earthquake event. We show that the latter mechanism is more viable, thereby expanding our
understanding of the way in which deformation
develops during a seismic event.
GEOLOGIC SETTING

A

C

B
Figure 1. Location maps. (A) General plate tectonic configuration
of the sinistral Dead Sea Fault (transform) system (DSF). (B) Regional setting of the Dead Sea Basin. Solid lines—major faults at the
surface; dashed lines—major faults in the subsurface (after Sneh
and Weinberger, 2014). The Ami’az Plain study area is marked by a
rectangle. (C) Enlargement of the study area. Outcrops are located
next to the Flour cave in Wadi Perazim. Traces of several first-order
clastic dikes are marked by solid lines (after Marco et al., 2002).

(2015) proposed that the injection of clastic
dikes at specific sites along the Dead Sea transform relates to local site effects and amplification processes.
In the present study, we utilized unique profiles of horizontal displacement expressed by
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laterally sheared clastic dikes within the laminated section of the Lisan Formation. These
profiles provide us with a rare opportunity to
investigate how horizontal shearing is distributed near the surface. We address the question
as to whether the near-surface deformation is

The Ami’az Plain study area is located along
the southwestern margin of the Dead Sea Basin,
a continental depression bounded on the east
by a major strike-slip fault and on the west by
a series of oblique-normal faults (Fig. 1). This
basin is one of several basins along the Dead
Sea transform system that has accommodated
~105 km of sinistral displacement between
the African (Sinai) and Arabian plates since
the early-middle Miocene (Fig. 1A; Quennell,
1956; Freund et al., 1968; Bartov, 1974; Bartov
et al., 1980; Eyal et al., 1981; Garfunkel, 1981).
The incision of Wadi (Nahal) Perazim into the
Ami’az Plain exposes the ~40-m-thick Lisan
Formation, consisting mostly of alternating
laminae of aragonite and fine detrital material
(e.g., Begin et al., 1974). The aragonite precipitated chemically from the upper surface waters
of Lake Lisan, whereas the fine detritus, which
contains minerals such as clay, quartz, calcite,
dolomite, and aragonite, was carried into the
lake by annual floods. The Lisan Formation
also contains several thick (>20 cm), green,
clay-rich layers, which are mainly exposed in
the lower and middle parts of the section. The
upper part of the Lisan Formation is marked
by an ~1-m-thick relatively competent gypsum
layer. The age of the Lisan Formation, based on
U-Th dating, ranges between ca. 70 and 14 ka
(Kaufman, 1971; Haase-Schramm et al., 2004).
The paleoseismic record from the Dead
Sea Basin, based on the breccia layers, reveals
numerous moderate to strong earthquakes during both the late Pleistocene (e.g., Marco and
Agnon, 1995; Begin et al., 2005) and also the
Holocene (Enzel et al., 2000; Ken-Tor et al.,
2001; Begin et al., 2005). The strongest instrumentally recorded historical events in the Dead
Sea Basin are the M = 6.2 Jericho earthquake
of 11 July 1927, the focal mechanism solution
of which involved left-lateral motion (BenMenahem et al., 1976; Shapira et al., 1993),
and the Mw = 7.2 Gulf of Aqaba earthquake of
22 November 1995 (Klinger et al., 1999; Hofstetter, 2003).
SHEARED CLASTIC DIKES
The target section of this study is located
on the Ami’az Plain, and it is stratigraphically
positioned within the Lisan Formation ~15 m
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below the top of the formation. The NNEstriking, ~100-m-long outcrop is located north
of the Flour cave (Fig. 1C), with an outstanding
20-m-long exposure at the lower part of a vertical WNW-facing cliff of Wadi Perazim. This
section was studied in great detail, together with
several adjacent sections along Wadi Perazim.
The main section consists of a 113-cm-thick
sequence of Lisan laminae sandwiched between
two green clay-rich layers at the bottom and
the top, which are 45 cm and 23 cm thick,
respectively.
Tens of sheared clastic dikes crosscut the
laminae between the two green clay-rich layers
(Figs. 2–6). The dikes are subvertical, up to 7 cm
thick (e.g., Fig. 2A), and strike approximately
WNW-ESE (Fig. 2C). Another minor set of
subvertical dikes strikes approximately WSWENE, and a few inclined dikes are also observed
between the two green clay-rich layers (Figs.
2A and 3). Most clastic dikes are connected to
the green clay-rich layer at the bottom (hereafter
termed the “lower source layer”) and consist
of the same clay-rich detritus (Fig. 4). Inclined
dikes are much more common in the upper part
of the studied section and are connected to the
green clay-rich layer at the top (hereafter termed
the “upper source layer”). Mutual crosscutting
relations are observed between the subvertical
dikes and the inclined dikes, indicating contemporaneous intrusion. A few large NE- and NWstriking clastic dikes, the source layers of which
are located in the lower part of the Lisan section,
may be traced vertically for >15 m and crosscut
the entire Lisan section. These prominent dikes
collectively form a semiradial and tangential
dike system within the Ami’az Plain (Marco
et al., 2002; Levi et al., 2006a).
In this study, we distinguish between dike
sectors and dike segments. Dike sectors are disconnected sharp-edged parts of individual dikes
that are displaced along slip surfaces. Dike segments are continuous or discontinuous in a vertical section, but they are connected at a certain
level in the third dimension. Dike segmentation
in the Lisan Formation was extensively studied
by Levi et al. (2009), who demonstrated that
segmentation formed during dike propagation.
The formation of dike sectors has not previously
been documented and is the focus of the present study. The horizontal slip surfaces cut and
truncate the dikes into individual 2–40-cm-high
dike sectors that can be correlated across slip
surfaces based on similarities in their thickness
and orientation (Figs. 2–4). The general sense
of shearing as observed in the field is always
top-to-the-N (or bottom-to-the-S; Figs. 2–6).
The maximum apparent displacement measured
along any individual slip surface is ~47 cm, with
an average of 15 cm.

C

A

B

Figure 2. (A) Photograph of a sheared (top-to-the-north) clastic dike (site 16). Numbers
mark nine individual dike sectors that are displaced along horizontal slip surfaces that are
subparallel to the bedding. Locations of underlying and overlying source layers are indicated. (B) Schematic diagram illustrating a clastic dike displaced by bedding-parallel slip
surfaces between two source layers. (C) Stereoplot of poles to dike orientations (N = 24)
measured from sites along an ~50-m-long scan line, north of the Flour cave (see Fig. 1C for
location). The majority of dikes trend WNW-ESE, whereas a minority strike WSW-ENE.
Contour intervals are 5% per 1% area.

Figure 3. Inclined clastic dike displaced along a horizontal slip surface (top-to-the-north),
associated with a bedding-parallel, gray gouge layer. The gouge thins beneath the northern
dike sector. Inset: general view showing an array of three dike sectors displaced along two
slip surfaces. Coin diameter is 25 mm, and position of main photograph is boxed.
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Figure 4. Photo (mirrored) and interpretative line drawing of a stock-like structure in the
lower source layer, which connects upward to a subvertical clastic dike. The upper part
of the dike, not seen in the figure, is displaced (top-to-the-north) along a prominent and
continuous slip surface associated with a several-millimeter-thick gray gouge layer. Several
gouge layers marking discontinuous slip surfaces, where offset of the dike is less than the
width of segment, do not cross the dike (e.g., displacement of the lowermost segment is less
than the width of the dike). A zone of brecciation adjacent to the dike wall is also indicated.

The slip surfaces are parallel and subhorizontal, and they are generally concordant with
the laminae in the Lisan Formation. They dip
<1° toward the NNE and ENE, and they form
a series of bedding-plane shear zones (Figs. 2
and 5). The ~1 m section between the upper and
lower source layers is cut by 8 to 11 slip surfaces, many of which can be continuously traced
for more than 20 m. A light-gray “gouge,” up
to 10 mm thick (5 mm average), forms narrow
zones along the slip surfaces (Fig. 3). The gouge
consists of reworked and crushed laminae of
white aragonite and dark-gray detritus, the mixing of which gives rise to its light-gray color.
These narrow zones, hereafter termed gouge
layers, can be traced laterally for tens of meters,
but infrequently, they can be discontinuous (Fig.
4). Their thickness may vary locally, and they
typically thin next to displaced dike sectors
(Figs. 3 and 6). Occasionally, breccia zones up
to 20 mm thick accompany the gouge layers and
consist of visible clasts of laminae and rare fragments of clastic dikes.
The breccia zones are much shorter than
the gouge layers, and they extend laterally for
several tens of centimeters between adjacent
displaced dike sectors (Fig. 6B). Irregular brec-
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cia zones are also observed next to dike walls
(Fig. 4). Thick (>50 mm) zones of intense
brecciation also appear at the base of the upper
source layer (Fig. 5).
DISPLACEMENT PROFILES
The distributed displacement along an
~20-m-long section was documented by correlating and marking five prominent and continuous slip surfaces with different-colored nails.
For convenience, these slip surfaces and associated gouge layers, from bottom to top, are hereafter denoted by letters “a” to “e,” respectively
(Fig. 7). Apparent displacements along slip surfaces between matched pairs of adjacent dike
sectors were measured by a ruler and caliper.
The displaced sectors of five individual dikes
could be fully traced from the lower to the upper
source layers. Other displaced dike sectors could
be only partially traced, as their lower parts were
covered by alluvial wadi sediments. The location
of each clastic dike was documented along the
scan line and denoted by ordered sites between
1 (southernmost site) and 29 (northernmost site).
The upper source layer was used as a reference
datum for measuring the relative height of the

slip surfaces. The maximum thickness of individual gouge layers was measured by caliper
in order to test the possibility that thicker zones
of gouge are associated with greater amounts of
displacement. However, no such correlation was
found between these two variables.
Two sets of displaced dikes, each of which
has a different orientation and amount of measured (apparent) displacement along individual
slip surfaces, were used to calculate the net
(true) displacement and its axial direction following the technique presented by Ramsay
and Huber (1987, p. 537). The orientations and
apparent displacements of the two sets of displaced dikes used for the calculations are given
in Figure 5. The average axial direction trends
055–235°, and the true displacement is 15 cm.
Calculations were performed in several localities with different slip surfaces, and in each
case, remarkably similar axial directions were
obtained. Consequently, the apparent displacements were corrected into true displacements
based on projection of the data into the true axial
direction. Hereafter, the reported displacements
are true displacements.
Vertical displacement profiles from different
sites of the five fully documented dikes (incorporating displacements measured along all slip
surfaces) are shown in Figure 7A, while Figure
7B displays similar profiles but accounts only
for displacements measured along the prominent “a–e” slip surfaces. All profiles (excluding
site 27) show similarities, characterized by (1) a
triangular or bell-like shape due to maximum
displacements at the middle of the section (i.e.,
along the “c” or the “b” slip surfaces), (2) a small
decrease in displacement from the uppermost
“e” slip surface to the adjacent “d” slip surface,
and (3) a decrease in displacement from the “b”
slip surface toward the lower “a” slip surface.
The profile in site 27 shows comparable displacements in the uppermost (“e” and “d”) and
lowermost (“a”) slip surfaces, but a dissimilar
profile in between. The maximum displacement
is located near the middle of the studied section,
but in two profiles (25 and 29), it is located along
the “c” slip surface (~60 cm), whereas in two
others (16 and 20), it is located along the “b”
slip surface (~50 cm). The displacement profiles
in Figure 7A are more irregular than those in
Figure 7B due to displacements (<40 cm) along
short (a few meters long) slip surfaces, which
are not accounted for by the continuous (tens of
meters long) slip surfaces. The “b” slip surface
terminates northward, and it was not encountered at site 29 (Figs. 7A and 7B).
The cumulative displacement from lower to
upper source layers, for each of the five fully
documented dikes, is shown in Figure 8. The
obtained profiles are similar to one another and
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Figure 5. Photo (mirrored) and
interpretative line drawing of
a displaced clastic dike (top-tothe-north), and five parallel,
subhorizontal slip surfaces that
are marked by several-milli
meter-thick gouge layers. Two
sets of clastic dikes with different orientation and thickness
are marked with light (dip to
ENE) and dark (dip to WSW)
gray. The two sets are displaced
along individual slip surfaces
and serve to calculate the true
axial direction and net displacement (see text). A dike sector
at the center of the photo is rotated relative to other sectors of
the same dike, in between two
adjacent slip surfaces, suggesting simultaneous shear along
adjacent slip surfaces. Orientations of dike sectors are labeled
(dip/dip direction), indicating
that displacements are apparent in this view. Younger NEdipping normal faults displace
laminae, clastic dikes, and
gouge layers.

80°/025°

74°/235°
82°/283°
82°/030°
88°/290°

show “S-like” shapes. The maximum and minimum cumulative displacements are 2.00 m (site
20) and 1.43 m (site 29), respectively (Fig. 8).
The displacement deficit between these sites is
~0.6 m over a lateral distance of ~10 m.
Horizontal displacement profiles for each of
the five labeled slip surfaces were drawn along
the ~20 m scan line (Fig. 9A). The profile along
the uppermost “e” slip surface is quite flat, with
displacement values between 12 and 24 cm.

The profile of the lowermost “a” slip surface is
somewhat similar to that of the uppermost “e”
slip surface, but it displays slightly higher maximum displacement (32 cm) and more variable
displacement (Fig. 9A). The “d” slip surface
displays the lowest displacement values among
all profiles (maximum displacement 15 cm),
with a constant decrease southward toward zero
displacement at ~3 m (Fig. 9A). The displacement along the “c” slip surface is most variable,

with a maximum of 61 cm and >45 cm difference between adjacent sites (between sites 25
and 27). The profile along the “b” slip surface
has a triangle or a bell-like shape. The displacement has a maximum of 55 cm at ~8 m and constantly decreases northward, diminishing to zero
at ~17 m.
In order to test the possibility that the displacements along secondary slip surfaces compensate and account for “missing” displace-
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ment profiles show only minor changes along
the “a” and “d” slip surfaces, and no changes
were recorded along the “e” slip surface (Figs.
9B and 9C). The apex of the modified profiles
of the “b” slip surface was shifted to the south
(Figs. 9B and 9C). The modified profiles of the
“c” slip surface, which initially displayed large
displacement deficits (e.g., site 20 at ~9 m),
demonstrate, after modification, a similar magnitude of displacements as their neighboring
sites (Figs. 9B and 9C).
ANISOTROPY OF MAGNETIC
SUSCEPTIBILITY (AMS) ANALYSIS

A

B
Figure 6. (A) Two dike sectors displaced across three subhoriz ontal gouge layers marking
slip surfaces. An angular enclave of folded Lisan laminae is clearly visible within a dike
sector. The sharp contacts between the host rock and the enclave indicate that the dike was
emplaced when the Lisan host rock was brittle and already folded. Dike smearing along
the uppermost slip surface is indicated. The gouge thins undern eath both segments.
Coin diameter is 25 mm. (B) Two displaced dike sectors. Lisan breccia with a fine gouge
along the upper surface marks a subhorizontal shear zone. Brecciation is most prominent
between the two dike sectors. Coin diameter is 25 mm.

ments and profile fluctuation along the primary
slip surfaces, we added the displacements
measured along the secondary slip surfaces to
those measured along the primary (“a–e”) slip
surfaces in two different ways: (1) the displacement along a secondary slip surface was added
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to the nearest primary slip surface (Fig. 9B); or
(2) the displacement along a secondary slip surface located between two primary slip surfaces
was proportionally partitioned between them
based on the relative distance to the primary
slip surfaces (Fig. 9C). The modified displace-

The AMS of gouge and breccia layers was
measured in several sites to elucidate the fabrics developed by shearing. For comparison, the
AMS fabrics of undeformed laminated Lisan
rock, located away from the shear zones, were
also measured. In total, 36 specimens were collected from all outcrops. The samples of site 9
included a mixture of gouge and laminae in similar proportions, because, at this site, the gouge
is relatively narrow and does not exceed 10 mm.
In site 30, a 20-mm-thick gouge and breccia
layer was sampled.
The AMS was measured at the Geological
Survey of Israel rock-magnetic laboratory using a
KLY-4S Kappabridge (AGICO Inc., Brno, Czech
Republic). The AMS is described by its three
principal axes, k, k2, and k3, which correspond
to the maximum, intermediate, and minimum
magnetic susceptibility magnitudes, respectively.
These axes, with their 95% confidence ellipses
(Jelínek, 1978), were analyzed statistically with
Anisoft42 software. Rock-magnetic properties
of the Lisan laminae were studied by Ron et al.
(2006) and Levi et al. (2006a, 2006b, 2014).
Figure 10 shows the projections of the AMS
principal axes and their 95% confidence ellipses
for the undeformed Lisan laminae and the breccia layer in site 30. The magnetic fabric of the
undeformed Lisan laminae is characterized by
well-grouped vertical k3 axes in the center of projection and scattered k1 and k2 axes along the girdle (Fig. 10A). The large and overlapping 95%
confidence regions of k1 and k2 axes represent
an AMS fabric typical of “deposition” (Tauxe,
1998). On the other hand, the fabric of the breccia layer is characterized by well-grouped k1, k2,
and k3 axes with narrow 95% confidence regions
(Fig. 10B). This is a distinctive “tectonic” fabric
that evolves due to particle rearrangement and
preferred alignment of particles during shearing
(Tauxe, 1998). The magnetic fabric of the gouge
and laminae in site 9 (not presented) also shows
a “tectonic” fabric that is somewhat masked by
the undeformed laminae that were included in
the specimens during sampling.
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Figure 7. Vertical displacement profiles of five displaced clastic dikes offset along five major slip
surfaces between the lower and upper source layers that serve as reference levels. (A) All true
displacements, including those along short slip surfaces, are shown. Five prominent slip surfaces extending for tens of meters are denoted by “a” (lowermost surface), “b,” “c,” “d,” and
“e” (uppermost surface). (B) Only true displacements computed along prominent slip surfaces
(labeled by letters) are shown. Locations of sites along the N-S scan-line transect are indicated.
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Figure 8. Cumulative (total) displacement
profiles computed between the lower and
upper source layers for five displaced clastic dikes. The top of the lower source layer
serves as a reference level. Locations of sites
along the N-S scan-line transect are shown
at the bottom. The cumulative displacement
decreases northward, and therefore the displacement gradient (total displacement divided by height) between the two source layers
decreases from 1.75 (site 20) to 1.25 (site 29).
Notably, the displacement gradients are much
higher in the middle part of the section.
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Tens of small clastic dikes emplaced in the
Lisan Formation were sheared into dike sectors
along bedding-plane slip surfaces. Matching of
pairs of dike sectors enabled documentation
of the displacement profiles of the sheared dikes
in between the two source layers. The result
indicates that the ~1 m section in between the
two source layers has characteristics of a brittle
shear zone. In ductile deformation, displacement
is continuous across the shear zone, whereas in
brittle shear zones, the deformation is accommodated by several discontinuities or traction
surfaces (Ramsay and Huber, 1983, 1987). The
present discontinuities are slip surfaces accompanied by narrow zones (<10 mm) of gouge
(reworked Lisan laminae) along which displacements were accommodated.
Several observations reveal that the deformation was driven mainly by simple shear displacement. First, the shear zone is characterized
by displacement gradients that vary from top
and bottom toward the center, with maximum
displacement gradients (i.e., shear strains) in the
center of the zone (Figs. 7 and 8; see section on
Displacement Profiles). Second, the sense of
shear (axial direction of 055–235°) is consistent
through the shear zone, but values of shear strain
for individual dikes are variable (Fig. 2). Third,
inclined clastic dikes that are oblique to the
shear zone are displaced by different amounts,
depending upon their initial angular relation to
the zone (Fig. 5). Fourth, the lower and upper
source layers seem to be unstrained, although
the lack of markers above the upper source layer
and limited exposures underneath the lower
source layer hamper the possibility of inferring
that the simple shear was imposed on a thicker
zone. Notably, simple shearing and the displacement of the clastic dikes could not be the result
of flexural-slip folding, because the flat-laying
Lisan beds are regionally almost horizontal.
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Figure 9. (A) Displacement profiles along the five prominent slip surfaces noted in the text.
Sites 13 and 29 are located at the southernmost and the northernmost ends of the scan
line, respectively. (B) Modified displacement profiles in which displacements along short
“unlabelled” slip surfaces are added to the nearest labeled slip surface. (C) Modified displacement profile in which the displacement along a secondary slip surface located between
two primary slip surfaces is proportionally partitioned between them based on the relative
distance to the primary slip surfaces. Arrows indicate the relative change in displacement.
The “e” slip surface has not been changed. In site 20, secondary slip surfaces accommodate
two thirds of the cumulative displacement at the zone next to the “c” slip surface. In site 25,
only one secondary slip surface exists (Fig. 7) and accommodates one third of the cumulative
displacement next to the “c” slip surface. In site 27, the displacement deficit along the “c”
slip surface is the maximum.
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Termination of the Brittle Shear Zone
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Our data suggest that the displacement, in
the entire brittle shear zone, occurred simultaneously during a single rather than multiple
events of simple shear. First, occasional rotation of dike sectors in between two parallel
slip surfaces is always with the same sense
and amount of rotation. This supports simultaneous slip distribution along these surfaces,
because different senses of rotation would
be expected with multiple noncoaxial slip
events (Fig. 5). Second, the vertical displacement profiles are typically regular and similar
(Fig. 7). Third, the cumulative displacement
profiles, which have a characteristic S-like
shape (Fig. 8), could form only if the amount
of displacement along individual slip surfaces were similar and had the same sense of
motion. Fourth, calculations of the true axial
direction were performed in several localities
with different slip surfaces, and in each case
remarkably similar results of 055–235° were
obtained. Fifth, narrow zones of gouge from
different levels in the section show similar
shear-driven magnetic fabrics with coparallel
k1 axes. The mean direction of the k1 axes is
063–243° (Fig. 10B), which is remarkably
similar to the axial direction of the true displacement (055–235°). It is well known that
under conditions of laminar flow, k1 axes are
commonly parallel to the transport direction
(Rees and Woodall, 1975; Hrouda, 1982;
Taira, 1989; Tauxe, 1998). Commonly, the
magnetic fabrics of tectonic mélanges show
k1 axes that are oriented parallel to the shear
direction as estimated from other kinematic
indicators (Tokiwa and Yamamoto, 2012).

The brittle shear zone cannot continue indefinitely and may terminate in either another
deformational structure (e.g., later fault) or in
an undeformed Lisan section. While wadi incision has not yet exposed the southern end of the
shear zone, it can be traced for tens of meters
northward. However, the exact termination is
difficult to locate due to sporadic screes, highly
weathered zones and inaccessible cliffs above
the wadi floor. Tracing the tips of two prominent
slip surfaces (“b” and “d”; Fig. 9), shows that
these individual slip surfaces terminate within
the undeformed Lisan sediments, which thus
play a role in absorbing the imposed shear. The
cumulative displacement decreases northward
(e.g., ~2 m and ~1.4 m of cumulative displacement between site 20 and site 29 along the scan
line; Fig. 8), suggesting that for constant rate
of decrease, the northern end of the shear zone
could be located tens of meters from the studied outcrop.
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A

Strain Partitioning and Slip Transfer
in the Brittle Shear Zone
Most of the displacement within the shear
zone is accommodated along the five primary
“a” to “e” slip surfaces, which can be traced
for tens of meters. The maximum shear strains
(i.e., displacement gradients) were observed
in the central part of the shear zone. However,
the displacement along slip surfaces may vary
considerably, with >60 cm difference between
adjacent sites along the “c” surface. In this part
of the shear zone, the displacement was also
accommodated by one to four secondary slip
surfaces, which extend horizontally for no more
than a few meters (Fig. 7A). In order to test the
possibility that the displacements along sec
ondary slip surfaces compensate for “missing”
displacements and profile fluctuation along the
primary slip surfaces, we added the displacements measured along the secondary slip surfaces to that measured along the primary slip
surface (Figs. 9B and 9C). The most striking
changes are seen in the modified profiles of the
“c” slip surface. In this profile, sites that initially show large displacement deficits demonstrate, after modification, a similar magnitude
of displacements as their neighboring sites.
These results show that slip was partitioned and
transferred from the primary (“c”) to secondary
slip surfaces. However, the amount of displacement is not anywhere equal along the modified
profiles (i.e., compare displacements at sites
16 and 29). We attribute these variations to the
conceivable bell-like shape of the displacement
profiles and displacement gradients along slip
surfaces. This is well supported by the displacement profiles of the “b” and “d” slip surfaces, in
which the displacement continuously decreases
toward the northern and southern peripheries
(tips) of the slip surfaces, respectively. While a
bell-shape profile of the displacement is commonly described for fault planes (e.g., Barnett
et al., 1987; Fossen, 2010), it has seldom been
described on bedding-plane slip surfaces.
The formation of several secondary slip
surfaces and transfer of slip from the primary
to secondary slip surfaces occur where shear
strain is relatively high. Thus, formation of new
secondary slip surfaces and slip transfer were
enhanced by shear strain at the center of the
brittle shear zone. Slip transfer between primary and secondary faults has been previously
reported at a much larger scale in shear zones
(e.g., Eyal et al., 1986; Reheis and Dixon, 1996;
Norris and Cooper, 2001; Mouslopoulou et al.,
2007). Recently, Eyal and Eyal (2015) showed
that along the southwestern Dead Sea transform
in Sinai (Egypt), kilometer-scale horizontal
slip is transferred between strike-slip faults via

B

N=20

N=6

Figure 10. Lower-hemisphere, equal-area projections of anisotropy of magnetic susceptibility (AMS) principal axes and their 95% confidence ellipses of (A) undeformed Lisan laminae and (B) ~20-mm-thick gouge and breccia sampled from site 30. The k1, k2 , and k3 axes
are marked by squares, triangles, and circles, respectively.

secondary strike-slip faults with measurements
of displacement as accurate as ±50 m. In the
present study, the measurement of meter-scale
bedding-plane slip and slip transfer could be
as accurate as 1 cm, based on excellent vertical markers (i.e., clastic dikes) and the size of
the studied outcrop. The secondary slip surfaces
are not observed splitting from the primary
slip surfaces. Hence, it is more likely that high
shear strain along primary slip surfaces initiated
off-plane slip on adjacent, detrital-rich layers,
thereby forming secondary slip surfaces.
Origin of the Brittle Shear Zone
The analysis of the displacement profiles and
field observations suggests that the brittle shear
zone was formed during a coseismic event in
the Dead Sea Basin. This origin of this shear
zone is discussed next. A series of slump sheets
that translate toward the NE down a very gentle
(<1°) slope are identified in Wadi Perazim to
the south of the Flour cave (Alsop and Marco,
2012b). Hence, slump sheets do not interfere
with the brittle shear zone located north of the
Flour cave. It is unlikely that the formation of
the brittle shear zone was driven by surficial
slumping. First, small-scale (<10 cm), individual syndepositional folds exposed within the
shear zone are crosscut by clastic dikes (Fig.
6A), indicating that sediment injection postdated syndepositional structures. Second, the
underlying source layers of the injection structures should be buried at least several meters
below the surface in order to satisfy conditions
of overpressure and fluidization (Levi et al.,
2008). This implies that the thickness of the
package of Lisan laminae that should slump

to cause the horizontal shear was significantly
larger (>1 m) than that identified anywhere
along the margins of the Dead Sea, and may
therefore also be more lithified. Third, the base
of the oldest slump sheet and the top of the
shear zone are located ~10 m and 15 m below
the present surface, respectively. It is less likely
that a surficial slumping process would cause a
brittle failure several meters below the surface.
Fourth, if the shear zone were part of the toe of
the slump, then NE-SW contraction would be
expected. However, the brittle shear zone shows
NE-SW elongation (i.e., two points along individual dikes were extended along the 055–235°
axial direction), suggesting that it would not
be located toward the contractional toe of the
overlying slumps. Fifth, if a package of Lisan
laminae slid on top of another downslope, the
displacement should increase toward the NE.
However, the measured displacement in the
brittle shear zone actually decreases toward
the NE (Fig. 8). Sixth, in one representative
outcrop, the axial direction of the true displacement (055–235°) deviates by more than 50°
from the local dip of the Lisan beds. In this
case, gravity-driven sliding is unlikely. Seventh, the analysis of the stress conditions during
horizontal shearing (see following) supports the
possibility that the shearing of the clastic dikes
occurred after the retreat of Lake Lisan post–
14 ka, when gravity-driven sliding of sediments
became unlikely.
Begin et al. (2005) simulated the effects of
strong earthquakes in Lake Lisan and showed
that seiche waves might form. Seiche-induced
shear at the bottom of the lake could enhance
the turbulent characteristics of the Lisan folds
and also lead to a component of reworking in
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the Lisan Formation (Wetzler et al., 2010; Alsop
and Marco, 2012a). However, the influence
of seiches or severe storm waves as triggering
agents for dike shearing can be excluded because
(1) dikes were sheared at least several meters
below the bottom of the lake, and the section
directly above them is not convoluted (folded);
(2) the vertical displacement profiles show maximum shear in the center of the section, rather
than the expected continuous decrease of shear
from the bottom of the lake downward; and
(3) the orientation of most dike sectors remains
consistently subvertical, indicating that no folding occurred after dike injection.
Late fluidization of the clay-rich source layers
might induce shearing in the Lisan host rock
by (1) reducing the effective normal stress, and
(2) increasing the shear stress (strain) along weak
discontinuities (i.e., detrital-rich laminae) during
overpressure. Both mechanisms may result in
shear stress exceeding the strength of the Lisan
laminae. An analog could be the failure of weak
bedding planes in reservoirs by hydrofracturing that arises due to injection-induced shearing
during production of hydrocarbons (Dusseault
et al., 2001). In this scenario, at least two phases
of fluidization and subsequent dike emplacement
should occur. The first phase is represented by
the sheared dikes, and the second is represented
by a set of long straight clastic dikes that crosscut the dike sectors and the entire overlying section, indicating that they were emplaced after the
formation of the brittle shear zone. The second
phase of fluidization associated with the second set of long clastic dikes might subsequently
induce shear in the overburden. However, this
situation is unlikely because (1) the long clastic dikes are exceptionally straight and not segmented, indicating that their injection occurred
after shear stress had ceased; and (2) reduction
in effective stress and increase of shear stress due
to fluidization would form higher shear displacement close to the source layer, contradicting the
observed displacement profiles, which show
higher shear displacement values in the middle
of the brittle shear zone (Fig. 7).
The evidence for concurrent displacement
along the slip surfaces suggests that the brittle
shear zone was formed during a coseismic event
in the Dead Sea Basin. We qualitatively assume
a brittle failure (i.e., seismic event) on one of
the first-order faults in the western boundary
fault zone of the Dead Sea Basin (Fig. 11) that
gave rise to seismic waves in the adjacent Lisan
sediments. The seismic waves formed transient
stress, which moved through the rock and added
up to the initial static stress. Detrital-rich layers,
mainly composed of clays, in the Lisan section have quite low shear strength (Arkin and
Michaeli, 1986), and at some point, the change

Displaced
clastic dikes

Striae

Cretaceous
carbonates

Lisan
Fm.

Plio-Pleistocene fill
Pliocene
Salt

Figure 11. Schematic sketch illustrating the orientation and kinematics of displaced clastic dikes in the Ami’az basin adjacent to the
Western border fault zone and the Sedom diapir in the southwestern
margin of the Dead Sea Basin. The thickness of the Lisan Formation
is highly exaggerated. Notably, the maximum displacement of the
sheared dike is located near the middle of the Lisan shear zone.

of the initial static stress by the transient stress
may have led to concurrent shear failure along
several clay horizons. In favorable conditions, the
transient, coseismic stress state would facilitate
the growth of a brittle shear zone, in which the
direction of imposed simple shear is corroborated
by the direction of the body waves. Price (1968)
and Price and Cosgrove (1990) considered the
formation of secondary fractures next to a firstorder fault by analyzing the effect of transient
stress on the adjacent rock. They preferred to
invoke transient stress that was developed by the
P waves, because the velocity of S waves is much
smaller than that of P waves. However, transient
stress due to S and surface waves might be more
relevant to the formation of bedding-plane slip,
because these waves are expected to cause hori
zontal-parallel shearing near the surface. In the
following section, we quantitatively analyze
the possibility that transient stress would cause
failure along bedding planes in the Ami’az basin.
Stress Conditions during
Horizontal Shearing
Based on the previous discussion, horizontal
shearing of clastic dikes is considered in terms of
three sequential stages: (1) a static state, in which

the Lisan laminae are intact, although weak
zones of detrital laminae exist and are prone to
failure, and (2) a dynamic state, in which seismic waves radiate from a source located along
the Dead Sea transform, either within the Ami’az
basin or several kilometers away from it (Jacoby
et al., 2015). The seismic waves arriving at the
basin are reflected back and forth, and out of
the multiple possible reflection paths, some are
horizontal. Then, (3) dynamic loading occurs, in
which amplified and possibly converted surface
waves result in frictional shear failure of clastic
dikes along horizontal bedding planes.
The static state is considered by using the
Coulomb failure criterion (Jaeger and Cook,
1979) for three geologic settings (Table 1): Setting A—The Lisan laminae are located 10 m
below the bottom of the lake and are overlain
by an 80-m-deep water column. Setting B—The
Lisan laminae are located 10 m below the bottom of the lake and are overlain by a 50-m-deep
water column. Setting C—The Lisan laminae
are located 15 m below the surface. The first
two geologic settings represent “wet conditions,” which account for the fluctuation of the
Lake Lisan water level (Bartov et al., 2002). The
third setting represents “dry conditions,” which
relates to the recession of Lake Lisan post–
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TABLE 1. STATIC STRESS AND ELASTIC PARAMETERS FOR GEOLOGIC SETTINGS A–C
Angle of
Density of Density of
Lake
Lisan
Cohesion, internal
Coefficient Lake Lisan, Lisan Fm.,
ρ*,§
Poisson’s
τ
depth
thickness
Co*
Geologic
friction, Ø* of internal
ρ†
σn
(kg/m3)
(kg/m3)
ratio, ν§
(MPa)
(MPa)
(m)
(m)
setting
(MPa)
(°)
friction, µ
A
80
10
0.065
33
0.53
1078
1650
0.4
1.01
0.67
B
50
10
0.065
33
0.53
1078
1650
0.4
0.69
0.46
C
0
15
0.065
33
0.53
1078
1650
0.4
0.24
0.16
*Arkin and Michaeli (1986).
†
Starinsky (1974).
§
Levi el al. (2008).

ca. 14 ka. The shear strength of the laminated
sequence of the Lisan Formation is influenced
by its composition, grain size, and texture. The
laminated nature of the rock provides numerous
potential slip surfaces, reducing the overall shear
strength of the rock. An analysis of the Coulomb
failure criterion of the laminated Lisan sequence
in “dry conditions” was carried out experimentally by Arkin and Michaeli (1986).
The Mohr-Coulomb failure criterion relates
the failure plane shear stress, ts, to normal
stress sns
ts = Co + msns,

(1)

where Co is the cohesion, and m is the coefficient of internal friction. The static stress conditions for the three geologic settings was calculated based on the values provided by Arkin
and Michaeli (1986) for the laminated Lisan
sequence (Table 1).
The normal stress component acting on the
horizontal bedding plane was calculated based
on the weight of the overburden above the
bedding plane, i.e., column of lake water and
weight of the Lisan rock (Table 1). The shear
stress acting parallel to the bedding plane and
the abscissa in Mohr’s diagram was calculated
based on the relation ts = sns·n/(1–n), where n
is Poisson’s ratio of clay materials. The calculations show that settings A, B, and C are on the
verge of shear failure (Fig. 12).
The dynamic state is considered during an
earthquake, in which significant horizontal
forces are formed. Ground motion amplification
in the Ami’az basin could be the result of several
mechanisms, such as an edge effect generated
by the border faults of the basin, and different
densities of rocks in the basin (mainly friable
clastics) and out of it (mainly dolostones), and
geometrical focusing due to basin effect (ShaniKadmiel et al., 2012). The amplification of
ground motion is formed in a special geological basin structure and lithologic section (e.g.,
soft rocks with low seismic velocity that overlie hard rocks with a high seismic velocity).
Hence, the basin effect leads to amplification
of ground motion and prolongs the duration of
strong motions, which increases seismic load-

ing and the formation of large-displacement
surface waves.
It is unknown which type of seismic wave
was associated with the shearing of the clastic dikes. Yet, we can calculate the horizontal
particle displacement amplitude Da based on
the relation
Va = Da f,

(2)

where Va is the peak horizontal ground velocity,
and f is the shear-wave frequency. For a range
of Va = 0.1–0.5 m/s and f = 0.3–0.9 Hz suggested by Shani-Kadmiel et al. (2012) for the
Ami’az Plain, the calculated Da is comparable to
the observed horizontal displacements. Hence,
the observed shear displacements are physically
sound and may have occurred due to passing
waves and their amplification.
We next considered the potential of dynamic
loading associated with surface waves to form
frictional failure on critically stressed Lisan
laminae using the Coulomb failure criterion. We
limited our analysis to initially static stress fields
and surface-wave dynamic stress acting on horizontal surfaces. The analysis was formulated by
Hill (2008, 2012), who calculated the dynamic
stress pulse of surface waves that trigger frictional failure. For the present implication of
Hill’s approach, the dynamic triggering is based
on the premise (1) the laminated Lisan sequence
was, at least locally, in a state of near-incipient
failure, and (2) a component of the dynamic
stress field, dt(t), temporarily nudged the total
stress acting on an optimally oriented surface
greatly beyond the Coulomb failure threshold. In
the present case study, the optimally oriented and
mechanically weak zone is horizontal detritalrich Lisan laminae, with the interfaces between
these and aragonite laminae probably representing the most susceptible surface for shear failure.
Dynamic triggering implies that transient
stress carried by seismic waves may lead to
shear failure. The range of dynamic stress triggering greatly exceeds that of static stress triggering. Generally, the surface wave stress amplitude falls in the range of 0.5–1 MPa. Dynamic
stress, td, of shear waves can be estimated by
(e.g., Hill, 2012):

σ1
(MPa)
2.16
1.48
0.52

σ3
(MPa)
0.62
0.43
0.15

Shear
modulus
G
100
100
100

td = GVa /Vs,

(3)

where G is the shear modulus of the rock, and
Vs is the shear wave velocity. We calculated the
dynamic stress based on representative values
of Va = 0.1–0.5 m/s and f = 0.3–0.9 Hz (ShaniKadmiel et al., 2012), Vs = 100 m/s (e.g., Aboye
et al., 2011; Bessason and Erlingsson, 2011),
and G = 100 MPa (Levi et al., 2008, and references therein) and obtained a dynamic stress of
td ≈ 0.1–0.5 MPa.
During the passage of surface waves, the
local stress field fluctuates in both amplitude
and orientation. Hill (2012) defined a timedependent dynamic change in Coulomb failure
stress dCFF(t) that acts during the passage of
seismic waves:
dCFF(g, t) = dtd (g, t) – mdsnd (g, t),

(4)

with td (g, t) and snd (g, t) being the time-dependent shear stress and normal stress, respectively,
imposed on the mechanically weak plane by
seismic waves, where g is the incident angle
from the source.
The particle motion is depth-dependent.
Thus, the amplitude of both td (g, t) and snd (g, t)
changes with depth. Nevertheless, in the present
case study, we impose snd = 0.1 and 0.5 MPa,
assuming that the stress amplitude of the surface
waves is at least equal to that of the body waves.
For several wave incidence angles between
0° and 360° and imposing q = 60° (the angle
between snd and s1), the values of dCFF(g, t) for
settings A–C were calculated (Fig. 12). Figure
13 demonstrates the distribution of dCFF values
calculated for setting A (polygon 1), setting B
(polygon 2), and setting C (polygon 3) for 0 < g
< 360° and 0.1 ≤ td ≤ 0.5 MPa. A larger polygon
with positive values of dCFF is more likely to be
interconnected to dynamic triggering.
Polygon 1 is relatively small and narrow
with negative dCFF values. Polygon 2 is larger
than polygon 1, and one third of it has positive dCFF values. Polygon 3 is the largest and
almost entirely consists of positive values.
This indicates that almost all of the observed
displacements presented by polygon 3 can be
explained by dynamic triggering and frictional
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Figure 12. Mohr’s diagram for
static and dynamic loading.
Static states of stress for geologic settings A, B, and C are
illustrated by circles. The solid
line represents the Coulomb
failure criterion for the Lisan
Formation, and the dashed
line is the failure criterion for
the static stress state of geologic setting A (see Table 1).
The effect of dynamic loading
is illustrated for geologic settings A and C based on Hill’s
(2008) method. The perturbation of the dynamic stress,
τd, σnd, and 2γ are imposed on
the two static circles. The two
horizontal dashed lines show
the time-dependent dynamic
change in Coulomb failure
stress, δCFF(t), values of geologic setting C are positive and
above the failure criterion for
static condition, and for geologic setting A are negative and
below the line.

B

A

failure. Notably, setting C (“dry conditions”)
has a greater tendency to fail under a range of
dynamic stress than settings A and B (“wet conditions”). This tendency holds even for the case
of td > 0.5 MPa (and Va > 0.5 m/s). Hence, these
calculations seem to support the possibility that
the shearing of the clastic dikes occurred after
the retreat of Lake Lisan post–14 ka. We conclude that dynamic triggering provides a viable
mechanism to explain shearing along bedding
planes and formation of coseismic deformation.
Age of the Brittle Shear Zone
The age of the Lisan Formation ranges
between ca. 70 and 14 ka (Kaufman, 1971;
Haase-Schramm et al., 2004). Based on the stratigraphic position of the Lisan section, the forma-

12

tion of the shear zone postdated ca. 30 ka. The
age of the long and undeformed dikes and their
injection, based on optically stimulated luminescence (OSL) dating of the clastic-dike material,
ranges between 15 and 7 ka (Porat et al., 2007).
These ages provide an approximate time interval for the emplacement of the present studied
clastic dikes, which are older than 7 ka (youngest
age of long and undeformed dikes) and younger
than 30 ka (depositional age of the Lisan Formation). Hence, it is likely that the coseismic
event that initiated the formation of the brittle
shear zone occurred during the Holocene, predating 7 ka. The Holocene Ze’elim Formation
exhibits plentiful seismites (e.g., Bookman et al.,
2004), indicating that late Pleistocene to Holocene earthquakes have repeatedly affected the
lake deposits on the western margin of the Dead

Sea Basin. Hence, we cannot reject the possibility that other shear zones in different locations
and levels of the Lisan Formation exist, but so far
remain undiscovered.
CONCLUSIONS
The well-laminated lacustrine Lisan Formation in the Ami’az basin contains numerous hori
zontal displaced dike sectors that form a prominent, ~1-m-thick brittle shear zone ~15 m below
the present surface (i.e., top of the Lisan Formation). The brittle shear zone consists of up to 11
slip surfaces, five of which are primary discontinuities that can be traced for tens of meters.
Displacements along individual slip surfaces are
up to 0.6 m, and the total displacement across
the shear zone is up to 2.0 m. Field observations
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and displacement profiles and gradients indicate
that the brittle shear zone formed by simple
shear. Deformation was associated with slip
partitioning and transfer between primary and
secondary slip surfaces, mainly at the center of
the zone. Evidence for concurrent displacement
along slip surfaces suggests that the brittle shear
zone was formed during a coseismic event in the
Dead Sea Basin. It is likely that failure during a
Dead Sea transform–related earthquake resulted
in body or surface waves in the adjacent Lisan
rock. Subsequently, these waves formed transient stress, which moved through the rock and
was added to the initial static effective stress.
Detrital-rich layers in the section of the Lisan
Formation have low shear strength. Therefore, a
change of the initial static stress by the transient
stress might have led to concurrent horizontal
shear failure along several of these layers during the late Pleistocene to Holocene. The exceptional quality of exposures and markers helps to
document the effect of near-surface horizontal
shearing due to a single coseismic event. Displacement profiles show the shearing distribution along horizontal slip surfaces and provide
indications for slip transfer and partitioning due
to a strong earthquake. We suggest that displacement along horizontal bedding planes is a viable
mechanism to absorb coseismic deformation in
well-bedded strata near the surface. However,

such deformation is typically difficult to measure in paleo- and recent earthquakes due to a
lack of adequate exposures and markers.
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