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Geomorphology and Tectonics along the Zurim
escarpment
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1 Institute of Earth Sciences, The Hebrew University of Jerusalem, Jerusalem
2 The Geological Survey of Israel, Jerusalem

Introduction

This field trip presents new structural observations that contribute to a better
understanding of the development of normal-faults escarpments in general, and
in particular the Zurim escarpment (Galilee, Israel). In addition, a new research
studying the physical and rheological conditions for rock-falls will be presented.
The Galilee is subdivided into the Upper Galilee and the Lower Galilee based
on morphologic and structural characteristics (Fig. 1). Several major tectonic
systems exist in the Galilee:

1. The Syrian Arch fold system (Picard, 1943). This system is comprised of a
series of anticlines and synclines stretching from northern Sinai to Syria.
The axis of the folds in the Galilee is roughly oriented S-N (Freund, 1959;
Flexer, 1964; Flexer et al., 1970). This system was active since the
Senonian (and perhaps even since the late Turonian (Flexer et al., 1970)
but post-Eocene tectonic and erosion processes eliminated its
topographic expression.

2. Conjugate fault systems trending SE-NW and SW-NE (Freund, 1970; Ron
et al., 1984). Displacement along these systems is mainly lateral but
components of vertical displacement can also be identified, especially at
the faults' tips. These systems were active mainly during the Miocene and
their topographic expression was mostly eroded. In places such as the
Meron fault where the system was rejuvenated, normal displacement is
topographically expressed.

3. A fault system, trending mainly E-W. The displacement along this system
is generally normal. It forms the series of elongated tectonic blocks that
dominate the present topography of the Lower Galilee and parts of the
Upper Galilee. This extensional structure has been developing since the
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Miocene, prior and contemporaneously to the development of the Dead
Sea fault system (Freund, 1970; Ron et al., 1984).

4. A wide arch extending from the Mediterranean coastal plain to the Dead
Sea Transform (DST). The wave-length of the arch in the Galilee is 40-60
km and the amplitude of arching that took place during the Pleistocene is
200-300 m. (Matmon et al., 1999). Similar wide structural arches are
associated with other rift systems in the world (Young, 1983; Rosendahl,
1987; Ebinger et al., 1989; Ebinger et al., 1991; Kooi and Beaumont,
1994). Therefore this arching is considered to be related to the
development of the DST (Picard, 1943; Bentor and Vroman, 1951, 1961,
Ball and Ball, 1953; Salamon, 1987; ten-Brink et al., 1990; Wdowinski
and Zilberman, 1996, 1997).

The arching (phase 4, above) and the E-W normal faults (phase 3, above) are
the most dominant tectonic phases shaping the current topography of the
Galilee. The most prominent results are (a) the relatively young uplift of the
Upper (Northern) Galilee to an altitude of over 1000 m above sea level and the
establishment of a water divide between the DST and the Mediterranean; (b)
Basin and Range type structure of the Lower (Southern) Galilee consists of a
series of east-west oriented tectonic blocks bounded by normal faults (Freund,
1970; Matmon et al., 2003) and separated by elongated grabens or half
grabens. These are the foremost factors in determining the configuration and
the flow direction of the drainage systems.

Several researchers have focused on the Late Cenozoic tectonic and
topographic development of the area. Freund (1970) performed a quantitative
analysis of the amount of extension which took place in the Galilee during the
Neogene along the various fault systems. Ron et al. (1984) differentiated
between faults that predate and postdate the Cover Basalt Formation (~ 4 Ma;
Heimann et al., 1996) and related their evolution to rotation of tectonic blocks in
the Galilee. Kafri (1997) did a comprehensive work on the Miocene drainage
systems in the Lower Galilee and reconstructed the flow routes of these
systems. He explained the changes in the Lower Galilee drainage systems as a
reaction to the development of the base level in the east (DST) and in the south
(Yizre'el Valley).

The studied area is located along the Zurim escarpment, which trends roughly
E-W. This escarpment bounds the northern side of the Bet-Kerem Valley which
separates between the Upper Galilee and the Lower Galilee (Fig. 1). The
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observations shown in the field trip are mostly related to tectonic systems 2, 3,
and 4 (see above).

Figure 1 - Upper left panel: location of study area in the eastern Mediterranean marked by a
black box. Upper right panel: Shaded relief map of the Galilee highlighting its basin and
range structure. Zurim escarpment marked by a black arrow. Upper cross section:
topographic and structural cross section presenting the dominance of the Zurim escarpment

in the Galilee’s structure.

Station 1: Har Kamon, View point of the Zurim escarpment and
introduction (Fig. 2).

In this station, the main tectonic, lithologic, and morphologic features of the
Zurim escarpment are described and tectonic and morphologic frameworks to
its development are proposed .
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Figure 2. A - Topographic profile of the Zurim Escarpment crest (black line) compared with
the topographic profile of the Bet-Kerem Valley (grey line). B. Map of tectonic and
morphologic features around the Zurim escarpment. Location of trip stations are also shown

(according to station number).

The Zurim escarpment is about 30 km long and it stretches from the
Mediterranean coastal plain in the west to the deep gorge of Nahal Amud in the
east. Its altitude ranges between 70 to over 1000 meters above sea level and it
is lifted 70 to 700 meters above the Bet-Kerem Valley to the south of it. Most of
the escarpment is built of limestone and dolomite of Cenomanian and Turonian
formations. It is divided into two main parts by the Peqi’in fault: the eastern part
and the western part. In the most western part of it, it is built of Senonian chalks
and along the eastern part of it a Lower Cretaceous sequence of marls and
sand stone is exposed at the bottom of the escarpment. The escarpment is
based on a series of normal faults arranged in an en-echelon position. Each
fault forms part of the escarpment. In places where there is an overlap between
faults the escarpment is built of tectonic steps that form relay ramps.

Lithology plays a dominant role in the morphologic development of the
escarpment. Along segments that expose the Lower Cretaceous marls and
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sandstone landslides are the main mechanism of slope development. Similarly,
in the west where Yarka marls are exposed landslides become a dominant
process. Along segments that expose only carbonate rocks, dissolution of the
rocks is the main mechanism of slope development.

The Eastern Part

The eastern part is the highest part of the escarpment and most of it is above
1000 masl. It is crossed by Nahal Haari and Nahal Zalmon that drain southern
sections of the Upper Galilee. Most of the escarpment in the eastern part is
composed of two tectonic steps separated by normal faults. The lower step
decreases in height from west to east and terminates several kilometers west of
Nahal Amud. The exposed lithology (Cretaceous marls and sandstones)
enables the development of landslides and therefore no fresh fault scarps are
exposed. Some small drainage channels developed on this step. The upper
step increases in height from west to east and becomes the main fault on the
very eastern part of the Zurim escarpment. The upper step is mainly composed
of limestone and dolomite of Cenomanian age. Fresh fault scarps at the base of
the upper escarpment indicate young tectonic activity.

The Western Part

The western part is lower than eastern one and does not expose the Lower
Cretaceous sequence at all. Its altitude decreases from east to west from about
880 masl. to 70 masl. at the very western end of the escarpment. No major
drainage systems cross the western part of the Zurim escarpment and only
some small drainage channels developed on the escarpment. Except for the
western end of the escarpment where Senonian chalks are exposed the
western part is composed of limestone and dolomite of Cenomanian and
Turonian age. The western part can be divided into 4 different segments
correlated to the normal faults that form them. There is a good correlation
between the tectonic segments and the topography of the escarpment. This
correlation is mainly noticeable in the sky line of the escarpment where saddles
divide the different parts of the escarpments according to the tectonic
segments. At the base of each segment fresh fault scarps in limestone or
dolomite are exposed.
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Temporal framework for the evolution of the Zurim Escarpment
Morphologic considerations reveal the main phases of tectonic activity that took
place during the Miocene and Pliocene and establish the tectonic relations with
the crossing Peqi’in fault. Slope shape analysis together with sedimentologic
evidence help determine the relative age of the different segments of the
escarpment. Younger and recent tectonic activity were investigated by mapping
fresh fault scarps along the escarpment, detailed mapping by GPS of a selected
fault scarp, and using cosmogenic dating to identify Holocene and late
Pleistocene seismic activity (Gran et al., 2001).

The Preservation of Senonian Sequence (Fig. 3)

Figure 3. - schematic model
illustrating the preservation of
the Senonian sequence on the
down faulted block while
eroding it away on the uplifted
block

Along some of the main tectonic escarpments in the Galilee including the Zurim
escarpment, a Senonian sequence of chalk and marl is exposed on the down
faulted blocks. Their preservation is indicative of normal tectonic activity of the
Zurim fault system before or during the early stages of the post-Eocene regional
truncation. The absence of Senonian rocks on the uplifted block indicates that
truncation continued on the higher structures. This situation (of ongoing
truncation on the upper blocks and preservation of young sequence on the
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lower blocks) requires that the rate of normal displacement is not faster than the
rate at which the drainage system can erode the offset. Thus, relief does not
form and the drainage systems do not incise and by that abandon the top of the
uplifted block. We can conclude that the normal activity of faults that enabled
the preservation of a Senonian sequence on the down faulted block started
early in the history of truncation and earlier than the activity along faults where
the down faulted block is composed of rocks older than Senonian.

If we adopt two assumptions we can estimate the time which the activity on
these faults started: (a) uplifting and truncation rates were comparable during
the Oligocene and early Miocene, and (b) uplifting rates during the Oligocene
and early Miocene were relatively constant along the eastern coast of the
Tethys (Begin and Zilberman, 1997). Begin and Zilberman (1997) estimated
uplifting and truncation rates of the mountainous backbone of Israel from the
Oligocene to the Pleistocene. They calculated truncation rates that range
between 0.04 to 0.5 meters in 10000 years but point that a truncation rate of 0.2
meters in 10000 years is typical to an average relief of 100 meters which
probably represents the landscape in the region during the Oligocene and
Miocene. Begin and Zilberman (1997) argue that uplifting begun during the
early Miocene, about 23Ma. This estimate agrees with the conclusion by
Garfunkel (1970, 1978) that the uplift of the mountainous backbone of Israel
during the Oligocene was negligible. A thickness of 150-250 meters is attributed
to the Senonian to Eocene sequence in the Galilee (Kafri 1972). Using an
average thickness of 200 meters we calculate that the truncation process would
expose the base of the Senonian sequence within 10 million years of truncation.
This means that normal faulting had to begin earlier than 13Ma along the Zurim
fault system and on other normal faults in the Galilee .

Relation to Drainage Systems at the Top and Bottom of the Zurim
Escarpment (Figs. 2, 4)

The relation of drainage systems to the Zurim escarpment sheds some light on
its tectonic development. Matmon et al. (1999) show that the Upper Galilee
bounded in the south by the Zurim escarpment existed as a morphologic
element during the time the ancient Bet-Kerem drainage system was active.
The existence of the Upper Galilee as a morphologic barrier was the reason the
drainage system had to traverse the Upper Galilee from the south. The recent
upper part of Nahal Zalmon which flows along the course of one of the main
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Figure 4 - Upper panel:
Topographic cross section
from the Bet-Kerem Valley
to Mt. Ha'ari. Lower panel:
Topographic cross section
from the Bet-Kerem Valley
to Mt. Sneh across the
Bet-Ha'Emek valley

tributaries of the ancient Bet-Kerem drainage system is the only alluvial channel
that crosses the Zurim escarpment not on a trace of a fault. Two more channels
that flow from the Upper Galilee to the Bet-Kerem valley are developed along
the Pegi'in and Bet-Jann faults that cross the Zurim escarpment. These two
channels have small catchments. Several small channels developed on the
escarpment itself but they do not drain areas above the escarpment. The
relations of the escarpment to the drainage systems on top of the escarpment
show that head-ward incision of escarpment channels and backwards retreat of
the escarpment itself are minor. It can be seen that three drainage systems flow
parallel to the escarpment even though the valley south of the escarpment
serves as a close and deep base level. The eastern system flows westward for
several km curving southward into the Bet-Kerem Valley. The curve takes place
along the trace of the Bet-Jann fault. This is the only case of drainage capture
that occurred on top of the Zurim escarpment. The middle system passes along
the upper edge of the escarpment forming a shallow (about 1 -2 meters high)
water divide with the channel that flows down the escarpment and then
continues westward to the Mediterranean. The water divide is located on the
trace of the Peqi'in fault. The western drainage system flows westward passes
along the edge of the escarpment but is incised into Cretaceous bedrock much
deeper than the middle system so it does not form such a shallow water divide



2008 NY) TIRIVIN PNDINNN 172NN DD

with the Bet-Kerem Valley. The three drainage systems and their relation to the
escarpment exhibit a decreasing degree, from east to west, of recent drainage
development on the account of ancient drainage systems. This situation can be
explained by a shift of the tectonic activity from east to west along the Zurim
escarpment. The eastern segment is the oldest allowing the drainage system to
develop to the point of drainage capture and the western segment is the
youngest. This conclusion agrees with results of the study of the ancient Bet-
Kerem drainage system (Matmon et al., 1999) and the slope analysis that was
done on the tectonic escarpments of the Galilee (Matmon et al., 2000).

Topographic Relations with the Peqi’in fault (Fig. 5)

Figure 5. A - Schematic cartoon illustrating the relations between the Zurim Escarpment fault
system and the peqi’in fault. B. Topographic map showing locations of analyzed drainage
systems. C. Longitudinal profiles of streams flowing across the pegi'in escarpment. The
relatively young activity along the escarpment is expressed by the convex and steep

channels. Stream no. 1 crosses the Pegi'in fault where its topographic expression terminates
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The Pegi'in fault crosses the Zurim fault system and divides the Zurim
escarpment into two main parts. The tectonic relation between the two fault
systems is indicative of time of activity. Ron (1984) found evidence for left
lateral movement of ~2.3 km along the Peqi’in fault. The vertical displacement
along this fault is about 200-250 meters (Eliezri, 1965). The tectonic Peqi'in
escarpment is 150-200 meters high. South of the Zurim escarpment, the Peqi'in
fault is not expressed by any vertical topography. According to Ron (1984), the
lateral displacement along the Peqi'in fault took place during the middle to late
Miocene and if it had any topographic expression it was eroded. However, we
think that the lateral movement was practically pure strike slip since the recent
topography is almost equal to the total vertical displacement. The topographic
relations between the Peqi'in and the Zurim fault systems indicate that most of
the lateral movement occurred prior to the formation of the Zurim escarpment
otherwise a step (in plan view) should have developed along the Zurim
escarpment. Younger vertical movement that took place along the Peqi'in fault
must have occurred after the formation of the Zurim escarpment. The young
activity along the Peqi'in escarpment is manifested by the hanging drainage
channels that flow over it. The formation of the Zurim escarpment caused the
segmentation of the Peqi’in fault and enabled vertical movement to occur only
on the northern segment of the Peqi’in fault while the southern segment did not
reactivate. The vertical displacement of the Zurim fault system jumps from 800
west of the Pegi'in fault to 1000 meters east of the Peqi'in fault (Cohen, 1988).
This dramatic jump is caused by the young vertical offset along the Peqi'in fault.
The topographic relations between the Pegi’in and the Zurim fault systems point
at the following sequence of tectonic activity: (a) practically pure lateral
movement along the Peqi'in fault during the early and middle Miocene, (b)
Vertical displacement along the Zurim fault system (with a shift of activity from
east to west) and the formation of the Zurim escarpment, and (c) vertical
movement along the northern segment of Peqi'in fault and the formation of the
Peqi’'in escarpment .

Slope shape analysis (Fig. 6)

Slope shape analysis enables a semi-quantitative dating of the total duration of
escarpment activity. The reference slope envelop is of Mt. Tur'an escarpment,
where outcrops of the Cover Basalt dated to 4.2Ma (Heimann et al., 1996) are
offset by the Tur'an escarpment and constrain the time of initial displacement to
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the age of the basalt (Fig. 6). It is assumed that escarpments that have more
concave shapes than the Tur'an escarpment are older than 4.2 Ma, those with
slopes more convex are younger, and those with a similar slope shape are of a
similar age to the Tur'an escarpment .

Figure 6. Comparison of slope profiles along the Zurim escarpment with the Tur'an reference

envelop (shown in black)

According to the results of the slope analysis (Matmon et al. 2000) the western
side of the escarpment is younger than the eastern side and is similar in age to
the ~4.2 Ma Tur'an escarpment in the Lower Galilee (Fig. 6). This result agrees
with the conclusions based on the relations between the Zurim escarpment and
the drainage systems at the top of the escarpment. Since the segment located
east of the Peqi'in fault exposes Lower Cretaceous marls and sandstone and is
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subjected to repeated landslides, only the upper tectonic step which is built of
Cenomanian and Turonian dolomite and limestone could be analyzed, therefore
the relative age given to that segment is for the upper step only and not of the
entire escarpment. Analyzed slopes that expose Yarka marl also exhibit the
affect of landslides on slope shape.

Bedrock Fault Scarps (Fig.7)

Fresh (i.e. young) fault scarps are found in the dolomitic and limestone bedrock
along the entire Zurim escarpment. Mapping of fresh fault scarps reveals the
geometry and spatial distribution of the faults. There is no correlation between
fault scarps location, which indicate young tectonic activity (late Pleistocene and
Holocene), to the relative age of the escarpment's segment. Exposure age
dating of the Nahef East fault scarp using cosmogenic isotopes suggests three
periods of intense seismic activity (~12ka, ~6ka, ~1.5ka) alternating with periods
of tectonic quiescence (Gran et al., 2001). All rapid exposure phases deduced
from the Nahef fault analyses correlate with the collapse or destruction of
archeological sites. Large boulders fell from the ceiling of the Yonim Cave

Figure 7. A. Location of exposed bedrock fault scarps along the Zurim escarpment. B.
Periods of intense seismic activity along the Nahef East fault based on numeric modeling
and cosmogenic 36CI concentrations. C. photo of a typical appearance of bedrock fault
scarps along the Zurim escarpment
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approximately at the time of the first (~12 ka) stage, the Pegi'in Cave collapsed
during the second stage (~ 6 ka) and a Byzantine church near the modern city
of Karmiel collapsed at the time of the third (~1.5 ka) stage .Low seismisity is
currently recorded in the Galilee (www.gii.co.il) with a strongest earthquake of
Mw = 5.3 magnitude (August 1984; Hofstetter et al., 1996).

Summary

The Zurim fault system and the Zurim escarpment are the most prominent
morphotectonic feature in the Galilee. The relative age of the Zurim fault system
is manifested by the existence of a Seninian sequence on the down faulted
block. Calculations based on estimated rates of denudation and original
thickness of the eroded sequence indicate that vertical displacement begun at
the latest in the Middle Miocene. Although topographic expression did not form
at first, the Zurim escarpment is one of the oldest morphotectonic features in the
Galilee. Slope shape analysis indicates that the Zurim escarpment existed as a
morphologic element during the eruption of the middle Pliocene Cover Basalt
and the reconstruction of the ancient drainage system in the Bet-Kerem Valley
indicates that the escarpment existed during the time this drainage system was
active, >2 Ma (Matmon et al., 1999). Morphologic relations and slope shape
analysis indicate a shift of tectonic activity from east to west. The morphologic
relations of the escarpment with the drainage systems at the top of it point at
the fact that headward incision of escarpment channels and backward retreat of
the escarpment are minor. Young tectonic activity is manifested by the
occurrence and distribution of fresh fault scarps along all segments of the
escarpment. There is no obvious correlation between the distribution of the
young fault scarps and the relative age of the different segments along the
escarpment. Dating of fault scarp exposure suggests intense seismic activity as
recently as 1500 years ago.

Station 2: Rame cliff, mechanism of rock fall (fig. 8)

Introduction

In this station we will present a research investigating the critical conditions that
control rock fall initiation from hanging cliffs. Rock falls are a typical mass
wasting process that occur when rock blocks detach from discontinuous cliff
faces and fall by gravity (Hantz et al., 2003). Rock falls are likely to cause great
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Figure 8A. A panoramic view of the investigated cliff (top panel). The cliff is composed of two
sets of notched and protruding units. Many boulders can be seen resting at the base of the
cliff. The cliff abruptly terminates at both ends by faults. Measured cross section (lower left
panel) and photo of cliff profile (lower right panel) show the notches and the thickness of the

units that form the boulders

damage in property and life when occur in populated areas (Harp and Noble,
1993). A rock fall initiates when the tensile and shear stresses developed in the
rock mass by gravity exceed the rock strength (Ahnert, 1996). Continuous rock
mass is strong and unstable phenomenon are rarely observed. The first stage in
the development of rock falls is joint development which reduces rock strength
(Schumm and Chorley, 1964). These joints and similar discontinuities such as
cracks and bedding planes in the rock mass determine the boulder size (Harp
and Jibson, 2002; Harp and Noble, 1993). Joint opening in the rock mass lead
to the occurrence of semi-stable separated rock blocks. Different processes
such as earthquakes, lightning, heavy rain storms, topographic structure,
human intervention, and other environmental conditions trigger the final rock-
block detachment. Sometimes rock falls are spontaneous with no obvious
triggering event (Marzorati et al., 2002; Schumm and Chorley, 1964).
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Figure 8B. Rose diagrams of dip directions (upper left panel) and joints directions in cliff
(upper right panel). Maps of boulder thickness (upper map) and boulder volume (lower map)
suggest that boulders are derived from the same unit along the cliff. However, on the eastern
side their volume is greater than on the western side of the cliff. Bootstrap statistics (lower
left diagram) confirms the difference in average volume of rock blocks on the eastern and
western sides of the cliff. A schematic diagram showing the parameters of a cantilever beam
are shown in the middle left diagram

The relation between earthquakes and rock falls is well established (Harp and
Jibson, 2002; Harp and Noble, 1993; Harp and Wilson, 1995). For example, in
tectonically active areas, rock falls testify for strong ground motion caused by
earthquakes (Keefer, 1984). In some locations, rock falls can be a sensitive
monitor for earthquake intensity recurrence intervals (Anooshehpoor et al.,
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2004; Marzorati et al., 2002). Many studies deal with rock falls but most of them
focus on specific events, such as earthquakes that lead to the fall (Harp and
Jibson, 2002; Marzorati et al.,, 2002). On the other hand, studies which
investigate the lithologic and mechanical controlling factors that lead to failure
are few. In Israel, rock fall hazard may be significant due to the proximity of
populated areas and main life lines to cliffs and steep escarpments. Triassic to
Tertiary Carbonates rocks build most of the mountainous regions of Israel and
form many cliffs (Bentor et al., 1965; Picard and Golani, 1965). Rock blocks are
deposited at the base of some of these cliffs while at the base of others rock
blocks are absent

Study area

The natural conditions in the Galilee, of steep cliffs and escarpments composed
of carbonate rock, are prone to rock fall evolution. The studied cliff is located
above the village of Rama (234860/761760, new Israeli grid). Cliff face direction
is SW on the eastern side to SE on the western side. The cliff rises up to 20
meters and extends ~200 m with numerous rock-blocks at its base. It is
composed of alternating limestone and marl layers from the lower Kamon or the
upper Rama formations (Eliezri, 1965). The thickness of the limestone beds
ranges between tens of centimeters to a few meters. Stylolite planes spaced a
couple of centimeters apart are parallel to the bedding. The cliff is crossed by a
set of vertical joints trending NNE-SSW. The mean joint density is 1/2 — 1/3 per
meter. Joint width is 0 — 20 cm with calcite and soil filling. Differential
weathering between the marl and the limestone in the Rama cliff form a hanging
cliff morphology: a lower limestone-marl couple and an upper limestone-marl
couple. The upper couple has a thinner cliff and notch. The depth of the lower-
notch is 5-7 meters in the east side and only 1-2 meters in the west side. The
general regional dip is to the NNW at 5°-10°, opposite of the escarpment face
so the observed boulders could not have been produced by rock-slide.

A total of 210 cubic shape (horizontal dimensions of the block are similar) rock-
blocks with volumes that range between 0.4 and 51 m?® were mapped below the
studied cliff. Blocks on the eastern side (n=101) range in volume between 0.4m®
and 51m® with a mean value of 6.2 m®. In the western part boulder (n=95)
volume ranges between 0.5 m*® and 36 m® with a mean value of 3.1 m>. Blocks
on both sides of the cliff show similar thickness. The reason is that the source of
the boulders is from the same layers in the cliff. Blocks are either lined parallel



2008 NY) TIRIVIN PNDINNN 172NN DD

to the cliff's face and form terraces at the foot of the cliff or arranged in big piles
of block showing a spatial correlation with scars on the cliff face. Increase in
boulder concentration along the stream suggests some down-slope block creep.

Cantilever Beam Model

The Rama hanging cliff is modeled as a series of cantilever beams separated
by systematic joins (Kogure et al., 2006), where each cantilever beam is a
separate system independent of the other beams. A cantilever beam is defined
as a beam which is held only at one side (Nash, 1972). Gravity acts on the
cantilever beam and causes it to bend and collapse under it's self weight when
tensile stresse exceeds the cantilever strength. The cantilever critical length is
defined as (Polakowski and Ripling, 1966):

The cantilever critical length depends on:

Omax — The rock tensile strength.

g — Gravity acceleration.

t — The cantilever height.

p — Rock density.

We did not observe boulders that match the expected size based on the critical
length calculations, i.e. cantilever beams either fail before reaching the critical
length or break when hitting the ground. Since we could not reconstruct
expected critical length from exposed matching boulders, we prefer the first
explanation. Several other reasons contribute to producing beams smaller than
the critical length:

1. The tensile strength value measured in the laboratory (modified after
Michaeli 1992a-d, 1993a-d) is generally greater than that of the rock-
mass in the field due to fractures and microfractures which reduce the
effective rock strength (Kogure et al., 2006). This reduction in strength as
a function of specimen size is known as the "scaling effect" (Carpinteri
and Ferro, 1998).

2. Seismic acceleration which adds to the nominal gravity value.
Pseudostatic calculations which include the vertical component of
earthquake acceleration show that a seismic acceleration of up to 1g
reduces the cantilever critical length by up to 5 meters. This reduction still
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does not yield critical beam lengths comparable to those found in the
field. It seems that earthquakes can not be the only trigger for shorter
cantilevers as found in the field.

3. Rock mass is not homogenous as required by equation 4 .

4. There is a possibility that the beam theory can't be used in the case of the
Rama cliff because the block dimensions resemble a cube more than a
beam.

Station 3: Givat Zakif, view point and introduction to relay ramps (Fig. 9).

Figure 9 - Upper panels: Two stages in relay ramp development (modified from Crider and
Peacock, 2004). A. Relay ramp developed between two stepping normal faults. The ramp
includes monoclines above the buried tips of the faults. B. Breached relay ramp. The normal
faults are connected and form a single irregular fault. Lower panel: Air photo of western
Zurim escarpment. Relay ramps marked by letters corresponding to text. We recognize three
relay ramps at different stages of development: (A) A western ramp above the villages of
Majd-El-Kurum, B’ina, and Dir-El-Asad, (B) A central ramp, and (C) An eastern ramp above
the village of Sajur. Average dip of each ramp and regional inclination are marked. Main
traces of faults marked by solid red lines. Dashed red lines mark inferred projection of buried
fault trace



2008 NY) TIRIVIN PNDINNN 172NN DD

In this station we view three relay ramps at different stages of development
along the western Zurim escarpment.

A relay ramp is a typical structure in normal fault-bound escarpments. It
moderates the structural step between two tips of offset normal faults
connecting the footwall and hanging wall of the blocks. A relay ramp transfers
the displacement from one of the offset faults to the other. Upon faults-
nucleation, stepping faults do not interact. As faults propagate and overlap,
relay ramps develop. Flexures are expected above the buried tips of the offset
faults (Crider and Peacock, 2004). Depending on the strength of the ramp, the
strain rate during deformation, and the amount of extension, the relay ramp may
break down and breach by a fault connecting the stepping faults (e.g. Peacock
and Sanderson, 1994; Trudgill and Cartwright, 1994).

Relay ramps can be classified based on the degree of interaction and linkage
between the overstepping fault segments (Peacock and Sanderson, 1994). The
degree of interaction can change spatially a well as temporally. Spatially,
overstepping faults observed at different depths can be seen physically
connected at depth but separated by a relay ramp at the surface (e.g Crider and
Peacock, 2004). Temporally, overstepping fault segments separated by a relay
ramp, overlap, and eventually connect by a breaching fault.

We recognize three relay ramps at different stages of development along the
western Zurim escarpment: (A) A western ramp above the villages of Majd-El-
Kurum, B’ina, and Dir-El-Asad, (B) a central ramp above the village of Nahef,
and (C) an eastern ramp above the village of Sajur. Ramps B and C present
typical relay ramps in which the ratio of length to width is >1. The mean ratio of
length to width determined from hundreds of ramps is ~3.5 (Peacock, 2003).
Ramp C is breached at the bottom and the middle by normal faults which are
expressed by exposed fault scarps suggesting relatively young activity. Ramp B
is elongated and is not breached in spite of the extended overlap between the
offset faults. In the next two stations we focus on ramp A.

Station 4: Dier el Asad, Fold-fault system (Fig. 10)

In this station we present and discuss structural observations obtained from
Relay ramp A. The overlap of the offset faults along Relay ramp A is small and
the ramp is not detectably breached. The width of the ramp is ~2 km. We
measured dips of exposed bedrock beds along four transects that cross the
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relay ramp to determine its geometry. Reconstruction of the two eastern
transects with the arc method (Busk, 1957; Guralnik, 2006) reveals a ramp
dipping sharply (69°-77°) to the east and ESE on the eastern side and merging
with the regional dip on the western side (5°-10° to NW). Analyses of the
eastern transects also suggests that a fault underlies the relay ramp and that its
tip is 200-400 meters below the surface .

We analyzed the structure of Relay-ramp A as a fault-fold System (Withjack et

al., 1990; Vendeville et al., 1995; Reches and Zoback, 1996; Hardy and

McClay, 1999) using a dislocation model in a linear-elastic medium (DIS3D;

Erickson, 1987) to constrain the deformation involved in the development of the
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Figure 10. Relay ramp (A). A. Air photo. Dip measurement transects are marked with orange
lines. Faults are marked with pink lines. B. Transect and Busk (1957) analysis along the
southern side of the ramp (corresponds to transect B) above the buried tip of the southern
normal fault. C. Transect and Busk (1957) analysis along the eastern side of the ramp
showing a fold superimposed on the ramp (corresponds to transect E). D. Model geometry. Z
is the vertical axis where Z = 0 represents the surface before fault-slip; X is the horizontal
axis; h is the depth of the fault upper tip; d is the normal fault slip on the fault. Dashed line
presents the model result (schematic), where the surface, initially at Z = 0, displaced as a
consequence of slip on the fault. E. Calculated surfaces as a result of 100m to 500m
displacement (d) on a dislocation with an upper tip at depths (h) of 300m. Also shown are the
structural cross sections that resulted from the analysis. The best fit between model results
and field observation is achieved with displacements of 300 to 400 meters (h = 300m). F. Map
of tour in the village of Deir el Assad

structure. The geometry analysis, based on Busk (1957), suggests that the
fault's upper tip reaches a few hundred meters below surface. We used this
depth in the elastic fault-fold model where the subsurface fault is represented by
an edge dislocation in a semi-infinite elastic medium. The approach was to test
different dislocation geometries and mechanics (simulating the blind-fault) until
a best-fit is achieved between the simulated deformed surface area and the
structural field measurements. Input geometry and mechanics for the
dislocation model are set to match field observations from the Galilee area: Dip
of the analyzed dislocations is set to 65° (Freund, 1970). Fault down-dip length equals
the sedimentary sequence depth, ~5000m (May, 1987). Poisson ratio is set to 0.2. We
obtained close agreement with the geometry of the fold with d ~ h (where h is
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fault tip depth and d is fault displacement). The d value was generally validated
using field observation (Freund, 1970). This simulation shows that the folding
might be a consequence of deformation above the tip of a blind normal fault tip
which reaches only a few hundred meters below surface. This fault-fold
geometry is typical to relay ramps. The high slip relatively to depth clearly
violates the assumptions of small deformation, and indeed in meso-scale the
rock deformation is not elastic: widespread fractures and small folds are
observed. Still, the agreement between the predicted surface displacement and
the reconstructed profile suggests that our elastic model yielded a fair
estimation of the deformation associated with the development of the relay
ramp.

In this station we will stroll across (and, to an extent, along) the upper part of
Relay ramp A that displays extreme dips. Relay-ramp features, the exposure of
which is rare in this region, are unearthed in foundations of houses and road
cuts. Such features include a bounding fault and a transition from a regional dip
to increasing local ramp dips. We start from the north-west entrance of the
villages of Dir-el-Assad and B'ina at the top of the Zurim escarpment (Pt. 1 on
Figure 10B). The outlook shows gentle dips to the north-west, conforming the
regional dip (Levy, 1983). We descend toward the south along the road through
the developing neighborhood in western Dir-el-Assad and stop by several
construction sites (Pts. 2-4). We see dips increasing from around 20° to 40°
south to south-east. As we continue west of B'ina's graveyard, the dip exposed
at a road-cut exceeds 60° (Pt. 5). The dip peaks exceeding 70° near the
western end of the Pool Street (Rehov HaBrekha, Share'a el Birke; Pt. 6, about
200 m westward from the historic site of B'ina's pool). An expanse of calcrite
stretches west of these steeply dipping layers of B'ina formation, developed
over Yarka's marl. After drinking local coffee we ascend north-eastwardly in
B'ina, against the motorized traffic direction. The condensed alley displays older
excavations of south-easterly dips, underneath walls and within a parking
garage (Pts. 7-8). The dips relax back to values ranging between 20° and 45°.
We continue to the road bounding the Dir-el-Assad from north. The northern line
of houses is attached to a fault trace, one that bounds the relay-ramp. The fault
plane exposes fault breccias (Pt. 9).
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Station 5: Majed EI Kurum, the evolution of a relay ramp (Fig. 11)

Figure 11. Upper panel: an excavation into the lower slope of the Zurim escarpment above a
defined normal fault segment (west of Majd-El-Kurum) exposed a sequence of six coluvial
wedges resting at angles decreasing from 67° to 30° (labeled with blue numbers). Upper inset
photo: location of quarry on the escarpment slope. Lower inset photo: breccia and carbonate
matrix of coluvial wedge 1.

Paleomagnetic plots: A. bootstrap test for common mean (Tauxe et al., 1991). W1-W4:
wedges (1)-(4); BR: bedrock fractures. Shown are bounds of intervals that include 95%
confidence levels. Upper plots: common mean test for all rock units. Lower plots: wedges
(1), (2) and (4) treated as one paleomagnetic data set. B. Lower hemisphere equal area
projection of paleomagnetic means and 95% confidence circles summarized in table 1. GAD
field direction is represented by a solid diamond. Left figure: confidence circles of wedges
(1), (2) and (4) overlap. Right figure: wedges (1), (2) and (4) are treated as one paleomagnetic
unit with a confidence circle that differs from BR; C. right plots: representative orthogonal
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vector plots of both AF and thermal demagnetization. Left plot: normalized intensity (J/Jo)
presented both on linear and semi-log scale.

Lower graph: Average slip rates along normal faults in the Galilee as a function of temporal
window

A sequence of six distinguishable coluvial wedges is exposed at the base of the
southern flank of relay ramp A. The coluvium is composed of carbonate clasts
embedded in a carbonate matrix. The wedges rest at angles successively
decreasing from 67° at the bottom to 30° at the top. The lower four wedges (1-
4) are well-lithified, of which the lower three (1-3) rest at angles greater than the
angle of repose suggesting significant tilting during and after calcification. The
fifth and sixth wedges rest at the angle of repose (~30°) and are moderately to
poorly lithified. We suggest that the increasing angle of the wedges is the result
of the development of the relay ramp over the buried tip of the southern
boundary fault .

Paleomagnetic analysis

We use paleomagnetic measurements to test the hypothesis that the increasing
angle of the wedges is a result of the development of the relay ramp. We
separately sampled each of the coluvial wedges as well as the matrix of the
fractured bedrock. This matrix is the same material as the cement in the coluvial
wedges. Our working hypothesis includes two assumptions: (1) The coluvial
wedges were initially deposited at or near the angle of repose (~30°), and (2)
The expected inclination is Pleistocene-present geocentric axial dipole field
(GAD), which is 52° for the location’s present latitude. If so, southward tilt may
create inclination anomalies (4l=Ineasured-lexpected). The end member for 4l are: (1)
magnetization predates tilting of each wedge. In this case inclination anomaly
would reflect the entire tilt angle, and (2) magnetization postdates tectonic tilt. In
this case 4l would be insignificant. If magnetization is sin-tectonic, 4l could vary
between zero and the maximum value which is the difference between the
maximum tilt of each bed and the angle of repose (30°)(4l max=observed dip -
30°).

We collected a total of 78 magnetic and sun compasses oriented field-drilled
cores from the excavation on the southern side of the relay ramp. Fifty-seven
cores were taken from wedges (1), (2), and (4). Six cores were taken from
Turonian limestone bedrock and 15 cores were taken from carbonate filling in
bedrock fractures (Table 1, Fig 6). Magnetic measurements were performed at
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the Paleomagnetic Laboratory, Institute of Earth Sciences, The Hebrew
University of Jerusalem. Remanence measurements and alternating field (AF)
demagnetization were conducted using a 2G Cryogenic Magnetometer with an
integrated AF coils. Thermal demagnetization was performed using ASC TD-48
thermal demagnetizer. All samples were stepwise demagnetized to peak AF
between 60 mT and 120 mT, in 5 mT or 10 mT increments. One or two cores
from each rock unit were split into two samples for both AF and thermal
demagnetization. Thermal demagnetization experiments were performed up to
325° in 25° or 50° increments. Paleomagnetic directions and statistical data
were analyzed using principal component analysis (Kirschvink, 1980) and
Fisher analysis (Fisher, 1953).

The Turonian limestone bedrock samples show a weak and unstable magnetic
signal. This lithology is the source of the fragments in the coluvial wedges.
Samples taken from the wedges and from bedrock fractures are magnetically
stable and show similar behavior in both AF and thermal demagnetization
experiments. These samples are characterized by: (1) strong NRM intensity in
the order of 10" A/m — 10 A/m, (2) presence of two magnetic phases: one with
a blocking temperatures below 150°C and another with blocking temperatures
between 150°C to 300°C, (3) a viscous component that is removed after 10mT
or 100°C, and (4) median destructive field (MDF) of 15 mT — 20 mT in single
component samples (Fig. 6). This behavior suggests maghemite (y-Fe,O3) and
goethite («-FeOOH) as the dominant magnetic carriers, and NRM that is mainly
a chemical remnant magnetization (CRM) in origin rather than depositional
(DRM). Maximum angle deviation (MAD) (Kirschvink, 1980) of the
Characteristic Remnant Magnetization (ChRM) is usually less then 3°, allowing
determination of the paleomagnetic directions .

All samples show northerly declinations and positive inclinations that range
between 22° and 56°. We use two statistical approaches to check whether
mean paleomagnetic directions of the wedges and the bedrock fractures are
distinct: (1) Fisher analysis (Fisher, 1953) and (2) statistical bootstrap (Tauxe et
al.,, 1991). The 95% confidence circles of the Fisher distribution around the
means overlap for wedges (1), (2) and (4) but differ from the mean direction of
the bedrock fractures suggesting that the mean paleomagnetic directions of the
wedges cannot be distinguished (Fig. 6). An alternative approach is based on a
technigue known as the statistical bootstrap. The bootstrap test for the common
mean (Tauxe et al., 1991) compares cumulative distribution of Cartesian
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components of means from 1000 bootsrapped para-sets, for each rock unit.
95% confidence intervals of the Cartesian components of the wedges overlap,
confirming that the mean directions of the wedges cannot be distinguished (Fig.
6¢). Both bootstrap analysis and Fisher statistics suggest that wedges (1), (2)
and (4) are indistinguished and should be treated as one paleomagnetic unit
and that they differ from the mean direction of the bedrock fractures .

Mean inclination of the carbonate fill in the Turonian bedrock fractures (BR) is
32.9°4£3.3°. The distribution of the magnetic vectors of wedges 1, 2, and 4
(W1+2+4) are indistinguishable with a mean inclination of 41.0°+1.8° (Table 2,
Fig. 6). Error limits define 95% confidence region calculated using Demarest
method (Demarest, 1983). Inclination anomalies (4l) are 19.4°+3.3° and
11.3°+1.8° for BR and W1+2+4, respectively. These anomalies reflect only part
of the tilt, suggesting that magnetic acquisition process is sin-tectonic. Both
inclination anomalies and paleomagnetic directions are in agreement with the
expected trend of increasing southward tilt.

OSL age determination

We collected 3 samples for optically stimulated luminescence (OSL) dating.
Samples from wedges 1 and 2 (MK1 and MK2) yielded ages of 461+75 ka and
354174 ka, respectively (Table 3). However, these samples might be saturated
and ages could represent only minimum ones. Wedge 5 yielded an age of
17622 ka.

We combine structural data, paleomagnetic measurements, OSL dating, and
field observations to construct a temporal framework for the development of the
relay ramp. The expected structure of a relay ramp generally includes the
primary tilted region in a direction parallel to the bounding faults and a
secondary fold over the buried tip of the lower blind normal fault (Crider and
Peackok, 2004). Field observations and structural reconstructions indicate the
existence of a complex fold structure between the two overlapping normal faults
along the western part of the Zurim Escarpment (Fig. 3). Cretaceous bedrock
units show both the expected primary and secondary structures: the beds are
tilted to the east, parallel to the direction of the bounding faults, a sharp fold is
observed above the southern normal blind fault, and a flexure is also evident at
the eastern end of the ramp suggesting the subsurface proximity of a breaching
fault. The studied coluvial wedges are located above the assumed buried tip of
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southern fault that bounds relay ramp A where a fold is expected (Crider and
Peackok, 2004). The geometry of these coluvial wedges indicates that they
were deposited on the flank of a developing fold. As expected, these coluvial
wedges increase their angle with age since they patrticipate in the growth of the
fold and their thickness increases down slope since they are deposited on a
slope that is greater than the angle of repose. We, thus, see them as the
surface expression of deformation and attribute their present geometry to the
propagation of the buried relay ramp-bounding fault .

The mean paleomagnetic directions imply a three-stage tilting and
magnetization history. Initial tilting of the Cretaceous sedimentary beds over the
propagating blind fault was followed by the fracturing of bedrock and soil (which
later calcified) penetration into the fractures. The coluvial wedges were
deposited as result of relief formation. A magnetic signal was not stabilized in
any of the units, thus there is no record of the amount of tilting at this stage. As
the fracture-filling soil calcified, a magnetic signal stabilized and further tilting of
8° was recorded. The stabilization of a magnetic signal in the carbonate fill
preceded that in the coluvial wedges since it was either deposited first or the
processes of dissolution and crystallization that lead to CRM were faster. The
calcification of the coluvial wedges and the stabilization of their magnetic signal
enabled the recording of further tilting of 11° which is also added to the
recorded tilt in the fracture fill .

Timing of tilting

The paleomagnetic data and OSL ages provide temporal constraints for timing
and rate of tilting. OSL age of Wedge (5), which lies at the angle of repose
(30°), is 176+22 ka. This age provides the upper, younger age for termination of
tilting. OSL age of wedge (1) is at the limit of the luminescence method, and can
only provide the upper, younger age for initiation of tilting (461+75 ka). The fact
that all paleomagnetic directions are with normal polarity suggests that the
magnetic signal is younger than Bruhns-Matuyama boundary (780 ka, Zett and
Obradovich, 1994). This age can provide the lower, older age for the initiation of
tilting. Thus, tilting probably initiated between 780 ka and 460 ka and terminated
no later than 170 ka. The first option (from 780 ka to 170 ka) implies a tilting
rate of 1°/16 ky, and the second option (from 460 ka to 170 ka) implies a tilting
rate of 1°/8 ky .
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The termination of tilting on one hand and the absence of a connecting fault
scarp on the other may indicate that the relay ramp is in a state of transfer
between two deformation regimes: from a developing ramp during fault
propagation to a breached ramp. This relay ramp state implies that the
bounding normal fault stopped propagating and that its tip is very close to the
surface. Analyses of the two western transects (crossing the southern fault)
support this interpretation and suggest that the tip of the buried normal fault is
only a few hundreds of meters (200-400 below the surface; Fig. 3).
Furthermore, analyses of the eastern transects also suggests that a fault
underlies the relay ramp and that its tip is also 200-400 meters below the
surface. Combined, these analyses suggest that the relay ramp might be close
to being breached by a connecting fault. Such geometry could explain the
termination of tilting along the southern flank of the relay ramp .

The results of the mechanical model imply a displacement on the southern
bounding fault of 300-400m (Fig. 10). When this normal displacement is
considered together with the temporal framework of 300 ky — 600 ky of activity
implied by the OSL dating of the tilted coluvial wedges, maximum average
displacement rates that range between 0.5 mm/yr and 1.33 mm/yr are derived.
An interesting temporal pattern of displacement rates appears when slip rates
calculated in this study are compared with other rates calculated along other
normal faults in the Galilee over various time spans (Fig. 11). An average slip
rate of 0.85 mm/yr over the past 12 ky is calculated from cosmogenic *ClI
exposure ages at the Nahaf east fault (Gran et al., 2001). An average slip rate
of 0.15 mml/yr is calculated from the offset of ~1.7 Ma basalts in the eastern
Upper Galilee (Mor et al., 1987) and an average slip rates of 0.1 mm/yr is
calculated from displaced Pliocene basalt flows along the Tur'an fault and Ha'on
escarpment for the past ~4 Ma (Heimann et al., 1996; Mor, 1993; Shaliv, 1991,
Matmon et al., 2000). A slip rate of ~0.1 mm/yr is also calculated from displaced
basalts for the past 6 Ma along the Gilboa fault (Shaliv, 1991). An apparent
increase in slip rate is recognized with narrowing of the observed time window.
However, we do not think that slip rates have actually increased with time. The
106 yr time frame is sufficient to express the actual average slip rate without
being influenced by recent periods of either fast or slow seismic activity.
Calculated slip rates over shorter periods (104-105 yr) are influenced by
individual or clustered seismic events and thus show faster slip rates. The data
supports a seismic pattern that includes short periods of intense activity
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alternating with long periods of tectonic quiescence. With time, the ratio
between active and quiet periods decrease and the calculated slip rate
decreases as well .

If we assume that all the displacement on the fault is converted to displacement
at the surface (i.e. a perfectly elastic medium), that no displacement is
accommodated in creep, and that a large earthquake (i.e. M6.5-M7) would
result from a displacement of about one meter (Wells and Coppersmith, 1994)
then the 300 meters of displacement (i.e. 100 large earthquakes) calculated
above in a time frame of 300 ky — 600 ky, would result in an average
reoccurrence interval for large earthquakes that ranges between 1000 - 2000
years. Gran et al. (2001) also calculated possible earthquake magnitudes that
range between M6.8 and M7.1 that would result in the observed displacements .

In this study we carried out a spatial and temporal analysis of a kilometer-scale
relay ramp structure exposed in the Zurim escarpment, an extensional terrain in
northern Israel. Structural mapping of the ramp indicates an asymmetric fold
with fold-axis situated along the unexposed continuation of the down-ramp
boundary normal fault. Both analyses and a 2D mechanical simulations suggest
that the buried tip of the fault is only a few hundred meters below the surface on
the verge of breaching.

A sequence of six distinguishable calcified coluvial wedges is exposed at the
base of the steep flank of the relay ramp. The wedges rest at angles
successively decreasing from 67° at the bottom to 30° at the top. We suggest
that the increasing angle of the wedges is the result of the development of the
relay ramp over the buried tip of the down-ramp boundary fault. We use
paleomagnetic measurements (Inclination anomaly) to test this hypothesis.
Rock magnetic measurements as well as statistical analysis suggest a sin-
tectonic chemical remnant magnetization (CRM) process. Inclination anomalies
of the fractured bedrock and wedges (1), (2) and (4) are about 20° and
11°respectively. These anomalies are in agreement with the expected trend yet,
reflect only part of the tectonic tilt .

Long term and independent activity of fault segments along the Zurim
Escarpment is indicated by termination of activity on the studied fault ca.
170+20 ka and inferred substantial seismic activity during the late Pleistocene
and Holocene on the Nahef Fault, several km eastward on the same
escarpment. Negative correlation between average slip rates and time-windows
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along normal faults in the Galilee, implies short periods of intense tectonic
activity alternating with long periods of tectonic quiescence.
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