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Abstract

Fault interaction is a common phenomenon in normal fault systems, in which short fault
segments link to form a continuous long fault. A result of such linkage is an increase in slip
rate, which affects the landscape. Furthermore, it has an impact on the seismic behavior of
the segments. Here, | investigate the Bet-Kerem fault system, northern Israel, which provides
an exceptional opportunity to understand the interplay between fault segment linkage and
landscape evolution. Moreover, it also provides the opportunity to understand the seismic

behavior of fault segments within a linked fault system.

The absolute stratigraphic and topographic throws and the difference between them (S-T
value) were estimated for six segments of the Bet Kerem fault system. S-T values as well as
stratigraphic and topographic throws are highest at the Sajur segment, located in the center
of the system and they gradually decrease along the western segments. In the Bet Kerem fault
system, it appears that all segments were formed simultaneously. However, the segments
located at the center of the system linked first, their slip rate increased, causing escarpment
initiation along them. With time the linkage of the segments propagated westward, increasing

throw rates, and forming young escarpments to the west.

Using the cosmogonic 36Cl dating method, | sampled and recovered the seismic exhumation
history of two fault scarps, the Sajur and Deir Al-Assad segments. | also remodel the seismic
history of the Nahf-East segment which was originally investigated roughly 20 years ago. 3¢Cl
results revealed that the three dated segments were active simultaneously during five distinct
periods. The earlier period of activity (30.0-28.0 ky), the second (25.0 -24.0 ky), third (12 —
11), fourth (8.5 — 7.0), and the last period (5.0 — 4.0 ky). In each activity period at least 1.2 m
of surface slip has occurred. This temporal framework of events indicates that during each
activity period a cluster of at least two large earthquakes (Mw > 6) occurred, that caused in
rupture of the three dated segments. Consequently, the Bet Kerem fault system seismically

behaves like a single continuous fault.






Acknowledgments:

Whilst this thesis only has my name on the front, this work could not have been completed
without the help and support of many others, who | will try and thank here. Sorry for any
omissions!

My main supervisors are Prof. Ari Matmon and Dr. Shalu Siman-Tov. No one could ask for better
supervisors. They always had time to chat and hear my latest problem. They understand when |
made mistakes in the lab, are enthusiastic about my ideas, and have a well of optimism when it
looked like I'd never finish this thesis.

| would like to thank Prof. Amotz Agnon, Prof. Einat Aharonov, Dr. Ezra Zilberman, Dr. Oded Katz,
Prof. Ron Sha’ar, Dr. Uri Ryb, and Prof. Ze'ev Reches for fruitful discussions, inspiring ideas, and
critical reviews.

| am grateful to the Academic members of the Institute of Earth Science who were there when |
needed some advice. Among whom | would like to specially thank Prof. Ronit Kessel and Prof.
Yehouda Enzel.

Many thanks to Ofir Tirosh for the ICP measurements and to Yona Geller and Dr.Yael Ebert for
helping me with the sample preparation and analysis; and for the help of the ASTER team from
the AMS facility at Cerege, France.

| am grateful to the administrative members of the Institute of Earth Science and Geological
Survey of Israel. Among whom | would like to specially thank Bat Sheva Cohen, Galia Shneor,
Helena Kirmayer, Magi Perken, and Yosi Sherer.

I'd like to thank my friends from the Institute of Earth Science who helped me in the field, in
computer modeling, with long and fruitful discussions, encouragement, and friendship: Adar
Glazer, Dalal Saed, Eldar Buzaglo, llya Kutuzov, Koko Armon, Noam Gazit, Naomi Moshe,

Shai King, and Yuval Shmilovitz.

Where would | be without my incredible family and friends? My sincere thanks go out to each of
you for your incredible support during this time.

In a summary, | would say It's been quite a wild ride at times, and a good adventure, but being
surrounded by nice people made it really fun.

This study was funded by The Israel Science Foundation grant #2470/21, The national steering
committee for earthquake preparedness, and Scholarship for Arab students studying for a

master's degree in science, the Faculty of Natural Sciences, The Hebrew University, of Jerusalem.



Table of Contents

3 1 4 oY Lot o oo N 1
1.1. Earthquakes and SUIface FUPLUMING ..eeeee i it e e e et ee e e e e e e s ar e e e e e e e e s naraaeeeeeeeas 1
1.2. NOrmMal faults INTEIaCHION ......eitiiieeteeteetee ettt ettt ettt et e bt e s beesbeesbeesbeenaean 2
1.3. Normal fault slip rate and @SCAPEMENT .....cccuvviiiiiiiee ettt e et e e e etre e e e s breeeesraeeeesraeeeanns 3
R AU o 1V Y =Y [P PPPPP 5
1.5. cosmogenic isotope eXPOSUIe a8 datiNg......ceeiruiiiriririeerieeeiee ettt ettt e st ste e steestaeeaee s 10

1.6. Applying 35Cl cosmogenic exposure age to reconstruct the exposure history of carbonate bedrock

1101 Yot 1 T OO PSPPSR PPPRROPPTOPRRINE 13
2. Research motivation and g0als ........ccccceiiiiiiiirnneiiiiiiiiiininnisssneessasesssees 18
TR =1 T T 18

3.1 FAult traces and LItNOIOZIES .....uuviiiiiiitiieee et e e e e e et e e e e e s e e s nbraaeeeaeeennnnes 18

3.2. Along strike topographic and stratigraphic throw profiles.........cccooiiiiiiniiniiiir e, 19

3.3. AloNg strike S-T value Profil@s.......uu ittt sttt 19

3.4. Along strike fault SCArp Profiles ........oo oo e et 20

3.5. From fault scarp sampling to modelling its exhumation history ........cccccceeeiciei e, 20

3.5.1. Selected sites and field SAMPIING ......coociiii i e 20
3.5.2. Sample preparation for chemical Cl eXtraction ........cccccueeeeiiieeiciciiee e 20
3.5.3. AMS measurements and 36Cl CONCENLIatioN........cciivievieieiierieiee e 20
3.5.4. Production rate determination ........coo.eeoiiiiieiieeee ettt 21
3.5.5. Modelling the seismic exhumation history from the 36CI profile .........ccceovveveveieeiiciereeee, 21
3.5.6. Quality check of earthquake history SCENAriOS.......cviiiiecciiiieeee e e 21

3.6. Estimating the most realistic earthquake SCenario. ........cccvivieiii i e 22
3= ] 22

4.1. Along-strike topographic and stratigraphic throw profiles ..........ccoeevveeieiiiee e 22

4.2, S-T VAIUE PrOFIlES...uveee ettt e e e e bae e e et e e e e s bbee e e abaeeeesbaeeeaareeeeansaeeeenssaeenanns 23

4.3, Along-strike fault SCArP ProfileS ......iiciuiii ittt e e ree e e stre e e e s eareeeesnbaeeeesabaeeenns 28

4.4. Cosmogenic CI3% and Chemistry FESUILS........c.cviiiiiiecieiete ettt sttt ere et ae bbb s e 30

4.5, FQUILS PAT@MELEIS cooueeieiiieeiie ettt ee sttt et e s e e s te e s te e s bee e steesateesaseesnsaessteenaseesntaesnsaesnseesnnseens 33

4.5, 35C1 MOTEI FESUILS....cueeuievieteieeeetecteet ettt ettt ettt e sttt ete et et et eseebesbe b esseseebessensesseseebasbessensetessassensns 33

4.5, L. SA U SEEMENT e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eaaaaaaaaaeaaaaaaaaaaaasaaaaaaaaaaaeaeens 33

e TR oY ol = T Y=Y =4 0 1= o USSR 35



D DISCUSSION . ctuirererereeererretrereeseesresressessasssessessessassassssssessassassassssssessassassassssssassassassasssnsnes 37

5.1 The linked Bet Kerem fault SYStEM .......co i e e e tre e et e e e e e e e nees 37
5.2 Nahf fault and the S-T value SignificanCe........cccuuei i 38
5.3 The preservation of Senonian sediment in the relay ramps.......cccccoveviecii e 39
5.4 The spatial and the temporal development of BKFS ............uviiiiiiiiiiiiiieeeee e eeerrree e e e e 39
5.5 3%C| results interpretation and diSCUSSION ........c.ccuiiuiiuieiiriiieiceeeteste st steste st et e stesreeseestestesreenreneens 44
5.5.1 Limitation of the 30CI MEthod .......ccccveiviiieiiicie ettt e 44

5.5.2 SUrface rUPtUING NISTOTY ..uvviiiiieie ettt e e ta e e e e aba e e eetreeeesabaeeeennraeaenns 44

5.5.3 Earthquakes DENAVION .....ccii i e e e e e e araaa e e e s e e e sannes 44

5.5, 4 NGO FAUI .ttt st b e sttt st st et st saee e 47

5.5.5 Earthquake magnitude and recurrence interval........ccoeiiiiniieiiie e 48

5.5.6 SHP VEISUS TIME ..eiiiiiiiiie ittt ettt ettt e et e st e s bt e s bt e e abeesabeesabaeebteeseeesaseenasas 50

5.5.7 Relations With Historical Events at the Bet Kerem Valley ......ccocceiviiiiiiiniiiiniiieieciecieee 53

5.5.8 Relations with Historical Events along the Dead Sea Transform ........cccccccevvecieeeeccieeeecieeeens 54

T 0o T3 ol [T o T 56
723 T2 =T =T 4 o = 58

T 0] o] o1 =T 4 =T 4 64



1. Introduction
1.1. Earthquakes and surface rupturing
Destructive earthquakes have been and still are one of the most significant natural hazards

for humanity (Ambraseys, 2015). One way to reduce their damage is to define the extent of
seismically active regions. Regions along plate boundaries are characterized by high seismic
activity (Migowski et al., 2004; Usami et al., 2018) i.e., seismically active regions. In contrast,
inner regions that are located far away from plate boundaries are usually less active but may
still experience destructive earthquakes (Benedetti et al., 2002). These intraplate earthquakes
usually occur in fault systems. Which are series of short fault segments that maybe connected
below the surface to form a long continuous fault. Consequently, earthquakes that occur in
such systems can rupture multiple fault segments, resulting in earthquakes of greater
magnitude, surface rupture slip amount, and length than if only one segment ruptured (Bruhn
et al., 1987; Puliti et al., 2020; Soliva et al., 2008; Suter, 2015; Wells & Coppersmith, 1994).
Therefore, determining whether the segments are linked at depth, in addition to
paleoseismological data such as surface slip amount generated by past earthquakes and their
recurrence interval is required in order to assess the seismic hazard that pose by such

systems.

Several methods are used when assessing the recurrence interval and maximum magnitude
of earthquakes that generated surface rupture and/or significant damage during the late
Pleistocene - Holocene. These include written historical records (e.g., Guidobon & Stucchi,
1993; Zohar et al.,, 2017), analyses of damage to historical and archaeological sites (e.g.,
Marco, 2008) and investigations of seismic trenches (e.g., Reches & Hoexter, 1981; Rockwell
& Ben-Zion, 2007; Amit et al., 2002). In mountainous terrains composed of carbonate rocks,
surface rupture is manifested by carbonate bedrock fault scarps. By applying the cosmogenic
isotopes exposure age method, one can reconstruct the exhumation history of a fault scarp
and by that the recurrence interval and the maximum magnitude of earthquakes ruptured
the Earth’s surface (e.g., Benedetti et al., 2002; Mitchell et al., 2001; Schlagenhauf et al., 2010;
Zreda & Noller, 1998; Benedetti et al., 2013; Mozafari et al., 2021). Paleoseismological data
from many normal fault systems, commonly show relatively large surface slip amounts on

short fault segments (Benedetti et al., 2002, 2013; Mitchell et al., 2001; Schlagenhauf et al.,



2011). These large amounts are not compatible with the surface slip/fault length ratio (e.g.,
Wells & Coppersmith, 1994). Such a disagreement should always raise the possibility that an

investigated segment was part of a linked fault array.

1.2. Normal faults interaction
One way common to determine whether fault segments are linked is by using fault throw

profiles, as well as fault trace maps. A single, isolated normal fault segment that grows with
no interaction or disturbance from other fault segments, will grow in displacement and length
by small increments, each correlated to a fault-slip (earthquake) event. The displacement
profile of this isolated fault segment will be symmetric with a maximum value at its center
and a zero value at its tips (Figure 1) (Cowie & Roberts, 2001; Cowie & Scholz, 1992b; I.
Manighetti et al., 2001; Scholz, 2019). The isolated fault segment will grow until it starts
interacting with the other fault segments to form one long continuous fault (Cowie, 1998;
Cowie et al., 2006; Cowie & Scholz, 1992a; McLeod et al., 2000; Roberts & Michetti, 2004;
Rotevatn et al., 2019; Taylor et al., 2004). It is well accepted that normal fault linkage starts
as a soft-linkage, by which fault motion bends the rocks to form a relay ramp. With increasing
deformation, the ramp may be breached. As a result, the two faults that overlap and formed
the relay ramp are physically connected and form one continuous fault. At that time the
connected segments become hard-linkage faults. As result, the throw profile of the two faults
will change from symmetric throw profile (similar to that of an isolated fault) to asymmetric
throw profile with maximum displacement located at the fault tip that is closest to the fault
system center (Cowie & Roberts, 2001; |. Manighetti et al., 2001; Nicol et al., 1996; Peacock
& Sanderson, 1991; Rotevatn et al., 2019; Walsh et al., 2003). Faults linkage also affects
segment displacement rates, in which fault displacement rates are increased once the faults
start to link. The slip rate increases as the length of the linked array increased, and the location
of the fault within the array. Faults that are located at the center of the array will have the
maximum slip rate, which will gradually decrease towards the array tips. (Cowie, 1998; Cowie
& Roberts, 2001; MclLeod et al., 2000; Roberts & Michetti, 2004) (Fig. 1). An explanation of
why faults increases the slip rate once they are linked is provided by the linear empirical
scaling relation, D,,,, = Y * L, between the fault length (L) and the fault maximum
displacement (Dmax) (Cowie & Scholz, 1992b; Scholz, 2019). Isolated normal faults typically

show an average ratio of y = 0.03 (Schlische et al., 1996; Scholz, 2019). The case of segment



linkage is somewhat complicated. During the initial stages of fault linkage, the displacement
amounts were too small relative to the post-linkage length (small y value). As a result, slip
rates increase to achieve the typical y value. Faults that are located at the center of the array
will have the highest slip rate which will gradually decrease towards the array tips, by that
acquiring eventually an overall symmetric throw profile, similar to that of an isolated fault (Fig
.1) (Cowie et al., 2000; Cowie & Roberts, 2001; Roberts & Michetti, 2004; Rotevatn et al.,
2019).

1.3. Normal fault slip rate and escapement
Fault slip rate and denudation rate are the two main factors that dictate the fault topographic

throw as well as the exposed stratigraphic sequences on both sides of the fault (Matmon et
al., 2000b, 2003). High slip rates accompanied by relatively slow denudation enable the
formation of high escarpments and exposure of the same stratigraphic at both sides of the
fault. Therefore, these faults commonly show topographic throw equal to the stratigraphic
throw (Fig. 2) (Medina-Cascales et al., 2021; Strak et al., 2011). While normal faults with very
low slip rates compared to the denudation-rate will show no topographic expression, because
every slip event is removed by erosion. As a result, young stratigraphic units are preserved on
the hanging wall and older stratigraphic units are exposed on the footwall. i.e., only
stratigraphic throw is accumulated along these faults (Fig. 2) (Matmon et al., 2000b). Fault
slip rate can also be changed over time, for example, the fault slip rate at the beginning, is
lower than the denudation rate, with time the fault starts to interact with the other faults,
and due to that, the fault slip rate increases to be higher than the denudation rate. In this
case, the fault stratigraphic throw will be much larger than the topographic throw, which
probably was the case in the Galilee, and especially in the Bet Kerem fault system (Fig. 2)

(Matmon et al., 2000a, 2000b).
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Figure 1. A conceptual model of normal fault growth and linkage (modified after Cowie and Roberts, 2001). (A) Qualitative
diagram illustrating the displacement distribution of an isolated fault segment with length L, and maximum displacement
Dmax- (B) Map view of three normal faults dipping to the same direction and overlap to form two relay ramps, i.e., connected
by soft linkage. (C) Displacement profiles of the faults illustrated in panel B prior (dashed lines, stage 1) and after the soft
linkage (solid lines, stage 2). Note, that the central fault has the largest displacement (D) Qualitative graph of the
displacement as function of time for the central fault during the first (blue) and second (green) stages of faulting. As the soft
linkage initiates, the fault slip rate increases. (E) Map view of the three normal faults after breaching (breaching segments
marked in red), i.e., connected by hard linkage (stage 3). (F) Displacement profile of the faults in map E. The fault
displacement profiles are symmetric by the end of stage 1 (dashed) compare to those of stage 3 (green for the central fault

and blue for the edge faults). Note, that while the central fault has a symmetric displacement profile, the side faults have
asvmmetric nrofiles. and that the overall nrofile annroached a symmetric shane.




Figure 2. A cartoon illustrating the possible evolution of stratigraphic and topographic throws in the study area. (A)
The initiation of faulting. A normal fault cuts through horizontal layers, from the lower, old unit (purple) to the top,
youngest unit (yellow). (B) Faulting during the first stage, no topographic expression. This situation occurs when
the rate of vertical displacement is lower or equal to the rate of denudation. This enables ongoing truncation of the
uplifted block while preserving the young sequence on the downside block. (C) Stage two: fault slip rate increases
and becomes faster than the denudation rate, causing the formation of an escarpment and exposed its stratigraphic
sequence. The fault plane and its sense of slip are marked by red line and black arrows, respectively. Colored layers
indicate the stratigraphic sequence (modified after Matmon et al., 2000).

1.4. Study area
The Galilee, Northern Israel, is a carbonate terrain (fig .3) (Bachmann & Hirsch, 2006; Sneh et

al., 1998), where landscape evolution is controlled by erosion and tectonic activity (Matmon
et al., 2000b, 2003). Since the middle Miocene, the Galilee has been undergoing N-S
extension, accommodating strain by the rotation of conjugate systems of strike-slip faults and
later by generally E-W trending normal faults (Freund, 1970; Matmon et al., 2003; Mitchell et
al., 2001; Ron & Eyal, 1985). Since the early Pliocene, normal faulting started to be dominant
in Galilee, and by that, the key role of Galilee landscape evolution, especially for the basin and
range landscape in the lower Galilee (fig .3) (Freund, 1970; Matmon et al., 2003; Ron & Eyal,
1985).

The Bet-Kerem valley, the northernmost valley of the Lower Galilee, is bounded in the north
by the Zurim Escarpment, which is about 30 km long and rises ~700 m above the valley (fig. 3
and 4). At the base of the Zurim Escarpment there are several, relatively short (3-7 km),
normal fault segments, generally trending E-W and named here together “the Bet-Kerem fault
system”. The eastern tip of the fault system is located at the Korazim Plateau, in close
proximity to the Jordan rift valley. The western tip reaches the continental shelf in the

Mediterranean Sea (fig. 3). At about the center of the Bet-Kerem fault system, the NNW — SSE



trending Peqi'in fault, divides the Zurim Escarpment into two major parts that differ by their
exposed stratigraphic sequence and morphology. The Peqi'in fault originally formed as a
strike-slip fault and was reactivated as a dip-slip fault during the second, normal faulting
phase. As a result, the top of Zurim escarpment along the downfaulted block west to the
Peqi'in fault, is composed of hard limestone and dolomites of the Cenomanian to Turonian
ages. East of the Peqi'in fault, the escarpment is composed of Aptian to Cenomanian
limestone, dolomite, and significant exposure of marl layers. Due to the exposure of marl in
eastern steep slopes, the eastern part is subjected to repeated landslides. These landslides
prevent the determination of geological structures and exposed stratigraphy (fig. 4) (Freund,
1959; Golani, 1961; Siman-Tov et al., 2019). Therefore, this study focuses only on the western
of the fault system.

The Bet-Kerem valley (west to Peqi'in fault) is mostly underlain by chalk and marl of Senonian
age. In contrast, the Senonian sequence is eroded from the top of the Zurim Escarpment. This
situation indicates that the slip rate history at the Bet Kerem fault system consists of two main
phases. In the first phase, the slip rate was not faster than the rate of denudation. Thus, relief
did not exist, and only stratigraphic accumulated. While during the second phase, the slip rate
increased and became faster than the denudation rate. This significantly decreased the
denudation rate along the uplifted block and enabled the formation of the present relief
(Matmon et al., 1999, 2000a, 2000b, 2003, 2008). Slope shape analysis of the Zurim
escarpment, and analysis of the drainage systems that flow on the top of the Zurim
escarpment, indicates that the escarpment initiation age decreases (gets younger) toward the
west from the center of the Bet Kerem Fault system (Matmon et al., 1999, 2000b, 2008). i.e.,
fault segments located close to the center increased their rate first and over time it increased
westward.

Fault segments located close to the Bet Kerem fault system center, display fault scarps, some
of which reach 12 meters in height (fig.4, 12) (Matmon et al., 2000b; Mitchell et al., 2001;
Siman-Tov et al., 2019). One of these fault scarps, the Nahef east fault (fig. 4), was
investigated by Mitchell et al. (2001). In-Situ cosmogenic 3°Cl exposure dating was used to
obtain the timing of major displacement caused by earthquakes that ruptured the surface
along the Nahef east fault. Mitchell et al., (2001) found three distinct periods of intense fault
activity with over 6 meters of displacement occurring over 3 ka during the middle Holocene.

Smaller amounts (~1.5 m) of displacement occurred during the late Pleistocene (~12ka) and
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late Holocene (~1.5ka). These large amounts of surface rupturing are not compatible with
the displacement/length ratio (e.g., Wells & Coppersmith, 1994). There is therefore a
possibility that the Nahf East segment is part of a linked fault array.

In order to determine whether fault linkage is responsible for the change in segment slip rates
along the Zurim Escarpment and the large surface slip amount observed at the Nahf East
segment. First, it is critical to determine whether the Bet Kerem fault segments are linked.
Therefore, | reconstructed throw profiles of the investigated segments. The analysis of these
profiles allowed for the determination of whether segments are linked, what type of link
exists between segments, when they occur, and by that how it affects the escarpment
initiation age. Second, | used the cosmogenic 3°Cl exposure dating method and recovered the
last ~ 30 ka exhumation history of other two fault scarps adjacent to the Nahf East segment,
the Sajur and the Deir Al-Assad segments, and remodel the Nahf east fault data (fig. 4).
Combining this Data with the fault segments linkage data provides a solution to the
disagreement between the large rupture amount observed at the relatively short Nahf East
segment by Mitchell et al., (2001). Moreover, gain a better understanding of the earthquake
behavior within the Bet-Kerem fault system as an example of a linked normal fault system. As
afinal step, | used all of these data and determine the seismic hazard posed by the Beit-Kerem

fault.
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1.5. cosmogenic isotope exposure age dating
Rocks exposed at the Earth’s surface interact with secondary cosmic rays to produce in-situ

terrestrial cosmogenic nuclides (TCN) such as 36Cl, 1°Be and 2°Al (Gosse & Phillips, 2001). The
probability of TCN production depends on the abundance of target nuclides and on the energy
spectrum and type of the particles that collide with the targets (Gosse & Phillips, 2001; J.
Stone et al., 1994). In this study, | will date the exposure history of carbonate bedrock fault
scarps using the TCN 36Cl, which is produced in calcium-rich rocks. However, minor amounts
of 3%K, Ti, and Fe can also serve as targets for 36Cl production (Gosse & Phillips, 2001; Stone et

al., 1996). 3¢Cl is produced through several pathways:

[1] Spallation reactions: these reactions occur when high-energy secondary neutrons collide
with the target nuclei and spall them into nuclides with smaller atomic masses. The high
energetic neutrons react strongly with matter, and as a result, this neutron flux decreases
exponentially and rapidly with depth (Fig .5) (Eq. 1) and is most efficient in the upper two

meters of the surface:

(1) Py(z) = Poy * )

where Pt,f(z) is the production rate by spallation at depth z, P, ; the production at the earth
surface, p the rock density, A; the attenuation length for fast neutron (160 g*cm) (Bierman,
1994; Schimmelpfennig et al., 2009).

[2] Slow negative muons: muons are unstable energetic lepton particles with a very short
lifetime (~10® s). The interactions between muons and atoms are weak (attenuation length
of muons is 1500 g*cm2). Thus, muons penetrate to a greater depth of matter than the high
energy neutrons (i.e., in a great depth under the earth's surface (>4 m) they are the main
source of cosmogenic isotope production). In the case of 3¢Cl, slow negative muons can be
captured by “°Ca and 3°K atoms resulting in the production of 36Cl cosmogenic nuclide (Gosse

& Phillips, 2001; Stone et al., 1998) (fig. 5)(Eq. 2):

(2) Pepn(2) = Py * e )
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where P, ,,(z) is the production at depth z by muons, Py, the production at the earth
surface, p the rock density, A,,, the attenuation length of muons (1500 g*cm™) (Bierman,
1994; Schimmelpfennig et al., 2009).
[3] Low-energy thermal and epithermal neutrons (slow neutrons): Low-energy thermal and
epithermal neutrons are formed when high-energy secondary cosmic-ray neutrons collide
repeatedly with atoms in the atmosphere and rock, and consequently loose energy. These
neutrons can then be captured by the target nuclei such as 3>Cl to form cosmogenic 36Cl. The
production profile of the thermal and epithermal neutrons increases with depth to about 15-
30 cm under the surface (depending on density) and then decrease exponentially to ~0 at
about two meters under the surface (fig. 5). In addition to the cosmogenic reactions described
here, 3Cl can also be radiogenically produced when 3°Cl captures some of the low-energy
neutrons generated by radiogenic decay of U and Th or by fission of 233U (Bierman, 1994;
Gosse & Phillips, 2001) .
Overall, the total production of the 36Cl at sea level and high geographic latitude (> 60°) is the
sum of all production pathways (Eq. 3.) It has a nearly exponential depth profile with a peak
at ~15 cm which is dependent on the Cl concentration in the rock. Near the earth surface the
Spallation reaction is the main source for 3°Cl production while at depths greater than >2m,
the slow negative muons are the main source for 3*Cl production (fig .5).

(3) Pi(2) = Pr(2) + Bu(2) + B(2)
where P¢(z) is the production rate by fast neutron spallation (Eq. 1), P,,(2) the production
rate by muons (Eq. 2), and B(z) the production rate by slow neutrons, at depth z (Bierman,

1994; Schimmelpfennig et al., 2009).

The total production of the 3¢Cl depends not only on depth, but also as a function of:

1) Geographic and topographic setting (latitude, longitude, elevation, depth of sample,

topographic shielding) (Eq. 4) (Gosse & Phillips, 2001; Schimmelpfennig et al., 2009).

2) Chemistry of the exposed rock, which determines the target atoms and the competing
atoms over slow neutron absorption (Eq. 4) (Gosse & Phillips, 2001; Schimmelpfennig et al.,

2009):

(4) Pt(Z) = Sel,sF.'sPs(Z) + Sel,uF;'LPu(Z) + Sel,an[Peth(Z) + Pth(z)] + Prga
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Where: P,(z) is the total production rate s = spallation, u = capture of slow negative muons,
eth = epithermal neutron capture, th = thermal neutron capture, and rad for radiogenic
production. Seis and Sej, i are scaling factors to account for the effects of latitude and elevation
for spallation and muons, F is a scaling factor to sum shielding corrections for the geometry,
topography and cover shielding. Pi is the sample specific 3¢Cl production rate at given depth.
Equation from Schlagenhauf et al. (2010), Schimmelpfennig et al. (2009) and Gosse and
Phillips (2001).

The 36Cl is a radioactive, unstable element, which decays to 3°S and 3%Ar with a half-life of
3*10°yr (Bartholomew et al., 1955). Therefore, the overall measured concentration of 36Cl
(in the absence of denudation), is the product of both production and decay, and it will
increase until steady state is reached. The number of 3¢Cl atoms per gram rock is described
by eq (5).

Pi(z) _at
T (1-e )

(5) N(t,2) =

where N(t, z) is the number of atoms per gram after time t from the exposure to cosmic ray,

P.(z) the production rate at z (eq (4)), A the decay constant of 3¢Cl (Bierman, 1994).

Reorganizing Eq. 5 allows the calculation of the exposure age of a non-eroding surface from

its measured °Cl concentration (Eq. 6):

B -1 N(t,z) A
O e

where N(t, z) is the number of atoms per gram, P,(z) the production rate at z (Eq (3)), 1 the

)

decay constant of 3¢Cl (Bierman, 1994).
In order to determine the erosion rates (for samples that are considered to be at steady state

erosion) we use Eq. 7.

P.(0)
N(t,z)

A
(7)8—;*( A
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where ¢ is the erosion rate [cm/year] for rock sample, N(t,z) number of atoms per gram,

P.(0) the production rate at z=0 (Eq (3)), A the decay constant of 3¢Cl, p the rock density, A

the attenuation length the attenuation length for fast neutron (160 g*cm™ )(Lal, 1991) .

depht under the earth's surface [m|
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Figure. 5: Contribution
of the various
cosmogenic production
pathways to the overall
production rate
[atoms/gram rock per
year] of in situ 36Cl in the
upper 5 m of the earth’s
surface in rocks with low
Cl concentration. As can
be seen, the total
production profile gives
an exponentially 3¢Cl
shape which fades with
depth.

1.6. Applying *6Cl cosmogenic exposure age to reconstruct the exposure history of carbonate

bedrock fault scarp.

Many studies around the world, in general, and around the Mediterranean area, in particular,

used cosmogenic 3¢Cl to date the exposure history of carbonate bedrock fault scarps, and then

deduce possible earthquake scenarios (e.g., Benedetti et al., 2002; Mitchell et al., 2001;

Mozafari et al., 2019; A Schlagenhauf et al., 2011; Tesson et al., 2016; Tesson & Benedetti,

2019; Zreda & Noller, 1998).

In order to date the exposure history of carbonate bedrock fault scarps, we first must

understand how cosmic rays interact with the different parts of the fault scarp. So, we will

start with dividing the fault scarp into two main parts:

1) The buried part is covered by the hanging wall (which may be rock or a colluvial

wedge). This cover shields some of the secondary cosmic ray particles from reaching

the buried fault scarp. The blocking of the cosmic rays increases with the fault scarp
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depth. As a result, the 3¢Cl concentration from the top of the buried fault scarp (the
earth’s surface) to a few meters under the earth’s surface, will follow an exponentially
36C| concentration profile which fades with depth (fig. 6,7). The magnitude of the
exponent is determined by the density of the hanging wall material and by its rate of

erosion.

2) An exposed part. In this part all points on the scarp are exposed to the same portion
of the sky (determined by the scarp angle). However, points at the upper part of the
scarp (from the top of the scarp to ~3 meters below the top) are also bombarded by
cosmic particles which can travel through the foot wall (fig. 6,8) (Schlagenhauf et al.,

2010).

When an earthquake occurs, causing a surface rupture, the upper most section of the buried
part of the scarp is instantaneously exposed. The initial 3®Cl concentration of the newly
exhumed section has an exponential shape because it was shielded below the surface before
the earthquake. However, once exposed, 3¢Cl is produced, and accumulates along the newly
exposed section at a uniform rate. As a result, the absolute values (i.e. concentrations) of 36Cl
increase while preserving the exponential profile shape (Fig. 8). Therefore, repeated
earthquakes which exhume at discrete events deeper portions of the scarp, with sufficient

quiescent intervals between events, will form a 3¢Cl concentration vertical profile which takes

-
——’/

—/ _ !
Fau - Fault roof -

Carbonates bedrock

Colluvium wedge

Figure. 6: Schematic representation of the geometry of a normal fault scarp. The solid red arrow indicates the cosmic
particles that hit the exhumed fault plane, the solid green arrow indicates the cosmic particles that pass thought the
colluvial wedge and hit the buried fault plane. The two dashed arrows indicate the cosmic particles that enter from the
fault roof and pass through the bedrock and hit the fault surface: the red dashed line for the exhumed part and the green
dashed line for the buried part. In most cases, the green dashed line will be attenuated before it reaches the fault plane.
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a shape of a series of exponential sections separated by sharp discontinuities. The recurrence
interval (i.e. the time between events) must be long enough to enable the buildup of an
exponential profile within the buried part after each earthquake and shift the exponential
curve of the exposed part sufficiently such that it can be distinguished from the adjacent
exponential curves. If the recurrence interval is short the buried inherited concentrations will
be uniform and low. The discontinuity points reflect boundaries between each major
earthquake that caused surface rupturing, while the vertical separation between two
successive discontinuities provides a measure of the displacements produced by the

earthquakes (fig. 9) (Benedetti et al., 2002; Schlagenhauf et al., 2010).

1 1.6 2 25 3 3.5 -t 4.5
138 concentration [at*g™"] x10°

Figure. 7: (A) An excavation perpendicular to the strike of Deir Al-Assad fault. Red line outlines the exhumed part of the fault
, and blue outlines the buried part. (B) a Theoretical profile of 3Cl concentrations of the buried fault surface versus depth.
This profile developed during 2Kyr of seismic quiescence considering production rate equal to that calculated for the Deir Al-
Assad fault. The concentration profile is exponential because of the attenuation of the cosmic particle flux with depth.
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Figure 8: (A) Deir Al-Assad fault
scarp.

(B) A scenario in which a section
of the buried part of the fault
scarp (red line in (A)) was
exhumed by an earthquake. If we
sample it immediately after the
earthquake, we will get the same
exponential 3¢Cl concentration
profile shown in fig (7).

(C) Same scenario as in (B) but
now we sample the exhumed
section (red line in (A)) and the
buried part of the fault scarp 2Kyr
after the earthquake. Because
there is no colluvium above the
exhumed section, it accumulates
36C| uniformly along the entire
section. The red arrows outline
the enrichment of the exhumed
section with 36Cl compared to the
buried part. This difference
produces a discontinuity point in
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Figure 9: A scenario in which a fault scrap is exposed by a sequence of three similar, regularly spaced
earthquakes, with a recurrence interval of 2 kyr, vertical slip of 2 m, and pre-exposure duration of 2 kyr. (A)
Photo of the Sajur fault scarp and the hypothesized sections exhumed by each earthquake. Red, green, and black
lines indicate the sections exhumed by each earthquake and correspond to the colors in (B).

(B) If we sample the fault scarp 2 kyr after the last earthquake we will find a 3°Cl concentration profile with a
series of exponential sections separated by sharp discontinuities (marked by black arrows). Each discontinuity
point indicates the occurrence of an earthquake. For example, the green exponential section is separated by two
sharp discontinuity points (Q1 and Q2). Q2 indicates the earthquake that exhumed this section, and the vertical
separation between Q1 and Q2 provides the displacements produced by this earthquake. This green exponential
section in (B) is outlined by the green line in (A).
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2. Research motivation and goals
Despite the many studies that investigated the exhumation history of fault scarps, the

interaction between multiple normal fault segments and their effect on earthquake
magnitude and landscape evolution is still unclear. While empirical scaling relations suggest
that only long faults can produce large amount of surface slip, many paleoseismological
studies, especially those conducted on fault systems that consist of closely spaced fault
segments, show that large displacement occurs on relatively short faults. In addition, a
detailed description of the way that fault linkage affects escarpment initiation is scarce. Here

| study the exceptional Bet Kerem fault system in order to:

1. Determining whether fault linkage can explain the relatively high surface rupture amount
observed by Mitchell et al (2001) at the Nahf East segment. By that, a better
understanding of the effect of fault linkage on earthquake magnitudes and surface
rupturing.

2. Provide a detailed description of the way fault linkage at the Bet Kerem system affects
escarpment initiation.

3. Determining the seismic hazard posed by the Bet-Kerem fault system.

3. Methods
3.1 Fault traces and Lithologies
The fault traces of all major segments in the Bet-Kerem Fault System (BKFS) were identified

using published maps (e.g., Bogoch & Sneh, 2008; Sagy et al., 2013; Siman-Tov et al., 2022;
Sneh, 2004, 2006) , field observation, Digital Terrain Model (DTM) and aerial photos. The
focus of our observations and field mapping was on the fault tips and the relay ramp zones,
aiming to determine whether fault linkage exists and if so, its type (soft or hard). The
determination of the exposed lithologies on both sides of each fault segment was done using
published geological (e.g., Bogoch & Sneh, 2008; Siman-Tov et al., 2022; Sneh, 2004, 2006),
and supported by field mapping and observations. Moreover, we mapped the spatial
distribution of fault scarp of the BKFS. Each investigated fault scarp was qualitatively
compared, in terms of its level of weathering (e.g depth and density of pitting) and

morphology to the previously dated Nahf east fault (Mitchell et al., 2001).
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3.2. Along strike topographic and stratigraphic throw profiles
Several geological cross-sections were constructed along the strike of each of the investigated

fault segments. The cross-sections were constructed with equal intervals between both ends
of the fault segment. For each cross-section, | determined the topographic throw and their
error (the average deviation for 10 different topographic throw measurements within a 100-
meter zone) using high-resolution topographical DTM (0.25 m2 pixel size), and for the Ahihud
segment, a low-resolution DTM (625 m2 pixel size) (Hall, 1993). The stratigraphic throw is
calculated from the vertical difference of a datum surface exposed on both sides of each fault.
In general, the chosen datum surface is the top or the base of a geological formation that is
exposed on both sides of the fault or is exposed on one side of the fault and can be
determined on the other side. In this study area | used the top of the Menuha Formation as a
datum. This datum is exposed along all the downfaulted blocks but eroded from uplifted
blocks. Therefore, to determine the stratigraphic throw for each cross-section, | added the
thickness of the eroded stratigraphic sequence to the uplifted. The Menuha Formation
thickness ranges between 50 — 150 meters. In contrast, the thickness of the layers beneath
the Menuha Formation is hardly changed. (Freund, 1959). Therefore, the stratigraphic throw
error is 100 meters. Using the cross-sections data, | reconstructed the along-strike
topographic and stratigraphic throw profile, in which each point represents a cross-section,

and the location (x-axis) is the distance from the eastern fault tip (Fig. 10).

3.3. Along strike S-T value profiles
The S-T value profile is defined as the difference between the stratigraphic (S) and the

topographic (T) throws at the same point along the fault (Fig. 11). This value is the missing
stratigraphic section that was eroded from the uplifted block. Therefore, the along the strike
S-T value profile are a good quantity to describe the total erosion versus distance along the
strike of the fault. A analyzing and comparing the shape of the S-T value profiles with the
topographic and stratigraphic throw profiles can help to determine during which faulting
phase most of the erosion of the uplifted block took place. For example, fault that shows
symmetric S-T value profile and asymmetric topographic and the stratigraphic throw profiles,

is indicate that the erosion phase is related to the pre-hard-link phase.
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3.4. Along strike fault scarp profiles
For all fault segments in the study area, having fault scarps, | plotted high-resolution

topography profiles of the scarps using a DTM (0.25 m? pixel size) (Fig. 12). These profiles are
used to determine whether the studied segments are linked together. The same profiles were
also compared to the shape of topographic and stratigraphic profiles to better understand

changes between long and short-term fault evolution.

3.5. From fault scarp sampling to modelling its exhumation history

3.5.1. Selected sites and field sampling

Toreconstruct the seismic history of a fault, the fault must have a scarp that has been exposed
by seismic events rather than erosional processes. The selected sites on each fault scarp must
be uneroded or, at the most, insignificantly eroded (Mitchell et al., 2001; Schlagenhauf et al.,
2010). Based on our fault scarp mapping, | selected two segments for 36Cl exposure: one site
is located on the Bet-Kerem segment (11 m scarp height); the second site is located on the
Sajour segment (5.5 m scarp height). At each site, samples were collected at 30 cm intervals
using a rock drill, along vertical transects from the already exhumed fault scarp, and 2 samples
from the buried part at 30 and 60 cm below the surface. Each sample is composed of four to
six cores. Core diameter is 2.54 cm, and their length ranges from 4 to 10 cm, such that the
total weight of each sample is at least 150 grams (Mitchell et al., 2001). Overall, 58 samples

were collected: 38 from the Bet-Kerem segment and 20 from the Sajour segment.

3.5.2. Sample preparation for chemical Cl extraction

All cores of a single sample are crushed together, and the 250-500 um fraction is isolated.
This fraction is leached, dissolved, and spiked with a Cl spike with a known 3>CI/3’Cl ratio which
is significantly different from the chlorine isotopic natural ratio (Stone et al., 1996). Cl is then
separated following the procedures detailed in Schimmelpfennig et al., (2009), and the end

product is precipitated as AgCl.

3.5.3. AMS measurements and 3°Cl concentration

Chlorine isotopic ratios (3°Cl/3>Cl, 36Cl/3’Cl and 3°CI/3’Cl ratios) are measured using an

accelerator mass spectrometer (AMS) at ASTER, CEREGE, Aix en Provence, France.
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3.5.4. Production rate determination

To determine the 3°Cl production rate, latitude, elevation, fault scarp dip, fault scarp rock
chemical composition, and the density of the hanging wall material are required. In order to
determine the chemical composition about 5 grams of each sample were dissolved, and the

chemical composition was determined using ICP-MS.

3.5.5. Modelling the seismic exhumation history from the 36Cl profile

The 3¢Cl profile of the sampled fault scarp is a result of episodic fault motions. In order to
reconstruct the seismic exhumation history, a model is required. | used Cowie et al. (2017)
model which is a forward Monte-Carlo model that is based on Schlagenhauf et al. (2010)
numerical model. The Model input parameters are the scaling factors of the fault scarp which
are a function of the geographic location and elevation and calculated using Stone (2000)
equations, colluvium slope angle, colluvium density, chemical composition, faults scarp dip,
rock density, and the slope angle of the escarpment above the scarp (Table. 5). Moreover, for
each sample, the model gets the sample position on the fault scarp, their chemical
composition, and their 3¢Cl concentration. The model runs include 200k iterations, where
each iteration represent a different seismic exhumation scenario. For each seismic
exhumation scenario, the model calculates a theoretical profile of 36Cl which is then compared
to the measured one. The scenarios that yield the most similar profile to the measured one

are considered to well-represent the exhumation history of the fault scarp.

3.5.6. Quality check of earthquake history scenarios

The modeled 3¢Cl profile depends on a large number of parameters. As a result, a good fit
between the measured and the modeled profiles can be achieved by several scenarios. Thus,
the modeled profile quality is tested by three different statistical methods: 1) weighted root
mean square (RMSw), 2) Chi-square test (x2) and, 3) the Akaike Information Criterion (AlCc)
(Akaike, 1974; Cowie et al., 2017; Schlagenhauf et al., 2010).
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3.6. Estimating the most realistic earthquake scenario.
The fault scarp exhumation history is representing the amount of surface slip and the age of

the events. Each of these slip events could be generated by two different earthquake
scenarios or a combination of them. Which are [1] the moderate earthquake scenario; in
which a large number of moderate earthquakes occur during a relatively short period of time,
each producing a small amount of surface slip, which together generate the observed large
surface rupture amount. [2] The large earthquake scenario, in which a large earthquake
generates long surface rupture, which can be either a long continuous fault or short segments
that rupture together, resulting in a large amount of surface slip. The dated segments are ~
5km in length, thereby, they can generate at most several centimetres of surface slip in one
single event. Based on that, the synchronized surface rupture activity that is combined with a
large amount of surface slip seems to indicate multi-segment rupture rather than a moderate
earthquake scenario. Therefore, | first determined whether the dated fault scraps exhibit
synchronized surface rupture activity. Then, for each synchronized activity was examined for
the possibility that it indicated a multi-segment rupture. While for the surface rupture events
that didn’t show synchronized activity the moderate earthquakes scenario has been chosen

to be the case.

4 Results
4.1. Along-strike topographic and stratigraphic throw profiles
Here | present the results of seven, along-strike, topographic and stratigraphic throw profiles

of the BKFS. The Rama segment is the most eastern studied segment (fig. 4), where only the
topographic profile is provided (table 1 and fig 10A). It has an asymmetric topographic profile,
with the maximum topographic throw located near the western fault tip (where it intersects
the Peki'in fault). West to Rama is the Sajur segment, both, topographic and stratigraphic
profiles are asymmetric (table. 1 and fig. 10B). The maximum topographic and stratigraphic
throw located near the eastern fault-tip where it intersects with the Peki'in fault. Westward,
at the Nahf segment, the stratigraphic throw profile is close to an asymmetric shape than a
symmetric and shows an asymmetric topographic throw profile with a peak located close to
its eastern side (table 1 and fig. 10C). The most western three segments in the study area:
Deir Al-Assad, Majd El-Krum, and Ahihud show symmetry in both the topographic and
stratigraphic along-strike profiles (table 1 and fig. 10 D, E and F). Lastly, for the Nahf East
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segment, | provide only a topographic profile, which show profile is asymmetric profile, with

a peak located close to the northwest end of the fault, where it intersects with the Nahf fault

(table 1 and fig. 10 G).

4.2. S-T value profiles

As mentioned earlier, the S-T value is the missing stratigraphic section that was eroded from

the uplifted block, and their profile provides a quantitative description of how the thickness

of the missing stratigraphic section changes along the fault. All the investigated segments,

excluding the Sajur fault, show symmetric (or about symmetric) along-strike S-T profiles (table

2 and fig. 11). The Sajur segment shows an asymmetric along-strike S-T profile, with a

maximum located near the eastern fault tip where it intersects with the Peki'in faults. For the

Rama and the Nahf East segments | only provided along strike topographic throw profiles,

therefore, | didn’t provide S-T value profiles.

Segment | Stratigraphic profile | Max Topographic | Max Notes
name shape stratigraphic | profile shape | topographic
throw throw

Rama - - Asymmetric | 580 -550 The max topographic
throw located close
to the western fault
tip

Sajur Asymmetric 710-610 Asymmetric | 440 -420 The max topographic
and stratigraphic
throw are located
close to the eastern
fault tip

Nahf Close to symmetric | 510-410 Asymmetric | 340-320 The max topographic
throw located close
to the eastern fault
tip

Deir Al- | symmetric 420-320 Symmetric 240 -220

Asad
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Majd al- | symmetric 370-350 Symmetric 310-290

Krum

Ahihud symmetric 180 - 150 Symmetric 130-110

Nahf East Asymmetric | 110-90 The max topographic

throw is located
close to the
northwestern fault
tip (where it
intersects with the
Nahf fault)

Table. 1: A summary of the along-strike topographic and stratigraphic profiles of the

investigated faults (fig. 10). For each fault the maximum stratigraphic and topographic throws

are given along with the shape of the along-strike profiles, where for symmetric profile the

maximum throw is located at the fault center while for an asymmetric profile the maximum

is located away from the fault center.
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Fault name | S-T value profile Max S-T Notes
shape value
Sajur Asymmetric 320-200 | The maximum S-T value located close to
the eastern fault tip
Nahf Symmetric 260 - 140
Deir Al- symmetric 200 - 80
Asad
Majd al- Symmetric 90-40
Krum
Ahihud Symmetric 70-20
Nahf East - -

Table. 2: A summary of the along-strike S-T values of the investigated faults (see also fig. 11).

For each fault the maximum S-T value and its profile shape (symmetric or asymmetric) are

given.

25




Rama fault

Sajur fault
A = Topographic throw 200] = Topugraphi;thmw
550 Stratigraphic throw } } ’
600 B | }
ﬁsoa _ 500
£ E
Z 450 z 400 ‘
£ 8
=] =
4001 =300
200 y
350
100
1000 2000 3000 4000 5000 6000 0 500 1000 1500 2000 2500 3000 3500
From West to East (m) From West to East(m)
: Nahf fault Deir Al-Asad fault
500 - :f::?.::;::mf:w B Topographic throw
C ’ ’ 400 Stratigraphic throw
400 } ’ 3501 p
E 300 E 9
g S 250
" oo £ 200
150 }
100 100
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
From West to East (m) From West to East (m)
Majd Al-Krum fault Ahihud fault
Jr opographic throw
PO mm——— | 175 55 Sraamonic oo \
300 150 F |
=250 E - 125
Z 200 | %‘100
c 75
= 150 (S
50
100
25
50| _ _ , , ' 0
0 1000 2000 3000 4000 5000
From West to East (m) 0 1000 2000 3000 4000 5000
From West to East (m)
Nahf East fault 3 . .
B Toogrophic trow Figure. 10: Along-strike topographic (in red) and
1001 g . .. .
z stratigraphic (in blue), throw profiles of the
— 80 . . .
z investigated fault segments. (A, G) Topographic
N
g 60 profiles of the Rama and Nahf East faults. These
[=9
% 40 profiles are asymmetric. (B) Topographic and
[= 8
@ o Stratigraphic profiles of the Sajur fault, the two
profiles are asymmetric, and their maximum

0 500 1000 1500 2000 2500
From north west to south east [m]

3000

26

values located close to its eastern end. (C)
Topographic and Stratigraphic profiles of the
Nahf fault. The topographic profile is asymmetric
with a maximum value located close to the
eastern tip. The stratigraphic profile is
symmetric. (D) Dier Al-Asad, (E) Majd Al-Krum,
and (F) Ahihud, for all both the Topographic and
Stratigraphic profiles are symmetric.
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Figure. 11: Along-strike S-T profiles of the investigated faults. (A) The Sajur fault shows asymmetric

profile while its maximum value located close to the eastern fault tip. (B) Nahf (C) Dier Al-Asad, (D)

Majd Al-Krum, and (E) Ahihud faults, show symmetric profiles.
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4.3. Along-strike fault scarp profiles
In addition to the topographic and stratigraphic throw profiles, for four out of the seven

studied faults (Sajur, Nahf, Nahf East, and Deir Al-Assad) | constructed along-strike fault scarp
profiles using the DTM (fig. 12). Each profile display how the scarp height is distributed along
the segment. The profiles of the Sajur and Nahf East faults show asymmetric along-strike fault
scarp profiles, with max scarp height of 5.7 m and 9.5 m respectively. The Dier Al-Assad fault
scarp show a symmetric profile (max fault scarp height 11.5 m). The along-strike scarp profiles
of the three faults are correlated with their along-strike topographic throw profiles (figs. 10
and 12). However, the Nahf fault scarp profile includes two asymmetric shapes separated by
a saddle which is located at the intersection with the Nahf East fault. This shape is inconsistent

with the topographic throw profile (fig. 10C).
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4.4. Cosmogenic CI*® and chemistry results
For each sample the 36Cl/3>Cl, 36Cl/3’Cl were measured using accelerator mass spectrometer

(AMS) at ASTER, CEREGE, Aix en Provence, France. From these ratios, the 3¢Cland total Cl were
calculated. Major and trace element concentrations were measured using ICP-MS.
Concentrations were used to determine production rates which, in turn, were applied in the
model to determine the exhumation history of the fault scraps. Table 3 shows the 3¢Cl of all
Sajur fault samples, and Table 4for Deir Al-Assad samples. For samples major and trace

element concentrations see supplementary table S2 for Deir Al-Assad and S1 for Sajur.

Sampel name Height on
fault scarp 36C| uncertainty (at. g™
(cm) Cl (ppm) 36C| (at. gt rock) | rock)
sj -(-60) -60 8.050125 92531.296 4626.564798
sj-(-30) -30 9.021745 98040.1678 4902.008391
sj-0 0 12.02744 109058.389 5812.506758
sj-30 30 13.1687 131392.337 6569.61685
sj-60 60 14.71523 122622.191 6131.109541
sj-90 90 12.23713 149101.568 8276.407127
sj-120 120 26.06346 183485.002 9544.932286
sj-150 150 9.831984 213078.369 10653.91846
5j-180 180 15.73896 208824.493 10441.22464
sj-215 215 9.617962 183455.786 9172.789279
sj-240 240 9.513618 206252.796 10312.63979
sj-270 270 9.508085 227026.32 11351.316
sj-300 300 9.590571 228441.926 11422.09632
sj-330 330 7.603766 242259.669 12112.98343
sj-360 360 11.58116 267704.278 13385.2139
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sj-390 390 11.14517 249891.435 12494.57176
sj-420 420 10.06403 300706.736 15035.33679
sj-450 450 7.226143 325550.318 16277.51591
sj-510 510 8.636378 372925.788 18646.28939
sj-540 540 10.32452 409997.842 20499.89209

Table. 3: 3¢Cl (atoms in 1 gram rock), and Cl concentrations in ppm of the Sajur fault

samples.

Sampel name | Height on fault 36C| (at. gt 36C| uncertainty (at. g™*
scarp (cm) Cl (ppm) rock) rock)

btf-1080 1080 75.43139 630734.7 27247.91
btf-1050 1050 48.70844 464083.8 21426.01
btf-1020 1020 37.74313 494665.6 22326.82
btf-990 990 39.85166 466997.8 20709.9

btf-960 960 46.3974 436856 19453.47
btf-930 930 56.23924 458031.7 19652.9

btf-900 900 22.28139 431126.2 18797.59
btf-870 870 27.2326 400777.2 17431.41
btf-840 840 26.6053 382955 17112.68
btf-810 810 36.23346 362181.8 15651.96
btf-780 780 27.22896 376615.2 16631.6

btf-750 750 32.55209 353611 18918.19
btf-720 720 15.00559 264184.2 13272.17
btf-690 690 11.95499 246787.6 16965.17
btf-660 660 42.60591 278898.7 13247.69
btf-630 630 38.22819 255903.1 13264.41
btf-600 600 19.39383 237349.9 10657.01
btf-570 570 5.327995 192478.4 8603.784
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btf-540 540 9.90718 169217.6 10447.25
btf-510 510 32.69157 175597.6 8829.887
btf-480 480 28.34804 161081.2 9185.511
btf-450 450 13.03646 136970.3 7495.661
btf-420 420 12.02876 138927.1 7122.014
btf-390 390 5.57501 151942.9 7458.993
btf-360 360 3.924937 175066.6 9435.03

btf-330 330 22.94828 133416.9 7087.84

btf-300 300 20.61242 121639.8 7720.805
btf-270 270 4.360314 140011 7581.965
btf-240 240 6.007766 129280 7661.76

btf-210 210 2.475725 119946.9 7544.507
btf-180 180 5.511943 102549.8 5813.179
btf-150 150 4.881501 114306.6 6505.026
btf-120 120 10.98991 93206.71 5731.652
btf-90 90 18.58982 87788.76 5206.448
btf-60 60 47.6601 95271.37 6323.159
btf-30 30 29.27972 94528.89 5958.505
btf-0 0 32.33713 91503.03 5636.977
btf-(-30) -30 34.62127 109617.1 6265.041
btf-(-60) -60 9.86015 87228.2 9021.172

Table. 4: 3¢Cl (atoms in 1 gram rock), and Cl concentrations in ppm of the Deir Al-Assad fault

samples.
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4.5. Faults parameters

Besides the chemical composition, other parameters are needed for the model in order to
determine the fault scrap exhumation history. These include geographic location and
elevation of the fault scarp, colluvium slope angle, colluvium density, faults scarp dip, scarp
rock density, and the slope angle of the escarpment above the scarpTable 5 shows these
parameters for the Sajur, Nahf East and Deir Al-Assad segments.

Fault | Latitude | Longitude | Elevation | Colluvium | Colluvium | Scarp Scarp rock | upper scarp

name [m] a.s.l | dip (deg) | density dip density dip (deg)
(gr/cm3®) | (deg) | (gr/cm?)

Sajur | 32.948 | 35.3366 | 560 20 1.5 68 2.7 30

Nahf |32.983 |35.3200 | 290 15 1.7 51 2.7 25

East

Deir 32936 | 35.289 315 15 1.5 70 2.7 30

Al-

Assad

Table. 5: Model input parameters of the studied fault scarps.

4.5. 35C| Model results

4.5.1. Sajur segment

Model results of the Sajur segment indicate three distinct periods of surface rupturing. The
first period during the early Holocene (12 ka — 11 ka), with over 1.5 meters of displacement,
a second period with displacement of ~2.5 m, which occurred during the middle Holocene
(7.5 £ 0.5 ka), and the third period during the late Holocene (4.2 £ 0.5) ka with displacement
of ~1.5 m. In addition, the model results indicate on a pre-exposure duration of 15*12 ka.
This period approximately represents the interseismic time before the oldest identified event.
By that, another, oldest event is provided with an age of 28 - 25 ka. For this last event | can

only suggest the timing without the amount of surface displacement (Fig. 13).
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Figure. 13: The best fit exhumation history of the Sajur fault scarp suggests 3 slip periods, and
a pre-exposure duration of 28 - 25 ka. 3¢Cl data (black dots), modeled 3¢Cl (red circles) versus
scarp height. Blue lines indicate seismic events, their age and slip above the line (These results

are based on figures s1 and s2, both are in the supplementary).

Model results of the Deir Al-Assad segmnet indicate six distinct periods of surface rupturing.
The two first events occurred during the Late Pleistocene (29 + 1 ka) and (24.5 £ 0.5 ka),
respectively. Each of which produced ~1.5 meters of surface rupturing. During the Holocene
three distinct periods of surface rupturing occurred (11.5 £ 0.5 ka), (7.5 £ 0.5 ka), and (4.4
0.5 ka). Each of which produced ~2.5 meters of surface rupturing. In addition, another older

event with age of 36 — 32 ka is provided by the pre-exposure duration (Fig. 14).
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Figure. 14: The best fit exhumation history to the Deir Al-Assad fault scarp includes 5 slip
periods, by considering the pre-exposure duration it provides another oldest event with age
(36 - 32 ka). 3¢Cl data (black dots), modeled 3¢Cl (red circles) versus scarp height. Blue lines
indicate seismic events, their age and slip above the line (These results are based on figures
s3 and s4, both are in the supplementary).

4.5.3. Nahf East segment

Differently from the two other faults for the Nahf East segment | used Mitchell et al. ( 2001)
data and Cowie et al. (2017) model to reconstruct the exhumation history of the Nahf east
fault scarp. Model results of the fault indicate three distinct periods of surface rupturing. The
first period during the early Holocene (11.8 £ 0.5 ka), with over 1.2 meters of displacement, a
second period with displacement of ~ 6.5 m, which occurred during the middle Holocene (8.0
+ 0.5 kyr), and the third period during the late Holocene (4.3 £ 0.5 kyr) with displacement of
~ 2 m. In addition, by using the pre-exposure duration, another oldest event can be

determined with age (26.5 — 30.0 ka) (Fig .15).
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Figure. 15: The best fit exhumation history to the Nahef East fault scarp includes 3 slip periods.
And, by using the pre-exposure duration, another oldest event can be determined with age
(26.5—30.0 ka) 3Cl data (black dots), modeled 3¢Cl (red circles) versus scarp height. Blue lines
indicate seismic events, their age and slip above the line (These results are based on figures

s5 and s6, both are in the supplementary).
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5. Discussion
5.1 The linked Bet Kerem fault system
The Bet Kerem fault system (BKFS) includes several fault segments positioned en-echelon,

their traces observed at the base of the Zurim Escarpment (fig. 4). As the fault segments
overlap, they form four relay ramps (fig 4) suggesting that the BKFS is a linked system. In order
to determine whether the linkage between the segments is hard or soft, | focus on the relay
ramp zones and on the along-strike profiles of each segment. The Sajur ramp, which is located
between the Sajur and Nahf fault segments is a breached ramp. Therefore, the Sajur and Nahf
faults are physically connected and are in fact hard-linked faults. Consequently, the Nahf
segment topographic profile is asymmetric with the maximum throw close to the segment’s
eastern tip, where it is linked to the Sajur segment (fig. 1 and 10). The along-strike topographic
profile of the Sajur segment and the Rama segments are also asymmetric, with maximum
throws close to their intersection with the Peqi’in fault. Thus, the Sajur and the Rama
segments are also hard linked (figs. 1, 4 and 10). The other ramps, which are located west the
Sajur ramp, are not breached and only display rock bending. This suggests that the Nahf, Deir
Al-Assad, Majd Al-Krum, and Ahihud faults are all soft-linked faults. This is consistent with
their symmetric topographic profiles (figs. 4 and 10).

The scaling relationship D = yL also indicates that the BKFS is a linked system. Here |
calculate value Y for each fault segment within the Bet Kerem fault system, by dividing the
max stratigraphic throw by segment length. Y values decrease gradually from east to west,
with y = 0.135 — 0.125 for the Sajur segment to 0.04 at Ahihud segment (Figure 16C). As
for the Rama segment, in the absence of a stratigraphic throw profile, | am unable to calculate
its Y value, however, it shows the maximum topographic throw in the system (fig. 16B and
16E), which may indicate that it also has the highest Y value. The Ahihud segment is the only
segment that shows a Y value that is close to 0.03, which is the average worldwide value of
isolated fault segments (Schlische et al., 1996) (Cowie & Roberts, 2001; McLeod et al., 2000;
Nicol et al., 2010; Papanikolaou & Roberts, 2007; Roberts & Michetti, 2004). Therefore, it can
be said that the BKFS is a linked fault system that extends as far westward as the Ahihud fault,
with a center located close at the Rama fault. In this discussion | concentrate only on the
segments west of Rama. East of the Rama segment, landslides and structural complexity make

it difficult to construct topographic and stratigraphic profiles.
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5.2 Nahf fault and the S-T value significance
Apart from the Nahf segment, in all other studied segments there is a good agreement

between the topographic throw profile and the S-T value profile. The Nahf segment is a hard
linked fault on its eastern end, and as expected, the along strike topographic and stratigraphic
profiles are asymmetric. In contrast, the S-T profile, which is an outcome of erosion of the
uplifted block, shows a symmetric profile (figs. 10 and 11). That is, the S-T is a result of the
pre-hard-linked phase, and implies that the Nahf segment faulting history is comprised of two
phases. In the first phase, while this segment was not physically linked to the neighboring
segments, the slip rate was lower than the denudation rate so only stratigraphic throw
accumulated along the segment, resulting in the formation of the symmetric S-T value profile.
In the second phase, the segment slip rate must have increased to be higher than denudation
in order to build the Nahf escarpment. The asymmetric triangle shape topographic throw
profile of the Nahf segment, and the symmetric S-T value profile (figs. 10 and 11), suggesting
that the second phase occurred close in time to the hard linkage. Moreover, it indicates that
the increase in slip rate and the start of building the Nahf escarpment caused the denudation
rate at the uplifted block to decrease dramatically, which causes the preservation of the
symmetric S-T value profile. This observation agrees with Matmon et al., (2000b) observations
on the Zurim escarpment and the other escarpments in the galilee, in which the increase in
the faults slip rate and the initiation of the escarpments caused the denudation rate at the
uplifted block to decrease dramatically. Hence, the question that arises is: what did cause the
slip rate increase at the Nahf segment? The fault slip rates hardly change between the
transition from soft to hard linkage between the segments, and only increase due to the link
of the linked segments with a new fault segment, in which segments located at the center of
the linked array will have the maximum increase in slip rate, while segments at the array tips
will have the minimum increase in slip rate (Cowie & Roberts, 2001). Or the slip rate can
change due to changes in the tectonic stress regime. Therefore, it implies that one of these
two reasons is responsible for the slip increase in the Nahf segment: 1) The Nahf segment
linked from its western tip to the Dier Al-Assad segment close in time to the transition from
soft link to hard link at its eastern tip. 2) A Change in the tectonic stress regime caused the
slip rate to increase at the Nahf segment. These changes occur close in time to the transition
from soft link to hard link at the eastern tip of the Nahf segment. Based on the fact that the

Bet Kerem fault system is a linked fault system. It seems to be that fault linkage is more likely
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the reason for the increase in slip rate than tectonics. Moreover, In the next, we will see that

there are correlations between segment linkage and the escarpment initiation.

5.3 The preservation of Senonian sediment in the relay ramps
At each of the downfaulted blocks (west to Peqi'in fault), the Senonian Menuha Formation is

exposed, in contrast, at the uplifted blocks the Menuha Formation is only exposed at the relay
ramps zones, and it eroded elsewhere (fig. 4). The relay ramp zone, which is today a part of
the uplifted block, was before the fault interaction part of the downfaulted block (Cowie &
Roberts, 2001; Peacock & Sanderson, 1994). That is, the increasing of the fault slip rates and
the uplifting of the ramp zones didn’t cause the erosion of the Menuha Formation, on the
contrary, helped its preservation. Therefore, it implies that each of the fault segments history
consists of faulting two phases as the Nahf segment. In which, the first phase the slip rate was
lower than erosion therefore the Menuha Formation eroded from the uplifted blocks and
preserved at the downfaulted blocks. While in the second phase the slip rate increased
resulting in reducing the denudation rate at the uplifted blocks, which helped the
preservation of the snapshot of the exposed stratigraphic sequences as it is before the start
of the escarpment and preservation of the Menuha Formation on the uplifted relay ramps.
Furthermore, it indicates all the fault segments (west to the Peki'in fault), were formed
simultaneously when the Manhua formation was exposed everywhere in the study area.
Otherwise, old faults will preserve a younger stratigraphic sequence than the Manhua

formation at the downfaulted blocks and relay ramps and vice versa.

5.4 The spatial and the temporal development of BKFS
Since all the fault segments formed simultaneously, and the initiation age of the Zuriem

escarpment gets younger westward form the system center (Rama and Sajur segments)
(Matmon et al., 2000b, 2008). | suggest that the segments located close to the center of the
system, Rama and Sajur, first increased their slip rate and initiation escarpments, and with
time the increase in slip rates moved westward, and by that initiation of new escarpments
westward. The S-T value profile, which is the thickness of the eroded stratigraphy sequences
from the uplifted blocks, and mainly the outcome of the first faulting phase (before the
escarpment initiation), shows a maximum value at the Sajur segment and then gradually
decreases westward (fig. 16D). It indicates that at the first phase the slip rate of the Rama and

Sajur was the highest and gradually decreased westward. Due to that, these two fault
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segments have the highest lengthening rate, and by that, they have been able to start the
linkage earlier than the western segments. This hypothesis is supported by observation at the
S-T value profile of the Sajur segment, which is asymmetric as its topographic and
stratigraphic profiles, and shows a maximum value close to its eastern termination (fig. 11A
and 10B). This observation indicates that the Sajur segment was hard linked at its eastern end
with the Rama segment before escarpment initiation (at first phase). On the western side of
the Sajur segment, the hard link between Nahf and Sajur only affects the topographic and the
stratigraphic throw profiles and indicates that the initiation of the escarpment occurred
closely in time with hard link. Toward the west the segments are only soft linked. Therefore,
it appears that the age of the fault’s linkage increases eastward just like the escarpment
initiation age, which indicates that fault linkage is responsible for the gradual westward
increase in fault slip rates and not a result of a tectonic process. Because if it was a tectonic
process, | would expect increases in the slip rates along all the fault segments and not a

gradual and locally increasing.

Based on all of that, | provide the spatial and the temporal development of BKFS:

All the segments form simultaneously, the slip rate along the Sajur and Rama segments had
to be higher (although lower than the denudation rate) than along the more western
segments. This implies that the lengthening of the Sajur and Rama segments was the fastest
and that the lengthening rate decreased westward (fig. 17A), and allowed the formation of a
relatively early hard link between Rama and Sajur (during the first faulting phase) and the
development of the asymmetric S-T value profile along the Sajur segment (fig. 17B). With
time, the Rama and Sajur segments started to interact with Nahf segment, and a soft link
developed, forming the Sajur ramp. This last link was followed by the increase of slip rate,
such that relief started forming along the Rama and Sajur segments, and the buildup of the
Zurim escarpment begun. At that time, the slip rate along the Nahf segment, which is located
at the tip of the linked array, did not exceed the denudation rate (fig. 17C). Later, the Sajur
ramp was breached, and a hard link between Sajur and Nahf formed, close to the time of the
breaching an escarpment was initiated above the Nahf segment. The reason for the slip
increase along the Nahf segment is probably the interaction with the Dier Al-Assad segment,
which is manifested by the Nahf ramp (fig. 17D). Next, A soft link formed between the Dier

Al-Assad segment and Majd Al-Krum segment and an escarpment initiated above the Dier Al-
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Assad segment and an escarpment initiated above the Deir Al-Assad segment and so on until
start forming an escarpment above the Ahihud segment (fig. 17E). In summary, the segments

linkage migrated westward causing the escarpment initiation age to get younger westward.
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Figure. 16: The stratigraphic (A) and topographic (B) throw, and the y value (c) as function of distance from the Sajur or Rama segment. As can be seen

all values decrease westward in second-order polynomial regression, in agreement with the observation of Papanikolaou & Roberts, (2007) and Roberts
& Michetti, (2004) on normal fault system in central Italy. (D) The maximum S-T value at each segment. The S-t value decreases westward. (E) Shaded
relief map of the Bet Kerem valley and the Zurim Escarpment. Color-coded on the map are the topographic heights. The Bet Kerem fault system outlined

by red lines, and Peqi'in fault by black line. The Rama segment (outlined by a white arrow) seems to be located in the center of BKFS since it has the

highest topographic throw in the system.
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5.5 36Cl results interpretation and discussion

5.5.1 Limitation of the 36Cl method

Before we discuss the results, it is important to emphasis that due to the limitation of the 3¢Cl
approach, seismic events that generated < 25 cm of surface rupture, and with a recurrence
interval of less than a few hundred years, cannot be detected. Therefore, the number of
events indicated for each fault is a minimum number. Moreover, it implies that some so-called
“event” may in fact be several earthquakes that occurred within a few hundreds of years or

one single event that generated a large amount of surface slip (Schlagenhauf et al., 2010).

5.5.2 Surface rupturing history

| have identified 11 scarp exhumation events, at the Nahf East, Deir Al-Assad, and Sajur
segments (table 6). The along strike scarp profiles of these segments (fig 12), are similar in
shape to the along strike topographic throw profiles (fig. 10). This implies that the exhumation
of the Sajur, Nahf East, and Deir Al-Assad scarps are caused by seismic events rather than an
erosion (lezzi et al., 2019; Isabelle Manighetti et al., 2005; Puliti et al., 2020). Therefore, the
11 scarp exhumation events represent surface rupturing events. The nine most recent events
are identified along all there dated segments and indicate that they were active
simultaneously during three distinct periods during the very latest Pleistocene and Holocene
(12.0-11.0 kyr, 8.5 -7.0 kyr, 4.5 — 4.0 kyr) (fig .20 & table .6). Additionally, two older events or
periods (29 + 1 ka and 24.5 * 0.5 ka) are identified only along the Deir Al-Assad segment.
However, when considering the pre-exposure duration, which approximately represents the
interseismic time before the oldest determined event, the Sajur and the Nahf East Faults
indicate that the two faults were active simultaneously to the two older periods, just as during
the Holocene. | hypothesize the reason that | can't detect these two periods at the Sajur, and
the Nahf East Faults is because they generated surface rupture amount lower than the

detection limit of the 3¢Cl approach.

5.5.3 Earthquakes behavior

Empirical models that relate max surface rupture to rupture length, suggest that only 10 — 30
cm of surface offset should have occurred along the bet Kerem fault segments which are only

~5 km long (Wells and Coppersmith, 1994; fig. 18), and only 40 cm (Wesnousky, 2008).
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However, 3¢Cl Model results suggest three surface rupturing events of 1.2 m, 6.5 mand 2 m
(table. 6) at the Nahf East segment. Considering the length of the segment, and a maximum
surface offset of 30 cm during each earthquake, a minimum of 4 to 7 moderate earthquakes
(Mw ~ 5) must have occurred in the first and last events, respectively, within a 1 kyr window.
And for the second event, more than 20 moderate earthquakes (Mw ~ 5) are required to
produce the observed offset. Similar results are given for the other two dated segments. This
scenario, therefore, suggest swarms of moderate earthquakes that are recorded by the 3°Cl
exposure dating method as a single event.

On the other hand, Well-documented seismic records show that only rarely is the surface
ruptured along faults that are 4 — 6 km long. That is, if that is the case, the required number
of earthquakes is greater than estimated before. Moreover, they show that surface rupturing
events commonly produce as a result of large earthquakes that their occurrence requires a
long fault segment or rupture of many short segments that together provide the required
length (Bello et al., 2021; Bernard & Zollo, 1989; lezzi et al., 2019; Isabelle Manighetti et al.,
2005; Mozafari et al., 2019; Nicol et al., 2005; Soliva et al., 2008; Villani et al., 2018; Wells &
Coppersmith, 1994). They also show that symmetric triangle shape surface rupturing is
normally caused by a single fault rupture, while multi-segment rupture earthquakes cause
asymmetric triangle shape surface rupturing profiles along the faults. Moreover, that the
along-strike surface rupture distribution behaves as the along-strike scarp height distribution
(lezzi et al., 2019; Manighetti et al., 2005). i.e., if the carbonated fault scarp shows an
asymmetric triangle shape profile the along-strike surface rupture profile will also show an
asymmetric triangle shape profile. Therefore, the along-strike fault scarp can be used as an
indication of the behavior of the past earthquakes.

Since the Bet Kerem fault system is a linked fault system, it behaves as one single fault. The
rupture front that nucleates at one fault segment can propagate and rupture the adjacent
fault segments, i.e., cause a multi-segment rupture earthquake. This scenario is consistent
with the results of the 3¢Cl model that indicate synchronized activity and the surface rupture
amount. Moreover, the shape of the scrap profiles of the dated faults shows an asymmetrical
triangle shape (fig. 12). Accordingly, it is seeming that the large earthquake scenario is
earthquake behavior at the Bet Kerem fault system rather than the moderate earthquake

scenario.
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Fault name Nahf Deir Al-Assad Sajur
Period 1 43+x05ka 2m 44+05ka 2.8m 42+05ka 1.5m
Period 2 8.0+£0.5ka 6.5m 75+05ka 24m 7.5+£05ka 2.5m
Period 3 11.8+0.5ka 1.2m 11.5+0.5ka 2.6m 11.2+0.5kal.5m
Period 4 ---- 245+05ka 1.5m
Period 5 ---- 29+ 1ka 1.6m
Pre exposure
duration

15.0%12 ka 4.4%12 ka 16.5* 11 ka

Table. 6: Event ages and surface rupture amount at the three faults.
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Figure. 18: The relation between surface rupture length (Km) and maximum surface slip (Wells & Coppersmith,
1994). The blue line indicates a fault length of ~ 5km, which is the length of the Bet Kerem dated segments.
According to relation, the dated segments can generate only 10 — 30 cm of surface slip. The purple line indicates
a fault length of ~ 20km, which includes all of the dated segments. At such a length, normal faults can generate
20 — 400 cm of surface slip.

5.5.4 Nahf fault

Based on my preferred scenario that multi-segment earthquakes are the common type of
earthquakes along the BKFS, and that the BKFS behaves as one single fault, it is necessary that
the Nahf segment, which was not dated, operated during the same activity periods as the
three dated segments. This is based on the fact that: 1) The Nahf fault displays a fault scarp
with observed slickensides at its base (fig. 19). 2) The propagation of rupture between the
Dier El Assad, the Sajur, and Nahf east segments can only occur through the Nahef segment
(fig. 4) (Bhat et al., 2007; Wesnousky, 2008). 3) The along-strike scarp profile shows two
asymmetric triangle shapes that are separated by the Nahf East segment (fig. 12). Accordingly,

the Nahf segment behaves seismically as two separate segments that have both been
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ruptured by multi-segment earthquakes. Which may be the same events that ruptured the

adjacent dated segments.

Figure. 19: The intersection between Nahf East Fault and Nahf Fault. (A) map view of the intersection: Nahf East
Fault (green line) and Nahf Fault (red line). (B) Nahf fault scarp at the junction with Nahf East (green line), scarp
height ~ 4m. (C) Zoom into the junction (black box in B). As can be seen the Nahf East fault offsets the Nahf fault,
As result, the Nahf scarp is composed of a colluvial wedge where it is the down faulted block of Nahf East, and
fault breccia in the up faulted block. (D) A closer look at Nahf fault scarp (breccia part) (red box in C). Sub horizontal
slickenside are observed on the fault scarp (E)

5.5.5 Earthquake magnitude and recurrence interval

Due to the 3¢Cl dating approach limitation, | can’t determine the number of earthquakes that
occurs at each activity period, nor the surface slip that generates by each earthquake, and by
that the magnitude of the earthquakes. However, since the three dated segments were
sampled where the faults show the maximum fault scarps height (Fig. 12), the sampling sites
are located where the maximum surface slip at each of the activity periods occurred (lezzi et

al., 2019; Puliti et al., 2020). This maximum amount of surface slip with the length of the
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surface rupture that was generated at each activity period can be used to estimate the
maximum amount of surface slip during each earthquake, the number of earthquakes
occurring at each period, and their magnitude. At the Bet Kerem fault system, Sajur, Nahf
East, Deir Al-Assad, and Nahf are the only fault segments that display fault scarps that were
exhumed seismically. Therefore, | assume that each earthquake that occurred during each of
the activity period caused the rupture of the four segments, generating ~20 km of surface
rupture. According to Wells and Coppersmith, (1994) and Wesnousky, (2008), a fault of such
length can potentially cause maximum surface rupture of 1 m or 1.8 m, respectively.

Considering the total amount of offset during each period (table. 6) | estimate that 2-3
clustered earthquakes occurred during the 4 — 5 ka period, at least 4 clustered earthquakes
occurred during the 7.0 — 8.5 ka period, 2-3 clustered earthquakes occurred during the 11 —
12 ka period, and at least 2 clustered earthquakes occurred during the 24 and 29 Ka periods.
Within each activity period, earthquakes were clustered close enough (100’s of years at the
most) such that they cannot be distinguished using the 3°Cl exposure age dating. The
recurrence interval of these earthquake clusters during the Holocene and late Pleistocene
ranges from 3.5 to 5 ka years. In contrast, there is a ~ 13 kyr period of inactivity window on
the Sajur, Nahef east and Deir Al-Assad segments prior to the Holocene activities (Fig 20 and
21). These results, therefore, point to three superimposed recurrence interval wavelengths

on the Bet Kerem fault system:

1. Afew 100’s of years interval which separates between discrete earthquakes within a
cluster.

2. A 3.5-5 ka interval between clusters, in which strain accumulated and released along
the faults (fig. 20 and 21).

3. A13-kainterval of total quiescence, in which strain only accumulated along the faults,

and separated between earthquake clustering periods (fig. 20 and 21).

This phenomenon of the long quiescence period that the faults only accumulate strain,
followed by a period during which the faults release all the accumulated strain (fig. 21) was
observed by other paleoseismology studies (e.g., Friedrich et al., 2003; Marco et al., 1996;
Rockwell et al., 2000; Schlagenhauf et al., 2011), and referred as the earthquake supercycle
(Salditch et al., 2020). Thus, earthquakes within the Bet Kerem fault system follow the

supercycle pattern.
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Figure. 20: Displacements per event versus time for the three dated segments. As can be seen there are
three distinguished periods of synchronized surface rupturing activity (blue boxes). The pre-exposure
duration of the Sajur and Nahf East faults (marked by the green arrow) indicates activity at the time of

the early events along the Deir Al -Assad fault.

5.5.6 Slip versus time

Fault slip rates can be calculated as the total slip that is produced in a time frame divided by
the time frame (Benedetti et al., 2013; Nicol et al., 2005; Scholz, 2019). For example, for the
Nahf East fault, an offset of 9.7 m was produced in 22.5 kyr (the time frame starts from the
pre-exposure duration added to the age of the oldest event and ends with a cluster at 4.3
kyr). As can be seen in table 7, in the last 30 kyr the Nahf East fault has the highest values,

while the Sajur fault shows the lowest values.
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Fault name slip rate [mm/year] Uplift rate [mm/year]

Sajur 0.23 0.22
Nahf East 0.44 0.35
Deir Al-Assad 0.38 0.34

Table. 7: Fault slip rates and uplift rates in mm/year for the last 30 kyr.

The estimated slip rate (table 7) can’t be assumed to be constant since the earlier Pliocene.
For one, if it was, the Zurim Escarpment should have been twice as high. Moreover, the long-
term slip rate (since the earlier Pliocene) of the Zurim Escarpment and the other Galilee faults
is 0.09 - 0.11 (Heimann et al.,, 1996; Matmon et al., 2000b, 2003; Sandler et al., 2004).
Accordingly, the estimated slip rate for the last 30 kyr along the dated segments is two to four
times higher. | can explain these relatively high slip rates:

[1] The estimated slip rates may overestimated. The overestimation can be a result of the
high resolution for fast deformation. Especially, if the fault's activity patterns include short
periods of intense activity alternating with long periods of tectonic quiescence as in the case
of the dated faults (Matmon et al., 2010).

[2] Strain localization: In which strain is temporally localized on a few of the Galilee fault
systems.

[3] Fault interaction: as a result of fault interaction, slip rate increases in proportion to the
linked fault array length. As | showed previously, the Bet Kerem fault system is a linked fault
system. Moreover, the length of the linked fault system increased over time. Consequently,
the slip rate on the faults increased with time. The long-term slip rate, which is the average
slip rate, is, therefore, lower than the estimated slip rate based on the fault scarps which

represent the seismic activity of only the last several tens of thousands of years.
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Figure 6: A schematic illustration of strain accumulation (blue dashed line) and release (red)
over time. (a) Deir Al-Assad segment, (b) Nahf East segment, and (c) Sajur segment. As can be
noticed there are two distinguished periods: strain accumulation period (in green), and strain

accumulation and releasing period (in blue).
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5.5.7 Relations with Historical Events at the Bet Kerem Valley

Two significant shaking events that occurred in the Bet-Kerem valley surroundings can been
seen in the archeological record. The ages of these events are consistent with the ages of
surface rupture, revealed by 3¢Cl. The first event occurred during the late Pleistocene (12.5 —
11.5 kyr), in which large boulders that were detached from the ceiling of the HaYonim Cave
(fig. 22) are included in the archeological sequence. Cave debris and speleothems collapse
have been observed in the Peki'in cave. This collapse was caused by a strong shaking event
that could be a result of a seismic event and constrained by the U-Th dating method to 7.5
and 6.5 kyr (fig. 22) (M. Bar-Matthews, personal communication, 2022). Furthermore, a castle
near Kibbutz Kabri, ~ 16 km northwest to the Bet Kerem fault system, has been damaged by
strong shaking. This shaking has been interpreted as seismic event with age of 3.8 - 3.7 kyr
(fig. 22) (Lazar et al., 2020). The age of the shaking event fits well with the age of the youngest
recovered surface rupturing event. However, this strong shaking at the Kabri castle can be
generated also by earthquakes along the Dead Sea Transform rather than the Bet Kerem Fault
System, and it may be not seismic at all. These are also valid for the other two shaking events
near the Bet Kerem fault system. But the temporal correlation between seismic events and
collapse and the damage events raises always the possibility that these earthquakes are the

reason for the damage rather than It is just a coincidence.
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Figure. 22: (A) The location of the Kabri castle (blue star) relative to Bet-Kerem fault system red. DST = Dead
Sea Transform. (B) The location of the HaYonim Cave (Y.C) and Peki’in cave (P.C) relative to Bet-Kerem fault
system in blue. Faults names: RF = Rama fault, SF= Sajur fault, NF = Nahf fault, DF = Deir Al-Assad fault, MF =
Majd Al-Krum fault, and AF = Ahihud fault), intersecting with the Nahef east fault (in black).

5.5.8 Relations with Historical Events along the Dead Sea Transform

A cluster of earthquakes was recorded along the Dead Sea Transform and its branching Camel
Fault at 4 - 5 kyr ago. This time frame is consistent with the age of the last earthquake cluster
along the Bet Kerem fault system (fig. 24) (Braun et al., 2009; Gluck, 2001; Katz et al., 2009;
Matmon et al., 2006; Rinat et al., 2014). Moreover, there is one more seismic event that was
recorded along the Carmel fault with an age of 10.4+0.7 kyr (fig. 24) (Braun et al., 2009). This
age is consistent with the age of the cluster that produced the surface rupture at 11-12 kyr.

Further observations come from the eastern shore of the Sea of Galilee (fig. 24): in addition
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to the 4-5 kyr event, there are 4 additional events, the youngest of them occurred at 9.2 +1.9
kyr and which can be consistent with the second surface rupturing event or with the third.
The other three events were dated between 30 - 40 kyr (Katz et al., 2009). This period of high
seismic activity can be consistent with the oldest dated surface rupturing event at Deir Al-
Assad fault segment. Combined, all these observations suggest that earthquakes along the
Dead Sea Transform and its branches may cause trigger seismic activity along the Bet Kerem

fault system and versa vice (Scholz, 2010, 2019).
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Figure. 23: (A) Evidence of seismic events from paleoseismic records along the Dead Sea Transform
and the Camel fault. Blue points outline the seismic activity along the Bet-Kerem fault system. As can
be seen, some of the events at the Bet-Kerem fault system are synchronized with events along the
Dead Sea Transform and the Camel fault. (B) Digital shielded relief (Hall, 1993) with locations of sites
mentioned in (A). The green line indicates the Dead Sea Transform, the red line indicates the Carmel
fault, and the blue line indicates the Bet-Kerem fault system.
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6. Conclusion
Conclusion

Faults linkage and landscape

The history of the segments of the Bet Kerem fault system consists of two phases. During the
first phase the slip rate was slower than the erosion rate, therefore topographic expression
didn't form, and only stratigraphic throw accumulated along each segment. In the second
phase, the slip rate increased. Stratigraphic offset continued to accumulate accompanied by
the development of topography. The reason for slip rate increase is related to fault linkage.
This conclusion is based on the spatial and temporal correlations between segment linkage
and the escarpment initiation. Therefore, the fault linkage process played a significant role in
landscape evolution at Galilee along the Zurim Escarpment.

Faults linkage and Earthquakes

The Bet Kerem fault system is a linked fault system. Because to that, a rupture front caused
by an earthquake on one fault segment can propagate to adjacent segments and rupture
them. This propagation results in large earthquakes and the occurrence of large surface slips,
which are consistent with the synchronized activity of the segments and the surface rupture
amount obtained by the 3¢Cl model results. The Bet Kerem Faults system case indicates that
multi-segment rupture earthquakes should be considered in paleoseismological studies that
show occurrences of large surface slips along relatively short fault segments.

Earthquakes at the Bet Kerem fault system

Five surface rupturing period are observed on the dated faults. Based on the surface rupture
amount and the synchronized activity at each of the activity periods as well as the scarp profile
shape of the dated faults, | interpret that each activity period consists of a cluster of at least
two large earthquakes (Mw > 6), and each of the earthquakes has generated ~ 20 km of

surface rupturing.

Earthquakes within the Bet Kerem fault follow the earthquake supercycle pattern and show

three recurrence interval cycles:

1. A <1000 interval which separates between discrete earthquakes, within the activity
period.
2. A 3.5-5 ka interval between clusters, within the cluster activity period.

3. A 13-ka of total quiescence between the activity period.
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Implications on seismic hazard assessment

Our results contribute to earthquake hazard assessment in the Galilee region, northern Israel.
| show that the large surface rupture observed at the Bet Kerem fault system is produced by
large earthquakes that ruptured multi-fault segments. This is enabled because the segments
are connected (either at the surface or at sub surface). Therefore, | suggest considering the
surface/sub surface connection between segments. Multi- segment resurface rupture has
implications in estimating the earthquake's magnitude, surface rupture length, and the max
surface slip that can be generated. All of these parameters play a main role in seismic hazard

assessment (McCalpin, 2009).

The last earthquake cluster at the Bet Kerem fault system occurred ~ 4.5 kyr ago, which is
within the range of the calculated Holocene to late Pleistocene recurrence interval between
earthquake clusters. On one hand, it seems that a cluster should occur in the near future. On
the other hand, in the most recent cluster, the faults released all the accumulated strain
(Figure 21). Therefore, the faults entered the long quiescence period (which is ~13 ka long),
which means that the next cluster will occur after ~ 8 kyr. As long as we can't determine
whether the supercycle behavior (~13 ka long of total quiescence between the activity period)

is typical or an anomaly my best guess is that the next cluster will occur within the next 8 kyr.
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36Cl modeling parameters

Spallation on Ca: W3ec_ca0= 48.8 £ 3.5 at. of 3Cl.g. of Ca. yr (Stone et al., 1996)
Spallation on K: 162 + 24 at. of 3¢Cl. g of K. yr'! (Evans et al., 1997)
Spallation on Ti: 13 % 3 at. of 3Cl. g of Ti . yr'! (Fink et al., 2000)

Spallation on Fe: 1.9 + 0.2 at. of 35Cl. g of Ti. yr (Stone, 2005)

Slow negative muons stopping rate at land surface: W,,0 = 190 muon.gl.yr? (Heisinger et al., 2002)

Neutron attenuation length: 208 g.cm™ (e.g. Gosse and Phillips, 2001)
Neutron apparent attenuation length for a horizontal unshielded surface: 160 g.cm™

Muon apparent attenuation length for a horizontal unshielded surface: 1500 g.cm

Geomagnetic field description: constant (Stone, 2000)
Erosion and snow cover parameters set to zero.

Uncertainties on age and slip of paleoearthquakes integrate + 16 uncertainty from 36Cl measurements.

Tabel $3: %Cl modeling parameters for modeling code (as defined by Schlagenhauf et al., 2010).
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Figure S1: Discontinuity points (outlined by black and red arrows) in the 36Cl profile concentration of the
Sajur fault. The blue lines represent the profile shape between each discontinuity. Note that we have four
discontinuity point, however, the model indicates 3 surface rupture events (see figure S2 and S3). Thus, the
point outlined by the red arrow may result from the 3¢Cl production pathways and different chemical
compositions of the sample.
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Figure S2: (A) Chi? (Chi-square), (B) AlCc (Akaike Information Criterion), and (C) RMSE (weighted root mean square).
Values obtained from fitting the Sajur fault data with the best 1-6 events scenarios. Best values are obtained for 3

earthquakes scenarios.
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Figure $3: The Cumulative offset of the 10 best exhumation scenarios for the Sajur fault scarp. Each
line represents an exhumation scenario. As can be seen, there are three distinct periods of activity (red
boxes): the first period occurred during the earlier Holocene (12 ka — 11 ka), the second during the
middle Holocene, and the third event occurred during the late Holocene (4 + 1.0 ka). | used this result
combined with the discontinuity points shown in figure S1 and S2 as input for the Schlagenhauf et al.,
(2010) model to determine the best fault scarp exhumation scenario.
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Figure S4: Discontinuity points (outlined by black and red arrows) in the 36Cl profile concentration of the
Deir Al-Assad fault. The blue lines represent the profile shape between each discontinuity. Note that we
have seven discontinuity point, however, the model indicates 6 surface rupture events (see figure S5 and
S6). Thus, the point outlined by the red arrow may result from the 3°Cl production pathways and different
chemical compositions of the sample.
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Figure S5: (A) Chi2 (Chi-square), (B) AlCc (Akaike Information Criterion), and (C) RMSE (weighted root mean square).

Values obtained from fitting the Deir Al-Assad fault data with the best 2—9 events scenarios. Best values are obtained

for 5 earthquakes scenarios.
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Figure S6: The Cumulative offset of the 10 best exhumation scenarios for the Deir Al-Assad fault scarp.
Each line represents an exhumation scenario. As can be seen, there are five distinct periods of activity
(red boxes. | used this result combined with the discontinuity points shown in figure S4 and S5 as input
for the Schlagenhauf et al., (2010) model to determine the best fault scarp exhumation scenario.
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Figure S7: Discontinuity points (outlined by black and red arrows) in the 36Cl profile concentration of the
Nahf East fault (Mitchell et al., 2001). The blue lines represent the profile shape between each
discontinuity. Note that we have six discontinuity point, however, the model indicates 3 surface rupture
events (see figure S8 and S9). Thus, the point outlined by the red arrow may result from the 3¢Cl production
pathways and different chemical compositions of the sample.
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Figure S8: (A) Chi? (Chi-square), (B) AlCc (Akaike Information Criterion), and (C) RMSE (weighted root mean square).
Values obtained from fitting the Nahf East fault data with the best 1-7 events scenarios. Best values are obtained for

3 earthquakes scenarios.
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Figure S9: The Cumulative offset of the 10 best exhumation scenarios for the Nahf East fault scarp. Each line
represents an exhumation scenario. As can be seen, there are three distinct periods of activity (red lines): the first
period occurred during the earlier Holocene (12 ka — 9 ka), the second during the middle Holocene with over 6
meters of slip, and the third event occurred during the late Holocene (4 + 2.0 ka). | used this result combined with
the discontinuity points shown in figure S7 and S8 as input for the Schlagenhauf et al., (2010) model to determine
the best fault scarp exhumation scenario.
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