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OldTitle: Assessment of potential seismic hazard for sensitive facilities by
applying seismetectonic criteria: an example from thelLevant region

New title: Assessment of seismic sources and capable faults through
hierarchic tectonic criteria: implications for seismic hazardin the Levant

Matty Sharon et al.
asagy@agsi.gov.il

We would like to thank théhree anonymoueeviewes for their in-depth review of the

manuscript andheir constructive and important comments. Following the commersts,

have thoroughly revised the article. The manuscript title, introduction, discuasion

conclusion chapters were rewritten. We provide below detailed réplees t he r evi ewer
comments and indicate how and where changes were made rievibed manuscript.

Please note that the lines we refer to, are at the manuscripsubmitted as a different file.

Referee #1

MO GOGKS GAGES 2F (KS Y gedmhiONIaldiorsensitvidl SO0 SAYIS\YSia £2 FA
mi§leading and erroneous. The paper does not contain any hazard analysis, or a comparison to
SEAaGAY3a KFETFNR FaaSaayvySyida F2N) G4KS | NBI ¢

l dzi K2 NR& NBaLRYyasy

following the reviewer comment we wrote a new title th&flect this study more accurateliew
title: "Assessmendf seismic sources and capable faults through hierarchic tectmitieria:
implications for seismic hazard in the Levant "

2) "There is no discussion on how these results will affaztaird or any direct practical
connection between the presented analysis and hazard calculations."

Aut hor 6 s Althaghpaor newetitle and introduction now describe that hazard
calculations are not part of this studye vadded anew section thatdiscusses the
applicationdor hazard evaluationSec. 7.1 lines 442- 494). The map and the slip rates

of Fig. 5,as well as the local seismic intensity that we analysed here, are fundamental
inputs forground shake models and acceleratoaps. Thecapable faults map, on the
otherhand, can be used for choosing potential cites for planning special fadilgfgsng

faults parameters, maps and local seismic characters, as we done herdiratetiyes in
hazard evaluations. We furthemphase that the two maps (Figs. B) enable defining

the relevant faults necessary for regional hazard modeitdyudonotnecessarily replac
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local maps of other faults that required in some standards, sitivenin a specific location
is consdered.

o0 abada2NKFI OS NUzLIidzZNB FyR 3INRdzyR aKF{1Ay3 I NB AyiS

is presented as the answer for both. Howegaground shaking and surface rupture are two very
different types of hazard. They require different considerationglanning, etc. Is it wise to treat
both as one? "

Aut hor s response: Foll owing the reviewer

(within lines 3858) that we generate a database of faults that is relevant for several seismic
hazards. We demonstrdiew we categorise faults for two specific different requirements:
one that is aimed to be used in ground shaking models, and the other focrsiiad)
facilities or special infrastructures. We however do not evaluate seismic hazard in this
paper,as well as site specific requirements. These are beyond the scope of this paper.

4) "What is very much missing is a thorough discussion on the relationstrjgenthe two types

of

analysis (seismicity basedteria and faultingy; how do you suggestombining the two datasets
that

you have created ?

(1) In places where they overlgp.g. DST), should they both be accounted for in the hazard
analysis? If not what should be the interaction ? (2) In placekere they do not overlap (e.g.

eastSinaijod 2dz AJy2NBE GKS aSiaiavYAoride ONMWMhENJoary K 52

suggestion? (3) What about places in which the kernel density is zero? Do yothérmis really
a zero probability

of an earthquake occurring there, keeping in mind gteort time window used for the kernel
density?

(

e 2

These are all very important hazaRdlS OA A2y a4 g KAOK (GKAA LI LISNJ R2S 3

Aut hords response: The product Hereotlyinthehe s
two maps (Figs. 5, 7). We design a seismibi#ged criterion that is based on the
distribution of twoparameters: the earthquake kernel density and the seismic moment
kernel density. Faultthatare located beyond this pattern are not part of the faukgyof

5. The seismological character of a zone is considered as part of criterion rfioagha

Fig. 7. The success of this selection is further reinforced by the match betfveeen
geologicalcategorsed faults and the seismicity criterion (Fig4)A This subject is
discussed in Sec. 7.1 (within lines 4484). However, f this commentefersto the aspect

of utlis ng t hes &igs mide dd gridbased distribution of the seismicity
parametersyas an independent database for both surface rupture and ground motion
hazards, we emphasithat we focus on generating datalsasfefaults and not ontilising

the seismicity as an independent source for haeaatliations Therefore,we did not

e

ST
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123

discuss this issue. We now clarify this in the introduction. Howeveaddea section that
discuss the applications of our different analyses to seismic hevakdtion, included
possible usages of the O6g9gr i(hesdB478.ei smi ci tyo

po a{SSvya (G2 YS (GKIFG @2dz2NJ YILIWMAY3I YSGK2R2f 238 Az
analysis than for shaking (which also takes into account faultsdifiatot rupturethe surface,

A ¥ 4 A x

etc.). Please be more accurate in describing your contribution a®ltdJS OG SR dza S| 3 S d¢

Aut hor 6 s r es p o n seson ouAmethodslagyasdsigp@icatiohdordaths
surface rupture and ground shaking hazarayses$s now written in Sec. 7.Jérticularly
relevant to this comment aliees 449451; 465476). Subsurface faults were considered
for capable faults if they atbecontinuation of categorised faults or if there is information
that they offset Quatnary formations. On the other hand, for the main seismic sources,
they are neglected. Indeetdhen a local siting process is applied (both for rupture surface
and for shaking), information on local fault which are not categorised in our regional

analysisshould be taking into account.

6) " The abstract says: "our analysis allows revealing the tectonic evolution of aegiem'.

Therefore, it is expected that you will show this later in the results. Nowhetesipaper do

you "reveal" anythingnew alzii G KS (GSOG2y A O S @ kiodniPhereforei KI G o1 ay
please clarify what exactly is new knowledge gained by this pdffésds typically done by

comparing to previous studies or discussing the speaifitribution presented in thistudy£

Aut hor6s response: We changed this sentence
section (Sec. 7.2 in our new discussidines 496- 537), anew figure in the appendix

(A4) andaconclusion(No. 6, lines 575 583 thatfocuses ortheimplications for local

tectonics and slip dynamics.

TO d¢lofS mY GAGES 2F HyR 02 t-diYNLIAK 2tdiheR2 3 Sa SKHY 3 L
that the first slip rate that is mentioned for the Yammuneh fault is too loneférences Gomez
2007but I think his numbers are higher. How exactly did you reachy Y YK € NK €

Aut hords response: Numtver soarehéngetabdkbatkr a
(Table 1 is inine 845. 2.8 mm/yr in Table 1 wasraistake ands nowdeleted

8)G4/ 2y Ot dz&aA2y ydzYoSNJ o A& y2i SEIFOGf awhile 02y Ot dza
AYLRNI FyG FyR NBESOIyGs Al AAYQl bopresehdagay | ye |y
O2yOf dzaAzy 2F G(GKS LI LISNID tfSHasS NBLKNI &8s

Aut hor 6 sfollowing the threegeviewedsomments we rewtethe conclusiod s
section(lines 5391 583). Specifically, we also rephrased conclusion 3 (now is listed as
conclusion 4 lines 5561 565).
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U €296k tfieSsymbol Vs is typically used for sheave velocity in the geotechnical
SINIKIjdzr 1S SYyaaAySSNAy3a O2YYdzyAaAdled L &dz33asSad dzaiy

Aut hordéds response: We no |l onger uWiseantgleios syn
character (e.g. &b mm/yr)(e.g.lines 302303).

Mno € {NBYR2 G n¥YlyeQ a

Aut hor 6 sRemevedp onse:

MMU ¢ (UAGQRSAzinRp pK I @S SYGSNBR GKS YILIQ NFGKSNJ GKI Yy

Aut hor 6 sCorrectep on s e :

MHO G[WislZmSNYFNE FOGAGAGE SEAAGAQDE

Answer: Corrected

MOU dG[¢aMSiAnya@n 2F oKIFGK 2KFG Aa ardAy3akK 2kKe Aa (K

Aut hor 6s r e 2t thaeentee: sechdghis subject is discussén Sec. 7.1)
and alsadded relevant parts in the introduct{eng.lines 43i 52).

Referee 2

MO aL FTAYR y20KAYy3a ySg Ay GSN¥Ya 2F YS(iK2R2f 238 d¢

Aut hor 0 s Indeedsemsmatest@nic criteria for categang faults were
previously appliedn seismic hazard analyses. However, in additibclassifying
hazardous faults by the recency of faulting or their recurrence intervals

a) We design a seismicityased criterion that use the distribution of two parameters:

the earthquakekerneldensityandseismicmomentkerneldensity This criterionis
reinforced by the match between the geologoedegorsedfaults and the seismicity
criterion (Fig. A3). b) Seismic sources for ground shaknagps are considered only
faults that are satisfied both geological and seismolograi@ria. This is significant
when slip rates are mostly unknown (as in Sec. 5.2).

c) The internal hierarchic categsation of faultsin both mapsenableweighting
differentfaults when hazardvaluations applied
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We now discuss thi® the new section 7.1.

(V)]

a

4

HO LT GKS 32+t 2F (KAA NB
A i

SFENDK Aa (2 R
T2NJ ONARGAOIE Tl OAfAG A 2

& 321t A& y
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A ut hrespanse: We agree and following the comment of the Anonymous Referee
#1, we have already changed the title of thi

potential seismic hazardo.

o0 GCANRG 2F ff3X G4KS YI ydza Géekhdwihis Roprodcta ¢ A G K L & NJ
can be exported to other seisrin S OG 2y A O aSGiAyIadé

Aut hords response: We now specifically discu

in Sec. 7.14lso, pease see our responseReferre# 1

no a9 @Sy Tegidithe ma&hustrigtNdesSnbt address the most critical isshat is the
potential for M>6 earthquakes and accompanying surface faulting imtbas that are not close

to the Dead Sea Transform, such as the Sinai peninsulattenaoastal region alan the
Mediterranean Sea. This topic should be discussed baséik data presented in the manuscript.
Several critical facilities in the Levant regeme located, or are in the process of being located,
relatively far from the DST. Theason is obvioughe seismic hazard along the DST is clearly very
high, and whenevethis is possible sites along the DST are immediately discarded during any
process ositing for high risk plants and infrastructures. The manuscript should be revised in other
to take inib account ground motion and ground rupture hazard evaluation in the detigse

I NBI a dé

Aut hords response: The potential of capabl e
sources, is indeed not discuss in this paper. The aim of this paper wgsatates the

capable faults from other faults and categmpthem. The next step should be generating

statistic and/or deterministic methods for defining the safety distances for any specific

siting. This is beyond the scope of the paper.

55da2NB2O0SNE GKS ONARGSNAI dzaSR F2NJ A yhdtSelINB (G A y 3
Ot SEN® {2YS YINBAYFt FldzZ G 2F GKS 5Sspnteothei Ay (G SNILI
F& aOFLIotS FlrdzZ G§€d ¢KAA BT YOx&If SAFAR Adyr3 OF [ LdE (0 KoSA (]
LR GSYGdAFE F2NJ SI NI KIjdzl 1 S ofsutiatE fauliiSg istoly definitidnya3 ¢ >+ F
source for M>6 earthquakes; of course, assuntlag hypocentral depth is shallow crustal, as

clearly stated in Welland Coppersmittf1994).
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Aut hordés response: The faults in gereratedi f f er €
large earthquake (M>6However the time frame, slip rates and seismologawivity are

different. Specific definitions are presentediaxplained in the beginnirgf Sec. 5 and

Sec. 6.1 "Framework and principles”.

cO GLFT GKS LINRPoftSY Aa GKS LINPOlIOAfAGE 2iF &AdzNFI OF
terms of seismeectonic setting. Along the DST, that is a vactive structurethe time window

to be considered for capable faults should be relatively shorttikeHolocene, or 13 kyr BP (the

Lisan Lake shoreline criterion used in the regulafaaynework for Israel). For the Sinai region,

the Quaternary critedn is much more reasonabl€&he choice of different timaindows for fault

capability takes into account theegional plate tectonic setting of the Levant. Using the
Quaternary time windows folil KS ¢ K2f S NBIA2Y R2Sa y20o¢

Aut hor 6s r e s p ahinktkat usiBdangdrtimaintdrvals for dedining capable
faults asan increasinglistance from active sourcesan be misleading. Evamsing the
"earthquake cycle" period for defining capable faults, as suggested by Mg20ede,

might be sustained only when large regimes are compared. We suggest that the
combination of the tectonic regional field (stress field orientatieplacemetrates) and

the level of the geological information (stratigraphyap resolutions) should determine

the relevant time frame for capable fafftseSec. 6.1)

TO GLY FlFOGEZ FNRY (GKS KAAG2NROIFf &S Akdu¥aveOA (& LISNJ
a sequence of large events with epicentral intensity X or Xl in the MM Sdakeimplies that
virtually every fault along the DST might have been reactivatecbbgismic surface faulting in
the past 2000 years or so. This macroseismicevidshod R 6 S LINRPLISNIX & (F 1Sy AVYi

Aut hor 6s r es p o n mtensity of hpast earthtuakesa is érahslated into
magnitudes.We already considered the interpretation of historical earthquakes for
estimatingthe maximum magnitude at the end $€c. 5.1(lines 316- 318). These
interpretations and the related slip rates are sufficient for the purpose of this paper.

yoO aLYy CAIdzZNE 1 FTNRBY (GKS YI ydza ONR LIVErylittlK SNBE A a Yz
West of the DST. Is this a réature, or is controlled by the completeneassd resolution of the
AYyailuNdzySyidlrt yR 3S2t23A0Ft RFEGlFIolFaSKe

Aut hor 6 s r e,shp@apaklefault hamploesnet dnclude faults in neighboring

countries. We now clearhpisin Sec. 6.Xlines 387388).Also see our geological database

in Sec. 3.

PO G¢KS YIydzZAONRLIG RSAONAROGS IyR RAZOMZAEA (GKS | Gl )
discussion and description is available about the historical catalog. Integkstaeen

6
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instrumental arl pre-instrumental datasets is fundamental for seismic hazsskessment.
tftSFAaS RA&Odza & P

Aut hordéds response: We regard the intheor mati on

maximum magnitude. Further considerations are beyond the scope disWe now
changed the title of our manuscript so

Mno a! FSg LI LISNE OAGSR Ay GKS GSEG theNB y2i
Fddr OKSR Fyy2idtGSR YI ydza ONR LI ®¢
Aut hords response: Fi xed

11) "Please also note the supplement to this comment: https://www-harardsearthsyst
sctdiscuss.net/nhes201967/nhess2019-67-RC2supplement.pdf”

Aut hords response: We responded to the
issues irour new version of the manuscript.

Please also note the supplement to this comment:
https://www.nathazardsearthsystscidiscuss.net/nhes201967/nhess2019-67-
AC2-supplement.pdf

Referee 3

M U1- The title is irrelevant as | could not seeamprehensive seismic hazard analysidess the
author consider defining the active and capable faults (seismic souwdel) is a complete hazard
assessment process. It is very important componemtniy seismic hazard study, but it is not the
entrep? OS & a dé

it i s

Ay Of

comme

Aut hor 6s r esponse: andhave ahargedphe title df this pagdevmme n t

title: "Assessment of seismic sources and capable faults through hietacthigc criteria:
implications for seismic hazard in the Levant"

2) &@- Regarding the exclusion of a very important event Md 5.8 1993 due to unrelaialion,
please show how much the location is uncertain. Compare this with the wheartainty in
f20FGA2y FNRBdzyR GKS DdzZA F 2F !l ol ®¢
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Aut hor 6s r es pons &3isindéed imegoktadtnbut it dtdurndthe8nost 9
seismically active zone of the Gulf of Elat (Agaba), in such distaonoeour database of
mapped faults, that it would not have any impact on the current results. Since the focus in
this paper is the m@mng of faults, further details such as error issues of a specific
earthquake, which has imapact on the mapping of any fault, is irrelevant. We now clarify

this though(lines 189191).

30 3- Blease show how many circles are included in yalculations and the weight efach
OA NDTt S¢

Aut horés response: The o6écirclesd wexte given
However, we now see this illustration might be confusing, so we repirees211-212)

the continuation of the lastcoMSy GY aF yR K& RAR @2dz aSt SO0 00 f(
Aut hor 6s rlimesd¥iBse: see

4) &d- It seems that the catalog contains tladtershocks of large earthquakes, please show the
role of these aftershocks as thaye not due to primaryectonic movements. What is the situation
if these aftershocks NE NBXY2 SR FNBY (GKS OFfOdA GA2ya 2F SI N

Aut hor 6s r es p o n suecontains aftershatks. As dreadycrreentianedotige
focus of this paper is the mapping of faullesed on the suggested methodology of
hierarchic seismtectonic criteria. Showinghe exact role of the aftershocks, and the
situation if they are removed frothe calculationjs a different topic. We also note that
aftershocks may be also associated wehctivationof faults and even with surface
ruptures, so they should not be neglected in a seismluzdtyeccriterion for a capable fault
map.

5)a pFormany faults the slip rate is provided based upon geologic or GPS surveyslifSatdy
contain a creep component in addition to the seismic one. The role of ciesyld be addressed
F2NI FEt FOOUAQDS FlrdzZ Ga +Fa Ad O2dAZ R 6S | &2d2NOS 27
Author 6 s response: We had already addressed tF

see discussioniies 95-510) and Table 1lihes845 850:

6) & pwWith the large periods of quiescence observed frequently along many parts c3®@ars
of instrumentally recorded seismicity are very short to reflect the active tect@dcarately. This
LISNA2R &aK2dZ R 0S SEGSYRSR dzaAy3 NRoOodzadG KA&G2NAOL
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Aut hordéds response: We regard the intheor mati on
maximum magnitude l{nes 316318), and also consider slip rates deduces from field
measurements of much longer periods (see Talardalsofigure A3 we now added

7) & €Although the seismicity and earthquake kernel density distribution showsggmicityto
the east of the Gulf of Agaba, neither active nor capable faults are inferrédkah & | NS | ¢

Aut hords response: A's we Retelea#d),®&xtgptfonfet ed ( s ee
exceptions (see Segand6), the capable fauthap does not includaults inneighbouring

countries. Specifically, we mapped a few faults within the Gulf of Agaba that we dsfine

O6Omain seismic sourcesbd6 (see Sec. 5nfow Thi s i
describe more clearly througttthe paper.

8) & T Abbreviations should be explained at their iirst appearance in the text (e.g. BB
FOoONBGALFIGA2ya KlFLa y2 SELXLIFYyFiA2y ovCalodé

Aut hords response: Corrected.

9) & yMinor comments a) Line 54 contains two fullstops, please remove one of teArrange

references in line 116 in a chronological order. c) Sentence in linesnth¥48 needs reference.

d) Change figure 4 into Fig. 4 in line 258. e) Chdegeonstrates into demonstrate in line 282. F)

Change is represents in line 366 inépresents. g) Rewrite lines 408 to 411 as it is really so difficult

to be followed. h)Remove many in line 454. i) Sea of Galilee should be shown on a map. j) ARF is
repeatedinFigr @ {0 ! ff GKS YILa fF0] G2 GKS b2NIK 5ANB

Aut hor6s response:

a) Two full-stops are now removed in all parts of the manusds)pEorrected fow in
lines122-123). c) We now add a new reference (nowlime 155). d) Corrected (now in
line 264): e) Corrected (now iine 288). f) Corrected (now itine 37). g) We rephrased
(now inlines 417-420). h) Already removed due to comment by Anonymous Reviewer #1
i) We added marks for the Dead Sea Basin (DSB) and for the Sea of Galilee {&giréo

1. ) Fixed.k) All our maps are orientated such that the north is directed upwaleddo

not think thata North arrow is necessary
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Assessment gictentalsolsmic-hazareforsenstive facilitics by
apphyng-seismaseismic sources and capable faults through

hierarchictectonic criteriaan-example-fremmplications for
seismic hazard ithe Levantegien

Matty Sharof?, Amir Sagy, Ittai Kurzort, Shmuel Marct Marcelo Rosensdft
1. Geological Survey of Isrgelerusalem 9371234srael

2. Porter School of the Environment and Earth ScienbelsAviv University, Tel Aviv
6997801, Israel

Correspondence tAAmir Sagy(asagy@gskgov-ilasagy@gsi.gov)l

Abstract

We present a methodology for mapping fauhsat constitute a potential hazard

structureswith an emphasis apeciagiround shke hazards, and on surface rupture nearby

critical facilities such as dams and nuclear power plants. The methodology categorises
faults by hierarchicahierarchicseismetectonic criteria, which are designed according to
the degree of certainty for recent activity and the accessibility of the information within a
given region.First, the instrumental seismicity ®atistically processed to obtaihe
gridded seismicity of thearthquake densitgnd theseismic moment densipyarameters.

Ther spatial distributionrevealsthe zones of theseismic sourceswithin the examined

period.We combine these results with geodeticl preinstrumentaslip rates historicl

earthquakedata, geological maps anstherseurcezerial photographyto define and

categorisef aul t s t hat are I|likely to gefdl@ar at e
mapingis fundanental for seismaectonic modelling and fd?SHA analysedn addition,
for surface rupturdazard, we create a database and a m&pafernarycapable faults,
by developing criteria according tthe regionalstratigraphyand theseismotectonic
tectonic configuration The relationship between seismicitslip dynamics and fault
activity through timeis an intrinsic result of our analydtsat allows revealing thectenic

evolutierdynamicof a—ghverihe deformationn the region The presentednethodology

10
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383 expands the ability to differentiate between subgroups for planning or maintenance of

384 different constructions or for research aims, and can be applied in other regions.

11



385 1. Introduction

386 The global population growth and thestablishment of sensitive facilitiesuch as
387 nuclear power plantsr damshave-beenraisigncreasdhe seismicrisk to higher levels
388 andentait-the-reedforraquireprofound understanding of the seismic haZard. Marano

389 et al., 2010).Probablythe mostfamous example is the destruction of the Fukushima
390 nuclear power plant byhe tsunamiwavescaused by the 2011 o8t Tohokuoki

391 earthquake, which has been affecting an extensive remien sinceldentifying—and
302 " : _— : : .

393
394
395
396
397
398

399 A basicstepin seismic hazard evaluation is defining asfthractesing faults that

400 constitute a potential hazard. Because earthquakes are stochastic processes that trigger

401 different hazards (such as ground shaking, tsunamis, landslides, liguefaction and surface

402 rupture) and the planning of different infrastuwres requirs different safety standards,

403 mapping andategorisindiazardousaults is generated according to specific requirements.

404 In this paper, we present a methodology for mapping and categorising faultscarnich

405 be applied for the evaluation of fiifent seismic hazard$o generate our maps and to

406 classify the faults in thepwve combine seismolocatanalysis with geologic and geodetic

407 information.The methodology is implemented for generating regional maps of the "main

408 seismic sources" and of "caple faults". The former are the regional faults that should be

409 considered for ground shaking models 8ndbabilistic Seismic Hazard Analysis (PSHA

410 and the latter constitute surface rupture hazards that should be considered for siting

411 facilities with environmental impactsuch as dams and nuclear plaotsothervulnerable

412 facilities. We apply hierarchic criteria for categoiigy faults according to the specific

413  hazard.

12
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421
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436
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We demonstrate our methodolodgr the Israel region, a seismicakytive zone
mainly affected by the Dead Sea Transform fault system (Bi§T1).First, we determine
the main seismic soces in Israel and its vicinity, focusiran faultsthat are likey to
generate significant earthquak8sibsequently, we present the pchoeto determine and
map faults thatonstitutea potentialhazardof surface rupture for sensitive facilitidd/e
design the criteria according to the likelihaafdsurfacerupture along specific faults.

Despite the limied duration of the instrumental recoitd constitutes one of the main
direct evidence of fault activityy the current tectonic configuratiorobabilistic analyss
of seismicity can constrain fault locations, kinematics and activity rates/Nea. 1996
Atkinson and Goda, 2011)Moreover, the Gutenberdrichter empirical law alews
assessifncan aid toassesshe frequency ofmedivm—tostrong earthguakeshocks by
extrapolating lewlower-magnitude earthquake Since surface ruptures are usually

associated with M O ~6.0 (Wells and Copper
concentration of seismicity along faultsghlystrondy suggests thasurface ruptures

occurredn therecent geological historjiowever, de to the scarcity of large earthquakes

in the instrumental erapmplementarynformation is requiredor further constraining the

location of the main sources of significant earthquakesl forcharactesing them -This

information can come fromarchaeological angaleeseismologicalinvestigations and

from historical documents{g-Ambraseys, 20Q¥\gnon, 2014; Marco and Klinger, 2014

Zohar et al., 2016 Geodeticmeasurements of relative displacements and velocities

providefurther crucial kinematimformation(Baer et al., 1999; Hamiel et al., 2016; 2018a
201, b).

Detailed geological investigation of faultsr-further exteneéxtend the necessary
information in particular for longerm activity —terms—eFrom seismic hazard
perspective, faults that were active in the recent geological periodsahasgehigher
probability for future faulting-cempared-with-otherfauliField relations between faults
and geological units, as revealed in geological mapsicean-constraints-aonstrairthe
location, timing andhe amount of offset of the relevant faullwever, these evidences

are limited to places where faultsve—field—relationships—witlnoss or abutyoung
geological formations_and landforms Since the spatial distribution ofuelyoung
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formations can belimited, additional criteria are requirefbr mapping potentially

hazardous faults

2. Tectonic settings

The continental crust in the region of Israel was formed during thé&Ri&an orogeny
of Late Precambrian age, and was later subjected to aiteymagriods of sedimentation
and erosion during the PaleozofGarfunkel, 1998 Continental breakup and the
establishment of passive margins along the Telihgditerranean coast of the Levant
occurred during the Triassdurassic time. Widespread carb@ngiatform developed
during the mid-CretaceousSince the Upper Cretaceous, the region was subjected to
~WNW compressiomf the Syrian-Arc systemdeforming the sedimentary sequence into
a series of asymmetric folds, strikbp faults, and monocling&yal and Reches, 1983
Sagy et al, 2003). Regional plift beganfrom the end of the Eocene and the area was
intermittently exposed tcerosional processes (Picaf®65). The African-Arabian plate
broke along the suture of Guléf- Aden - Red Sea during the Miocengenerahg the
Suez riftand theDST which separate th8inai sip-platefrom the African and the Arab
plates (Fig. 1)-The Suez rifthowever, has shown relatively minor signs of deformation
since the end of the Miocene (Garfunkel and Bartov, 1977; Joffe and Garfunkel, 1987;
Steckler et al., 1988while the DSTsystenremainghe-most-active-tectonicfeature-in the
area). In the Easternmeghstermost MediterrmneanSeg the eurrent—plateboundary
deformations-taking-placeoncentratealong the convergent Cyipn Arc (Fig. 1), where
the Anatolian plate overrides the plates of Africa and Sengi, (Mckenzie, 1970).
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Fhe—With Quaternary slip rates ofi8 mml/yr, evaluated from geological

reconstructions, paleseismological and geodetic measuremeatg. Garfunkel, 201;
Marco and Klinger2014; Hamiel et al., 20188), the 1000km DST is theargestfault
system inthe easteasern Mediterranean region (Fig. 1)ts northern sectioncrosses

northwest Syria ira N-S orientation; sveral recent large earthquakesre attributed to

this sectiorduring thepast two millennialeghraouiet al., 2003)The middle section of
the DST isathe Lebanorrestraining bendLRB; Fig. 1), charactesed by transpression
deformation (Quennell, 1959}heThis section is branched to a few segments that transfer
the main component of the strikép motion in Lebanon area (Gomez et 2003 2007).
Thelsrael region is located along the southactionof the DSTbut seismicallyit is also

affected by the activity of the middle part.

The southern part of the DSTFi§. 1) is dominated by a sinistralhetien—of
approximately-5 mmkr, summing up to F05-km of left-lateraldisplacementf ~105km
over a—peried-ofibthe last 46-20 million years(e-gQuennell, 1959Garfunkel,1981;
2014). Itis marked by a pnouncedbi 25km wide topographic valley, mostly with uplifted

flanks,borderedoy normal faults that extend along the valley margii lateral motion
occurs on longitudinal leftepping strikeslip and obliqueslip fault segnents.The strike
-slip segmentglelimit a string ofenechelon arrangechombshapednarrow and deep
releasing bendthat are associateslith orthogonal separation of the transform flanks on
the surfacewhich-may-—well-extend-beneath-the—er(Garfunkel, 1981 Garfunkel and
BenrAvraham, 2001 Wetzler et al., 204). The seismic potentiakads clearly expressed
by the1995- X& Nuweibaearthquakén the Gulf ofElat (Agaba) the largest seismic
event documented instrumentally on the BSisterical as well asby historical and
prehistorical large earthquakese—also—well-documente(e.g. Amit et al., Mareo;

2008002 Marco et al., 2005Marco, 200Pnitetals2002-Theslipratesalong-the BDST

, , GPS -measuremen Marco and
; : o ). Deepcrust seismicity is significant along the
southern part of the DSih correlaton with areasof low heat flow particularly alergn

the Dead Se&asirbasin probablyindicaing a cool and brittle lower crust (Aldersons et

al., 2003; Shalev et al., 2007; 2013).
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The Sina subplate south to Lebanon displaysomeamount-ofinternal deformation
expressed by a few fault systemghich are associated with Quaternary activithe
CarmelTirzaFaultzone(CTF; Fig. 1)consists of a few normal and oblique fault segments
generally strikingSEENW-SE. The systemis charactesed by low heat flow andy
relatively deep seismicity (Hofstetter et al., 1996; Shalev et al., 20h8)CTF divides
thelsraelSinai subplate into two tectonic domains (Neev et al., 1%5#&deh et al., 20)2
where the southern part is assumed to be relatively rigid, while northmzandal faults
orienated E--W generates-N-S extension expressed by graben and horst strudtidmes
and Eyal 1985).South of the CTF, &V to WSW-ENE trending faultgonstitutethe Sinai

T Negev shear belt (SNB Fig. A4). Geological evidences revddifferentactivity phases

of mainly dextral slip with some vertical motions, alBaring the Neogené&entor and
Vroman, 1954Bartov, 1974 Zilberman et al., 1998Calvo and Bartov, 2001 The DST

pod-dates the SNB, but thapresent tectonic interactias not entirely clear (Garfunkel,

2014).

3. Geological Database

Thedatabase of faults that were active in the recent geological historginly based
on highresolution geological mapés of January2019, 71 geological map sheets in the
scale of 1:50,000 are available for this stuolyt of the 79 sheets required to cover the
whole state of Israg€Fig. Al). The 1:200,000 geological map of Israel (Sneh et al., 1998)
is utilised where 1:50,000 data aebsent.Includedalso are faults defined as active or

potentially activeduring the last 13,000 yeafer the Israel Standard 41Building code)

"Design provisions for eart hqgabEkireadditiensi st ance
some faultshat which havenot been mapped (or not updated yet) crossing Quaternary
units in the geological mapare marked here as Quaternary faults based on evidence

presented in scientific publications, reports, and theseS GbleAl).

The establishment dQuaternary formatiomlatabas€Table A2),) to constrain fault
activity in thisstudy is complicatedueto poorly constrainedyeochronologyf someof
the formationsin somecasesthe age uncertainty is in the order of millions of years.
Moreover, the boundaryliocenePleistocend2liocenre(NeogeneQuaternary) was shifted
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in 2009, from ~1.8Ma to ~2.6MaGibbard et al., 2010Thus, some formations thaad

previously been assgned Plioceneage becamepart of the Pleistocene. Therefore,

geological periods attributed to some formations, mentioned H2q0® publications,
might mislead Many stratigraphic charts of the g2609 geological maps amitdated.
Furthermore, as recent reseapcbvidesbetter geochronological constraints, the most up
to-date information is required in order tmrrectly select Quaternaryformations.In
Appendix 1 TableAl) we present references Quaternary faultthatcannot be directly

deduced from thgeological maps.

Beside thesurface tracesf mapped faults, offshore and subsurface continuation of
faults, as well as faults extending beyond the Israeli borders added to the database
(TableA3). The latter are limited to the extensions of mapped faults that are within Israel,
and/or the main DST segments. The criteria for selecting these faults are discussed in

section6.

4. Seismologial analysis

We analysethe spatial distributiorof seismiceventsin orderto reveal the regional
seismic pattern, which helps to define the main seismic sources and develop an independent
criterion for Quaternary active faults-erdeSo ato define the seismicitpased criterion,
we desigredesignseismic criteridhat arebased orthe distribution of two parameteitsat
are, to a large extent, independetite EarthguakeKernel-Densigrthquakekernel
density and the SeismicMomentKernel-Densityseismic moment kernel density We

demonstrate the methddgy and the present theesults below.

4.1 Dateset

We usean earthquake catalogue from 1.1.1983 until 31.8.20tAin¢ ¢y J .01 J .
ando o J % x Jréeorded by-140 stations whose distribution has changed in time and
spaceMost of the data arfrom the Israel Seismic Network (ISN), the Comprehensive
Nuclear TesBan Treaty (CTBT), and the Cooperating National Facility (CNg§me

additionaldata vere incorporaéd from other regional networks: GE, GEOFON global
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564 network of Deutsches GeoForschungsZenfri®otsdam (GFZ), Jordanian Seismic
565 Observatory(JSQ, and the seismic network of Cypr(8Q). These earthquakewhich

566 have been monitored by the Seismological Division of the Geophysical Institute of Israel,
567 compisea catalogue of ~17,600 earthquakBsey wererelocated (Fig. 2)o generag a

568 new catalogue with more precise locations of hypocentres (Wetzler and RZ6n As

569 part of the relocation process, ~900 earthquakes @alededfor various reason®.g.,

570 events that were recorded by less than 4 statiamglocation errorgincluding theb

571 & 1993 event in the Gulf dElat:, which anyhow does not affectir marking of faults

572 since it was nucleated outside our higisolution geological dataBefore 1983 the

573 locationsare less reliable. Hence, the relocated catalogue consists of ~16,700 events of
574 1 -  X& (Fig. 2) Earthquake with unknown magnitudes received a default value
575 of - 1. The magnitude and the location of the  x& 1995 Nuweiba earthquake

576  were fixed accoralig to Hofstetter et al. (2003).

577 In order to assess the applicability of the following seismic processihgreabysis, we

578 define the network coverage area aszilieein which the hypocentres are relativargll-

579 constrained. Thiss examined and determined here as the polygon that covers all seismic
580 stations that recorded at least 350 arrivals, and consists of the smallest number of polygon
581 sides that link between the stations (FAg.in Appendix 3.

582

583 4.2 Spatial dataprocessing

584 In order to quantitatively charactese the regional seismicity andssociatethe

585 earthquakewith mapped faults wexamire two parameters: a@arthquake kernel density

586 and b)seismic momentd ) kernel density Both parameters are obtained through the

587 following spatial data processing. A regional scan is carried out in-kn®iBterval 2D

588 grid, in the horizontal coordinates. For each grid point, both parameters are caleulated

589 theutilising all recordedevents witlhn a 6km distance—of-the—grid-—peirddius The

590 parameters are calculated based on the kernel density estimation as an approach to obtain

591 the spatial distribution through a probability density function, using the distance ta weigh

592 each event from a reference point (each grid peidte-weighting-can-be-llustrated as
593 many-cieles-obip-tob-kmradius-that surround thecommon centréevery-grid-point).
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Fhe—cirele-of its adjacent eves}]. This circular-shapebased approaciprevents any

directional bias.

The 6km radius—from-—each-gHgoint—andimitation, the Gaussian function and its

standard deviation of 2 (for the kernel estimation), were tuned and chosercapiae

different seismic patches along active faults; b) be significantly larger than the location
horizontal median error (~1.2 km; Wetzler and Kurzon, 20163ssign higher weight to
events closer to the evaluated gpioint; d) include asnany eventsas possible for
achieving statistical significance at each of the-gohts.

The earthquake kernel densitgarameter,” , is calculated by counting all the

weighted events within a-km radius from each grid point, dividing their sum by the

samplera r e & and hormalising by the duration of the earthquake catalogue:

" — (1)

whereN is the total number of events within the radiud(n) is the distance between an
eventn and the circle centre; is the standard deviation of the Gaussian function Taad

the duration of the earthquakatalogueUnits arefQ o Q¥@di 7o 1.

The 0 kernel densityparameter;  , is obtainedby first calculating the seismic

moment released by each event separately, using the empirical relation betwaed
0 , asobtained byShapira and Hofstetter (199&jter converting units frordynecmto

N-m:

aEQ  pm pdL 2
Secondly eadr amount of energy is weighted according to the distance of the
corresponding event from the circle centre (like the calculation aéahtbquakekernel

density. Then, we sum the weighted released from all the events within & radius,

divide the sum by the circle aréa?) mand normalise by the duration of the catalogue:

) (3)
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whereN is the total number of events within the radiu® ¢ is the seismic moment
released from amventn according to Eq. Zj(n) is the distance between an evaerand
the circle centre, is the standard deviation of the Gaussian function;Taadheduration

of the earthquakeatalogue; units ar§Q¢ FREOIO].

4.3 Distribution maps of the spatial processingparameters

4.3.1. Earthquake Kernel Density

The earthquake kernel densiffFig. 3 captures the main active tectonic sources and
seismic patches, according to ~35 years of instrumental seismisigxpectedmost of
the earthquakes are concentrated along the main fault zone of theab670 a lesser
extent along the CTF, including iéfshorecontinuationin the Mediterranean Sela the
southwest, seismicity is observed in the area of the Gulf of Suez. Small patches appear in
different spots, mainly west of the DST, raising the issue of the delégtaf the network
east of it.We note that the International Seismological Centre catalogue reveals large
portion of events recorded east of the DST as well (Palano et al.,, 2013). The most
prominent zone of seismicity that is not associated with knastive tectonic feature is
northwest of the Gulf oElat

A more detailed scan of the seismicity from south shows that the prominent patches of
seismicity along the DST are located in the GulEtHt, the Arava valley, and the Dead
Sea Basibasin Northwards seismicity becomes more distributed, reflecting the
intersectiorbetweernthe DST and the CTH-ig. 1) North of the intersectionhé Jordan
valley segment of the DST is sparse with seismiditgwever,further north, dominant
seismicity patcles areseen in the Sea of Galilee, andheHula valley. Northwest of the
Hula valley, another zone oftenseseismicity is capturedayhich might be associated with
faults related to thRoum fault,west of the-BRLRB (Meirova and Hofstetter, 2013).

4.3.2. Samic moment kernel density
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The distribution of the average annual moment density released frearthiguakes,
assuming them as point sources, is showhAgireFig. 4. Since the amount of energy
released by each earthquake differs significantly according meeignitude, ils parameter
is presented on a logarithmic scale. Overall Mlokernel densitylistribution emphasises
the seismic activity along the DST, with similarity to tearthquake kernel density
distribution (Fig. 3. Still, the distribution isdss smooth due to single events differing

significantly from each other in thatorrespondingvo release

The Gulf of Elatincludes the largest event recordedhe cataloguethe- X&
1995 Nuweibaarthquak¢Hofstetter et aJ.2003, two order oimagnitudes larger than the
secondargestevent(- Lv®), hence the significantly higher valuiesits vicinity. The
spatial distibution of the Mo kernel density reveals a wide zone of deformation
surrounding the gulf flanksmuch wider than theelatively narrow gulf This can be
partally explained by the poorgonstrained epicentre locations, far away from the
networkcoverage (Fig. AR Theseismic moment kernel dengigflects strongly the most
significant eventshatoccuredin the past 8 years; among them atee O v 2004
event in the Dead Sdalofstetter et al., 2008andthe 0 L® 1984 eventssociated
with the CTFE In contrast with the distribution of thearthquake kernel densjtthe Mo
kernel densitydoes notreflect seisnic swarms, unless they consist of high magnitudes.
This contrast is predominant in the Sea of Galilee, which cantagihearthquake kernel

density(Fig. 3 but is less significant ithe seismic moment kernel dengigyg. 4).

5. The main seismicsources
Figures 3 and4 show a strip of dense seismic events and moment release along the
DST and its main branche¥/e now combine tbse data with geologic, geodetic and

paleoseismelogualecseismologicmeasurements to geage the main seismic sources

map, whichdisplays regional faulthat demenstratetemonstratslip ratesinferredhere

asO 5@reb mmiyr during the HoloceneTectonic and geometricharacteriscs (i.e-.

segment length & orientation) are also considevéd.define hemain seismic sources as

faults that are |ikely to gwhichecanampactisadelgni fi c a

(and also neighbouring countriesand constitute potential sources for different sorts of
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677 damages (i-e ground metion—and—acceleratighaking landslides, liquections and
678 tsunamis).These faultsand their map (Fig. 5) are essenfiat seismotectongrisme
679 tectonicmodelling of IsraglProbabilistic Seismic Hazard Analysis (PSH eventually
680 for generating ground motion mafgelow, we define two subgroups of faults detetiby
681 their tectonic characteristics and thslip rates.Off-shore inferred continuations of the

682 main faults are also presented (dashed lines in Fig. 5).

683 Ll Polepralsourceslorlargecarbhauakes
684

685 5.1 Main strike -slip segments of thé&dST

686 This category (solid bladkaesin Fig-—5he ma)) includeshe-main-sinistral-and-ebligue
687 faultsegments-ofthe-BSgotential sources for Large to Major earthquakethe region.
688 According to paleoseismic and/or geodetic investigations (Edbleig. A3), these faults
689 areassociated withloloceneslip-rates-oflmmbu<\s<5-mmir-whereVsistheaverage
690 sinistral slip component-accommodated-by-thesefaales of1 I 5 mm/yr. Equally

691 important, all the faults in this category are relatively loify a preferable slip orientation

692 accordingto the present stress field (Jaeger et al., 206¥al and Reches, 1980ur

693 database (Figh) includes fault segments from this subgreupchthat are located up to

694 150km away from IsraelAs noted in Sec. 4, the only recorded large earthquak&,2he
695 Mw Nuweibaearthguakevent,occurred on the Aragonesault and wasssociated with

696 mean slip of 1.43 m (Baer et al., 1999)

697 South to Lebanongeodetic measuremenshow ~ 45 mmkr sinistral slip {rate

698 (Masson, 2013amiel et al., 201801820185 Massen;2015, b). Faulting in Lebanon
699 s partitioned to a few branch@sig. 35) and the specific rates are less constrained. While

700 the Yammuneh and the Serghaya facks undoubtedly be considered as independent
701 sources for significant earthquakes, the status of the shorter, Rachaiya and Roum fault
‘702 branches are less clear. Nevertisel according to the present state of informatesf@r

703 example, Nemer and Meghraq@2D06), we cannot rule them out and they remain part of
‘704 this group.
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Previous analyses of maximum earthquadagnitudebased on historical earthquakes
or on tackgroundseismicityp r edi ¢t ed ma g nyifor thedlagest segmerds 7 . 8
(e.g.,Stevens and Avoua2017; Klinger et al., 2015; Hamiel et al., 2818

5.2.Main marginal faults and branches

This eategergubgroup(pale blue lines in~ig—5the maj) consists of fault zones with
lengths of severalozetio dozers kilometres that are associated with the D&Fddisplay.

Based on several previous woKH&ble2), we estimaedthesslip ratessfalong these fault
zones a®.5mm/—y+s QO A miifyr{Fable. All the fault segments are located inside (or

partly inside) the overlap zone which defined by the two seismological analyses)(Fig.

FhisThesubgroup includese Hazbay#&ault in Lebanorthe fault zone in the western

and eastern margins of the Dead Sea; the marginal faults of the Hulatbasirarmel
Tirza fault zone (CTFand theGCFFElat Fault(Fig. 5). The partitioning of the slip rate

acrosyarallelsegments in angiven fault zone is usually below tgeodetianeasurement
(or the information) resolution. Therefore, #Egmentsfthiscategorgresenteih Figure

5 are representatiybut not necessarily the most activighin a given system.

Due to the lack ofeliablehistorical and paleseismological evidencesd evaluation
of maximum possible magnitude timesefaults isusually-hartess certairand requires
several assumptions. First, we considerea local rupture ona-segmeigegmertg from a
given system and disregard a rupturdhef entire system as part af axtremelylarge

earthquake on the main strikép faults(such-a-ruptures-discusseals evaluatedeparately
in Sec. 5.1 In addition, we assume that the longest possibbsurfaceupture length is

similar tot he | engt h of t lac.Fos exgnple, nhe CamekFRault,fthe c e
northern fault in the CTF igp to 40km length (on and off shore).According to some
published salingrelationshipsrupturing along its entire length can be associated with up

to ~7 Mw earthquake@Wells andCoppersmith, 1994stirling et al, 2013). Howeverpere

23

t

r

M



734
735
736
737
738
739
740
741
742
743

744
745
746
747

748

749
750
751
752
753
754
755
756
757
758
759
760
761

762
763

we assume again thetichmagnitudes must baterconnected witlinearthquake along
much largeDST segmentAgnon, 2014)and notconfined toa localfavl{Agron,-2014).
segmentWethereforeassume a maximunupture length of ~1i®0 kmalong faults from

this subgrou@ndcorrespondinglyo maximum magnitudes é.6<Mw < 6.5(Wells and
Coppersmith,1994). Fhe-We note thatHe data on the Elat Fault is based only on

evidencevidencs from its northern edgée.g.a catastrophic event at 2.3kderred by
Shaked et al2004), while the rates at iteffshorepartsare less constraineghaked-et-al

2004 -inferred-a-—catastrophic-eventat 2-Fkather workon the ElatFaultits subsurface

section and the connection to the main sinistral displacemé&ntrequred for better

evaluation of its seismic potential.

Large/Ve additionally note thaBlgeearthquakeslong theCyprian Arc(Fig. 1) can

alsogeneratésunamighat mightaffect the castline of Israe{Salamoret al.,2662007).
This source is not analysed and mapped here, but should be taken into accegioha
seismotectongeismetectonicmodes.

6. Capablefaults
6.1 Framework and principles

The hazard of surface rupture is defined as the likelihood of an earthquake that will
rupture the surfaceithin a certain time windowThis likelihood is based on knowledge
about the past and present fault kinematics and dynamics. The determinatiaelef/doe
time reference for young faulting is usually dictatbg different constrains and
applications. Irthe United State$aults are commonly considered to be active for planning
constructions if they have rupturdide surfaceat least once in thpast 1&a. However,
regional conditions, such as sedimentary coveravailable agedating of pertinent
geological units can afte this determinationFor example, faultghat are definedas
AAc t i ivre oDdsignPravisions forEarthquakeResistance ot r uct ur es 60 i n
those that ruptured the surface in the paka{deimann, 200R This is theageof thetop
of thelake formation that covsrsignificant parts of th®eadSea valleys.

The time reference for special constructions such as dams and nuclear power plants is

usually much longelhecausehe possible damage to the construction has seggienal
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implications. According to the International Atomic Energy AgendAEA) Safety

Fundamental§lAEA, 2010), capable faultarethesewith evidence for displacement since

thousands or millions of years, depending lemv tectonically active ighe region

activityarea Here, he Quaternary periots selectedas the time referender sensitive

facilities due totwo main reasons: ayje assume that faultdhat were actie during the

presentegionalstress regiméZoback, 1992are more likely to actate in thenearfuture.

The regimal stresstatewithin the Quaternaryperiodis-representsvell the current stress
field (Eyal and Reches, 1983pfstetteret al., 2007Garfunkel, 2011; Palano et al., 2013

We note thatfiregional stress fiell(Zoback, 1992)as a criterion for active faulting is

closely related to the nAtect onb) Quaterrargi me 0

geologicalunitsaremostlywell defined in the region.

The primary and secondary criteria for sorting the faults are listed in a descending order

of categorisation, meaning that faults are initially examined according to the first criterion,

and only if they do not matdh, they are examined according to #ezond criterion, and

SO on.

Finally—inregions-where-Quaternary-covalViseregeological evidences aebsent,

we utilise a seismological criterion (Fig. Gased-ennderthe assumptiothat faultsthat

areassociated witseismically active subzones are more likelyhaveruptured the surface

in theQuaternary compadto others.

Finally, because of the limitation of our database, mamagablefaults (Fig 7) are

limited to Israel regionunless their continuations spread to the neighbouring countries.

6.2 Primary criteria

1.

Main strikeslip faults ofthe DST identified here as main sources for larggional

earthquakegFig. 7).

. Faults with direct evidence of Quaternary activitgults that have been mapped

offsetting Quaternary formations or that have been interpreted by scientific
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publicationsTableA2) t o rupture the earthdés surface

This criterion is mainly related to zones covered by Quateunatsy.

6.3 Secondary criteria

Faults that have no field relationship with Quaternary formations consequently show no
direct evidence for Quaternary faultingye therefore designetie¢ next criteria under the
rationale that they exparibe database with faults thee@asonablyhave beeractive since

the Quaternary, based on the followthgee-sukcriteria:

1. First order branches and the marginal faults of the DST

a) First order branches of faults that are mapped following the primary criteria. A fault
branch is defined here aglitting at an acute angle froemotherfault. The throw
direction of the fault and its branches are also taken into account.

b) Faults thatboound the DST basins, separating Quaternary formations from older
rocks and are assiated with a sharp topographic boundary of at [#@8tneters.

c) Faults that emerge from Quaternary sediments that infill the DST valleys and are

likely to branchoff efthe mainDST segments.

2. Faults associated with recent seismicity

itlt is challenging tanatchthe faultsand recent seismicitgnd assume thayptured

the surface at least once since the beginning of the Quatebemgusehere are
thousands of mapped faultsie high-resolution geophysical data abatte fault
structures in depthare scarceandthe hypocentre8location uncertaimngs ardarge In
order to define the seismicityased criterion, we create polygons for each of the
parametersThe polygons are defined bythresholdvaluesalues, so that each of them

is the smallest to coverontinuouslythe whole length ofthe most active tectonic
featurein the regioncentinueulin. In our case studythis easefeature isthe DST,
exeluding but we excludehe relatively silenhorthernsection of the Jordan Valley

segmen(l in Fig. 6). Therefore, the overlap arelaiq. 6) of the two polygons consists

of at least the minimum level of bofieismic momerkerneldensityand earthquake
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820
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825
826
827
828

829

830
831
832
833
834
835
836
837

838

839
840
841
842
843
844
845
846
847
848

kerneldensity along the DST in the Israedgion Hence, if a fault is within the overlap

area, it means that it is associated with at laasinimum level of seismicity along

the most active tectonic featur@nd thus it is likely to be seismogenwe further

assume a relation between a fault mapped surface trace and a possible past surface

rupture in-erderto-selefvr selecing the most prominent fault€onsideringscaling

relations between fault dimensions and source paramgtalis that contairsurface

traces of at least-Bm (corresponding tod

¢.0 earthquakes;Wells and

Coppersmith, 1994; Stirling et al., 2002; Mai and Beroza, 20@®) n t he

area@are assumed hegsQuaternary faults.

3. Subsurface faults

Subsurface and offshore continuation of the main DST sétikesegmentsand afew

6overl

other faultswith published details for both their subsurface extension and their

Quaternary activityare marked (the majority are in Fig. 5). In addition, we otéher

faults that offset dated Quaternary unitsjth well-constrained neasurface location

inferred from highresolution seismic datdVe excludesubsurface faulteshenther

exact location and activitperiod are less constrained. Fault segments thatre

mapped as concealed (mostly thyn alluvium) in the 1:50,000 mapand arethe

continuation ofQuaternaryaultsare marked as ordinary surface traces.

7. Discussion

7.1 Methodological aspects and applications for hazard evaluations

"Regions with intermediate seismicity rates presestiadlenge for hazard evaluation;

whilewhilst the hazardsmight be perceptible, the seismic data-and the geological

evidences forecent surface rupture asparse comparing to very active zongsking

into-the-aceow@@onsideringthat the earthquake phenomenon is a stochastic prandss
its predictability is limited,we develop a methodologirat-takedor mapping and

characteding hazardoudaults, by taking advantage of incorporating interdisciplinary
information with statisticakeismologicalanalysesfer—seismic—-hazard—evaluatioie

delineate
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Two regional fault maparepresentedone is relevant for regional ground shaking models

(Fig. 5), and the other fosurface rupture nearlgcilities that areparticularlyvulnerable

to this hazard(Fig. 7). In addition to the approach of classifying faults by the recency of

faulting or by their recurrence intervals (Machette, 2000 and references therein), we utilise

other criteria such as seismological patterns (Sec. 4) and tectonic configuration (Sec. 6.3).
In particular, we usthe distribution of theearthquake kernadensityef-earthguakeand
oftheseismic momemeleasdy-analysingrecorded-seismicity-and-applying statibiise
dataprocessing{(Figs—34)kernel densityto test the relevancy of faults for different

hazardsFig. A4 reveals that most of the capable faults, which are mapped based on the

geological criteria, could have entered the map also by the seismoloqgical critprmm@

its 6-km fault length limitation). ie match between the geologicaltegorised faults and

the area defined by the seismological analysisforces thanethodological concepmif

utilising thetwo seismological distributionthat are, to darge extent, independent of one

another Moreover, faultst h a t ar e defined her e as O mai

specific tectonic conditions (i.e. slip rate, geometry, structure) are well correlated with the

zone defined by our seismological an&y¥ig. 6). Thisemphasises thgignificarce of

this analysis, especiallyhen slip rates argdow or under debat@s in Sec. 5.2).

The internal hierarchic cateqorisation of faults oeth maps (Figs. 5, 7) enalsle

separatinadifferent fault groups,and can later beamplementedif a specific hazard is

considered or if risk evaluation is appliddowever irstrumental-seismological-data is

an aYa NA alallalda' alallla a¥a' Q gepeng ala a¥a aala a ala ala quallty

/geodetic

tectonic—rationaleMereover;we note thafalthoughfaults are marked by hierarchical
criteria,the different categoriesein many casethe-different-categoriecomplement each

otherrather than show hierarchy of the activity leveteordingly,the-distribution-ofhe
28
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correlation-between-therecorddtk gridbased distributions of the obtained seismicity

parameters are utilised here togethethwiault geometry parameters (length and

orientation) for defining capable faults. Thdvantage otfhis integrationis expressed

where the seismoloaatcriterion (Sec. 6. 3) defirecapable faults izoneswhere young

formations are scardéig. 7).Justas importantour database of gridded seismicity, with

possible adjustments, can be implemented as an independent source for hazard evaluations,

and as a complementary to the regional databases of mapped faults in zones of subsurface

faults.

Although our methodology is demonstratddr the Israel reqion, the approach is

universa) and is particularly useful in domains of intermediate seismicity rates or limited

field evidencesThe criteria, when implemented in other regions, should be adjusted

according to the regional and local seistactonic settings. For example, @e&ismicity

and—the Quaternaryfaslsuppertthedesignbased analysis is not considering the
orientation and the inclinatioof the seismicitybasederiteion—On-the-other-hand.—we

default surface whengcentre locations and fault traces are correlated together, because

most of the faults in Israel region arearactesed by steep dips. This cannot be neglected

in low-angle fault zones or convergence regime. Finally, amproachof hierarchic

tectoniccriteriafor cateqgorising faultsan be applieth principlealsowhen local sitingpf

aninfrastructurds considered. Howevgiaults with extremelyongrecurrence intervals,

located along zondbhat arenot defirecovered by youndormationsmight be difficut to

detected, even when seisitetonic criteria are considered. Moreovéaults that

constitute a mechanical potential for sfiprexample, such asonjugate fault setsas
capablg(Eyal and Reches, 1983) or old faults that can be reactivated bytstygesing

(Stein _etal., 1997 are not defined asapable in our regional analysisnless further

geological or seismological evidence for Quaternary activibkisted--Such-a-mechanical

- ala NO\AQ\/Q NO a aYa ala ANoron a¥a’a\l//a a¥a a ala a¥a' aya' 1 ala
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911 stagexists. Therefore, local siting, in particular of sensitive infrastructure, might require

912  stricter criteriaboth for surface rupture and ground shakidgpenihg on thespecific

913 requirements

914 While

915 7.21mplications for | ocaltectonics and slip dynamics

916 The DSTaccommodatesost of the seismic activifplows-theDST-someareasalong
917 H-are-asseciated-witlibut also contains zones wéry sparse seismicity (Fig)-6). The
918 seismicity distribution maps (Fig3, 4)exhibit enhancgseismicity in the pll-apart basins

919 and reduced activity in the long straight segmehte heterogeneoudistribution can be

920 explained by the tendenoy stressamplificationand failureto concentrate locally within

021 zones of geometric irreqularitguch aseleasing bends (e.&eqgall and Pollardl98Q

022 Reches, 1987 whereas the long segments can accomieotaher stress that are

023 releasd in single earthquakes of more seismic moment relédagy and_yakhovsky,

924 2019. At the northern section of the Jordan Valleyg segment, section | is the least

925 active part of the DST during the last ~“Bfars.Geodetic-analysis-demonstmthatthis
026 section—ereefBhallow crust creep along the northern part of this segeieatrate of

927 approximatelhhalf ef-the total plate motiorHamiel et al., 2016 Fhis-creeptogetherwith
928 ) andpotential partitioning of th&ST activity to the CTE(Sadeh et al., 2012; Hamiel et

929 al., 2018b)might causeedice the relativereduction—ofearthguakeseismicity ratein

930 section I (Fig. 6). Sections Il and Ill, at the middle and the northern sections of the Arava

931 segment, are also associated with sparse seismicity, but to a |etsdr With no
932 indication for creep, the reduction of seismicitight be attributed to local locking of the
933 main faulterte-the-influence-obtherstructures Structural and lithological contrasits
934 fault junctions (e.gWSW-ENEerientatethe SNBand ~NNE strikindaultsefthe Sinat
935 ' | i
036 understanding—the might also affect increasing or decreasing lo€al variatien

937 efseismicity alonghe seismicpatternsegments

Naae a¥a aYa 2 a OXYAR a¥a aYaTa N hoacaznne a¥a an a better
d v/ = \/ Ead S

938 Figures 3 and 4 point aan~SENW trendingseismologicalineamenitwith intensified

939 seismicity in its southeaélV in Fig. 6, referred here as East Sinai zprkhis lineament

040 seems to branch off the DST in a zone of a structural boundary, between the deep tectonic
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941 basins of the Gulf of Elat (BeAv r ah a m, 1985) and the Arava Vv
942 t opographic saddivealwietyldo har dltyw &)rSmdeieeiof t( Gar f
943 seismic activity implies that inay run further northwest, we refer to it as the Elat
944  Bardawil Lineament (EBL). Iterientation, suiparallel to the CTF, the Suez rift and the

0945 Red Sea spreading centre, might indicateasimilar extensioal feature(see Fig.Ab).

046 This possibilityis supported by geodetic analysis (Palano et al., 2013), a focal mechanism

047  solution within this zone(Abdelazim et al., 2016), andy the orientation ohearby

048 Quaternanyaults (Fig. 6) and other faulracesin Sinai outside our highresolution data

0949 (e.q. Eyal et al., 1980However, arrentlythereareno availablehigh-resolution maps to

050 confirm the existence of faults associated with the seigmn the East Sinai zon&\Ve

051 interpret the seismicitwithin the EBLasrelated toreactivation of subsurfadaults that

052 were either formed during the pdsbceneRed Sa rifting or evenolder fauls. Further

053 research is required for bettelnaractesation of this activity and its relationship to the

954  regional tectonics

955 Finally, relatively bng E-W trending faul$ (SNB) cross the south of Israel afdihai

056 andsome of them amnarked as Quaternafgults(Fig. 7, Fig. A4). However, there are no

057 qgeologic or geodetimdicatiors for any activity along them since tlarly Pleistoceng

958 and the associatedismicactivity mostlyconcentratesin their junctions with the DSTWe

059 therefore assume that thedextralobliqueslip faults are inactive in the preseegional

0960 stresdield, and theireactivatiomrmay generallglecrease with increasing distance from the
961 DST.

962

963 8. Conclusions

964 1. Mapping anctharactesing faults thatposeseismic hazardparticulaly in regions

965 with intermediate seismicity ratemnd/or where youngformations are sparseequire

966 generatindevelopingan interdisciplinary regional database amelelopinghierarchical

967  seismetectonic criteria With respect to the specific dictated requiremerslt$that are

968 potential sourcefor the farfield andfor the neaifield (i.e., surface rupture) hazarsisould
969 beanalysedy different criteriapoth represent seismic hazard of significant earthquakes

970 but within different timedframes.
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971
972
973
974

975 3Fhetime. We desigraseismcity-basedcriterionthatutilises the distribution of two

976 parameters: thearthquakekernel density and theseismic momentkernel density The

977 succes®f this selection islemonstratetdy the match between the geologicateqorised

978 faults and the seismicity criterion (Fi§4). Theunionzonedefined by these two statistical

979 distributiors is efficient in both definition of the main seismic sources (Blgand in

980 categorising capable faults (Fig. 7)

981 3. The hierarchic seismtectonic criteria ideally reflects the deqgree of certainty for

982 recent faultingand can later be implemented if a sfiediazard is considered or if risk

083 evaluation is applied.

984 4. Thetemporalreference fotocal planning ofspecial-constructiousitical facilities

985 such as dams and nuclear power plants is usieaify because the possible damage to the

986 construction has severe regional implicatioNg selectedelecithe Quaternarperiodas

987 the relevant time frami@r capable faulten the region of IsraeWhile this time frame (2.6

988 Ma) is longer than the previous for defigi capable faults for a potential local nuclear
989 power plant [EC andWLA, 2002) it is justified by considering the regional stress field,

990 the regional stratigraphic configurations and the criteria that focus on surface rupture rather
991 than general fault m@ments. Weeencludsuggestthat tctonic and stratigraphic

992 conditions, as well as the accessibility of geologic maps and their resolsimnsd be

993 takeninte-accounbnsideredor defining the time frame for capable faults

994
995
996
997

998 5. Beyond planning ddpecialconstructionsthe developed database and the maps that
999 are generated and presented here constitute further applications for planning and research.
1000 The regional main seismic sourcesp (Fig. 5) is fundamental for seismotectonic
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modelling and eventually for generating ground mopoedictionmaps(e.g. by PSHA)
that includeare essentialinformation-for construction planningsueh—as—peak—groeund
aceeleration The capable faultdatabase anthe relatedmaps (Figs. 24, 67) lay the
foundation for futher study othe regionaRQuaternary faulting and tectonigsthe Israel
region Furthermore,the methodology, which is based orategorsation and sub
categorsation by seismetectonic hierarchic criteria, enables differentiation of hazard

potentialandcan be applied in otheegionsaround the world.

6. The relation betweeimstrumentalseismicity geodetic slip rateand the internal

structure of the main fault zonenables reveslg seismetectonic patterns iman

investigatedreqgion. Specifically, we recognisalong the DSTzones of enhanced or

reduced seismicity, which can bsontrolled by slip partitioning, creep geometric

irreqularities associated with releasing beras] litho-structuralcomplexitiesin fault

junctions.ln addition,we identifya zone of seismicitthatseensto divergefrom themain

fault zonetowards ~NW(EBL in Fig. A5; Fig. 6. Its orientation and a few independent

evidencesmply that itreflects extensionrelated activityaccommodated b{subsurface?)
fault system thabranchoff the DST.
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Table 1. Main strike-slip faults: average slip rate details

Fault Shrke- Data Period Reference
Lateral slip
rate
[mm/yr]
Aragonese-JARF]| =5 GRS Reeent Baeretal—1999—Hamiel
etal-2018a
Arava [AF] =4 94#+0 5# GPS Recent Masson et a)2015
45+0.9! Geology 37+5ka Le Béon et al., 210
EvronalEF] 5.0+0.8# GPS Recent Hamiel et al.2018a
Gulf of Elat zone | 4.5+0.3 * GPS Recent Reilingeret al., 2006
(E2.2+0.4)
Jericho[JF] 4.8+0. 74 GPS Recent Hamiel et al.2018b
(E~0.8)
Jordan Valley 4.9+0.2 # Geology ~48ka Ferry et al.2007
[JVF] (south
Jordan Valley =54.9+0.3# Geology ~25ka Ferry et al,2011
[JVF]
(centratente)
Jordan Valley 4.1+086#& GPS Recent Hamiel et al. 2016
(Seuth-to-Sea-of
HedJVF
(north)
Jordan Gorge 4.1+0.8# GPS Recent Hamielet al., 2016
[JGF] ~3# Geology ~5ka Marco et al., 2005
~2.6# Archaeology | ~3ka Ellenblum et al.2015
Lebanon 3.8+0.3* GPS Recent Gomez et a).2007
Restraining Bend| (C 1.6:0.4)
(LRB) zone
Qiryat Shemona | 3.9+0.3 * | GPS Recent Gomez et a].2007
(E0.9+04)
Roum[RF] 0.86 1.05# Geology Holocene | Nemer and Meghraoyli
2006
SerghaydSF] 1.4+0.2# Geology Holocene | Gomez et al., 2003
e 2e=0h GRS Reeenl Sommosotal 200200y
(LRB-—Rorthen
part)
YammuneHYF] | 6.9+0.% Geoloy 2ka Meghraoui et a).2003
(north of LRB) 4.240.3 GPS Recent Gomez et a).2007

# Geodetic or geologicaheasurements on a specific segment

LOS-mmbearoxensiennomatothetault

! The upper part of the interval is preferred by the authors (field considerations)

* According to geodetibased model

& PartiallyE, C extension and convergence, respectively, normal to the fault

& creepingrrom a depth of 1.5 + 0.km to the surface at a rate of 2.5 + ud/yr

4 4




293

294 O \/-Si1mm/yrand references

1295

Table2. Marginal faults and branches with integrated slip or subsidence-df.5mm/y

Fault Slip rate [mm/yr] Data Period Reference
Dead Sea basi| O 1 Geology Pleistocene | Bartov and Sagy
marginal faults| Based on basin Geophysics Holocene 2004 Torfstein et

subsidence rates al., 2009 ten Brink
and Flores2012
Bartov-and-Sagy
2004
CarmelTirza- | 0.9+0.45 GPS Recent Sadeh et al., 2012
{zraelfault “totalTotal slip rate
zohe (0.7£0.45
[ETH lateral; 0.6+0.45
extension)
<05 Geology 200ka Zilberman et al.,
Carmel 2011
Hula western | >~0.4 Geology ~1 Ma Schattner and
border Based on basin Geophysics Weinberger2008
subsidence rates
Elat ? Geology Holocene Suzpitotal D000

Poratet al., 1996;

Amit et al, 2002
Shaked et al., 2004
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1296 Figure captions

297 Figure 1: -Plate configuration in the Eastern Mediterranean. Arrows show relative motion.
298 SR-_Suez Rift; GEA:- Gulf of Elat/Aqaba-; DST-_Dead Sea Transform fault system; CTF
299 Carmel Tirza Fault zone; LRB-_Lebanon Restraining Bend; CA Cyprian Arc; DSB- Dead
300 Seabasin; SG Sea of Galilee

B b

1301 Figure 2: Epicentres in Israel and surrounding areas between the years 192817, based on
1302 the relocated earthquake catalogue. Circle size ancblours indicate the magnitude. Black
1303 lines represent the main fault segments of the DST and the CTRhe-background-forthis

1304  Heiocsctnoclonunee e bocndl e oo 0 (000

1305 Figure 3: The earthquake kernel densitglistribution, according to the relocated catalogue.
1306 Colours and corresponding numbers indicate the value in [evéstkm?/yr].

1307 Figure 4: The seismic moment kernel densitjstribution, according to the relocated
1308 catalogue. Colours and corresponding numbers indicate the valuems= | = 07l g 7« »

1309 Figure 5: The main seismic sources in Israel anddjacent areas. Colours indicate the two
1310 categories of faults according to the criteria. Inferred subsurface faults are marked by
1311 dashed lines. Abbreviations are for the DST main strikeslip segments, its main branches
1312 and marginal faults. Numbers indicategeodeticslip rates [mm/yr] for strike -slip
313 components according to recent studiesfpr errors and longer-term slip rates, se€Tables 1,
314  2); Fig. A3). Brackets indicate slip rates accommodated by an entire fault zonAsterisk
315 denotessegmentof unknown dip rates, where the fault splits into a few (sub) parallel

316 segments.

1317 Figure 6. The seismicity polygons: earthquake density of values > ~0.001[eventsfyr and
1318 Mo density of values > ~9.m = | = 07 g 7« » the product is the overlap polyga (in
1319  brown).

1320 Figure 7. Quaternary fault map of Israel. Colours indicate the corresponding criterion for
1321 each fault. Inferred subsurface faults are marked by dashed lines. Abbreviations are for the
1322 main strike-slip segments of the DST.
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Figure Al. Locations of the 1:50,000 geological map sheets used for the present map (as of
August 2018). Brown: locations of published 1:50,000 sheeWhite: unpublished sheets.

Figure A2, Seismic statlons utlllsed for recordlng the earthquakes of the examlned
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Figure A3: The main seismic sources in Israel and adjacent areas in Fig. 5, withcolours
indicating the two fault categories according to the criteria. Inferred subsurface falts are
marked by dashed lines. Abbreviations are for the DST main strikeslip segments, its main
branches and marginal faults.Numbers indicatelateral componentsof slip rates[mm/yr]
according to geodeticinvestigations (black) and field measurementsfdateral offsets

(green), based omecent studies (Tables 1,2 Brackets indicate slip rates accommodated by
an entire fault zone.Asterisk denotessegmentsof unknown slip rates, where the fault splits
into a few (sub) parallel segments.

Figure A4. Quaternary faults superimposed on the seismicity polygons of the seismigity
based criterion. The letter S indicates on SNB faults.

Figure A5. Marked ~NW trending seismicity lineaments: CTF (north) and he EBL (south),
on the distribution maps of theearthguake densitya) and seismic momendensity(b), as in

Figs. 3, 4.
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1392 Table Al: References for faults and fault segments that have been marked based on
1393 papers, reports, and theses. Faults are listed in table 3 if their latest mapping is not
1394 updated yet in the 1:50,000 sheets (as of 2018), or if their definition as Quatefaalis
1395 cannot be directly deduced from the geological maps. Fault names are mainly according
1396 to the references.
1397
Area Name of fault / References
group of faults or
segments
Arif -Bator Zilberman et al., 1996; Avni, 1998
Gerofit Ginat, 1997
Gevaot Ziya Avni, 1998
Halamish line Avni, 1998
Har Seguv Avni, 1998
Hiyyon Ginat, 1997
Southern Katzra Avni, 1998
Israel  ["Mmilhan Ginat, 1997
Mitzpe Sayarim Avni, 1998
Noza Ginat, 1997
Ovda Avni, 1998
Paran Zilberman, 1985; Avni, 1998; Calwt al,
1998;Calvo,2 0 0 2
Yotam Wieler et al., 2017
Zhiha Avni, 1998
Zin Enzel et al., 1988EC andWLA, 2002; Avni
and Zilberman, 2007
Znifim 7 Zihori Barak | Ginat, 1997
Zofar Calvo, 2002
Central Jericho Sagy and Nahmias, 2011
Israel and | Masada Plain Bartov et al., 2006
Dead Sea | Modi'in Buchbinder and Sneh, 1984
area Nahal Darga (east) Enzel et al., 2000
Nahal Kidron (east) Sagy and Nahmias, 2011
Ahihud Kafri and Ecker, 1964; Zilberman et al., 2011
Beit Qeshet (western | Zilberman et al., 2009
part)
Ha'on Katz et al., 2009
Hilazon Kafri and Ecker, 1964; Zilberman et al., 2008
Northern Kabul Kafri and Ecker, 1964; Zilberman et al., 2008
Israel Nahef East Fault Mitchell et al., 2001
Nesher Zilberman et al., 2006; 2008
Tiberias Marco et al., 2003
1398
1399

6 4




400 Table A2: List of geological formations and units used for tRg=Ml-Quaternary fault
401 map of Israel.Geologic and geomorphic descriptions that appear in 1:50,000 geological
402 maps for Quaternary deposits.
1403
Formations Local Local volcanicunits Other units*
sedimentary
units

AhuzamFm. Amora Salt Avital Tuff Alluvium

(Cgl)

Arava Fm. Betlehem Bene Yehuda Scoria | Beach rocks & reefs

Cal .
Amora Fm. Big'at Uvda | Brekhat Ram Tuff Calcareous sandstone
Cal . (kurkar)

Ashmura Fm. | Edom facias | Dalton Basalt Colluvium

Garof Fm . Egel Cgl . Dalton Scoria & Tuff | Dune sand,

Sand sheets, Red sands

Gesher Bnot | En Awwazim | Dalwe flows Loess, fluvial & eolian

Ya'agov Fm . | Cql.

Hazor & En Feshha En Awwazim flow Gypsum

Gadot Fms. | Cgl.

Lisan Fm. Giv'at Oz EnZivan Basalt flows | Lake sediments

Cql.
Malaha Fm. Karbolet Golan Basalt flows Loam (hamra)
caprock (Muweissa and En
Zivan flows )

Mazar Fm. Lot caprock | Hazbani Basalt flows | NeogeneQuaternary
conglomerate units, Terrace
cgl.

Nevatim Fm. | Mahanayim | Keramim Basalt Playa

Marl
Ortal Fm. Mearat Meshki Basalt flows | Recent fan
Sedom
caprock
Pleshet Fm. Nahshon Cgl.| Muweisse Basalt flowg Soil
Samra Fm. Ramat Gerofit Neogene Basalts Tufa, travertine
Cql.
Sede Zin Fm . | Ravid Cgl. Raqgad Basalt Unnamed clastic unit
Seif Fm . Ruhama Sa'ar Basalt flows
Loess & sand
Ye'elim Fm . | Sabkha soil | Shievan Scoria
Ze'elim Fm . | Si'on Cql. Yarda/Ruman Basalt
flows
Zehiha Fm. Wadi Malih Yarmouk Basalt
Cql.
Yehudiyya & Dalwe
Basalt flows
*404
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1405

1406 Table A3: References for faults located beyond Israel borders and/or subsurface faults

Geographic area | Reference

| Gulf of Elat Ben-Avraham, 1985Hartman et al., 2014
Calvo, 2002; Le Béon et al., 2012; Sneh and Weinberger, 20

Aravavalley

Sinai peninsula Sneh and Weinberger, 2014

North-western Negev| Eyal et al., 1992

Dead Sea basin Ben-Avraham and Schubert, 2006; Sneh and Weinberger, 20
Jordan valley Ferry et al., 2007; Sneh and Weinberger, 2014
Gilboa fault (western| Sneh and Weinberger, 2014

part)

Carmel fault (eastern| Sneh and Weinberger, 2014

part)

Carmel fault (westerr] Schattner and BeAvraham, 2007

part)

| ZvulunValleyvalley | Sagy andsvirtzman, 2009
Hurwitz et al., 2002; Reznikov et al., 2004; Eppelbaum et al.,
2007;-Sneh and Weinberger, 2014

| Sea of Galilee

Hula basin Schattner and Weinberger, 2008
. Weinberger et al., 200%arfunkel, 2014; Snetind Weinberger,
Lebanon and Syria 2014
1407 Table A3 References for faults located beyond Israel borders and/or subsurface faults
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