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H 2NN

(2 99R) MYNI VDI pRY” 12YH (2263/7693 .8.3) MIYNI MVDIP XM MVDIP 1217 2P YYD
JNIONINN MYHONN MIRINAY TRINR 1190 NN YV YPIpn NNA MHYDIP NoNN

H3Mnn

MIIN NITA N9 HY NN PIID NNEN KW WIZ) YO W .MHYPND PAvn 11 KNI Py 72YH mavn
YPIPN DDA NNYP NNYAY HVDIPN NITIPNN ITPIVI PNINY N7 PIDN Y12 RIN DT NN YION
(3 9MR)

99 VIV YYD VI .MOYNY NANN PN 3 IR IYIN . MOYNI AN “IODIp 8N 2 IR
WHON MIAN PITH NG HY NN PID NN 22900 MR DA NVVA 19N NV NYNYNN
RIN PT NNEN MR

¥"1) MYYNY PANN (2004 DYVIT M0 P) 1IN YV TINNRIN NANN 1NN YOR PN 4 IR
NP RY NANY RIPNI) DT AR MPIY YN NP YAM HMN PP JPRD 19901 .(2270/7703
NIEN YYD P2V (NHPN TIIN) PIO0 NNEN YYD P MHIVY TN PINKD L(NWYN 1PY MoN»Nn

(Mt nYyna) my

T NNEN YHDY HYN MAIMVIVD DNPINN PAY PIID NNN OYID VNN PN 1T 1Hyna
YA RN DT NN OPID 12PY “IMTN” HHIVY 12PN 1IN PITIN 29 HY MIPRYIN WD RIN
9321 NIPP NPR MY NNED PYYHRN NPNANN MY DIXN DTNNY RN WY WINN 19700000
9N .RIN PT NNEN HY YBOPR PIN HRI NYOR DNPNNY W MINI NAN PN NP RN 12 DIPN
TP IRV RN IO JUP YV 1PN PR .MHYYNRY Naxn 213 YN HY OWRIN PIIYR I2YY THINN DT
MININNY IR TPRINK PPIPN NN MVDIP AONN (10N 100-D) INPNY PINRD TVMPPA PINY

JvIpn



NN NYNY JVOIN 12X ,0PY 1T 8

. PIOD NTIEN P2Y MY NIEN P2 (00N 1) TN OHI0Y 12PN .MHYPNRY NAYN 1D YNY Y1IY 14 IR

H 4 Mnn

(MY2 NM¥N) NNNN MTPA ,(2284/7718 .2.1) VDY DITTH NVIVI NIXNNI .DPIR - NVIDH VI
DM¥N PRY DYVDIP DYHN 12PY YHONN YV NDMIP HY DTYN NYR (5 TR) NN HTOI DN
VPPN NN PrTY DMIRN N

DPNIN (2280/7718 X)) DM PIR NVIDA VI T AN WIIN YV MNAXN 1T¥I NN TN
DYVDIP DYIN KV NDMIP INRY NVYA 192 1INV (6 IPR) MY NNEN YV DN DYHD 1M2v3
JI90 NMENA YPIpn DN DR PIY

PP (2272/7723 X)) PYX OVDIP pRY MY NNTPA DPIRY NVIDAN ¥WIINN 1PN NI VIN
23) D NNEN YV N YHD YN DININ L PITHN N ,IPMITA AT PONN DM 11 M Py
TITRN M2 P10 NNEN HY D0 DN YHD WM DN ,IPMITN 1T NV N2IYN.(2259/7710
7 99R) PN 8 YY (in situ) DYV YIPHRN DIPN DONRN PHON MV DIPHN 2V .(2249/7717 .8.))

WRI OPIN PINNN .7 PRI ARIN PIRNN 72YH 11 HM HY IR NTINN VAN RN 8 NI
NN YYD YV DOWNN PHYN .(2259/7710 .%.3) XYY PR 213 KNI HY HPMATA AT )TN
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NPIR PPNV 00PN ¥ ,0PY N7 10

RIN DT NNXD OPION DN MNTITAN M9 HY IPNPHN NN NN VR THI TIV N7 .13
DN MTNNN 229 HY WY PII0 NNRN YV YHD OV DN

M) YVDIP NIRY WA 41 VHAN NN DI 72PY ,27PN NAYY DPIARND VIN RN 9 TR
(2272/7717 .2) (cockpit) (@NnN N MY

H5 MDD

N .N0VIDEY NAXNY NITHN DD IMAITH 1T (10 TPR) 27pY pHY 72pY 1O¥nD W11dN VIn
MITA PITAL NV 23 IR DR NP NIXN YYD .(2290/7745 .2.3) DIX DI MINY monaxn
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YPIPN-NNA PII0 NNXN HY MVDIP NDNN T HY I PRYN .IPDN JUP 1P PR HP2 RIN 12 1PN

PPN HY 1DMRY 721 OWRT PIYD

20N 115-20 PIY DINNA MINWA MY INYN 2P I NAN YV (11 IPR) WAIWVIVON 1YV
NAYA NN PITAL MR TINA YV PNV PROIGTOPRA TN INITY MY RIN 01 115 Y¥ NN
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91932 PNNANMRIN MNNRMN HY VTN VN7 GSI/12/2011 "ON MNININ 1IN MT? NN KNP
DN NP2IPYY ,NVVN 191 NPNPNN NPY NYIPY NWPN 1112 1,2 DPI9 10 Y 29PN 1rYyn
JIPN NRN APYNY TRINK 70N 100-) YV MNPV PIOD NN NONNY

H 6 MnNh

Y12 PN NN 13702 .21 YN PIIY YV MITA PITHI DIIPNAN NN PION MAxN 12 IR
93939 YY DN PII0 NNEN HY DWWV POD MV TN YRIINPHY P NNEN HY N YHo
DTN PIIY DIDIY TY DYHN TPIM MNANNN NIRL 1D HM HY IMITA PITIHN

DPNAN DTANNN NTIA YTIVY 239NN, 2013 KNI PIIP 29910 DIIT NPIY 190 NaYNN VIN 12 IR
1IN D702 NP2 NNNA PIID NNEN KV (¥) vIv3 YHD v



2013 ONLININ 17NN DD 12

- 29910 PINNN HH1a DNHIANN DIV N MD
NN 15NNS NANND N MNNANH MNYH Nnan
My Maypm

7HTI0 VNRYY 179D RITY
MYININ 11NN

N1an

JAN1 0190 M MR 'PNPIY DITTL NP PRYA P DYINYN PN PRPY 22I3PNN PNNNA 29N
(JYMV ,NN0I ,D7IN M) MYPR DY DMV PP HY NN 231N PNNNN D90 HY 1M
9931 VNV DPNYAN NPN YV 1IN .20 DITT 1IWN-NIN PAY NN TY 1IWN-NNN JINIY
NN YR 12PN DIWM NOR DPNYAN 113 .(70°-60° VIPIR) NIN-IAX-NIN RIN 12IPNRN PONND
PAR YV TINN 7MHYAN DPP DITTA PYIPA J2IN PAXD PPN 12BN 22NN NN prY YV YpIpn

.(Mero 1983)

INRY PP NYPAY IMR NXIND DPNYNN NIIPN YV HIVPVL MY HV 1IN 1IN PONND PN M
NVPY NN PPV 1DV DIPNN J90NY RWN W1 932 D/pRYRn MIIPn 0N NH1 nyaw
Vroman 1954; Bentor and Picard 1954;) omasgnn jpn Dnhw mIvmnnn nR 9aonw mvvs
Schulman 1962; De-sitter 1962; Freund 1970; Ron and Eyal 1985; Matmon and Wdowinski

.(2003

5P D3 RN YAV ,NNNN 930 YV MYPIN DD NIIPN DR 1AVYY ApnYH 1»YNNY Yapm
DIVY T 27PN DN MNWN NYINYNN NINT NYP WY (Upwrap) NN S Junnn Pon
Wdowinski and Zilberman) 987972 900 0T 93 DR PARNN T INT 112N N1 nHRN O Ypa
NINY NITY IREM TIIN ™A NYPI MR (1951 ,1943) TIpra 0T HY 923 nowr (1996, 1997

.(Matmon et al. 1998) ' 200-2 YW MMPYW1 Y3 NIANT PPN

POYNY DI NN DITY YV NYRD DA DOR INIRIN THANI PNNNN 991 9un mnnann v
11NN 1PN TWRI (2009 92) JPINRD HIDA DNINNY NYNN HRIW KV NPTIINN NN NITY 20700
19132) NN JpNnn 197m1 .(Buchbinder and Sneh 1984) 'n 400-> Y® Nawa AT N PR 91D
nYAVN YD%aN MY NR NIV DD /N 200-) YV MYV NN DITY INNN (3YPX NMEN N7
R Jp1Yan g00 TV PN 1pPRNN (2012 N9 0721 52009 12) NNMIN NHAVN DYAM M
9V NNWPN MPIWA NN RN NYLA NNEN DTN INRY IR 0N NITY HY MYV 1IN NNaY
(1970 10X7722) TP JPIVONYA-TPY DN NITNI NN XNWNN ,NRT IMYY (2009 73) "N 300

DN IRND NN RN VNI PNNNA DN TNV
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TIVAR PRYM NPTV 59 9NN I1p B 1 1nn

MIN DIPNNAMN MPIXT DAY DY IR NPNVPY MPUN PR HIYN DIND 0N On Mp
IYINT YV DTV MPDI NI VDL DNT DIPNIN TNRY PN JAI 1INY N INY O
TNRY DINR MWL DAVN DTIVA DTTI DY DVIPTO ST HY MIRYNAN NTNI NN YV NN
DR DMINN TNR PRYN ATTY) 9927 TN RN MIAXN IR PN PHY Y¥ DN DNV
NI DT PRYN DR NRNINN )PV DRTY JINDA ,DPTON 1932 )T (1 NINN) 198N pryn
NRNN A D) TN ANINRY 0PI JPIVD1YA TP 1YY 2P ITHN TN NN P (6 Mnn)
YA NTTVY KV 9NN 1P (Avnaim-Katav et al. 2012) MW 1991 1123 19N pIan Y YpIpn nna
TIPNR 07 HY DIPNN DNV DR NYTIN DN N9 HYN M 40-3 YV NIV TITI DO P HY
YN .20 DIONPNI MXOIPITN DY 00PN D3NN NN PHD 1INV YNNI TIRY (2 IVR)

DRI DI 1702 NYWHH NN HY IND MNP DR NYARND DYDYV N

N7 A =
s MIXN [qinn 17 < : .}/ L
137D f //f\\ Y i
v . S
. | (|
A
T T

0 2 4 6 km

DMITP TP 70N MRTY MM 12 TIPNR DI YV 127900 IPHN TNIRY 9INA0 D1a119 22 N
DVDYPM DPHD DAOIWN 12 2TNI NN YV NN P DRI (D1TR DN 01INIDN) MATNI NNENY
(MNN Ax7) oYY NE PN DY
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DXINN DPNYN NIIWNN POR 1NN RIM NHIAT PRy YV MaXN NN DR 1NN MPNR pnva 1P
pnynn .(Sivan and Galilee 1999 ;Sade et al. 2006 ;1996 1’D) 1IYN-NIM M2 Y9N NN DR
S8 N27PN YN (ONIRD MIPN P20 PNADI) TIPNR DT HY DP2WPHNN DPHIVI INVRIY Yam
(1996 YD) 1YY 2IYNN NV TN IO MTTY VDN DAY WY HRaNN XN DY DY MR
179912 MDD 1 YT HY NVYA 133 NP DT RN IR PNIAT PP NI 98NN N1 PR pnvid
ya i pnynn (1964) Kafri and Ecker nv19 (2007 277270) 990-9R 9939 27991010 1WYIY M)
9900 YV 1212 NPVDMYS NN TI0XN 12 PN 12 HY MARD N WYY 1vDrvan o

.0Mon MIvy

YD DNIN DY N TITIN NDIV P2 ATIANN 1IN NITTA 1NN HIPNR DI W1 pRvnd Nv1an
MYV PYTN MINNY PIN0I .01 PN Py YV DrPYRN DVINTON PV 9NN NTND NNEN
95N MITA AP AT IIRY N2IPN IR 00N IPRY NIY VPP MIITAN NDN AP WA

2190n0 V02 HYN DN VIPYR IR NIMRYY

PYY RINY INRM (Zilberman et al. 2011) "0 RN (3 IR) V1IPYPN YV HVIMRYAN NPDN
NAPN 72NN N RINY AR TIPAR DI 0NV IINVRVA MITHNN PIN NPV NTNI NNENY
JNNN HNTININ YVINN NTYVN DPPNN NN MY 780,000-) Y NYNNY ,(Bruhns) 01112

97T MTIPI DINDN DANIN TIPNR PRYN HY MINN 1PN TINNR 07 HY INDIN NON :3 IR
.(2008 MO TNN NNNRIN NANN) MVRIMRIRG APYIR NI DPHYY DVIPYP HV



9770 PIYY 1RI2PT RNY 16

NTINT HY DPIdNN Y0591 B 2 Mnn
N91V) N2 Nypa Mnnann NNYY Nnan

D17 Y0 N YV 7YY Para PNRY 90 HY DN PIYIN P NNANAY PRy 1PN NA0 N NYpa
PR NN NPAIN NN IR ,NHY PN DINTA PN RYPD MNPX Y AT Mpun avpan
A7 72NN DA N2 DINT DNVYI NNMAN

NTMT 7939 RTIN 193 12 1Y WY 22NN WM DR AN APPIN KV NN DPRYAN NIIYN
772 771357 pHM OVRIN PRYIN YR INAY MV IPHNY DVIMLINP YV 9% QUM WM N TIRD
NN YO HY DN DVIMINPN (4 TPR) JOP IIVIPID N1aN IR RIM PRYIN YV DYVPIN NV
DP9VN YPNYN NIIPNY AN PHXY DIT NR 11N AT DNIAN YV NN Y1 DA DM DONN N
(579N IR 100) ‘N 6 MNAY VMPHRN VIMMANPM A 25-5 NI VIMINPN HY PAY .NYPIN YV

MPT MPMN 191 ,N912 /919N RYY DAOIRD M AT NNIANN 1Y DPIYNN DMYY DVINAINPN
935,731 XX NYYA MYV NDAD ITINNY NPYOIM DIVP DVDYMIMIN MIAIINN M
990 NVIN VIMINPN (NTINTAY DIPD DININ AR MTNN) HMN PR 1NV NaxN VYV RN
DI DY DY OPRARD IPHNIY T PINT NP2 RN Y 200 DYNYN DTN 107011
Y M2V MIINN TANN 1 IRIPY LY 0 HY DI PI1Y23 1R NOWNA AT NN DNPHY

20 T DYPN

JWN) /N 240-250 INW ,AT DYAN .NTINT 93N AWY PHY MNANN DN 1T HY PITY NVIN NN
DN 0YHAN 1172 MMMV NN N2 Y PRI TPHAR KNI KV PHYY 12N 29PN DITY PHXY N DIWwn
(4 790R) D19IR Y YV pHYN MY NWN KN NTINT DYANN N 20-31 NN G0N

ATINT NN APXNVPLM 4N MNHINA

NVIN VINMINPN DAV I NYP MNNANN YV DMITPINN DAYV NMTY T NTINT MNIRND NPAxNN
JANN MYPAN DR DY NIMNN DPRYAN NIIPNY DA NNANM 90 MOVPY YpY TINa 7TaMN
PAPY NI DPIYNN ¥ TN N2 NPPAN YV DNWN DRIXA IRN HII 1N VMPHN VIMAINPA
YV 1PN PRY NP NN 1HIN HY DIPIANN JINN DDA DINYHN PN N 25 MNan Y
5 DrPYN INNN YV OPRNRD IPYNI AT ININ YV NN MY AT MR PINT N
T MYYA NRY DI KV PI%aN NNINY INHY 1YPIAN KV DYDIVN PRYR HY INVPL MY VITN

AN NPHN NPT TIRY P AR NRIN DM N9N VYN 1w

Kafri and) 9100 p N23p2 pOnnn 990 Yv D»2pnn orKvD TN N2 YRV TN M0
Y YPWn MY RYNIN MR NNV M2 NPPA HV NPV MYanwn Joan YY nynaen (Ecker 1964
DN DYV NN WD MPT NPV 117 NN PHY Y2V D0 N NN MR NPRIN D02
NTII0 INRY D3N GNON YV NTIINN NIR IR NI PNT NNV M NPP YW HR YN Ip 23PN
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N0 YN TNRY DNHVNN DPIYNN 2NN .3 .DNVN DHYNN Y0291 DR TIRIND DYIIR YN pry?
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I9TI0 PRYY IAN2DT RITY 18

9V MAXN PONNN IPIMN VINMINPN KV NN INMVAY INVY MINVPVN MPPYAN NYTINNN TN
NI MR HRAVRN TINN MIAVRN NPDA AT MOVPY 1YY INRY .AYP MRNNDT PI 2PV NN
MY KY PIAXN INT 12 YITH DN JIPIV NNT TY DINTY JUMN DY MY DY , AN MIT ©Han

I TITX D) WNINN IMIRNN THNNAY 10N DN N9 1722 DN OINY A Hpwn

NYNY 10 NV 1DMN DIIN 2IPN-NITN MY PNIN N HY TININ DIIN NN YITIN 09N DX
N2IPNAN PYN DNANN (5 IR) MHRNY DINTA DPNYN HY NI 1VON 2pY Nnannw (Push-up)
1991 T NN YYD DAYNI NHR DNNN DN NV .(JYNNI NRT) NYH TP PRYR YV INVPVN
PITAN 09N X 12 DVWY NIMRN MOR DN NPVY IR DVIVRY MNIT MIARNN J8 MNP

AN NN NV DNY W 19 ann

TN PR DR DRIN IDRY 20T PINY PRy I8 PNy 0121 M1 0991 TN NN 01%IR HM
1729 192 0NN NWIS MR 9Y DN VIMRNP STV NNV M2 NYPI DR K213 IWRY MINN JOPN
N1 10 INRY P NYPANN DPYN 122 12 HMINY 13 Yy DA (Kafri 1997) N9l nva nypa

IMNPXR HMI T HY NHY 1PN NIIYN

QNY N3P NPAIN VDI DY YpYN MY YV N0 ,NTIMT YV INNN MITIN DN NPYN 12PNN
59 MWL MRN YV 1IN PHIN NAPYN NN N NP 1NN DHMN MINNNN YV 15VH .00
.0"79N 200-150-)

LTI NMIAN NMWN DN DV NP2 5PRYN NIIPN THRY INNANNY (DVONN) 1NN N :5 N
N NIAN HYHON NN DPNYAN NIWPN YV MITA PYNY NTINRD N9 8N HY Mand 1Y v
DN
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TNRY DOINTA DIHANY PYN 1PN RINY T DY TYNR 0IMNINPN DR 10NN 1IN Ny VIPYPN
NVYM MIMNN MIN NPY INRY NNANN VIPYPN .NDY? 120 (MW 299K MR IRNN HI2) 27 107
NPRYNN VITNY DD RYY MAXN pRYIN IRIN DR 1D RIM 1TNT HY TN

NIYNY TN HIVPITVD PPV NPY L1 :0T MR N NINNANNA D1V 9900 MY N7 ,D10Y
D0IPTO YV N2Y AN TIMN 12 NNVI T NYPR YV (PPN NWH NAINN) MINANN DPNYIN
DN DPIY ININY NITIT ANNANN PYY 29NN N PNRY DIT 0NN DTN 2NN .0vHm
772 7990 G0N0 YV VIPPY ,PRYAN YV IMITA QPN HR ,0IMDINPN KV Naxy Arvn .2 VIMIINPY
D2 PNY NN D01 OY NW1 M2IPNN DN VI MITH MW MNNAN .3 .pIynn 101p Y
HW 1NN .4 YAV INT TY YINVHN DTN NN YY 1TINN AVTN DMHN NV YT NI NN
NRT MINNNN Y9 DIMRN D1ADW1 .N12IPN DRIMA DHNIN MINNNM N 150-3 YV NYW1A NN
NN P MIAXPNNY TP NN PHIN NP IN1 T HY DYIR HM) YV MIPNN NPAIN PR NIV
nm 5 . nnnn 90 Y11 T NN Yy
NY MY NYP M OPNYN NN YY PR
MR AT ONVPY Y JMN DT APNY NI
IRIN YIVY ATINT YV I YDYAN NPYY
PIN IINVPVN NIRAN DR 4PN RINY

2090 NY1a YAV INRY IYIRY D91

nYp M pRYN | 3 NN

MDD Y2 PO NNIN TYM NYP M pnvi
2PN 23N RN 2PN POIAT payy TN
I 3 NXMY AN DIRYA DINTH DPNYN
YN PRYNN .ImN 037 YV DVOMAM NN
™31 NYpa YV 12PN TITTN N¥PM NIV U7 DR
98 DI RNR NNIPY DPIAY 191V TP NNV

MR AN DR IR (6 IPR) 91T PNy

NZINI NANA NYP M 'PNPN NIIWN 6 N
(1998 »123M MD) 1:200,000

NIYNRN YAYR TNR PNYN DYIAYY NN 1
WRNAR IPINM IMRN JPIVDNY H1n DVINYTO
MR N ,(2008 ,1IDM 71T NN T WR)
(»21Y1 TNR IR) PRYNN ORNN NDIIN ROR NP
P2IM §1929°1) VOIN IRY NAY VIPYR DIIP

.(2009

DN PMINY 2NN DVP DA PRYR 7 IR
NPYHRIAOR NPDIN 20 NTIY NNIAN HY NOVP
AMRN JPIVD7Ha DN
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INY I IRIM )PV NI HY Y1900 223900 NITAN DI 12PN G0N PRYN YV PP HY DNM
™1 PNYN Y 1NRYY PMIN 079 TP PPV NN DOV NAX NN 12HNNA Ay pRynY
NWP M PNYN NN P DYNUMIV0N DONA ATINT YV YITHN DYAN P2 M2 TI9NN  NYP
191 DY MEPRIVIRAY IR TR ,AVIN NPVN 2P NN IR 19V N1 NYHA 'PNYN NIIPNY

JNDX YN T HY 1YW NPAN NOIYN NNIYH AMYP NYPIAN YV M2IYN TN

NOVYN NPRY IMIRD RINY INRN IR 1IN DT YV DVODNNN NY KV DY MY MNTY 1T PR
NYAYY IMRNN PNNNA Y2932 MPPYR N IOY 15VH DNYP DRY WYY NN ,NTINT YV TITIn
nY8N ,DPIGV-1INMIN MR AT PRYN YV DAIPIN TIR TIRY RNV NPYEN MPYan M0 nh1a

NN NMPNA D3 DY PN DM TP NYPIY 2IWNNY Yupnn Mnabw 13 Yy

1A¥N H19NNN HYIY PNDL NTNI NNEN HY DTV IRYN ,DWTON 793 NIRL NPV NNTY 139N
51 MR YAV DY NI DITTR 2 TITI PINN 12 MRIY I 19 (6 MINN) AN YV 179N
J772392) IMRN JPIN DN WIS NNEN YV TITI D7 YW DI IR, NTIY NNAN PHDN M WV

07009 YN N 45-40-D RIN DOWNNA NN YAV DY YNN P TN 981 (97Pa DT,

YN P2 NTIANN NNNANNN NXITAN IRYID PR YV DAIWPN-108N DNV NI DY NN
.(Sandler et al. 2004 ;1954 ) MNAN NVIN VIMINP DTN 1PN Prvn MHYPIPY N

™M1 MR ,DONANN NN OV OW DAY NPV NIPN WD JNRY DY OUN VININPN
NMIN 'PHDN PP ITNY DI IR TIPIN DYNYN DPITNN 23710 RIN YAV 1P Hv MIapn
$ap1 NY1IN 0 HY 990 (10 IPR) 1IN MWV NHTA DI DN N1 YV DNTY DTN 99 NTIY
NINNNN D210 NYQY NYNN 9 (971 D727 ,/R DIRAINT) MY 1PN 17.14+051-9 Ar-Ar nvwa

(1991 1HV)

—POM PV NN OV VIMYINPA NYTIN DI - HRNVN PV NN OINV VIMNINPN 10 TN
VININPN TN NHTL VN
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972pn VIMIMNMPNY D PYN (Sandler et al. 2004) 1PN JPPN DHNY DIRN DY MM NN H7»
HIOPITVON PRA 8YI VN T2Y 1IN IR NV A0 TINN RIM ,DITHN NNEN DO
IRYID PRy YV 127PN-1080

WP Sn |5 Mnnn

71229 91750 P2 PI9ND PITON NVNIN NTIY NNIN KV POVPPHR MNP NN WYY YN
2200-3300) NMITPN NININ NMPNN HNN DWW YTIW IR¥M NN HY (11 IPR) Y20 DI HY
UM 12 N7 9NN TIAN PPV NNTY YNN P .(27N0aY 332-538) DN NAPNY TV (N0ab
45-40-) D13 R¥N) GIIRN .01 DPR PYTY D712 NTVN YOV MTR 1NN ADMNN NN ININRY

DN M3 YN

DVIMINP KV 4% HY NN L,ANNNN NYTA IRNN 933,051 DI RIN HNY 1OXN §HYND JINN DO
DI DY YIN PRV DPIYNN L(97Y2 D127, 1Y) DIIRN MWD IN2Y MPINN NPIOIN MYPIN
212 YVDPPL P2 MY TINN Y21 1IN (12 IPR) NINRY NV AT NN AAR” 172Y DTN
AMRD PPN AN YA NNEXNY PVN ,DMOVYI YN DOINON MR YN VYN Yann [ 3-3 YV
IR PAINY 2172 R RIN PVDIPYIAN Y DVIMMNPN DTN PA Y (972 DI2T 1TA)

120 NPT (Po) YRR PR TI9NRN NI NRENI WA NIINN NI 1arY V1IN WWR YN 11 N
2NN A0 YR YN YV 9ImaY 29 1Y L(MNNNY PINn oRNwN)
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NNNY PINN HRNY TR R¥M HNN .27PNY VN WWP TN NaxN §IINT YWNN JINN 12 IR

PRY 90799 Paxn mN NN MNIANN APPHN MDD VIVTON RIN WVA NN YV Honnn N3
L ORYID PRy 1729 112 79990 DIDNN

DVIPTOM NYTAN YV NINIY N0IN TNNN IR ,PIYIV NRNIY HNN P2 DTI9RN PRYD Mp Y YN PR
ANN WY HY INVPY NPV HY PV DINVDN

1YV NN MR 135Y

MIPN RRIND VIMIND TANN N NPV NNT NIRI PNV N1I0 INPPNN DTPINN IR N0
RN DINNANNN PYND AN VA 72y VIMINPN DT IR DNPRY DA M oy 1»wa
DTN 1PYNN INRY IPNY NN AT PRY 1IRY 33 RN ORYID pny HY maxn MHMumIvon
.27902 PINN P RN 937,217) NP2 DDA TY HPYn MW POIR-NN PITI NWIM I VAN INRY
12 DPPNNY PRYI ATINAY WA NNEN YV HUNNA DY PIPNY 1M MITIN N DPY ) DR
PoN NN WYR HNY INRM NIV TRD IPMPNIYN 1IN 1Y RY AT QNN Hn1ad pvav nnm
59 INNN NTI0Y TP ANINNN 2 PIM PITIN NWIN NPRY N3NY 107N 110 D Y 71%ann

209 NNEN
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IPYNN 102 VINLINPN DTN P2 PPV NNT HY AININN PP YITIN PYAN DR DINNY 107 10
NMEN NTANN 12 PRYN .JIPNN IPPHRN THNN IMI IMRAN JPPHRI WIVA NNEN DTN P19, 07PN
nnY YV 7190 MNRIINNY NANN2 NN PPN THINI YR YM O YY RN 9D Inm wva

AMRNN TPPNN KV DNV THNNT DRI PRYY TNV DN T HY qIN RIM Y0

NYINIIN DR PHVNY I ,NTINAT YV YITIN 09N Y1VIYNP 1R NYIV NNT KV MITIN DYAN DR
MV IPPHN VIMINPN HV 1T 12 NN DI NTINT VIMINP NI .01 IR HY D) IMIRD HY
JIN PPN 9N DIN AT MR PNNNN D90 9 YV ININM YITIN TOIM YAV N

DYTYON 9952 TN NNXND YPVNN B 6 MND

oW D0 M9 5PN ‘N 20 1A (INDNN 1IN TY) DITON 79 RYM T NN YV Honn
N 200-3 PN NVANAY INRND .DPIYN VYN 1N ,PRPVIPIH 1PV 0PN DI 107N RN
DHYR NN TITIN GTRN DR ROR MNXY YNNI DR GPwN IR RN PYIV DINT YW NITHN SN0
9 my¥nn ,C. macintyrei-), P. lacunosa Y0p129-1mn o0 IR¥NI AT HIwnnn NADRIY 1NNTI
9992 3TN NN AMVNNY MRT PR (2013 9”P2 DT ,pNPWYIN) DTPIN TPMVD7Ha-Tp1a HY
MV 32 Y NPIRN D7 182 DNYA IPNINN DRTAY IR 230 IMR 12 P1T71 0N DTON 1931 PN
%Y JANDNA IRN XN AT QN IPY RN DPMYRVR MP%ANWN IR NN M9IN 172Y KD 11911 poy
D0 M9 DYaN NYY RY 1prHan onnaw nrInn (Miller et al. 2005) ¥ NPVVDIRRD MPINN NMPY

JTOMNN 029100 YYN N 30-25-N NP HY MYV

D120 - 2PN PNNNN D912 NIN MNNAND DINVPY DIHNN

MR 7D DTPIN TPPHN POV T3 HY PN PPV NNT NV DITHA NIXNY D1Apnn vININPD
YT VIMINPN TN RYMY NOTIN DN YV 20 IPHN MY INPNN N2 1Y YWD Pon M
nYr %Y (1991) 1YV HY NAXNA TNN R NN YPIN DIV IRV NP2 DPNYN D90
JIIPN MpN HY DR ,NTIY DNIAN HHON 1Y VIMMNPN YD .2IPN 182 PYXRN NDIN
RTIN 93 NVP NINY YAV DNT NV VIMBINPN YV PVNN NN HRIIN DIM IMIN RYY
1N PR YN0 (TN RY JODIW) MHYTL IRENI 12 KRYID PRy KV 12PN NAD PR MYanwnY
NA0) M2 NYPR YV MNMWYRT MHTVPITVD PHYI TAINAY NTIMT HY VININPIY 1 (1991 DHVY)
MR 9P PALN ,NYPIN KV DINWVN PRYN IR ,PARY DT VIMINP YV INPVR NI IR J2 RN

.17 MR NVDNA MIDN INPN RHY INVPY

MY DVINDINPN NR ANVIY TINVPVN ATRAN INRY NPIVY ATINT YV YITIN MOYN NP
JONNN 90 9 HY 121 MMMV NTAY KT MDY HY 1YY HY NPARN ,NTINT PV TN
59 MAINNNN 1NN ,PPNN PPN 790102 RN 933 /0 150-3 HV TPV MRD DRINN 190 INRY
N0 M2 NYPA YV NP2IN NN ANAVI AT 1YV TPNIN AN ORNN DR 1IOW NPR 1IN

PPN INW DR NV NP2 PRYN NRIN 12 MR )NPR YO HY
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nYI NI DYOYY DOVIMZINP 1TINN 12 ANT 4R NN 2DV N WYP YNY YAV NN 1
NDNNN N91AN SV NpHNN NIRAY ARTIN Y22 NIYW RN IR DIT PR POTY NRT ATIPIA NYMY
20 NNEN HY DTITI VORI DI 12 ITINM DT NR TIT DN ITN IMRPA Jprnn om
R¥NI GIIRNY NMINY P20 HRYID pRyY T Hunn 1A 0YNUIT00 IR MHIANN DIONN PRY INRND
MMNEN 1TINN 12,(1991 W) TTPIN JPIHON TNIRNN JPINRN J20N2 NITNY N NPTNN IRNNA

DRI Pava N N

nMEN) DTPN JPIYANY (NP2 NRN) IMRNA JPPRN 9NN ITINNY ,DIMIR-DYPN DMIPTON
Heimann) 17D D70 1p»2an 19nna »0n nY1a nnar pHY pnnnn 991 pnn qn ey (1w
,DPNYN HY DIYWIN DDIN MYP 2T HY PIOINRNN PANNA 22930 11 HY NN 90N (et al. 1996
990 YV PINM 1PN RN (Freund 1970 ;1962 10%1W) MDIN NYTA NYAYW INRY 19PY1 2RI
NOIRY NRT NAIPN DN D) 1 PN 037 YV 1NN 1M a0 Y0 DM ATMT YV M

(1991 29W ;1962 121W) HRIY? 1NAX Y31 N¥INI NNVPL MPYa

TONIN )ITNI NNRN YV NNN P YV ORIND DI 11 ,WVP YN OV WY NIRN Hunn Y nann
MY YV NI NAPN YY NTYN NRT TPARN .DNPR RN NNV R VYN NHIAT PRY MW JTIRY
TR NN MITIN WNINN XYY VYN NIYNNIY ,(IMRNDA JPPHN TRI) PINNNN 9190 190 Hv
207970 YV DpNYRN N3IYNY DTN HRIW HY 900 NITY YY 172pY DONNY T R¥NI T avn
DPNYN NIIPN NI DR WHTA RIM Jp»2e2 NwHa NN D737 INRY /D 300-0 YV NYrw1a inNY

IPNVPV NPRPMI MY P2 TIANN IINVPIIVO N2) NNT

mIpn

ENDOND APNVPY ~ TIN5V [INNAD ST 190 5y nwpn 2w 2y 2009 'Y 2
/Y 207 19 12 NVOIDNIR ,VNVPIT DAY 79 IWVIVD)

DRI 500 N NI (DTPI0 [PI00750 TV WNRY JINK) 2P0 171307 1970 ) e
2ny OD, 170/5/67 N7 N9RN 1NN DYV MY NYDIVPNRA VNVNT NTIAY

TUNYNT TINIT ISIV0 DT — D913 pYa 79209 1123 TIPKS 771702006 T INR1IN 'Y JnI2DT
Ny 8,09V NN NINN L2006 IS

PN = 229077 PANNA 225071 NP S8 APYYA 100277 2008 1 DRDNN 1,108 /Y 02t
/ny GSI/25/2008, 55 NYT YNNI NN SIPHDDINING IPITVI NN TN

MANN P2Y W2 AP MAXA 1NN NHAVI NPIVDPYA-IMNRIN TNNA L2012 1 NN Y L jn1adn
4217 'Y, I9PUNT TENSINDA T30 D22 0 PITH I NN

"oN N"T IRIVY YONRMN PNINN 19037 pAYI D2V DPTIWN DAY TN 2004 71, 20TATN
Jny 11,351/081/04
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ORIV YOI NN 15137 POV D253Y03 DX TIVN D2 S Y227 1 71872007 11,2721
Jny 10 .381/265/07 'on "7

,DOWIY TI2YN NOIDIDNRD INY NTIY LI JPI-WIV-0YI0Y TN S 21150871954 T ;1)
Jny 30

DOV TI2YN NVIDIDNRD ONONT NTY 102293 22907 917 50 19 IININOND 1996 'T )0
ny GSI/18/96, 214 900 NANN N7

DOV NN NN L 7:50,000 OYI0Y 112920 S0 TSN 190 2008 'Y ;M0

JNNRNN NINN . 7:200,000 7373 SR S 1205087 79477 1998 ' ,0ADINT V71 Y M0
DYV

103 .DOWIY ,II2PN NVIDIDNR VNONT NTIAY 2T TI7 7OY S8 1007 1962 ) N0
ny
V0N .D9PAY2) [INNA 52903 NN JINA S T3PS0 IPNUPVA INNonAa 2oy 1991 ) ,1hY

ny GSI/11/91, 94 N1 ) n9RMN
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2013 TPNYININ 172NN DI 28

NN NN 5 YITa PAIYNN YR MHNVOINIY VOIP

PPnIe DINYI PapwIn SRIY 9193 My 1970 10y
V"2 NVIDIVNR ,MNNIRIINDY RIPRY NPHNNN .1

mp nyn mwa .2

R'T NVDIVNR MVIRY APYINN .3

DYV NP NVIDIDNRD ,MOMRIY NPoNNN .4

N1an

DYYD 1217V ,(Sneh et al. 1998) JPIOR TY IPHY NPYVIP KN HONAIP JHN VNI MIPNN A
mMNNann 1WOR 1NY NANN 1HHI MNRITN VTN PITO TY TN ,NOR DRIN .DPITO) DVP
DNVPI OITRIN DINN 1INY DYAR DYHN - D1NP DY VDIPN NIIYN VDY YV NIVINN
VRAY M NN MR 3PP DMWY IR 1IN DINNN HR NVWA Na10 YYD DMV I
DPNPN PYPS 0311 NHRI DIPNP IR HPN 1IP0I MNINRY (1984 YINM NI PYPA-11PN N

JPVDIP NONNY DNVPN DPAIMNY DYPY - MPNTY MNP DNvYH DNYp

TNRY PP NN DINNA NIXNY ,07PAIR NN DPVDIP DYIN NP DY DMIPNN MTNNM
W31 1D NN RYY NVYWN Ma INNN DIPYY INNann 099NN 0NN N 19 127202 1T NN
INNT ,DONVN DYANMRY DIHNM APNVPL YV NPV IRNIND WY NV NN .DTR MN1Y

(2004 NID) MNNININ 11NN NRVINT TPNIRI NAN HY TPDN MIND DIPN NAN 21 NN
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DN YY1y MWarn NNa M (Frumkin et al. 2009) MNITA NPON YN MANNNN ,HPRTIT
mMAPNA NMIYNI VINYH MU MRNNT .0IIRY DY DYPPIP NN DYYNY DIPAY DIR NN
D217 MY Bar Yosef and Tchernov 1966) 17 191 NINMNN DR NIPNA IRXM NP NVDNI0
DI .INNDI IR NDIN RN INDAY 0PN NN W 17PN .ANINRY ANZNNY 1IN DM (79 INR
NYNAT MINTNI DNTPRNA NVYA 13 YV HIR IR ,ANIPN YV MOVVIAND YN 0N NIPNN
1P0DY91 NNPP ANV (RIDI NIPYN) DTN NINN HVNY TIndH Twar PoHnn axp Yy .1vm

RN PVIYNY 1O NN

nNa .1IPNN Y3 NHHY RN 4R IR NIPN NNA NIPH DIWPHY MVVINN NYNINT MTNR MIPN
nYNY DMYY NIYNY TN NNAN RIN ATV NIPNR2 39N DK1Y 07N *HPIY NTIYN NNNY YWY N
DM OPAIR 71PNY MNPNRN NIANN DR TN 7MY IR IVRT VAN INR NI HY DNARN

PO DNMAM DT AN 1N MY NPIRITA MNIN 229900 9N YV 10PN 19MPRY
VI INPRA DY DYV DIONPRY IR DNN DM MPNM ,PIRI DINR DIONPRY
P25 DAMA NPT P2 IEP AT PI9I RLIANAY AN, DINR DISNPR TWRN NP DINTY MY 1989

DIV MDA N2 1YY 10 IR MNINRD DIV DT OPIIR 90N IPNPRA RN INYNN

DA VOIP MINRI T2 MDA YV VA IPYN IPDA YW PVRIN HON TPINT TINYD MIn NN
JNPRA RN NPPYIND INVI VDI MNP ,NVY 28 HY¥ VOIP ,MIPH YV MIPTI DPRIN
200N

mmnynm1mnn

19001 2008 MW MIPNI ANYIMY DYYA DOPN DAV 1A AP YN WVDIRY NIYN
YN IPNY 1IR0N INX DIPNL P2 1IN INRY (2 IVR) 1IPYNN NN WY 71 MNYs
MNE VM L,DTR DYV DO NRRN HY MPYn MY MY (07NYN) mayn NYDIVNRD YV
NOPNNN PP MNINIIN RYNN YV 1Y 12N 12 MR PO TIPI MNP0 MAPYL NP2 MN¥M
NYINYAN NAPNNN DIRYNN VYN R (T 189 MW 22,000 - 47-50,000) MVHYN MNNNRYAN
(131 1% 11,500-22,000) MOILINDA-ARN 1MOPNNM (11307 2aY 47-50,000 — 250,000) NN1NN
IR NVDIVPNRY VIR YN NVDIVPNR ,MPNPN MY NIV 1A 1PAN 79NN DR NY2IN INRY
4¥I0 DR TYNY AN INIVN .(2012-2010) NPAN MY WYY 13791 1D TY JUNNA NAIVRNY YIV

.(Barzilai et al. 2012) NN DTRN MAYVPNN YV MIAINN 29IPVIVD-INTIN

JMRNN JAPN 521 PIND NN MM DI MPID PPAINNN MR )2IPNN 2931 RPN NIYNN
AN 700-600 RN OPMWA DYPYNN TN MNMIN-D YN NMPNNY 127201 .0 MNP MMV
(3 99R) Y1792 MIYHRN MINRY NIN-AXN NP 50-31 DIV NIPNT PAYN N”H 10-3 OPIN INRND

99 MHVDIPN NIPNNY DTYNN ,DMND DHINI WNMRYAD DNOWN NIPYNY 2IPHNN QUMY NN
PoNN DR IMNDY WYY MINTITA NPON RTNT 22HAN NNININ 72Y2 NP ANT A NI NI
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31 man mIvn Y WaT1 29NN Y% 1NV VoI

TPIVD982 1I9DINVRY INNPNA TIN NIV YV NN YHNN DR PIa RYY 1M ,N3NRn YV Memn
(1909 ,nynaw rRennn av) PN

NIYN NIPARNN NNIR YV PP DPYN M ,N0NN MO NMAOIRN 1IYNN YV 197NN
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Evolution of the Sharon Coastal Escarpment
during the late Holocene

Oded Katz and Amit Mushkin

Geological Survey of Israel
Introduction

Overview

The Israeli coastal cliff extends about 50 km along the eastern Mediterranean and

is comprised of late Quaternary eolianites and paleosols that reach heights of up to

50 meters above current sea level. Variable cliff-top inland retreat rates of up to a

few tens of centimeters per year have been previously measured along the cliff line

usually by comparing aerial photos
from the last decades. Commonly, these
locally constrained retreat rates have
been: 1) extrapolated as representative
of the entire cliff length, and 2) adopted
by hazard mitigation and planning
authorities. In this field trip, we re-
evaluate the current understanding of
coastal cliff retreat rates and patterns
along the Sharon coastal cliff escarpment
between Olga in the north and Herzlia in
the south (Fig. 1). A suite of ground-based
LiDAR observations, high resolution (0.5
m/pixel) airborne LiDAR data, aerial
photography, archeology and numerical
(OSL) age determination of past cliff
locations are used to quantitatively
constrain the governing cliff-erosion
processes in this environment and
how they integrate over space and time
into cliff-scale landwards retreat at
sub-annual (single storm) to geologic
timescales.

Mediterranean Sea

&
8

Figure 1: Location map of the studied
Sharon coastal cliff escarpment. Black
arrows  highlight the coast-parallel
eolianite ridges that characterize Israel’s
Mediterranean coastal plain. Dotted
rectangle is shown in Fig. 2A
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The Sharon Escarpment

A sequence of coast-parallel, Nilotic, late Pleistocene to early Holocene eolianite ridges
characterize Israel's Mediterranean coast (Almagor, 2005; Tsoar, 2000, Frenchen et al,,
2001; Fig. 1). The western-most ridges, which are now submerged, formed during low
Last Glacial Maximum (LGM) sea level, which was more than 30 m below present.
These ridges were eroded during rapid post-LGM (early Holocene) sea level rise and
the ca. 7 km eastward migration of the shoreline in this region (Sivan et al,, 2001;
Lambeck and Purcell, 2005). Sea level in the eastern Mediterranean stabilized at ca.
3,000 yr B.P. (Porat et al., 2004), after which less than 1 m sea level fluctuations have
been observed (Sivan et al., 2004; Klein and Lichter, 2007). Thus, the present-day cliff
line that marks central Israel’s Mediterranean coast has been formed through land-sea
interaction since the late Holocene.

The Sharon Escarpment, which averages at 18 m above sea level and rises in places up
to 50 m above sea level, forms a generally linear NNE striking geomorphic feature that
is interrupted in only two places by the outlets of the Poleg and Alexander drainages
(Fig. 2). The large-scale linearity of the escarpment appears to be associated to some
degree with the inherited linear geometry of the eolianite ridges into which it is
carved. Perturbations in the plan view linearity of the escarpment occur as capes and
embayments 10'-10> m in length and 10' m in amplitude in the cliff-normal direction.
Capes are typically shielded by partially submerged boulder fronts and appear to be
generally associated with increased mechanical strength of exposed cliff stratigraphy.
Measured sea-cliff retreat rates in the region, which have been typically constrained
over decadal timescales from historical aerial photography, are variable and range
between 0-0.5 m/year (Zviely and Klein, 2004; Katz et al., 2007 and references within).

Stratigraphy

The cliffs along the escarpment consist of alternating late Pleistocene - Holocene
(Engelmann et al, 2001; Frenchen et al, 2001, 2002; Porat et al, 2004) quartz
dominated, carbonate cemented eolianites and clay bearing paleosols with common
unconformable contacts (Ya’alon, 1967, Gvirtzman et al,, 1984) (Fig. 2). The basal
Ramat-Gan eolionite (RGg, <30 m thickness, ~60 ka), is overlain by the Nahsholim
paleosol (NSp, up to several meters in thickness, ~55 ka). Dor eolionites (Dg) overly the
Nahsholim paleosol and reach up to 40 m in thickness. D consists of rounded and
well sorted quartz grains and shell fragments (30%-90%) cemented by carbonate with
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Figure 2: The Sharon Escarpment, between Herzlia and Olga N. A) Location of the five
LiDAR study sites along Sharon Escarpment (Katz and Mushkin, 2013). B) Local capes
and embayments occur along the generally linear NNE trending cliff line (C). D) A
generalized cross-section as exposed at a cape just south of the Olga S site: Dg — Dor
eolianite, NTp- Natanya paleosol, TAg- Tel-Aviv eolianite and Tp- active Ta'arukha dunes.
The lower Nahsholim paleosol and Ramt-Gan eolianite are not exposed here.

pronounced cross-bedding sedimentary structures. The Natanya paleosol (NTp, up
to several meters in thickness, 45 - 10 ka) overlies Dg is overlain itself by the Tel-Aviv
eolionite (up to several meters in thickness, ~5 ka). Active Ta’arukha sand dunes occur
on top of the escarpment. These eolianite units are considered to be mechanically
weak (Wiseman et al,, 1981; Arkin and Michaeli, 1985) and slope failure type within
these units is characteristic of weakly to moderately cemented sands as defined by
Collins and Sitar (2011).

Climate and Hydrology

The climate in the study area is Mediterranean with dry summers and rainy winters.

Average annual precipitation along the Sharon Escarpment is ca. 550 mm/y (Goldreich,
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2003) with the rain season extending from October to May. The regional ground water
level along the escarpment is less than one meter above mean sea level (Shalev et al,,
2009) and thus cliff-face exposures are effectively situated above the ground water
level and within the unsaturated zone. There is no evidence indicating the existence
of perched aquifers near the cliff-face and spring discharges do not occur along the

escarpment even during the wet winter season.
Station 1 m Olga South Site

This site is located just south of the southern parking lot of the Olga public beach (Fig. 3).
Stop 1: Overview of cliff stratigraphy

Dor Eolianite with prominent cross-bedding structures comprises the basal section of
the cliff at this site (Fig. 4). Above is the Natanya paleosol that reaches up to several
meters in thickness at this location. Outcrops of the Tel-Aviv eolianite overly the

Natanya paleosol and are overlain themselves by the active Ta'arukha sand dunes.
Stop 2: 2013 cliff collapse

This collapse occurred in January 2013 primarily within the basal section of the cliff
(Fig. 5). Collapsed Dor eolianite boulders capped by loose material from the Natanya
paleosol above build up the talus pile at the base of the collapse scar. Note the striking
differences in field appearance between the fresh collapse scar and the stable cliff

sections to the side of it.
Stop 3: 2011 cliff collapses following the December 2010 storm

This is one of five sites where Katz and Mushkin (2013) analyzed changes in sea-cliff
morphologies with a ground-based LiDAR to gain quantitative insights into erosion
processes during a high-energy winter storm (10-20 yr return interval) and the year
that followed. Prior to this storm, which occurred on December 11-13 2010, the cliffs
at all sites were sub-vertical to vertical and were characterized by a well-developed
crusted cliff-face, which indicated relative pre-storm stability. The ground-based
repeat LiDAR measurements (Fig. 6) captured perturbations of cliff stability by basal
wave scouring during the storm, subsequent post-storm gravity-driven slope failures
in the cliff face above, and return of the system to transient stability within several

months.
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Figure 3: Olga S and Olga N sites and stops. P — available parking lots. Geographic
coordinates are in the New Israel Grid.
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Figure 4: Stop 1 at Olga S. View south onto ~ Figure 5: Stop 2 at Olga S. Southeastward
the southern tip of the Olga S beach. view onto a fresh cliff collapse that
occurred in January 2013. Stop 3 is on the

right in the background

Figure 6: A) Ground based LiDAR unit used for monitoring the cliff. B) Cliff-face
morphology as captured by the LIDAR scanning. Typical scan resolution was 2 cm.

Pre-storm conditions at this site (measured 47 days before the storm) presented a near
vertical cliff face and a beach stretch up to 10 m wide interrupted midway by a pile
of talus material associated with an older 20 m long landslide scarp in the cliff face
directly above (Fig. 7). The north part of this site was shielded by partially submerged
0.5 - 3 m Dor Eolianite rock-blocks that form two discrete fronts, located ~30 and 45 m

seawards of the cliff and most likely represent two older cliff-collapse episodes.

Cliff activity at this site was characterized with 9 post-storm LiDAR surveys (up to
329 days after the storm) that documented a total of 3,249 m? of erosion. The first post-
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Figure 7: Cliff activity at Olga S during the December 2010 storm and the year that
followed. A) Pre-storm panorama. Dashed lines outline the locations of syn-storm (st)
and post-storm (P) erosion along the cliff face. B) Post-storm panorama. C) Post-storm
cliff-failure marked by a basal talus pile below the collapse scar. Note the non-truncated
tapering appearance of the talus pile, which indicates that waves did not reach this
elevation since the collapse event. D) Pre-storm shaded relief map of the cliff face (10 cm/
pixel). E) Shaded relief map of the cliff face (10 cm/pixel) showing cumulative cliff activity
up to May 2011. F) Shaded relief maps (10 cm/pixel) showing incremental cliff activity up
until day 163 after the storm as incremental difference maps overlain onto shaded relief
images of the cliff. The 4 subsequent surveys preformed at this site after day 163 (not
shown) revealed no significant changes in cliff morphology.
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storm LiDAR survey was carried out 30 days after the storm and revealed extensive
erosion along 95% of the studied cliff stretch. Cliff-face erosion during the storm (st;.
5, Fig. 7F) totaled 933 m? and was concentrated in the basal half of the cliff north
of the pre-existing talus pile (st;), which also experienced 140 m? of talus erosion.
Syn-storm activity was terminated by deposition of a 1-m-high berm of cobble-sized
eolianite clasts (str) at the base of the cliff north of st,. Post-storm activity up until the
first survey was fairly minor totaling 41 m3 as one rock slide event (P;) that occurred
at the southern end of the site. The second post-storm LiDAR survey, conducted 58
days after the storm documented a single 67 m? rock slide event (P,) that occurred
at mid-cliff at the northern end of the stretch. The third post-storm LiDAR survey,
conducted 105 days after the storm, recorded a massive 1128 m? rock slide event (P3)
that occurred on day 96 (March 19t personal comm. with local residents) just above
st; and P,. The fourth post-storm LiDAR survey, conducted 135 days after the storm
recorded another large 940 m3 rock slide event (P,) that occurred between days 105-119
after the storm (personal comm. with local residents) above st,. The P; and P, collapse
events affected the entire cliff face and resulted in up to 8 m of inland cliff-top retreat.
The remaining 4 post-storm LiDAR surveys at this site documented little change and
overall cliff stability since the P, event. Nonetheless, prominent cliff-parallel fractures
visually apparent ~2 m inland from the cliff face, within P*; and P*¢ place these cliff

sections at elevated hazard for future collapse.

LiDAR results from monitored sites - Summed together, cliff-face basal erosion driven by
direct wave impact during the storm amounted to 1412 m? at all the LiDAR monitored
sites. Post-storm gravitational cliff collapses that followed amounted to 3229 m® and
occurred during several months after the storm (Fig. 8). Thus, 70% of the total cliff-face
erosion within the LiDAR sites during the 2010-2011 season occurred as gravitational
response of the cliff to wave-cut basal instability. The LiDAR data also reveal a
positive correlation between the volumes of the individual post-storm gravity-driven
cliff collapses and the volumes of the syn-storm basal cliff-face erosion that occurred
directly below them (Fig. 9).

Stop 4: Typical cape-embayment geometry

This stop offers a southward view onto typical cape-embayment cliff line geometry
along the escarpment. Note the rock-block collapsed boulder lines that typically

protect the cliff base of the cape to the south from direct wave impact.
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Figure 8: Cumulative volume loss from the cliff face at each of the five monitored sites of
Katz and Mushkin (2013) as function of time. Values along the x-axis are plotted according
to the respective dates of the 22 LiDAR surveys conducted. Syn-storm erosion volumes
were constrained from the first available post-storm LiDAR surveys at each site and are
projected onto the ‘storm line” as double framed markings. Uncertainty bounds for all
volume estimates are +6%
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Figure 9: Volume of the individual post-storm cliff-collapse events (y-axis) vs. the volume
of syn-storm basal erosion directly below them (x-axis). Closed symbols mark collapse
events for which both storm and post-storm volumes could be directly measured from
the LiDAR difference maps with uncertainty bounds of +6%. Open symbols mark collapse
events for which wave-driven erosion was partially obscured by talus from the post-storm
collapse events. In these cases, the volume of storm erosion below the post-storm collapse
was estimated by extrapolation between syn-storm erosion exposed and preserved on
both sides of the post-storm talus. Uncertainty bounds for these extrapolated syn-storm
volume estimates is + 20% (x-axis).
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Station 2 m Olga North Site
This site is located just north of the “Kfar Hayam” public beach (Fig. 3).
Stop 1: Recent cliff collapse and historical cliff lines

The Olga N cliff-stretch is 60 m long, reaches a height of up to 20 m above sea level and
is comprised primarily of the Dor eolianite. The entire site is located at the apex of a
prominent cape that deviates up to 50 m seawards from the general NNE linear trend
of the coastal cliff line. This site experienced a significant cliff-failure event in January
2011, following the Dec. 2010 storm (Katz and Mushkin, 2013) with cliff normal retreat
of up to 8 m. The failed cliff material is deposited as a boulder front about the cliff

base (Fig. 10). This site is also shielded by two older fronts of partially submerged

ALY . | L (OB e P
Figure 10: Stop 1 at the Olga N site. Top —a northward view from the Kfar Hayam beach onto the
Olga N site showing the B1 (oldest), B2 (younger) and B3 (failure on Jan. 15 2011) boulder fronts.
Bottom - shaded relief image of the Olga N site (derived from 0.5 m/pixel airborne LiDAR data
acquired 5/2011) showing the evenly spaced planview configuration of the B1-B3 boulder fronts
about the cape.
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boulders: Bl and B2, located 45 and 30 m from the present-day cliff line. The boulder
fronts follow the plan-view geometry of the present-day cliff line and represent older
cliff collapse episodes and the location of the cliff line at the time of collapse. The
characteristic boulder size decreases from the younger B3 front to the older B1 front.
The occurrence of partly submerged boulder fronts about capes with ~15 m spacing is
characteristic of the escarpment.

Stop 2: Long-term cliff retreat rates

Boulder fronts Bl and B2 mark the historical location of the cliff line at this location.
Hence, dating their collapse facilitates calculation of an average long-term retreat rate.
Here, beachrock ‘benches’ developed around the base of the boulders comprising
the boulder fronts (Fig. 11) offer an opportunity to constrain the age of collapse.
Such quartz rich, CaCO; cemented beachrock is amiable to OSL dating - as recently
demonstrated in other beachrock environments in the eastern Mediterranean (Erginal
et al,, 2010). Preliminary OSL results from the Olga N site (performed by Dr. N. Porat,
GSI) are consistent with field relations: 570+60 yr for the Bl (oldest) boulder front and
330460 yr for the younger B2 boulder front, and indicate ~constant centennial-scale
retreat rates of several cm per year. Similar configurations of beachrock deposited
around collapsed boulders are common along the Sharon escarpment and thus
provide similar opportunities for constraining cliff retreat rates.

ol .'-,'-4. . - L-A '.-II -

Figure 11: Beachrock ‘benches’ developed around the base of collapsed boulders at Olga N.
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Station 3 m Apollonia castle site
Stopl: Long term cliff retreat rate from archeology

The National Park of Apollonia, which hosts the archeological site of ‘Arsuf’ is
located north of Herzliya Pituach. Here a prominent 13 century Crusader fortress was
built at the top of the coastal cliff, 30 meters above sea level (Fig. 12). Archeological
excavations reveal that the fortress is missing up to 20 m of its seaward section, most
probably due structural failure following a cliff top retreat (Personal Communication
with Hagi Yohanan, Manager - Apollonia National Park). Accordingly, 20 m retreat
over 800 years suggests an average retreat rate of 0.025 m/year. At the base of the cliff
the foundations of an ancient pier also point towards lower cliff retreat rates over the
last millennia.

Discussion

Erosion and landwards retreat of the Sharon Escarpment appears to be governed by
gravitational collapse that is typically induced by basal erosion during winter storms
(Fig. 7). In this context, two phases of cliff erosion were identified and characterized
during the December 2010 storm and the year that followed: 1) Basal scouring of talus
piles and the cliff face through direct wave impact during the storm that result in
formation of over steepened - overhanging cliff-base geometry, and 2) Subsequent
post-storm gravitational response of the upper cliff-face above to this basal instability
formed during the storm. Post-storm slope-failure events persisted up 4 months after
the storm and amounted to 70% of the total cliff-face erosion volume documented
during the study period (Fig. 8). A potentially predictive association was identified
between post-storm catastrophic cliff-failure events and measurable wave-driven
basal scouring of the cliff-face directly below (Fig. 9). Our observations support the
view of post-storm sea-cliff erosion in such coastal environments as a gravity-driven
process in geologically weak material.

Cliff-face erosion along the entire 30-km-long Sharon Escarpment during the storm
and the year that followed was locally significant with up to 8 m of catastrophic cliff-
normal retreat recorded in places. However, less than 5% of the escarpment length
was affected by this storm-related erosion, which appears to be also limited by volume
compared to average cliff-scale volumetric erosion rate of the Sharon Escarpment
implied from previously published decadal-scale retreat rates. Thus, our observations
do not support a direct straight-forward causal association between strong storm
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Figure 12: Orthophoto (a) aerial photo (b) and Airbore LiDAR (0.5 m/pixel) (c) of the Arsuf
archeological site. Red rectangular and arrow show the location of historical structures
that collapsed.
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events and exceptional escarpment-scale retreat. Nonetheless, the preferential
occurrence of storm-related erosion we found about capes, suggests a possible role for
such high-energy storms in buffering the development of cape - embayment cliff-line
geometry along the Sharon Escarpment (see Katz and Mushkin, 2013 for a detailed

discussion).

Highly variable decadal-scale retreat rates (0 - 0.5 m/yr) also occur along the Israeli
coastal cliff (e.g.,, Zviely and Klein, 2004). Katz et al. (2007) used historical stereoscopic
aerial photographs (1945-2004) to characterize the spatial distribution of cliff retreat
at such time scales and demonstrated that less than 50% of the Sharon Escarpment
was affected by significant cliff-top retreat during the studied 60 year period. Thus,
apparent retreat rates along the Sharon Escarpment appear to decrease with increasing
observation time while the affected fraction of cliff length increases with increasing
observation time (Fig. 13). The characteristic time scale for inland retreat of the Sharon
Escarpment is thus on the order of hundreds-thousands of years and its long-term

‘background’ natural retreat rate is well below 0.1 m/yr.
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Figure 13: Calculated retreat rates along the Sharon escarpment for annual (Katz and
Mushkin, 2013), decadal (Zviely and Klein, 2004; Katz et al, 2007) and centennial-
millennial times scales (Figs 10, 12).
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Introduction

This field trip presents geomorphological and structural observations that contribute

to the understanding of the development of Galilee, its normal-faults escarpments in

general, and in particular the Zurim escarpment.

The Galilee is subdivided into the Upper Galilee and the Lower Galilee based on

morphologic and structural characteristics (Fig. 1 - location). Several major tectonic

systems exist in the Galilee:

1.

The Syrian Arch fold system (Picard, 1943). This system is comprised of a series of
anticlines and synclines stretching from northern Sinai to Syria. The axis of the
folds in the Galilee is roughly oriented S-N (Freund, 1959; Flexer, 1964; Flexer et al.,
1970). This system was active since the Senonian (Flexer et al., 1970). Post-Eocene

tectonic and erosion processes eliminated its topographic expression.

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

rejuvenated, normal displacement is topographically expressed.

A fault system, trending mainly E-W. The displacement along this system is
generally normal. It forms the series of elongated tectonic blocks that dominate
the present topography of the Lower Galilee and parts of the Upper Galilee.

This extensional structure has been developing since the Miocene, prior and
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Fig. 1: Upper left panel: location of study area in the eastern Mediterranean marked by
a black box. Upper right panel: Shaded relief map of the Galilee highlighting its basin
and range structure. Zurim escarpment marked by a black arrow. Upper cross section:
topographic and structural cross section presenting the dominance of the Zurim
escarpment in the Galilee’s structure. Location of cross section shown in small DTM
on left. Lower cross section: Interpretation of the deep structure of the Galilee based on
gravity and magnetic anomalies (after May 1987).
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contemporaneously to the development of the Dead Sea fault system (Freund,
1970; Ron et al., 1984).

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

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

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

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

In this station we will present a research investigating the critical conditions that
control rock fall initiation from hanging cliffs. Rock falls are a typical mass wasting
process that occur when rock blocks detach from discontinuous cliff faces and fall by
gravity (Hantz et al., 2003). Rock falls are likely to cause great damage in property and
life when occur in populated areas (Harp and Noble, 1993). A rock fall initiates when
the tensile and shear stresses developed in the rock mass by gravity exceed the rock
strength (Ahnert, 1996). Continuous rock mass is strong and unstable phenomenon are
rarely observed. The first stage in the development of rock falls is joint development
which reduces rock strength (Schumm and Chorley, 1964). These joints and similar
discontinuities such as cracks and bedding planes in the rock mass determine the
boulder size (Harp and Jibson, 2002; Harp and Noble, 1993). Joint opening in the
rock mass lead to the occurrence of semi-stable separated rock blocks. Different
processes such as earthquakes, lightning, heavy rain storms, topographic structure,
human intervention, and other environmental conditions trigger the final rock-block
detachment. Sometimes rock falls are spontaneous with no obvious triggering event
(Marzorati et al., 2002; Schumm and Chorley, 1964).

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

base of some of these cliffs while at the base of others rock blocks are absent.
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Study area

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

A total of 210 cubic shape (horizontal dimensions of the block are similar) rock-blocks
with volumes that range between 0.4 and 51 m3 and were mapped below the studied
cliff. Blocks on the eastern side (n=101) range in volume between 0.4m? and 51m® with a
mean value of 6.2m’. In the western part, boulder (n=95) volume ranges between 0.5m*
and 36m’® with a mean value of 3.1m>. Blocks on both sides of the cliff show similar
thickness. Blocks are either lined parallel to the cliff face and form terraces at the foot
of the cliff or arranged in big piles of block showing a spatial correlation with scars on
the cliff face. Increase in boulder concentration along the stream suggests some down-

slope block creep.
Cantilever Beam Model

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

The cantilever critical length is defined as (Polakowski and Ripling, 1966):



22% Ari Matmon, Yehuda Eyal and Shalev Siman-Tov

The cantilever critical length depends on:
Omax — The rock tensile strength.
g — Gravity acceleration.

t — The cantilever height.

p — Rock density.

Layer CIiff
thickness  height
(meters) (meters)

5 e —— 18
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Fig. 2: Upper panel - A photo of the studied cliff. A stream divides the cliff into two
segments: Western and Eastern. Lower panels - Measured cliff profile and a picture of the
profiling site. The cliff is composed of alternating marl (light orange color) and limestone
layers. The main notch is observed at cliff base (unit number 1). A secondary thinner
notch is observed several meters above (unit number 4)
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Fig. 3: Upper right stereonet - Measured joint directions. 64 measurements were done
at the lower base of the hanging limestone (blue arrows), and 52 measurements on the
top of the cliff (red arrows). The dominant direction is NNE-SSW. Upper left stereonet
— Measured dip directions. Middle left panel - Conceptual model of cantilever beam. (a)
Beam geometry: b is width, t is thickness and L is length of the beam. Acting force Fg is
gravitation force, oy is tensile stress, o, is compression stress. Gravity bends the beam and
high tensile stresses are obtained on its upper face (thick black line marks the Failure
Plane). Middle and lower right panels - Mapped boulders (n=210), cliff face, and fractures
(n=116) in the study area. The upper cliff (dark gray, unit 5 in Figure 2a), is fractured by a
NNE-SSW joint set (shown in black). In some parts along the cliff the lower massive layer
protrudes out from the upper cliff edge (light gray, unit 3 in Figure 2a). The same joint
set is observed in this lower cliff. Boulders are color coded according to their thickness or
volume. A fault (thick black line) bounds the eastern side of the cliff. Lower left panel —
Frequency distribution of boulder volumes at both sides of the cliff.
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We did not observe boulders that match the expected size based on the critical length
calculations, i.e. cantilever beams either fail before reaching the critical length or break
when hitting the ground. Since we could not reconstruct expected critical length from
exposed matching boulders, we prefer the first explanation. Several reasons contribute

to producing beams smaller than the critical length:

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

known as the "scaling effect” (Carpinteri and Ferro, 1998).

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

for shorter cantilevers as found in the field.
3. Rock mass is not homogenous as required by equation 4.

4. There is a possibility that the beam theory can't be used in the case of the Rama

cliff because the block dimensions resemble a cube more than a beam.
Station 2 m Har Haari

In this station, the main tectonic, lithologic, and morphologic features of the Galilee
are described and a tectonic and morphologic framework of its development is
proposed. Landscape evolution in the Galilee has been controlled since the Miocene
by tectonic activity (faulting and folding). Erosion is mostly through dissolution,
clastic sediments are mostly absent, and valley fill is mostly composed of Terra Rosa
soil. The absence of Neogene and Quaternary sediments as well as volcanic rocks
does not enable the application of common accepted research methods in landscape
development studies. Therefore, landscape development research in the Galilee
applies mainly morphometric research methods, analysis of active drainage systems,
and reconstruction of ancient drainage systems. Morphologic considerations reveal
the main phases of tectonic activity that took place during the Miocene and Pliocene
and established the landscape of the Galilee:
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1) The Preservation of Senonian Sequence (Fig. 4)

Along some of the main tectonic escarpments in the Galilee including the Zurim
escarpment, a Senonian sequence of chalk and marl is exposed on the down faulted
blocks. Their preservation is indicative of normal tectonic activity of the Zurim fault
system before or during the early stages of the post-Eocene regional truncation. The
absence of Senonian rocks on the uplifted block indicates that truncation continued on

A Senonian Truncation
B.
C. 2 Miocene Truncation
|
Senonian Truncation
D.
E.
[ ] -Senonian rocks
—— -Erosional plain

Fig. 4: A schematic model illustrating the preservation of the Senonian sequence on the
down faulted block while eroding it away on the uplifted block.
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the higher structures. This situation (of ongoing truncation on the upper blocks and
preservation of young sequence on the lower blocks) requires that the rate of normal
displacement is not much faster than the rate at which the drainage system can erode
the offset. Thus, relief does not form and the drainage systems do not incise and by
that abandon the top of the uplifted block. We can conclude that the normal activity
of faults that enabled the preservation of a Senonian sequence on the down faulted
block started early in the history of truncation and earlier than the activity along faults

where the down faulted block is composed of rocks older than Senonian.

If we adopt two assumptions we can estimate the time which the activity on these
faults started: (a) uplifting and truncation rates were comparable during the Oligocene
and early Miocene, and (b) uplifting rates during the Oligocene and early Miocene
were relatively constant along the eastern coast of the Tethys (Begin and Zilberman,
1997). Begin and Zilberman (1997) estimated uplifting and truncation rates of the
mountainous backbone of Israel from the Oligocene to the Pleistocene. They calculated
truncation rates that range between 0.04 to 0.5 meters in 10,000 years but point that
a truncation rate of 0.2 meters in 10,000 years is typical to an average relief of 100
meters which probably represents the landscape in the region during the Oligocene
and Miocene. Begin and Zilberman (1997) argue that uplifting begun during the early
Miocene, about 23Ma. This estimate agrees with the conclusion by Garfunkel (1970,
1978) that the uplift of the mountainous backbone of Israel during the Oligocene
was negligible. A thickness of 150-250 meters is attributed to the Senonian to Eocene
sequence in the Galilee (Kafri 1972). Using an average thickness of 200 meters we
calculate that the truncation process would expose the base of the Senonian sequence
within 10 million years of truncation. This means that normal faulting had to begin
earlier than 13Ma along the Zurim fault system and on other normal faults in the
Galilee.

2) Slope shape analysis (Fig. 5)

Slope shape analysis enables a semi-quantitative dating of the total duration of
escarpment activity. The reference slope envelope is of Mt. Turan escarpment, where
outcrops of the Cover Basalt dated to 4.2Ma (Heimann et al., 1996) are offset by the
Turan escarpment and constrain the time of initial displacement to the age of the
basalt (Fig. 3). It is assumed that escarpments that have more concave shapes than the
Turan escarpment are older than 4.2 Ma, those with slopes more convex are younger,

and those with a similar slope shape are of a similar age to the Turan escarpment.



Landscape evolution and tectonics in the Galilee during the Neogene and Quaternary 27%

Haari slope profiles Shezor slope profiles
1
0.9 S
§ S 0.8 N
= s - - Shezor 1
. 207
B Haari 1 % 0.6 Shezor 2
o
3 s Haari 2 g 05 s— Shezor 3
N Haari 3 = 04 o
'E g 0.3 Shezor 4
5 g 0.2 e Shiezor 5
z Z 01
> 0
[i] 0.2 0.4 0.6 0.8 1 o 0.2 0.4 0.6 0.8 1
Normalized distance Normalized distance
Haluz slope profiles Tuval slope profiles
1
= =3
c
Sos \
507 N
Haluz 1 ® 06
B 0s Tuval 1
ol = 0.4 “Tuval 2
g 0.3 —Tuval 3
g 0.2
0 0.5 1 0.;
Normalized distance o 0.2 0.4 0.6 0.8 1

2 Normalized distance
Kishor slope profiles

Kishor 1
Kishor 2
Kishor 3
Kishor 4

oo oo
oN B O o =

o

Normalized elevation

0.5 1

Normalized distance

Fig. 5: Comparison of slope profiles along the Zurim escarpment with the Turan reference
envelop.

According to the results of Matmon et al. (2000), most of the faults in the Galilee
were active before the Cover Basalt. However, only a small number (such as the
Zurim escarpment) developed morphology that was maintained to the present. The
morphologic expression of most of the faults in the Galilee started developing shortly
after the cover Basalt. Only a few were active into the Pleistocene.

The Zurim Escarpment (Fig. 6)

We will now focus our attention on the Zurim Escarpment that separates the Upper
Galilee from the lower Galilee. The Zurim escarpment is about 30 km long and it
stretches from the Mediterranean coastal plain in the west to the deep gorge of Nahal
Amud in the east. Its altitude ranges between 70 to over 1000 meters above sea level
and it is lifted 70 to 700 meters above the Bet-Kerem Valley to the south of it. Most
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Fig. 6: A. Topographic profile of the Zurim Escarpment crest (black line) compared
with the topographic profile of the Bet-Kerem Valley (blue line). B. Map of tectonic and
morphologic features around the Zurim escarpment.

of the escarpment is built of limestone and dolomite of Cenomanian and Turonian
formations. It is divided into two main parts by the Peqiin fault: the eastern part and
the western part. In the most western part of it, it is built of Senonian chalks and along
the eastern part of it a Lower Cretaceous sequence of marls and sand stone is exposed
at the bottom of the escarpment. The escarpment is based on a series of normal faults
arranged in an en-echelon position. Each fault forms part of the escarpment. In places
where there is an overlap between faults the escarpment is built of tectonic steps that

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

carbonate rocks, dissolution of the rocks is the main mechanism of slope development.
The Eastern Part

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

of the upper escarpment indicate young tectonic activity.
The Western Part

The western part is lower than eastern one and does not expose the Lower Cretaceous
sequence at all. Its altitude decreases from east to west from about 880 masl. to 70
masl. at the very western end of the escarpment. No major drainage systems cross
the western part of the Zurim escarpment and only some small drainage channels
developed on the escarpment. Except for the western end of the escarpment where
Senonian chalks are exposed the western part is composed of limestone and dolomite
of Cenomanian and Turonian age. The western part can be divided into 4 different
segments correlated to the normal faults that form them. There is a good correlation
between the tectonic segments and the topography of the escarpment. This correlation
is mainly noticeable in the sky line of the escarpment where saddles divide the
different parts of the escarpments according to the tectonic segments. At the base of

each segment fresh fault scarps in limestone or dolomite are exposed.
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Fig. 7: Upper panel: Topographic cross section from the Bet-Kerem Valley to Mt. Ha'ari.
Lower panel: Topographic cross section from the Bet-Kerem Valley to Mt. Sneh across the
Bet-Ha'Emek valley.

Relation to Drainage Systems at the Top and Bottom of the Zurim
Escarpment (Fig. 7)

The relation of drainage systems to the Zurim escarpment sheds some light on its
tectonic development. Matmon et al. (1999) show that the Upper Galilee bounded in
the south by the Zurim escarpment existed as a morphologic element during the time
the ancient Bet-Kerem drainage system was active. The existence of the Upper Galilee
as a morphologic barrier was the reason the drainage system had to traverse the Upper

Galilee from the south. The recent upper part of Nahal Zalmon which flows along
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the course of one of the main tributaries of the ancient Bet-Kerem drainage system
is the only alluvial channel that crosses the Zurim escarpment not on a trace of a
fault. Two more channels that flow from the Upper Galilee to the Bet-Kerem valley
are developed along the Peqi’in and Bet-Jann faults that cross the Zurim escarpment.
These two channels have small catchments. Several small channels developed on the
escarpment itself but they do not drain areas above the escarpment. The relations of
the Escarpment to the drainage systems on top of the escarpment show that head-
ward incision of escarpment channels and backwards retreat of the escarpment itself
are minor. It can be seen that three drainage systems flow parallel to the escarpment
even though the valley south of the escarpment serves as a close and deep base level.
The eastern system flows westward for several km curving southward into the Bet-
Kerem Valley. The curve takes place along the trace of the Bet-Jann fault. This is the
only case of drainage capture that occurred on top of the Zurim escarpment. The
middle system passes along the upper edge of the escarpment forming a shallow
(about 1-2 meters high) water divide with the channel that flows down the escarpment
and then continues westward to the Mediterranean. The water divide is located on
the trace of the Peqi’in fault. The western drainage system flows westward passes
along the edge of the escarpment but is incised into Cretaceous bedrock much deeper
than the middle system so it does not form such a shallow water divide with the Bet-
Kerem Valley. The three drainage systems and their relation to the escarpment exhibit
a decreasing degree, from east to west, of recent drainage development on the account
of ancient drainage systems. This situation can be explained by a shift of the tectonic
activity from east to west along the Zurim escarpment. The eastern segment is the
oldest allowing the drainage system to develop to the point of drainage capture and
the western segment is the youngest. This conclusion agrees with results of the study
of the ancient Bet-Kerem drainage system (Matmon et al., 1999) and the slope analysis

that was done on the tectonic escarpments of the Galilee (Matmon et al., 2000).
Evolution of the Bet Kerem drainage system (Fig. 8)

The arching of the Galilee, northern Israel, is associated with the development of
the Dead Sea Transform and Rift. During the Pleistocene, the arching caused the
formation of the main north-south water divide in the region and the reversal of
stream flow direction. A reconstruction of a main paleochannel which drained large
areas in the eastern Galilee to the Mediterranean enabled the determination of age
and amplitude of the arching. This reconstruction is based on topographic analysis

of thirteen sites containing fluvial remnants in the Bet-Kerem Valley. Dating of basalt
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Fig. 8: Upper left panel - Topographic cross section of Bet-Kerem Valley. Upper right panel -
Schematic diagram showing the relation between the rift’s formation and the development
of drainage basins in adjacent areas. A substantial drainage basin can develop only if the
rifting is accompanied by the tilting of the adjacent area towards the rift valley. This tilting
is achieved by arching the rift'’s margins. Lower left panel - Location of gravel sites in the
Beit-Kerem Valley. Ages are given by K-Ar dating and in-situ location of possible sources
of the gravel. Rocks of ages other than those indicated appear in the figure as white area.
Geology after: Golani, 1957; Flexer et al., 1970; Mor et al., 1987; Shaliv, 1991; Heimann and
Ron, 1993. Lower right panel - Reconstruction of the Pleistocene drainage system in the
Bet-Kerem Valley. The drainage system boundaries are marked with a dashed line in the
areas where they are uncertain.

clasts from ancient alluvial remnants along the Bet Kerem Valley provides a maximum
age limit of 1.8 Ma to the paleochannel. The Pleistocene tectonism arched the Galilee
by 200 m over a wavelength of 40-60 km. A comparison between arched and unarched
segments of the rift5 margins indicates that fluvial and slope processes on the rift
escarpment cannot explain the location and shape of the main water divide. In the
Galilee, tectonism is the only factor that controls the formation, location and shape of

the main water divide.
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Summary

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

suggests intense seismic activity as recently as 1500 years ago.

Station 3 m Peqiin fault
Peqi’in Breccia

Large outcrops of syn-sedimentary breccia within the Cenomanian Sakhnin formation
are known in the Peqi'in and Adamit areas (Ron, 1978; Frank, 2003). The breccia is not
confined to the Peqi'in fault zone itself but rather extends hundreds of meters away
from the fault plane. Commonly the breccia is stratigraphically limited, underlying

and overlain by unbrecciated rocks. The breccia is mainly composed of the following:
1. Yellow, red or brown laminar dolomitic angular fragments of various sizes.

2. Grey, medium to coarse-grained dolomite, typical to the Sakhnin formation,

forming most of the breccia matrix and cement.

Occasionally, fragmentation and dislocation is very slight and small laminar

fragments can easily be re-fitted to their original block configurations. In the Peqi'in
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outcrops the fragment size can reach 1 meter or more, and part of the layers are folded
or faulted. The different composition of fragments and matrix/cement indicates that
during brecciation the laminar dolomite was more competent than the grey dolomite.
Alternations of laminar and massive grey dolomites, similar to those of breccia

components, are observed in the Sakhnin formation.
Possible explanations suggested for the breccia formation are:

1. The breccia formed by deformation that accompanied displacement along the
major fault that crosses it (Peqi’in and Rosh-Haniqra faults). This explanation is
rejected because the exposures of the breccia extend as far as, >1 km, from both
fault traces, and intense brecciation that forms a fault gauge is restricted to a few

meters from the fault plane.

2. Dewatering: In many locations the deposition of Sakhnin formation consists of
alternating laminar with massive coarse-grain dolomites. During deposition, the
laminar sediment was denser, stiffer and less porous then the muddy sediment
that formed, following diagenesis, the typical Sakhnin massive dolomite. The
latter could more easily de-water and flow under sedimentary load, resulting
in fragmentation of the laminar layers and mixing of the two dolomitic facies.
This deformation also resulted in folding, faulting and occasionally reverse
displacement of the laminar fragments. This scenario implies that the breccia
development was associated with early diagenetic, in situ processes, without

significant displacement of fragments.

3. Slides and mass movements: In the Adamit outcrop, Frank (2003) found that
the breccia is composed of rock fragments that were deposited in various parts
of the carbonate ramp. This “mix” of fragments from different facies suggests
material movement toward a deeper basin. A few thin shear zones within the
breccia support this movement. However, outcrops of similar breccia at Hoshaya
and Har Hakfitza close to Nazareth, far away from the basin do not support
this explanation. However, the syn-sedimentary Peqi'in breccia can be used as a

marker for the displacement along the Peqi'in fault.
Peqi’in Fault stop (Fig.9)

The Peqi’in fault trace is found along the eastern part of the village of Peqi’in. Its plane

is exposed in a few yards of the most southern buildings of the village. South of this
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Fig. 9: Lateral offsets of the Peqiin Breccia along the Peqiin Fault.
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area (west of the road to Rame) two long, high and narrow slices of white massive
rocks, composed of the Peqi’in Breccia are exposed. The northeastern slice is bounded
by faults on both sides; chalks of the Senonian Ein Zetim formation on the west, and
dolomites of the Cenomanian Deir Hana formation on the east. The western fault of
the northeastern slice becomes the eastern boundary fault of the southern slice. To the
west, the exposures of the Peqi'in Breccia extend continuously from the second slice
for about 800 meters (Ron, 1978).

The fault plane is sub-vertical; sometimes dipping either westward with a normal offset
or eastward with a reverse offset, a typical characteristic of strike-slip faults. Most fault
plane striations, preserved on the eastern dolomitic block, show dip-slip movement;
however, sub-horizontal striation can also be found. This suggests that most of the sub-
horizontal striations were erased, and that the strike-slip displacement predated the
dip-slip one, which is mainly normal. Along the fault plane, a highly deformed grey
marl, about 3 m thick, including folds and shear planes, is exposed. Further west, in
the down-faulted block of the Peqi’in Graben, the bedrock is composed of white chalks
of Ein Zetim formation (Buchbinder, 1963). The deformed grey marl is apparently part

of the bituminous layer underlying the white chalks that was smeared along the fault.

The Peqi'in fault extends southward, and its trace can be followed in Nahal Zalmon,
Eilabun (near the tunnel of the National Water Carrier) and the road exposures north
of Mitzpe Netofa Junction. Freund (1970) suggested that the Peqi’'in and Yavniel faults
(both oriented NW) are strands of one major, NW-striking fault that starts at the DST
south of Menahamiya, and terminates north of the Village of Peqi'in. No evidence for

this fault was found in the Golani Junction area.

The Peqi’in fault in the area of Rame is crossed by the E-W Bet Kerem fault. North of
this junction, the Peqi’in fault underwent reactivation, with dip-slip replacing strike-
slip displacement. Such reactivation is known from other faults in the Galilee, e.g. the

Meron fault.

Mirror like surfaces along the Peqi'in fault - An indication for
seismicity? (Figs. 9-13)

In this station we present a recent work in the field of faulting (Siman-Tov et al., 2013)
which focuses on faults that have naturally polished, glossy surfaces, termed fault
mirrors (FMs). This work started from a field trip where Prof. Hagay Ron led us to key

fault exposures in northern Israel. Hagay showed and discussed with us some FMs
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and together we wondered what causes the glossiness of these surfaces, and what is
their relationship with seismicity? Fault mirrors, which form during slip, appear in a
variety of tectonic environments and rock types (Hancock and Barka, 1987; Jackson
and McKenzie, 1999; Power and Tullis, 1989). These impressive surfaces are a subset of
slickensides, characterized by high visible-light reflectivity (Fig. 1). The Peqi'in fault,

like many other fault exposures in carbonate rocks, includes FM segments. Although

Fig. 10: Fault mirrors exposures. A) A nice example for a glossy, mirror-like, strike slip
fault surface in the brecciated Eocene age limestone at Kfar Giladi quarry. B) Vertical, and
in parts glossy surfaces at Peqi'in fault. Today this fault surface is served as one of the
house walls in Peqi'in village.

FMs are common, their polish nature, structure, formation mechanism, and their

significance in earthquake physics have often been overlooked.

The vertical, mirror-like fault surface (Fig. 1B) is a small portion of the ~6 Km Peqi'in
fault, trending NNW-SSE. Looking at Peqi'in fault in a plan view reveals a linear feature
that is not significantly influenced by the sharp topography. This is an indicator for the
vertical nature of Peqi'in fault surface along its entire length (Ron, 1978). Stratigraphic
relationships are maintained along the fault, where the SW block is down faulted
relative to the NE block. Here the fault positions the hard limestone of upper Deir
Hanna Formation on the NE side adjacent to the soft chalks of En Zetim Formation

to the SW. Along the fault plain a breccia layer that consists of fragments in different
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scales (tens of centimeters down to the submicron scales) that were sheared from
the hosted rocks are exposed. The fault breccia is highly polished and only several
striation lines on the surface could point to the horizontal to sub-horizontal sense of
slip that was observed along this strike slip fault. It seems that the larger fragments in
the breccia (several centimeters in diameter) are less eroded then the matrix around

them and they preserve an additional, older, and very smooth mirror-like fault surface.

The smooth and naturally polished appearance of the fault surface can be simply
explained by repeated cycles of slip events in which the shear motion between the
blocks, polishes the fractured rock to a smoother topography. Fault surface roughness
is known to reduce with amount of total slip (Sagy et al., 2007). This segment of Peqi'in
fault has probably slipped a few hundreds of meters, only a portion from the total
displacement of ~2.5 Km estimated by the offset of the Cenomanian breccia bodies
(Ron, 1978). Naturally polished carbonate fault surfaces are observed in many other
fault exposures, in which the total slip ranges between tens to hundreds of meters
(Siman-Tov et al., 2013). The mechanism of surface roughness reduction with slip in

nature can be easily understood from the artificial polishing point of view. A typical

Fig. 11: Roughness criterion for mirrors. For small enough value of A, destructive
interference between the reflected waves (wave front directions are marked by arrows)
will rarely occur and the surface will reflect light like a mirror.
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industrial polishing process involves a preliminary brittle abrasion stage in which the
overall roughness is reduced by removing surface asperities with increasing grit size
sand papers (decreasing average particle diameter) and ultra fine powders. However,
although the surface smoothness, micron-size striations are formed and the surface is
not smooth enough to reflect light perfectly. So what is the condition for a surface to

be glossy?

For a surface to reflect light spectacularly like a mirror, it must obey the Rayleigh

roughness criterion (Beckmann and Spizzichino, 1963):

A
< -
16cos8’

where A is the mean roughness amplitude of the surface, 0 is the angle of incident
of light, equal to the angle of specular reflection (measured relative to the surface
normal), and A is the light wavelength (Fig. 2). In the case of scale-dependent surface
roughness, this criterion (equation 1) must be obeyed at least at lateral scales, [, shorter

than A. Hence, if a surface is observed at 0°<0<70°, under visible light (A = 550 nm),

130 nm line

3 550 nm line
10° 10' 10° 10°
I(m)

Fig. 12: Fault surface roughness at the nm scale. (A) Light reflectance from two different
fault surfaces. Hand samples from NUF (on the left) and from KGF (on the right) show
different reflectance of sunlight. Even though both samples look in places very smooth
and planar (e.g. marked by black arrows) only the KGF sample is glossy. (B) Root mean
square (RMS) analysis of surface sample from Kfar Giladi fault (KGF, lower curve, x),
and Nahal Uziyahu fault (upper curve, squares), using AFM 10 pum scan width. Gray box
marks region that obeys Rayleigh roughness criterion. KGF surface obeys this criterion
and is reflective, while non—fault mirror surface of Nahal Uziyahu fault is outside this
region.
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and appears glossy, this indicates that A<~100 nm at least for lateral scales <550 nm.

Indeed, fault surfaces that exhibit such a mirror-like appearance meet this criterion.

To explore the characteristics of FMs, samples were collected from four fault surfaces
along the DST (none of them from Peqi'in fault). Three samples were taken from well-
preserved carbonate FMs: (i) Kfar Giladi fault (KGF) north of Kiryat Shmona (Fig. 1A);
(ii) Nahal Avinadav fault (NAF) at Revaya quarry in the Gilboa Mountain; and (iii)
Yair fault (YF) in Ein Bokek, Dead Sea region. For comparison, a smooth fault surface
that is not mirror-like, from Nahal Uziyahu (NUF), close to the Gulf of Eilat, was also

examined. High-resolution techniques were used to characterize the structure and
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Fig. 13: Atomic force microscopy (AFM) and scanning electron microscopy scans of fault
mirrors. (A) AFM scan of fault surface from Yair fault, Israel. Darker colors represent lower
regions; brighter colors represent higher regions (see gray-scale bar). Surface is very flat
except for several scratches and few prominent grains (seen as white blotches). (B) One-
dimensional profile from surface (white dashed line in A) demonstrates flatness, scratches,
and grains. (C) Close-up of smooth region (black rectangle) shows typical amplitudes <20
nm. (D) Micron-size parallel striations at Kfar Giladi quarry. Rougher, nonstriated regions
are exposed micron-size calcite crystals of original rock. (E) At submicron scale, fault
mirror material of Kfar Giladi fault (KFG) is composed of packed rounded nanograins; no
scratches are observed. (F) Nahal Avinadav fault material shows characteristics similar to
those of KFG material.
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quantify roughness of the samples on scales ranging between 0.01-1000 um. Surface
topography was scanned using optical profilometer on the micron scale and atomic
force microscopy (AFM) on the sub-micron scale. Root mean square (RMS) analysis,
which provides an approximation for the roughness amplitude, was performed on
two AFM topography scans from KGF and NUF (Fig. 3). Figure 3B shows, as expected,
that RMS increases with increasing lateral scale of measurement, [. For KGF, the RMS
values show roughness <20 nm at 1~550 nm, explaining the high reflectivity of the
surface. In contrast, the NUE, which is a non-FM surface, yielded RMS values >100 nm
at 1~550 nm, explaining its poor reflectivity (Fig. 3A). This nano-scale topography is
also shown in the scan and profiles from YF (Figs. 4A-4C).

Fault mirror structure was also studied with high resolution imaging techniques.
At scales smaller than ~1 pm, scanning electron microscopy (SEM) and AFM images
reveal that the surface is composed of particles with diameters of 10s-100s nanometers;
no small-scale striations or grooves (which appears on larger scales) are observed
(Figs. 4D-4F). KGF interior (i.e., the subsurface) was also studied using bright-field
transmission electron microscopy (TEM) images of a cross sectional foil prepared by
the focused ion beam technique (Fig. 5). Two distinct layers - separated by a rough
boundary - are found beneath the FM: (1) an outermost layer composed of nanograins
(Fig. 5B), and (2) a deeper layer consisting of micron-size calcite crystals (Fig. 5C). The
nanograin layer comprises highly packed particles with diameters of 10s-100s nm
and possesses a variable thickness of <1 pm. No preferential orientation is observed
in the particles. Chemical analysis and diffraction patterns indicate that the layer is
composed of calcite nanograins surrounded by a matrix comprising mainly of silicon
and aluminum. By contrast, the deeper layer consists entirely of micron-size calcite
crystals, with pores observed along crystal boundaries (Fig. 5C). The calcite crystals
comprise a series of parallel bands, reflecting sub-grain boundaries probably formed
by mechanical twinning. In some pores, tiny sections of the twinned crystals are

observed, presumably broken off from much larger sub-grains (black ellipses, Fig. 5C).

Following all these observations we conclude that for a surface to have a mirror-
like finish, except from the first stage of reducing surface asperities by abrasion,
two other stages are essential: 1) reduction of wear particle sizes and formation of a
nanograin layer; 2) formation of smooth hard surfaces within the nanograin layer by
smearing and sintering of the nanograins. Ultimately, brittle scratches on the surface
are filled by nanograins, resulting in roughness amplitudes <100 nm. These stages

are known to facilitate the fabrication of mirror-like surfaces in industrial polishing
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Fig. 14: Cross section of Kfar Giladi fault mirror. (A) Transmission electron microscope
image of foil showing two different layers, outer (B in white box) and deeper (C in
white box), separated by rough (black dotted) line. Outer layer comprises nanograins
and determines surface tiny roughness. (B) High-resolution image of outer layer, which
comprises highly packed rounded nanograins (50 nm white scale bar, marked by black
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arrow, indicates particle diameter) with no observed preferred orientation. Lighter
homogeneous solid line represents carbon and platinum (Pt) sample coatings. (C) High-
resolution image of deeper layer. Microcalcite crystals are twinned (100 nm black scale
bar, marked by white arrow, indicates twin width) and pieces of beam-like subgrains
have broken to form nanograins (marked by black ellipses). (D) Schematic illustration of
A. Deeper layer comprises twinned calcite crystals (twins drawn as gray parallel bands),
while outer layer comprises nanograins that cover rougher surface of large crystals and
smooth fault surface. At least some nanograins form by breaking of beam-like subgrains,
defined by twins within crystals (circular inset).

(Adachi and Kato, 2000), and were also observed to control the formation of FMs

obtained at high slip velocity experiments.

Does the better understanding of FMs structure and roughness helps to say something

about its connection with earthquakes?

The specific conditions for the formation of the observed FMs are not known, yet there
is solid reason to suspect that slip along these surfaces has been seismic. Recent rotary
shear experiments suggest that FMs form only during high shear rates: v~0.15 m/s in
sandstones (Hirose et al., 2012), and v>0.1 m/s in carbonate gouge (Smith et al., 2013).
These slip velocities (>0.1 m/s) are considered seismic, as these conditions characterize
earthquakes. The formation of FMs was also observed in these experiments to coincide
with strong fricitonal-weakening, which is believed to be required for earthquake
initiation. Hence, according to the mirror-like appearance of Peqi'in fault and based
on recent shear experiments we suggest that this fault was possibly seismic a least for

its last phase of motion.
Kefar Smei fault (Fig. 15)

The stop is located south of the road between New Peqi'in and Kisra, just west of
New Peqi’'in. The Kefar Smei fault splays from the Peqi'in fault close to the Bet Kerem
outlook. In the outcrop, the chalks east of the fault are of the Ein Zetim formation
exposed in the Peqi'in Graben. The limestones west of the fault are of the Cenomanian
Yanuch formation of Cenomanian age. At this location the fault changes from a NW
sub-vertical fault plane to a WNW and later to a 60° dipping E-W fault. The slip
vector is constrained by the intersection line of the two planes of the fault, and by the

stratigraphic offset. Based on striation plunges on fault planes, displacement along
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Fig. 15: Fault configuration in the Peqiin graben area. Lateral displacement is transferred
to normal displacement as the fault changes its strike.

the fault changed, from strike-slip along NW oriented planes to oblique-normal along
E-W oriented planes.

Termination of strike-slip faults may be accommodated by splaying of the main fault
into several smaller faults (“Horse tail”). Displacement along a major fault is thus
fractionated and disseminated among many minor faults. Well known examples come
from the Hope fault, New-Zealand, and the DST north of the Hula basin. In the central
and western Galilee, both the sinistral NW and dextral NE strike slip-faults change
their strike to E-W, their sense of displacement changes accordingly from strike-slip to
normal and results in horst, graben and tilted block structures. This is an additional

way by which strike-slip faults can terminate.

The sinistral displacement along NW faults and dextral displacement along NE faults
(Freund, 1970) indicate E-W shortening. This shortening, which occurred in the Galilee
and Lebanon, could result either from the association of N-S movement along the DST
with the change in the direction of the Yammunneh fault (a segment of the DST) from
N-S to NNE (Ron and Eyal, 1985) or due WNW-ESE plate motion similar to that by
which the Syrian Arc folds were formed (Eyal, 1996). This shortening is intense close
to the DST and gradually diminishes westward with distance implying that the main
shortening axis in the western Galilee is not horizontal and faulting is normal.
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Station 4 m Harashim Stop
summary of Peqi’in Fault and Peqi’in Breccia

From the road Peqi'in-Rame, close to the Bet-Jan junction, turn right to Harashim

settlement and drive about 800m. Station site is on the right, and from here one can see:

1. The entire southern exposure of the Peqi'in breccia crossed and displaced by

segments of the Peqi’in fault.

2. The peneplane that shaped the topography of the Galilee during the Miocene.
This peneplane is crossed and displaced by numerous normal faults that control

the present topography of the Galilee.

3. The Peqi'in Graben in which the Senonian chalks of Ein Zetim formation are

down-faulted against dolomites of the Cenomanian age.

Restoration of the three outcrops of the Peqi’in Breccia along the Peqi’in fault reveals
that the cumulative horizontal displacement along this fault is 2,300m (800 and
1,500m).

The horizontal offset along the Peqi'in fault vanishes a few km north of Peqi'in village,

close to Zuriel. No explanation was suggested for this abrupt termination of this fault.
Topographic Relations with the Peqiin fault (Fig. 16)

The Peqi’in fault crosses the Zurim fault system and divides the Zurim escarpment
into two main parts. The tectonic relations between the two fault systems is indicative
of time of activity. Ron (1984) found evidence for left lateral movement of ~2.3 km
along the Peqi’in fault. The vertical displacement along this fault is about 200-250
meters (Eliezri, 1965). The tectonic Peqi'in escarpment is 150-200 meters high. South of
the Zurim escarpment, the Peqi’in fault is not expressed by any vertical topography.
According to Ron (1984), the lateral displacement along the Peqi’in fault took place
during the middle to late Miocene and if it had any topographic expression it was
eroded. However, we think that the lateral movement was practically pure strike slip
since the recent topography is almost equal to the total vertical displacement. The
topographic relations between the Peqi'in and the Zurim fault systems indicate that
most of the lateral movement occurred prior to the formation of the Zurim escarpment

otherwise a step (in plan view) should have developed along the Zurim escarpment.
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Fig. 16: A. Schematic cartoon illustrating the relations between the Zurim Escarpment
fault system and the Peqi’in fault. B. Topographic map showing locations of analyzed
drainage systems. C. Longitudinal profiles of streams flowing across the Pegiin fault.
The relatively young activity along the escarpment is expressed by the convex and
steep channels. Stream no. 1 crosses the Peqiin fault where its topographic expression
terminates.

Younger vertical movement that took place along the Peqi’in fault must have occurred
after the formation of the Zurim escarpment. The young activity along the Peqi’in
escarpment is manifested by the hanging drainage channels that flow over it. The
formation of the Zurim escarpment caused the segmentation of the Peqi'in fault and
enabled vertical movement to occur only on the northern segment of the Peqi'in fault
while the southern segment did not reactivate. The vertical displacement of the Zurim
fault system jumps from 800 west of the Peqiin fault to 1000 meters east of the Peqiin
fault (Cohen, 1988). This dramatic jump is caused by the young vertical offset along
the Peqiin fault.
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The topographic relations between the Peqi'in and the Zurim fault systems point at the
following sequence of tectonic activity: (a) practically pure lateral movement along the
Peqi’in fault during the early and middle Miocene, (b) Vertical displacement along the
Zurim fault system (with a shift of activity from east to west) and the formation of the
Zurim escarpment, and () vertical movement along the northern segment of Peqi'in

fault and the formation of the Peqi’in escarpment.
Station 5 m Givat Zakif
view point and introduction to relay ramps (Figs. 17 and 18).

In this station we view three relay ramps at different stages of development along the

western Zurim escarpment.

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

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

breaching fault.

We recognize three relay ramps at different stages of development along the western
Zurim escarpment: (A) A western ramp above the villages of Majd-El-Kurum, B'ina,
and Dir-El-Asad, (B) a central ramp above the village of Nahef, and (C) an eastern
ramp above the village of Sajur. Ramps B and C present typical relay ramps in which
the ratio of length to width is >1. The mean ratio of length to width determined from
hundreds of ramps is ~3.5 (Peacock, 2003). Ramp C is breached at the bottom and the
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Fig. 17: Upper panels: Two stages in relay ramp development (modified from Crider and
Peacock, 2004). A. Relay ramp developed between two stepping normal faults. The ramp
includes monoclines above the buried tips of the faults. B. Breached relay ramp. The
normal faults are connected and form a single irregular fault. Lower panel: Air photo of
western Zurim escarpment. Relay ramps marked by letters corresponding to text. Average
dip of each ramp and regional inclination are marked. Main traces of faults marked by
solid red lines. Dashed red lines mark inferred projection of buried fault trace.
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middle by a normal faults which are expressed by exposed fault scarps suggesting
relatively young activity. Ramp B is elongated and is not breached in spite of the
extended overlap between the offset faults. In the next two stations we focus on ramp
A.

Relay ramp A

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

200-400 meters below the surface.

We analyzed the structure of Relay-ramp A as a fault-fold System (Withjack et al., 1990;
Vendeville et al,, 1995; Reches and Zoback, 1996; Hardy and McClay, 1999) using a
dislocation model in a linear-elastic medium (DIS3D; Erickson, 1987) to constrain the
deformation involved in the development of the structure. The geometry analysis,
based on Busk (1957), suggests that the fault’s upper tip reaches a few hundred meters
below surface. We used this depth in the elastic fault-fold model where the subsurface
fault is represented by an edge dislocation in a semi-infinite elastic medium. The
approach was to test different dislocation geometries and mechanics (simulating the
blind-fault) until a best-fit is achieved between the simulated deformed surface area and
the structural field measurements. Input geometry and mechanics for the dislocation
model are set to match field observations from the Galilee area. We obtained close
agreement with the geometry of the fold with d ~ h (where h is fault tip depth and
d is fault displacement). The d value was generally validated using field observation
(Freund, 1970). This simulation shows that the folding might be a consequence of
deformation above the tip of a blind normal fault tip which reaches only a few hundred
meters below surface. This fault-fold geometry is typical to relay ramps. The high slip
relatively to depth clearly violates the assumptions of small deformation, and indeed
in meso-scale the rock deformation is not elastic: widespread fractures and small folds

are observed. Still, the agreement between the predicted surface displacement and the
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Fig. 18: Air photo of relay ramp (A). Dip measurement transects are marked with orange
lines. Faults are marked with pink lines. B. Transect along the southern side of the ramp
(corresponds to transect B) above the buried tip of the southern normal fault. C Transect
along the eastern side of the ramp showing a fold superimposed on the ramp (corresponds
to transect E). No vertical exaggeration. D. Photo of transect E. The results indicate that the
buried tips of the faults are located 200-400 meters below the surface (green dashed lines
in B and C). Lower cross section: Mechanical analysis of Relay-ramp A (using DIS3D) with
comparison to structural-analysis (using Busk, 1957). Dip of the analyzed dislocations is
set to 65° (Freund, 1970). Fault down-dip length equals the sedimentary sequence depth,
~5000m (May, 1987). Poisson ratio is set to 0.2. A. Model geometry. Z is the vertical axis
where Z = 0 represents the surface before fault-slip; X is the horizontal axis (in the fault
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dip direction); h is the depth of the fault upper tip; d is the normal fault slip on the fault.
Dashed line presents the model result (schematic), where the surface, initially at Z = 0,
displaced as a consequence of slip on the fault. B. Calculated surfaces as a result of 100m
to 500m displacement (d) on a dislocation with an upper tip at depths (h) of 300m. Also
shown are the structural cross sections that resulted from the analysis (cross sections AA,
BB, CC’). The calculated line displacements over the upper fault tip at z =0 show that the
curvature of the surface increases with increasing displacement on the dislocation. At a
constant h (h = 300m), a minor curvature is displayed when d = 100m and a curvature
amplitude of ~90m (above z = 0 line) when d = 500m. The best fit between model results
and field observation is achieved with displacements of 300 to 400 meters.

reconstructed profile suggests that our elastic model yielded a fair estimation of the

deformation associated with the development of the relay ramp.
Station 6 m Majed El Kurum
The evolution of a relay ramp (Fig. 19).

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

tip of the southern boundary fault.
Paleomagnetic analysis

We use paleomagnetic measurements to test the hypothesis that the increasing angle
of the wedges is a result of the development of the relay ramp. We separately sampled
each of the coluvial wedges as well as the matrix of the fractured bedrock. This matrix
is the same material as the cement in the coluvial wedges. Our working hypothesis
includes two assumptions: (1) The coluvial wedges were initially deposited at or near
the angle of repose (~30°), and (2) The expected inclination is Pleistocene-present
geocentric axial dipole field (GAD), which is 52° for the location’s present latitude. If so,

southward tilt may create inclination anomalies (DI=],esured-Lexpectes)- The end member
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for DI are: (1) magnetization predates tilting of each wedge. In this case inclination
anomaly would reflect the entire tilt angle, and (2) magnetization postdates tectonic
tilt. In this case DI would be insignificant. If magnetization is sin-tectonic, DI could
vary between zero and the maximum value which is the difference between the

maximum tilt of each bed and the angle of repose (30°)(DI ,,,,=0bserved dip - 30°).

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

The Turonian limestone bedrock samples show a weak and unstable magnetic signal.
This lithology is the source of the fragments in the coluvial wedges. Samples taken
from the wedges and from bedrock fractures are magnetically stable and show similar
behavior in both AF and thermal demagnetization experiments. These samples are
characterized by: (1) strong NRM intensity in the order of 10A/m - 102A/m, (2)
presence of two magnetic phases: one with a blocking temperatures below 150°C and
another with blocking temperatures between 150°C to 300°C, (3) a viscous component
that is removed after 10mT or 100°C, and (4) median destructive field (MDF) of
15mT-20mT in single component samples (Fig. 6). This behavior suggests maghemite
(g-Fe,O3) and goethite (aFeOOH) as the dominant magnetic carriers, and NRM that is
mainly a chemical remnant magnetization (CRM) in origin rather than depositional
(DRM). Maximum angle deviation (MAD) (Kirschvink, 1980) of the Characteristic
Remnant Magnetization (ChRM) is usually less then 3°, allowing determination of the

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

differ from the mean direction of the bedrock fractures.

Mean inclination of the carbonate fill in the Turonian bedrock fractures (BR) is
32.9°+3.3°. The distribution of the magnetic vectors of wedges 1, 2, and 4 (Wy40.4) are
indistinguishable with a mean inclination of 41.0°+1.8° (Table 2, Fig. 6). Error limits
define 95% confidence region calculated using Demarest method (Demarest, 1983).
Inclination anomalies (DI) are 19.4°+3.3° and 11.3°+1.8° for BR and Wy.,.,, respectively.
These anomalies reflect only part of the tilt, suggesting that magnetic acquisition
process is sin-tectonic. Both inclination anomalies and paleomagnetic directions are

in agreement with the expected trend of increasing southward tilt.
OSL age determination

We collected 3 samples for optically stimulated luminescence (OSL) dating. Samples
from wedges 1 and 2 (MK1 and MK2) yielded ages of 461+75 ka and 354+74 ka,
respectively (Table 3). However, these samples might be saturated and ages could

represent only minimum ones. Wedge 5 yielded an age of 17622 ka.

We combine structural data, paleomagnetic measurements, OSL dating, and field
observations to construct a temporal framework for the development of the relay ramp.
The expected structure of a relay ramp generally includes the primary tilted regionin a
direction parallel to the bounding faults and a secondary fold over the buried tip of the
lower blind normal fault (Crider and Peackok, 2004). Field observations and structural

reconstructions indicate the existence of a complex fold structure between the two



54%* Ari Matmon, Yehuda Eyal and Shalev Siman-Tov

overlapping normal faults along the western part of the Zurim Escarpment (Fig. 3).
Cretaceous bedrock units show both the expected primary and secondary structures:
the beds are tilted to the east, parallel to the direction of the bounding faults, a sharp
fold is observed above the southern normal blind fault, and a flexure is also evident at
the eastern end of the ramp suggesting the subsurface proximity of a breaching fault.
The studied coluvial wedges are located above the assumed buried tip of southern
fault that bounds relay ramp A where a fold is expected (Crider and Peackok, 2004).
The geometry of these coluvial wedges indicates that they were deposited on the flank
of a developing fold. As expected, these coluvial wedges increase their angle with age
since they participate in the growth of the fold and their thickness increases down
slope since they are deposited on a slope that is greater than the angle of repose. We,
thus, see them as the surface expression of deformation and attribute their present

geometry to the propagation of the buried relay ramp-bounding fault.

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

Timing of tilting

The paleomagnetic data and OSL ages provide temporal constraints for timing and
rate of tilting. OSL age of Wedge (5), which lies at the angle of repose (30°), is 176+22 ka.
This age provides the upper, younger age for termination of tilting. OSL age of wedge
(1) is at the limit of the luminescence method, and can only provide the upper, younger
age for initiation of tilting (46175 ka). The fact that all paleomagnetic directions are
with normal polarity suggests that the magnetic signal is younger than Bruhns-
Matuyama boundary (780 ka, Zett and Obradovich, 1994). This age can provide the

lower, older age for the initiation of tilting. Thus, tilting probably initiated between
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Fig. 19: An excavation into the lower slope of the Zurim escarpment above a defined
normal fault segment (west of Majd-El-Kurum, relay ramp A) exposed a sequence of six
distinguishable coluvial wedges deposited on top of the Cretaceous bedrock (labeled
with blue numbers). The wedges rest at angles successively decreasing from 67° at the
bottom to 30° at the top (labeled with black numbers). The lower four wedges are well-
lithified. The fifth and thickest wedge is moderately lithified, and the coluvial layer at the
surface is unconsolidated. Paleomagnetic analyses from wedges 1, 2, and 4 suggest that
all wedges acquired their magnetic signal after the Bruhns-Matuyama transition (<0.78
Ma). OSL dating indicates that wedges 1 and 2 are older than 300 ka and that wedge 5
is ~170 ka. Upper inset photo: location of quarry on the escarpment slope. Lower inset
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photo: breccia and carbonate matrix of coluvial wedge 1. Paleomagnetic plots: right plots:
representative orthogonal vector plots of both AF and thermal demagnetization. Viscous
component is removed after 10mT or 100° Left plot: normalized intensity (J/Jo) presented
both on linear and semi-log scale. Different slopes in the semi-log scale demonstrate
two magnetic phases with blocking temperatures below 150° and above 150° B. Lower
hemisphere equal area projection of paleomagnetic means and 95% confidence circles
summarized in table 1. GAD field direction is represented by a solid diamond. Left figure:
confidence circles of wedges (1), (2) and (4) overlap. Right figure: wedges (1), (2) and (4)
are treated as one paleomagnetic unit with a confidence circle that differs from BR. C.
bootstrap test for common mean (Tauxe et al., 1991). W1-W4: wedges (1)-(4); BR: bedrock
fractures. The plots show cumulative distribution of the Cartesian components of the
bootstrap means from 1000 para-sets. Also shown are bounds of intervals that include
95% confidence levels. Upper plots: common mean test for all rock units. Confidence
intervals overlap, and means cannot be distinguished; Lower plots: wedges (1), (2) and (4)
are treated as one paleomagnetic data set. Confidence interval differs from the bedrock
samples. Lower graph: Average slip rates along normal faults in the Galilee as a function
of temporal window. At 10° yr time frames a relative slip rate of 0.1 mm/yr is characteristic
of Galilee faults. Shorter time scales (10°-10° yr) are influenced by the proximity of seismic
events and presents faster slip rates. Numbers correspond to locations in table 4.

780 ka and 460 ka and terminated no later than 170 ka. The first option (from 780 ka to
170 ka) implies a tilting rate of 1°16 ky, and the second option (from 460 ka to 170 ka)
implies a tilting rate of 1%8 ky.

The termination of tilting on one hand and the absence of a connecting fault scarp
on the other may indicate that the relay ramp is in a state of transfer between
two deformation regimes: from a developing ramp during fault propagation to a
breached ramp. This relay ramp state implies that the bounding normal fault stopped
propagating and that its tip is very close to the surface. Analyses of the two western
transects (crossing the southern fault) support this interpretation and suggest that the
tip of the buried normal fault is only a few hundreds of meters (200-400) below the
surface (Fig. 3). Furthermore, analyses of the eastern transects also suggests that a
fault underlies the relay ramp and that its tip is also 200-400 meters below the surface.
Combined, these analyses suggest that the relay ramp might be close to being breached
by a connecting fault. Such geometry could explain the termination of tilting along the

southern flank of the relay ramp.
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The results of the mechanical model imply a displacement on the southern bounding
fault of 300-400m (Fig. 5). When this normal displacement is considered together with
the temporal framework of 300 ky -600 ky of activity implied by the OSL dating of the
tilted coluvial wedges, maximum average displacement rates that range between 0.5
mm yr!and 1.33 mm yr'! are derived. An interesting temporal pattern of displacement
rates appears when slip rates calculated in this study are compared with other rates
calculated along other normal faults in the Galilee over various time spans (Table
4, Fig. 7). An average slip rate of 0.85 mm/yr over the past 12 ky is calculated from
cosmogenic 3*Cl exposure ages at the Nahaf east fault (Gran et al.,, 2001). An average
slip rate of 0.15 mm yr! is calculated from the offset of ~1.7 Ma basalts in the eastern
Upper Galilee (Mor et al., 1987) and an average slip rates of 0.1 mm yr is calculated
from displaced Pliocene basalt flows along the Turan fault and Haon escarpment for
the past ~4 Ma (Heimann et al., 1996; Mor, 1993; Shaliv, 1991; Matmon et al., 2000). A
slip rate of ~0.1 mm yr' is also calculated from displaced basalts for the past 6 Ma
along the Gilboa fault (Shaliv, 1991). An apparent increase in slip rate is recognized
with narrowing of the observed time window. However, we do not think that slip rates
have actually increased with time. The 10° yr time frame is sufficient to express the
actual average slip rate without being influenced by recent periods of either fast or slow
seismic activity. Calculated slip rates over shorter periods (10%-10° yr) are influenced
by individual or clustered seismic events and thus show faster slip rates. The data
supports a seismic pattern that includes short periods of intense activity alternating
with long periods of tectonic quiescence. With time, the ratio between active and quiet

periods decrease and the calculated slip rate decreases as well.

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

In this study we carried out a spatial and temporal analysis of a kilometer-scale relay
ramp structure exposed in the Zurim escarpment, an extensional terrain in northern
Israel. Structural mapping of the ramp indicates an asymmetric fold with fold-axis

situated along the unexposed continuation of the down-ramp boundary normal fault.
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Both analyses and a 2D mechanical simulations suggest that the buried tip of the fault

is only a few hundred meters below the surface on the verge of breaching.

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

tectonic tilt.

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

periods of intense tectonic activity alternating with long periods of tectonic quiescence.
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