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Abstract	
	

We	 calculated	 the	 stress	 evolution	 for	 the	 central	 part	 of	 the	 Dead	 Sea	 Fault	 System	 (30.5°N–34.5°N)	 from	 551	 to	 2005	
through	modelling	 the	static	 stress	changes	due	 to	14	historical	earthquakes	with	 6.0	superimposed	by	 tectonic	 loading	
from	relative	plate	motion.	From	the	results	of	our	numerical	models,	we	identified	two	segments	with	high	positive	changes	in	
Coulomb	failure	stress	(ΔCFS)	exceeding	4	MPa,	a	∼90‐km‐long	segment	of	the	Jordan	Fault	south	of	the	Sea	of	Galilee	and	a	∼30‐
km‐long	segment	east	of	the	Dead	Sea.	These	segments	could	result	in	 7.4	and	 6.8	earthquakes,	respectively.	In	con‐
trast	to	similar	stress	evolution	models	of	other	continental	transform	faults,	our	results	support	only	partly	the	hypothesis	that	
coseismically	 induced	static	stress	changes	control	the	spatial	succession	of	earthquakes.	We	calculated	on	each	rupture	plane	
the	mean	of	ΔCFS	and	the	maximum	ΔCFS	due	to	the	stress	changes	of	all	preceding	earthquakes.	The	results	of	the	calculated	
mean	ΔCFS	values	reveal	that	only	6	out	of	13	earthquakes	could	have	been	triggered	the	subsequent	earthquake.	From	the	anal‐
ysis	of	the	maximum	ΔCFS	values,	we	find	that	8	out	of	13	earthquakes	could	have	triggered	the	subsequent	earthquake.	Since	
our	model	 results	are	sensitive	 to	 location	and	magnitude	of	historical	earthquakes	and	 the	 tectonic	 loading	rates	of	 the	 fault	
segments,	 we	 emphasize	 the	 need	 for	 further	 paleoseismological	 studies	 and	 current	 slip	 rate	 estimation	 from	 continuously	
observing	GPS	arrays	and	geological	 investigations.	Taking	into	account	that	six	 large	cities	(Beirut,	Damascus,	Haifa,	Tel	Aviv,	
Amman,	and	Jerusalem)	are	in	close	proximity	with	distances	between	30	and	150	km	to	the	Jordan	segment,	the	seismic	risk	is	
probably	higher	than	accounted	before.	
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1.	Introduction	
	

Seismic	hazard	and	 its	variation	 in	 time	is	 linked	to	
the	 contemporary	 state	 of	 stress	 of	 seismically	 active	
fault	 systems.	 The	 stress	 evolution	 of	 a	 fault	 is	mainly	
controlled	by	the	tectonic	loading	rate	due	to	plate	mo‐
tion	and	 stress	perturbations	 induced	by	 co‐	 and	post‐
seismic	 stress	 transfer	 [1,	 2].	Models	 incorporating	 co‐
seismically	 induced	 static	 stress	 changes	 and	 tectonic	
loading	have	been	successfully	applied	to	explain	earth‐
quake	 sequences,	 e.g.	 along	 the	 East	 Anatolian	 Fault	
system	[3],	in	western	Turkey	[4],	along	the	North	Ana‐
tolian	Fault	system	[5–7]	and	in	Southern	California	[8–

10].	 These	 findings	 contributed	 fundamental	 infor‐
mation	 for	 the	 estimation	 of	 earthquake	 probabilities	
and	 seismic	 hazard	 assessment,	 e.g.	 for	 the	 Marmara	
region	 south	of	 Istanbul,	where	 a	 strong	 earthquake	 is	
expected	[5,	11,	12],	and	for	Southern	California	[13].	In	
contrast	 to	 these	 regions,	 where	 sequences	 of	 strong	
earthquakes	 have	 been	 observed	 in	 the	 last	 century,	
seismic	records	of	the	same	period	from	the	central	part	
of	 the	 Dead	 Sea	 Fault	 System	 (DSFS)	 between	 30.5°N	
and	34.5°N	exhibit	only	two	earthquakes	with	 6.0:	
The	 1927	 earthquake	 ( 6.2)	 at	 the	 north‐western	
rim	of	the	Dead	Sea	and	the	1956	earthquake	( 6.0)	
southwest	of	Beirut	(Fig.	1).	The	last	strong	earthquake	
took	place	in	1837	( 7.4)	in	the	Hula	basin	north	of	
the	 Sea	 of	 Galilee.	 The	 long	 recurrence	 intervals	 for	
strong	earthquakes	 in	 the	order	of	10 –10 	years	 [14–
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18]	 are	 due	 to	 low	 slip	 rates	 along	 the	 various	 DSFS	
segments	 between	 1	 and	 7	 mm/yr	 [19–23].	 However,	
the	 dense	 population	 since	 historical	 times	 as	 well	 as	
several	paleoseismological	and	archaeological	investiga‐
tions	provide	comprehensive	catalogues	of	large	histor‐
ical	earthquakes	for	the	last	2000	years	[14,	15,	18,	19,	
24–32].	Taking	into	account	that	six	major	cities	(Beirut,	
Damascus,	Haifa,	 Tel	Aviv,	Amman,	 and	 Jerusalem)	are	
located	 close	 to	 the	DSFS	 (<50	 km),	 the	 analysis	 of	 its	
stress	 evolution	 provides	 fundamental	 information	 for	
the	evaluation	of	seismic	hazard	and	seismic	risk.	

Here	we	present	a	numerical	model	for	the	evolution	
of	stress	along	the	central	DSFS	(30.5°N–34.5°N)	for	the	
last	1450	years	 including	coseismic	stress	changes	due	
to	a	sequence	of	14	 6.0	earthquakes	and	 tectonic	
loading	 due	 to	 plate	 motion.	 We	 test	 the	 hypothesis	

whether	the	earthquake	sequence	could	have	been	trig‐
gered	by	the	coseismically	induced	static	stress	changes.	
We	 also	 calculate	 the	 evolution	 of	 stress	 in	 terms	 of	
changes	 of	 Coulomb	 failure	 stress	 (ΔCFS)	 for	 different	
time	steps	taking	 into	account	the	varying	strike	of	the	
fault	segments.	The	final	time	step	in	the	year	2005	(of	
the	numerical	stress	evolution	calculations)	reveals	the	
current	 state	 of	 stress	 and	 enables	 us	 to	 assess	 the	
seismic	hazard	for	individual	fault	segments.	
	
	
2.	Neotectonics	and	historical	seismicity	
	

The	DSFS	represents	a	continental	left‐lateral	strike–
slip	fault	system	which	separates	the	Arabia	plate	from	
the	 Africa	 plate	 (Fig.	1).	 A	 displacement	 of	 105	 km	

Figure	1.	Recorded	seismicity	of	the	study	area	from	1900	to	2002	(Geophysical	Institute	of	Israel,	available	online	at	http://www.gii.co.il).	Black
lines	 are	 the	 active	 faults.	Abbreviations	 are:	AF	=	Akar	Fault,	ArF	=	Arava	Fault,	 CF	=	Carmel	Fault,	DSF	=	Dead	Sea	Fault,	HF	=	Hasbaya	Fault,
HuF	=	Hula	 Fault,	 JF	=	Jordan	 Fault,	 JG	=	Jordan	 Gorge,	 KF	=	Kinnereth	 Fault,	 RoF	=	Roum	 Fault,	 RF	=	Rachaiya	 Fault,	 SF	=	Serghaya	 Fault,
YF	=	Yammouneh	Fault.	The	locations	of	the	two	 6.0	earthquakes	from	the	20th	century	are	indicated	by	the	year	numbers.
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occurred	 along	 this	 1000‐km‐long	 boundary	 since	 the	
late	 Miocene	 [33].	 Our	 study	 area	 is	 the	 central	 part,	
from	30.5°N	 to	34.5°N,	 including	 the	Dead	Sea	and	 the	
Sea	of	Galilee	connected	by	the	Jordan	Fault.	At	the	Dead	
Sea,	the	Jordan	fault	splits	into	a	western	and	a	eastern	
segment	 separated	 by	 the	 Dead	 Sea	 pull‐apart	 basin.	
Further	south,	the	Arava	Fault	connects	the	DSFS	to	the	
Gulf	of	Aqaba	[34].	North	of	the	Sea	of	Galilee,	the	DSFS	
splits	 into	 several	 branches.	 From	 west	 to	 east	 these	
branches	 are:	 the	 Roum	 Fault,	 the	 Yammouneh	 Fault,	
the	Hasbaya	Fault,	the	Rachaiya	Fault,	and	the	Serghaya	
Fault	(Fig.	1).	
	
2.1.	Fault	kinematics	
	

It	has	been	recognized	 that	 the	 total	 left‐lateral	 slip	
of	∼105	km	south	of	the	Sea	of	Galilee	is	not	older	than	
18	Ma	 [33,	 35,	 36].	 This	 gives	 a	minimum	 slip	 rate	 of	

5.8	mm/yr.	A	review	of	the	overall	DSFS	kinematics	for	
the	last	∼5	Ma	from	Westaway	[37]	states	that	the	sys‐
tem	had	an	average	slip	rate	of	∼7	mm/yr.	For	the	Late	
Pleistocene	and	Holocene	Klinger	et	al.	[23]	estimated	a	
slip	 rate	 of	 4.0±2	mm/yr	 for	 the	 Arava	 Fault	 between	
the	 Gulf	 of	 Aqaba	 and	 the	 Dead	 Sea.	 From	 continuous	
GPS	observations	in	Israel	and	Jordan,	Wdowinski	et	al.	
[20]	observed	a	contemporary	slip	rate	of	3.3±4	mm/yr	
for	the	Jordan	Fault.	

Further	north	Meghraoui	et	al.	[32]	found	a	slip	rate	
of	6.9±0.1	mm/yr	for	the	Missyaf	segment	in	Syria	north	
of	 the	 Yammouneh	 Fault	 from	 paleoseismologic	 and	
archaeological	evidence.	This	is	slightly	higher	than	the	
Late	 Pleistocene–Holocene	 slip	 rate	 of	 3.8–6.4	 mm/yr	
for	the	Yammouneh	Fault	from	Daëron	et	al.	[38].	How‐
ever,	 the	 findings	of	Meghraoui	et	al.	 [32]	 represent	an	
average	slip	rate	 from	∼2000	years	 including	a	succes‐
sion	of	four	strong	earthquakes,	and	thus	probably	rep‐

Figure	2.	Location	and	year	date	of	the	14	historical	earthquakes	( 6.0)	along	the	Dead	Sea	Fault	System	(DSFS)	of	the	last	1500	years	(for
details	see	Table	1).	Dashed	circles	indicate	the	locations	after	shifting	the	epicentres	onto	the	nearest	major	active	fault.	
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resents	an	upper	bound.	
These	findings	contradict	the	older	results	which	as‐

sume	 that	 the	 Yammouneh	 Fault	 as	 well	 as	 the	 faults	
further	east	(Hasbaya	Fault,	Rachaiya	Fault,	and	Sergha‐
ya	Fault)	are	inactive	[22,	39].	This	is	also	in	contrast	to	
the	 findings	 of	 Gomez	 et	al.	 [40].	 They	 find	 from	 the	
analysis	of	Late	Pleistocene	and	Holocene	lake	deposits	
slip	rates	between	1	and	2	mm/yr	on	the	Serghaya	Fault	
including	large	offsets	from	historical	earthquakes.	

Walley	[41]	states	that	the	Yammouneh	Fault	shows,	
in	 recent	geological	 times,	 small	 slip	 rates	between	0.8	
and	1.6	mm/yr.	He	proposes	that	the	faults	further	east	
have	 been	 active	 in	 Pre‐Pliocene,	 but	 that	 the	 activity	
shifted	to	the	Roum	Fault.	The	Roum	Fault	is	the	north‐
ern	prolongation	of	the	DSFS	and	strikes	N10°W	(Fig.	1).	
Even	though	its	surface	trace	disappears	south	of	Beirut	
it	 shows	 recent	 tectonic	 activity	 [42].	 River	 channel	
displacements	for	the	last	5	Ma	reveal	offsets	of	∼8	km	
in	the	south	and	smaller	ones	in	the	order	of	a	few	kilo‐
metres	 in	 the	 north	 [42,	 43].	 This	 would	 give	 a	 maxi‐
mum	slip	 rate	of	 1.6	mm/yr	 for	 the	Roum	Fault.	 Thus,	
the	Roum	Fault	can	take	up	only	a	minor	portion	of	the	
total	 relative	 plate	 motion	 of	 ∼5	 mm/yr	 between	 the	
Arabia	plate	and	the	Africa	plate.	

We	assume	for	our	model	that	the	Yammouneh	Fault	
is	 the	 most	 active	 fault	 with	 slip	 rates	 of	 3–4	 mm/yr.	
The	Roum	Fault	 and	 the	Serghaya	Fault	 are	 less	active	
and	have	slip	rates	of	∼1	mm/yr,	whereas	the	Hasbaya	
Fault	and	the	Rachaiya	Fault	are	assumed	to	be	inactive.	

South	of	 this	complex	system	 the	 Jordan	Gauge,	 the	
small	 fault	 segment	 just	 north	 of	 the	 Sea	 of	 Galilee,	
shows	 a	 minimum	 slip	 rates	 for	 the	 Holocene	 of	 3	
mm/yr	[19]	which	fits	to	the	geodetically	observed	slip	
rate	 of	 3.3±0.4	mm/yr	 [20].	 Another	 seismically	 active	
fault	 is	 the	Carmel	Fault.	 It	strikes	N40°W,	starts	north	
of	 the	Dead	 Sea,	 and	 continues	 offshore	 crossing	Haifa	
Bay	 [44,	 45]	 (Fig.	1).	 Here	 we	 assume	 a	 slip	 rate	 of	
1	mm/yr	for	our	model.	
	
2.2.	Historical	earthquakes	
	

Besides	 the	 instrumentally	 recorded	earthquakes	of	
the	years	1927	and	1956	we	compiled	historical	earth‐
quakes	using	various	catalogues	from	year	551	onwards	
[14,	15,	18,	24–27,	29].	In	total	we	identified	14	histori‐
cal	 earthquakes	with	 6.0	 (Fig.	2	 and	Table	1).	We	
are	aware	that	these	compilations	have	limited	accuracy	
with	 respect	 to	 the	 given	 epicentre	 location	 and	 the	
estimated	 magnitude	 from	 the	 observed	 intensities.	
Furthermore,	the	publications	on	historical	earthquakes	
are	 not	 consistent	 since	 they	 account	 for	 different	 his‐
torical	 documents	 and	 their	 interpretations.	Our	 selec‐

tion	 of	 earthquake	 location	 and	 magnitude	 is	 not	 an	
attempt	 to	 compile	 a	 new	 catalogue,	 but	 a	 selection	 of	
historical	earthquake	data	where	the	majority	of	publi‐
cations	 are	 in	 agreement.	 The	 data	 for	 the	 historical	
earthquakes	used	 for	 the	modelling	are	summarized	 in	
Table	1.	

Since	no	detailed	source	mechanisms	are	known	for	
historical	earthquakes,	we	made	the	following	assump‐
tions:	 (1)	They	occurred	along	 the	known	major	active	
faults.	 We	 projected	 the	 epicentres	 onto	 the	 nearest	
major	 active	 fault	 following	 the	 findings	 of	 Garfunkel	
[21]	and	Ambraseys	and	Jackson	[46]	who	found	a	good	
correlation	of	large	earthquakes	with	major	active	faults	
in	 the	 region	 (Fig.	 2).	 The	mean	 relocation	 distance	 of	
∼10	km	 indicates	 that	 this	 is	a	 reasonable	assumption.	
(2)	 The	 slip	 directions	 of	 the	 earthquakes	 follow	 the	
strike	of	the	associated	faults	and	are	horizontal.	(3)	The	
dip	of	 the	 faults	 is	 vertical	which	 is	 in	 agreement	with	
the	 available	 focal	 mechanisms	 solutions	 of	 recorded	
smaller	 earthquakes	 [47,48].	 (4)	 The	 locking	 depth	 is	

	 12.5	 km	 and	 defines	 the	 vertical	 extension	 of	 the	
rupture	plane	 for	all	earthquakes.	This	 is	 in	agreement	
with	average	 focal	depths	of	8.7	km	for	earthquakes	 in	
the	 study	 area	 with	 3.0	 recorded	 in	 the	 period	
from	1982	to	2002	(Israel	seismological	network	of	the	
Geophysical	 Institute	 of	 Israel,	 available	 online	 at	
http://www.gii.co.il).	(5)	The	slip	distribution	along	the	
rupture	 plane	 is	 uniform	 and	 bi‐directional	 from	 the	
epicentre	 for	 all	 earthquakes,	 except	 the	 551	 and	 the	
1837	earthquake.	

For	the	551	earthquake	we	extend	the	rupture	plane	
only	 in	 southern	direction	 from	the	 reported	epicentre	
since	no	fault	trace	has	been	detected	offshore	[42,	43].	

Table	1	
Model	parameters	for	the	historical	earthquakes	

Year	
(AD)	

Lat.	
(deg	N)	

Lon.	
(deg	E)	

	 a	
(km)	

b	
(m)	

551	 33.9	 35.5	 7.5	 115	 3.8	
749	 32.0	 35.5	 7.3	 79	 2.8	
991	 33.3	 36.2	 6.7	 25	 1.1	
1033	 32.4	 35.5	 6.7	 25	 1.1	
1202	 33.7	 36.0	 7.5	 115	 3.8	
1293	 31.0	 35.6	 6.8	 31	 1.3	
1458	 31.0	 35.5	 6.8	 31	 1.3	
1546	 32.0	 35.5	 7.0	 45	 1.7	
1759a	 33.1	 35.6	 6.8	 31	 1.3	
1759b	 33.7	 35.9	 7.4	 95	 3.2	
1834	 31.3	 35.6	 6.3	 12	 0.6	
1837	 33.2	 35.6	 7.1	 54	 2.0	
1927	 31.6	 35.4	 6.2	 11	 0.5	
1956	 33.35	 35.32	 6.0	 7	 0.4	

a	 Length	 of	 the	 ruptured	 fault	 segment	 assuming	 that	 	 ≈	 	 in	
case	only	 	was	given	in	the	sources.	

b	Displacement	along	the	fault	segment	assuming	a	locking	depth	
of	12.5	km.	
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For	 the	1837	earthquake,	we	extend	 the	 rupture	plane	
only	 in	northern	direction	along	 the	Yammouneh	Fault	
from	 the	 reported	 epicentre.	 Assuming	 that	 the	 Roum	
Fault	 and	 the	 Serghaya	 Fault	 are	 less	 active	 it	 is	more	
likely	 that	 the	 1837	 earthquake	 occurred	 on	 the	 Yam‐
mouneh	Fault.	An	alternative	 fault	could	have	been	the	
Jordan	 Gauge,	 but	 this	 is	 less	 likely	 since	 this	 is	 not	 a	
through‐going	structure	and	does	not	provide	the	need‐
ed	 rupture	 plane	 length	 of	 54	 km	 for	 the	 7.1	
earthquake.	 This	 assumption	 is	 in	 agreement	 with	
Marco	 et	al.	 [19].	 They	 assume	 that	 the	 two	 historical	
earthquakes	which	are	seen	in	their	paleoseismological	
trenches	crossing	the	Jordan	Gorge	are	the	1202	earth‐
quake	and	 the	1759a	earthquake.	Even	 though	Ambra‐
seys	[24]	states	that	there	is	no	clear	evidence	whether	
the	1837	earthquake	occurred	on	the	Roum	Fault	or	the	
Yammouneh	 Fault	we	 decided	 to	 place	 it	 on	 the	 latter	
since	(a)	the	slip	rates	on	the	Roum	Fault	are	too	small	
to	 accumulate	 enough	 strain	 after	 the	 551	 earthquake	
and	(b)	a	major	aftershocks	of	the	1837	occurred	slight‐
ly	east	of	the	Yammouneh	Fault	[24].	
	
	
3.	Stress	evolution	model	
	

To	model	 the	 static	 stress	 field	 changes	 due	 to	 the	
sequence	 of	 the	 14	 historical	 earthquakes	 and	 the	 tec‐
tonic	loading	we	applied	the	boundary	element	method	
for	a	3D	elastic	half	space	using	the	software	Poly3D	of	
Thomas	 [49].	 For	 the	DSFS	model	 geometry	we	 imple‐
mented	the	major	active	segments	and	neglected	small‐
er,	 presumably	 inactive	 fault	 branches	 such	 as	 the	
Hasbaya,	Kinnereth	[50],	and	Rachaiya	Fault	(Figs.	1	and	
2).	 For	 the	 tectonic	 loading	 we	 assume	 a	 slip	 rate	 of	
5	mm/yr	between	the	Africa	plate	and	the	Arabia	plate.	
Given	 the	 discussion	 in	 the	 previously	 presented	 fault	
kinematics	 section	 we	 assign	 to	 the	 Carmel	 Fault,	 the	
Roum	 Fault,	 and	 the	 Serghaya	 Fault	 a	 slip	 rate	 of	
1	mm/yr.	The	Yammouneh	Fault	 is	given	 slip	 rates	be‐
tween	3	and	5	mm/yr.	The	Arava	Fault	and	the	 Jordan	
Fault	is	given	a	slip	rate	of	5	mm/yr	and,	for	the	western	
and	eastern	fault	segments	along	the	Dead	Sea,	the	slip	
rates	 decrease	 from	 4	 mm/yr	 to	 0	 at	 the	 ends	 of	 the	
faults	(Fig.	4).	

The	second	boundary	condition	comes	 from	the	co‐
seismic	 slip	 on	 the	 rupture	 plane.	 The	 rupture	 plane	
length	 	is	calculated	with	the	empirical	formula	of	Am‐
braseys	and	Jackson	[46]	
	
log km 0.82 4.09	.	 (1)
	
The	coseismic	displacement	u	along	the	rupture	plane	is	

given	with	the	formula	
	

/ ∙ (2)
	
where	 	is	the	area	of	the	rupture	plane	( ),	 	the	
shear	modulus	 and	 	 the	 seismic	moment.	According	
to	 Ambraseys	 and	 Jackson	 [46],	 	 is	 given	 with	 the	
empirical	formula	
	
log 1.5 9.0 . (3)
	
The	 results	 of	 the	 calculations	 for	 the	 rupture	 plane	
lengths	 	 and	 the	 coseismic	 displacements	 	 for	 each	
earthquake	are	summarized	in	Table	1	and	represented	
in	Fig.	3.	

In	addition	to	the	coseismic	slip	of	the	earthquakes,	

Figure	3.	Epicentres	(stars)	and	rupture	 lengths	(grey	thick	 lines)	of
the	14	historical	 earthquakes	 along	 the	Dead	 Sea	 Fault	 System	 (thin
black	line).	The	average	coseismic	displacement	on	the	rupture	planes
is	calculated	from	Eqs.	(1)	and	(2)	in	the	text.	
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the	 ongoing	 relative	 movement	 between	 the	 Arabia	
plate	and	the	Africa	plate	produces	stress	loading	along	
the	seismogenic	part	of	the	fault,	i.e.	the	upper	12.5	km.	
We	model	 this	 tectonic	 loading	 by	 increasing	 the	 fault	
slip	 rates	 in	 steps	 of	 1	 mm/yr	 from	 zero	 at	 12.5	 km	
depth	 (locking	 depth	 )	 to	 the	 full	 relative	 displace‐
ment	 rate	 for	 each	 segment	 of	 the	 DSFS	 at	 17.5	 km	
depth.	From	17.5	to	100	km	depth	the	full	slip	rates	are	
applied	(Fig.	4).	

From	 the	 resulting	 stress	 field	of	 the	boundary	 ele‐
ment	model	we	 calculated	 the	 change	 of	 Coulomb	 fail‐
ure	 stress	 (ΔCFS)	 on	 the	 rupture	 plane	 of	 the	 subse‐
quent	 earthquake	 (Table	1).	 Reasenberg	 and	 Simpson	
[51]	define	ΔCFS	as		
	
∆CFS ∆ ′∆ 	 (4)
	
where	∆ 	 is	 the	change	 in	shear	stress	(positive	 in	slip	
direction	of	the	subsequent	earthquake),	∆ 	the	change	
of	 normal	 stress	 perpendicular	 to	 the	 rupture	plane	 of	
the	subsequent	earthquake	(negative	for	compression),	
and	 ′	the	apparent	coefficient	of	friction.	We	performed	
all	 calculations	with	 a	 shear	modulus	of	 33	GPa,	 a	
Poisson	ratio	of	0.25	for	the	3D	elastic	half	space,	and	an	
apparent	friction	coefficient	of	 0.4.	

In	contrast	 to	 the	commonly	used	ΔCFS	representa‐
tions	in	map	view	(e.g.,	[5,	7,	8]),	we	follow	the	concept	

of	 Nalbant	 et	al.	 [3]	 displaying	 ΔCFS	 only	 at	 the	 faults.	
These	ΔCFS	values	are	calculated	at	a	depth	of	6.25	km	
in	1‐km	spacing,	taking	into	account	the	varying	orienta‐
tion	 of	 the	 rupture	 plane.	 From	 these	 calculations,	 the	
stress	 evolution	 in	 terms	 of	 ΔCFS	 values	 at	 different	
stages	 of	 the	 historical	 earthquake	 sequence	 is	 dis‐
played	 in	 profiles	 along	 the	 fault	 strike	 of	 the	 various	
DSFS	segments	(Fig.	5).	
	
	
4.	Results	
	

We	 analysed	 the	 numerical	 model	 results	 for	 the	
evolution	of	stress	 from	two	different	perspectives:	(1)	
Stress	 triggering:	 Could	 the	 sum	 of	 the	 coseismically	
induced	stress	changes	from	the	preceding	earthquakes	
have	triggered	the	subsequent	earthquake?	(2)	Present‐
day	stress	state:	We	calculated	for	each	fault	segment	the	
present‐day	stress	state	considering	the	stress	evolution	
for	 the	 years	 551–2005	 including	 the	 tectonic	 loading	
and	the	coseismically	induced	static	stress	changes.	
	
4.1.	Static	stress	triggering	
	

From	the	coseismically	induced	stress	changes	of	the	
preceding	earthquakes	we	calculated	along	the	rupture	
plane	of	the	succeeding	earthquake	the	mean	ΔCFS	and	

Figure	4.	 3D	model	 sketch	 of	 the	 study	 area.	 The	 numbers	 at	 the	 various	 fault	 segments	 give	 the	 applied	 tectonic	 loading	 rate	 (slip	 rate)	 in
mm/yr	below	the	locking	depth	 	at	12.5	km.	
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the	 maximum	 ΔCFS	 value	 (Table	 2).	 The	 results	 are	
classified	according	to	the	following	scheme:	If	the	rup‐
ture	plane	of	 the	 succeeding	earthquake	experienced	a	
mean/maximum	 ΔCFS	 >	 0.1	 MPa	 the	 earthquake	 was	
classified	 as	 probably	 triggered	 by	 the	 static	 stress	
changes	 of	 the	 preceding	 earthquakes,	 while	 for	 a	
mean/max	ΔCFS	<	0.01	MPa	triggering	is	unlikely.	Given	
this	classification,	8	out	of	13	earthquakes	show	poten‐

tial	 triggering	due	 to	 the	maximum	ΔCFS	values,	 and	6	
out	 of	 13	 earthquakes	 due	 to	 mean	 ΔCFS	 values.	 The	
other	earthquakes	occur	 in	regions	with	negative	ΔCFS	
values	between	−0.03	and	−10.51	MPa	(Table	2).	
	
4.2.	Stress	evolution	
	

Evolution	 of	 stress	 along	 the	 DSFS	 is	 calculated	 for	

Figure	5.	Evolution	of	ΔCFS	for	five	fault	zones	along	the	Dead	Sea	Fault	System	(DSFS)	from	551	(ΔCFS=0)	to	2005.	In	order	to	suppress	unreal‐
istic	edge	effects	at	the	endings	of	each	rupture	plane,	the	five	last	points	are	smoothed.	Plotted	segments	are	shown	on	the	overview	maps	as
thick	 black	 lines.	 Lines	with	 increasing	 grey	 scale	 represent	 the	 stress	 state	 of	 the	 given	 year.	 Stars	 indicate	 the	 position	 of	 the	 earthquake.
Dashed	lines	are	the	0	ΔCFS	level	and	the	thin	grey	lines	in	panels	a	and	b	are	the	4	MPa	ΔCFS	level.	Note	the	increased	ΔCFS	values	in	year	2005
for	a	30‐km‐long	section	of	 the	eastern	Dead	Sea	Fault	(a)	and	a	90‐km‐long	section	 for	the	Jordan	Fault	(b)	which	could	according	to	Eq.	(1)
produce	 	=6.8	and	 	=7.4	earthquake,	respectively.	
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various	times	including	the	effect	of	tectonic	loading	and	
coseismically	 induced	 stress	 changes.	 Fig.	 5a–e	 display	
the	results	for	the	DSFS.	The	ΔCFS	values	for	the	stress	
evolution	 are	 also	 calculated	 in	 steps	 of	 1	 km,	 taking	
into	 account	 the	 varying	 orientations	 of	 the	 fault	 seg‐
ments.	

Fig.	5a	shows	the	results	for	the	Arava	Fault	and	the	
eastern	 part	 of	 the	Dead	 Sea	 Fault.	 The	 curves	 display	
the	unloading	effect	caused	by	the	1293,	1458	and	1837	
earthquake.	For	the	last	time	step	in	2005	the	northern	
part	of	this	segment	along	the	eastern	side	of	 the	Dead	

Sea	has	been	loaded	with	ΔCFS	>	4	MPa	over	a	length	of	
∼30	km.	According	to	Eq.	(1)	this	loading	could	result	in	
a	 6.8	earthquake.	The	high	stress	level	of	the	Ara‐
va	Fault	south	of	30.9°N	is	probably	artificial.	Historical	
earthquakes	such	as	the	1068	earthquake	with	 	>	6.6	
[52,	 53],	 which	 occurred	 outside	 the	model	 boundary,	
probably	unloaded	this	Arava	Fault	segment.	

Fig.	5b	displays	the	stress	evolution	for	the	western	
part	 of	 the	 Dead	 Sea	 Fault,	 the	 Jordan	 Fault	 and	 the	
Serghaya	Fault.	The	curves	show	the	unloading	effect	of	
the	749	earthquake	on	the	western	part	of	the	Dead	Sea	

Figure	5.	(continued).
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Fault	and	the	unloading	of	the	Serghaya	Fault	due	to	the	
1202	earthquake.	The	final	time	step	of	the	stress	evolu‐
tion	 in	 2005	 indicates	 that	 the	 central	 segment	 of	 the	
Jordan	 Fault	 has	 accumulated	 ΔCFS	 >	 4	 MPa	 over	 a	
length	of	∼90	km.	Following	Eq.	(1)	this	segment	might	
generate	a	 7.4	earthquake.	

Fig.	5c	and	d	give	the	stress	evolution	for	the	Carmel	
Fault	 and	 the	 Roum	 Fault,	 respectively.	 The	 Carmel	
Fault	shows	small	increases	in	positive	ΔCFS	values	over	
time	with	the	largest	increase	near	the	junction	with	the	
Jordan	Fault.	In	contrast	to	that,	the	Roum	Fault	is	fully	
unloaded.	 Due	 to	 the	 large	 551	 earthquake	 and	 the	

smaller	one	in	1956,	the	ΔCFS	<	−5	MPa	(Fig.	5d).	
Fig.	5e	 represents	 the	stress	evolution	 for	 the	Yam‐

mouneh	 Fault.	 Here	 the	major	 unloading	 effects	 result	
from	the	earthquakes	of	1759b	and	1837.	Thus,	the	final	
stage	 of	 stress	 evolution	 in	 2005	 reveals	 an	 unloaded	
southern	 part	 of	 the	 Yammouneh	 Fault	 with	 negative	
ΔCFS	values	of	∼−2.5	MPa	or	smaller.	North	of	34°	 the	
ΔCFS	values	 increase	 to	high	positive	values.	However,	
this	is	probably	an	artificial	result	due	to	the	proximity	
of	 the	 model	 boundary.	 The	 well‐documented	 large	
historical	earthquakes	in	the	12th	century	on	the	Gharb	
Fault	 [32,54]	 are	 located	 just	 north	 of	 our	 study	 area	
and	 probably	 unloaded	 the	 northern	 segment	 of	 the	
Yammouneh	Fault.	

The	 contemporary	 stress	 state	 in	 2005	 for	 all	 seg‐
ments	 is	 summarized	 in	 Fig.	6.	 The	 areas,	 which	 are	
probably	 affected	 by	 large	 earthquakes	 outside	 our	
model	 boundary,	 were	 removed	 from	 this	 figure.	 The	
map	 shows	 that	 a	∼90‐km‐long	 segment	 of	 the	 Jordan	
Fault	and	a	∼30‐km‐long	section	of	the	eastern	segment	
of	 the	 Dead	 Sea	 Fault	 have	 high	 potential	 for	 a	 future	
strong	earthquake.	Fig.	6	emphasizes	the	close	proximi‐
ty	of	several	large	cities	to	the	segments	with	high	ΔCFS	
values.	
	
	
5.	Discussion	
	

The	 static	 stress‐triggering	 hypothesis	 refers	 to	 the	
causal	 relationship	 between	 two	 subsequent	 earth‐
quakes.	This	hypothesis	has	been	successfully	tested	for	

Table	2	
Results	of	ΔCFS	analysis	

Year	 Triggereda	 Maximum	ΔCFSb	
(MPa)	

Triggereda	 Mean	ΔCFSc	
(MPa)	

551	 	 	 	 	
749	 +	 0.02	 +	 0.01	
991	 +	 0.35	 +	 0.09	
1033	 +	 2.72	 −	 −0.72	
1202	 +	 3.12	 +	 0.01	
1293	 +	 0.03	 +	 0.01	
1458	 −	 −0.03	 −	 −3.14	
1546	 −	 −2.54	 −	 −3.46	
1759a	 −	 −0.93	 −	 −4.92	
1759b	 +	 0.36	 −	 −0.33	
1834	 +	 0.49	 +	 0.32	
1837	 −	 −1.52	 −	 −3.59	
1927	 +	 4.75	 +	 0.06	
1956	 −	 −7.58	 −	 −10.51	

a	‘+’:	probable	triggering	due	to	the	preceding	earthquakes	assum‐
ing	a	threshold	value	of	ΔCFS	>	0.01	MPa;	‘−’:	ΔCFS	<	−0.01	MPa.	

b	Maximum	ΔCFS	value	along	the	rupture	plane	due	to	all	preced‐
ing	earthquakes.	

c	Mean	ΔCFS	 value	 along	 the	 rupture	plane	due	 to	 all	 preceding	
earthquakes.	

Figure	5.	(continued).
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a	 succession	 of	 earthquakes	 in	 several	 continental	
strike–slip	 systems	 such	 as	 the	 North	 Anatolian	 Fault,	
East	Anatolian	Fault	and	parts	of	the	San	Andreas	Fault	
[3–5,	 9,	 13].	 Stein	 et	al.	 [5]	 showed	 that	 9	 out	 of	 10	
earthquakes	 from	 a	 20th	 century	 sequence	 of	 major	
earthquakes	along	the	North	Anatolian	Fault	are	proba‐
bly	 triggered	 by	 their	 precursors.	 In	 their	 study,	 the	
positive	 ΔCFS	 values	 at	 the	 epicentre	 of	 the	 following	
earthquake	 were,	 on	 average,	 0.31	 MPa.	 Furthermore,	
none	of	the	epicentres	showed	negative	ΔCFS	values.	In	
contrast	to	these	findings,	our	ΔCFS	results	indicate	only	
limited	 interaction	 between	 the	 earthquakes	 due	 to	
static	stress	change.	Only	6	(mean	ΔCFS	values	along	the	
rupture	plane),	or	8	(maximum	ΔCFS	values	on	the	rup‐
ture	plane),	of	the	13	historical	earthquakes	can	be	ad‐
dressed	to	static	stress	triggering	assuming	a	threshold	
value	of	0.01	MPa	(Table	2).	In	our	model	the	remaining	
7	 (mean	ΔCFS),	 respectively	5	 (maximum	ΔCFS)	earth‐
quakes,	 are	 located	 in	 stress	 shadows,	 i.e.,	 in	 areas	
where	the	sum	of	the	coseismic	stress	changes	from	the	
preceding	 earthquakes	 is	 negative.	 The	 location	 of	 a	

large	earthquake	in	the	stress	shadow	of	the	preceding	
earthquakes	has	 also	 been	 detected	 for	 the	 1911	Mor‐
gan	Hill	 earthquake	 in	 the	San	Francisco	Bay	area	 [55]	
and	 an	 earthquake	 doublet	 from	 1997	 in	 Kagoshima,	
Japan	 [56].	 Furthermore,	 a	 recent	 global	 analysis	 of	
static	 stress	 triggering	 using	 shallow	 earthquakes	
(<50	km)	 of	 the	 CMT	 Harvard	 catalogue	 from	 1976–
2001	revealed	that	strike–slip	earthquakes	seem	less	in	
support	of	the	triggering	hypothesis	[57].	We	are	aware	
that	our	research	is	only	one	possible	scenario	of	stress	
evolution	due	 to	 the	high	uncertainties	 in	 location	 and	
magnitude	 of	 the	 historical	 earthquakes,	 local	 effects	
caused	by	the	probably	oversimplified	fault	geometry	of	
the	model,	and	the	assumed	slip	distribution	and	sense	
of	 slip.	 Thus,	 in	 the	 following	we	 discuss	 a	 number	 of	
possible	 ways	 to	 explain	 the	 deviation	 from	 the	 static	
stress‐triggering	hypothesis.	
	
(1) Large	uncertainties	in	location	and	magnitude	of	the	

historical	 earthquakes:	 This	 is	 a	 severe	 problem	
which	cannot	be	addressed	until	more	paleoseismo‐

Figure	6.	Present‐day	stress	state	of	the	Dead	Sea	Fault	System.	Displayed	are	the	cumulative	ΔCFS	values	calculated	for	the	varying	orientation
of	each	fault	 in	1‐km	steps.	The	ΔCFS	values	 include	the	coseismically	 induced	stress	changes	superimposed	by	the	stress	effect	 from	tectonic
loading	for	the	period	from	551	to	2005.	Note	the	large	positive	values	along	the	Jordan	Fault	and	the	eastern	segment	of	the	Dead	Sea	Fault.
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logical	and	archaeological	data	are	available.	For	in‐
stance,	 very	 recent	 findings	 from	 paleoseismologi‐
cal	 investigations	 along	 the	 Serghaya	 and	 Yam‐
mouneh	 Fault	 indicate	 that	 the	 1202	 earthquake	
probably	occurred	on	the	Yammouneh	Fault	and	the	
1759b	 earthquake	 on	 the	 Serghaya	 Fault	 [58].	We	
implemented	these	two	earthquakes	the	other	way	
around	 in	our	model	 following	our	model	 assump‐
tion	 to	 relocate	each	earthquake	 to	 the	nearest	ac‐
tive	fault	segment.	However,	this	does	not	influence	
the	final	present	stress	state	since	both	earthquakes	
differ	only	by	0.1	 in	magnitude	and	have	 the	 same	
latitude	 location.	 Thus,	 the	 stress	 evolution	 of	 the	
Yammouneh	 Fault	 and	 the	 Serghaya	 Fault	 would	
take	a	different	stress	evolution	path,	but	end	up	in	
the	 same	 final	 stress	 state	 as	 given	 in	 Fig.	 5b.	 An‐
other	open	question	is,	whether	the	551	earthquake	
occurred	(a)	offshore	on	an	undetected	thrust	Fault	
which	connects	the	Roum	Fault	and	the	Akar	Fault	
[59],	(b)	on	the	Roum	Fault	as	assumed	in	our	mod‐
el	 [25,	 27,	 43],	 or	 (c)	 on	 the	 Jordan	 segment	 [15].	
Future	 re‐locations	of	historical	 earthquakes	and	a	
re‐analysis	of	their	magnitudes	could	change	the	re‐
sults	of	both,	the	stress	evolution,	and	thus	the	pre‐
sent‐day	 stress	 state,	 and	 the	 assessment	 of	 the	
stress	triggering	hypothesis	along	the	DSFS.	

(2) Data	 gaps	 in	 the	 historical	 earthquake	 catalogue:	
This	is	relatively	unlikely	for	the	study	area	since	it	
has	 been	 always	 densely	 populated	 [14,15].	 A	
strong	 earthquake	 would	 have	 been	 described	 in	
historical	 documents	 and	 its	 impact	 would	 be	 re‐
flected	 in	historical	buildings	such	as	the	 impact	of	
the	earthquakes	1202,	1759a	and	1837	on	the	cru‐
sader	 castle	 Vadum	 Jacob	 situated	 on	 the	 Jordan	
Fault	 [31]	 or	 archaeological	 excavations	 of	 the	 old	
city	 of	 Tiberias	 located	 at	 the	 Sea	 of	 Galilee	 [30].	
However,	 it	 cannot	 be	 ruled	 out	 until	 a	 systematic	
investigation	 of	 the	 paleoseismicity	 in	 terms	 of	
trenches	 reveals	 more	 details	 on	 the	 historical	
seismic	record	along	all	fault	segments.	

(3) The	static	stress	transfer	is	not	the	major	control	for	
the	sequence	of	earthquakes	along	the	DSFS:	There	is	
either	 an	 alternative	 stress	 transfer	 process	which	
causes	 the	 earthquake	 sequence	 (e.g.	 visco‐elastic	
relaxation)	 or	 there	 is	 no	 coherence	 between	 the	
earthquakes	 in	 our	 study	 area;	 that	 is,	 the	 earth‐
quake	 sequence	 along	 the	 DSFS	 follows	 a	 Poisson	
distribution.	This	 excites	 the	question	whether	 the	
DSFS	is	different	in	structure	and/or	in	rheology	in	
comparison	 to	 other	 continental	 transform	 faults	
where	the	hypothesis	of	static	stress	triggering	has	
been	 tested	 successfully.	Major	 differences	 are	 the	

neotectonics,	 the	slip	rates,	and	 the	earthquake	re‐
currence	 rates.	 The	 latter	 two	 are	 approximately	
five	 times	 larger	 at	 the	 North	 Anatolian	 Fault	 [5,	
60].	However,	since	our	model	for	the	ΔCFS	analysis	
is	 time‐independent,	 the	 lower	 slip	 rate	 cannot	 be	
responsible	for	our	findings.	A	major	structural	dif‐
ference	compared	to	the	North	Anatolian	Faults,	the	
East	Anatolian	Faults,	and	the	San	Andreas	Fault	 is	
the	neotectonic	regime	of	the	DSFS.	The	tectonic	re‐
gime	changes	from	a	releasing	bend	where	the	pull‐
apart	basin	of	 the	Dead	Sea	Fault	has	been	 formed	
to	 the	 restraining	 bend	 of	 the	 Lebanon	 –	 Anti‐
Lebanon	 mountains.	 These	 two	 features	 are	 less	
than	200	km	apart,	have	major	influence	on	the	kin‐
ematics,	 and	probably	 control	 the	 unusual	 seismo‐
tectonics	of	the	DSFS.	

(4) Transient	 stress	 transfer:	 Transient	 stress	 changes	
due	 to	 visco‐elastic	 relaxation	processes	 are	 in	 the	
order	of	0.1–1.0	MPa	in	the	near	field	of	the	rupture	
plane	 on	 time	 scales	 varying	 in	 dependence	 of	 the	
viscosity	 of	 the	 lower	 crust	 and	 the	 upper	mantle	
from	a	few	years	[61,	62]	to	hundreds	of	years	[63].	
Lorenzo‐Martín	 et	al.	 [64]	 applied	 for	 their	 stress	
evolution	model	of	the	North	Anatolian	Fault	due	to	
the	 19th	 century	 strong	 earthquakes	 sequence	 a	
visco‐elastic	 rheology	 with	 a	 linear	 viscosity	 of	
5 10 	Pa	s	 for	 the	 lower	crust	and	10 	Pa	s	 for	
the	lower	crust.	The	resulting	transient	contribution	
to	the	stress	changes	e.g.	on	the	Düzce	segment	was	
in	average	0.2	MPa	 [64].	However,	 at	 the	DSFS	 the	
contribution	 from	 transient	 processes	 to	 the	 total	
stress	field	evolution	is	probably	small	since	the	ob‐
served	heat	flow	is	in	the	order	of	40	mW	m−2	indi‐
cating	 a	 strong	 lower	 crust	 with	 high	 viscosities	
[65].	 For	 large	 time	 scales	 (>100	 years)	 stresses	
from	tectonic	 loading	and	coseismic	stress	changes	
are	 probably	 predominant.	 For	 a	 fault	 slip	 rate	 of	
5	mm/yr,	the	tectonic	loading	produces	shear	stress	
rates	of	∼0.003	MPa/yr.	The	coseismically	 induced	
static	stress	changes	are	 in	the	order	of	∼5	MPa	in	
the	near‐field	earthquake	rupture	plane	[5].	

	
	
6.	Conclusions	
	

We	tested	the	static	stress	triggering	hypothesis	us‐
ing	 a	 sequence	 of	 14	 historical	 earthquakes	 along	 the	
central	part	of	 the	DSFS	and	 its	stress	evolution	cover‐
ing	 the	 time	period	 from	551	 to	 2005.	 The	 stress	 trig‐
gering	 analysis	 revealed	 that	 about	 half	 of	 the	 earth‐
quakes	 shows	 a	 possible	 triggering	 from	 the	 stress	
transfer	of	all	previous	earthquakes	assuming	a	thresh‐
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old	value	of	0.01	MPa.	The	present‐day	stress	state	indi‐
cates	that	the	Jordan	segment	has	the	highest	potential	
to	fail	next.	The	accumulated	ΔCFS	stresses	are	>4	MPa	
on	a	∼90	km	segment	which	could	result	 in	a	 	=	7.4	
earthquake.	 Since	 six	 major	 cities	 (Beirut,	 Damascus,	
Haifa,	 Tel	 Aviv,	 Amman,	 and	 Jerusalem),	 are	 in	 close	
proximity	at	distances	between	30	and	150	km	from	the	
Jordan	 segment,	 the	 seismic	 risk	 is	 probably	 under‐
estimated.	Given	 that	 the	 recurrence	 rates	 of	 devastat‐
ing	earthquakes	as	well	as	the	magnitudes	and	locations	
of	 historical	 earthquakes	 are	 most	 important	 for	 the	
seismic	 hazard	 assessment	 in	 the	 DSFS,	 it	 is	 crucial	 to	
raise	more	data	 in	order	 to	undertake	 a	more	detailed	
analysis	 of	 stress	 evolution	 including	 a	 quantitative	
analysis	 of	 the	 uncertainties	 of	 the	 presented	 stress	
evolution	model.	To	further	constrain	such	models,	and	
thus	the	seismic	hazard	potential,	it	is	absolutely	essen‐
tial	to	increase	the	research	on	contemporary	slip	rates,	
e.g.	from	a	dense	continuous	GPS	network,	estimation	of	
geological	 slip	 rates	 for	 the	 Late	 Palaeocene	 and	Holo‐
cene,	and	paleo‐seismological	research.	
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