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1.	Introduction	

1.1	Preamble		

This	thesis	 is	about	a	particular	type	of	plate	tectonic	boundary	(i.e.,	 the	STEP	fault)	
and	its	role	in	the	distributed	deformation	in	the	Mediterranean	plate	boundary	zone.	
In	section	1.2	I	describe	the	history	of	ideas	that	led	to	the	development	of	the	STEP	
fault	 concept	 as	 part	 of	 the	development	 of	 the	plate	 tectonics	 theory.	 Section	 1.3	
gives	 a	 brief	 overview	 of	 the	 kinematic	 observations	 that	 demonstrate	 that	 defor-
mation	 is	 distributed	 around	 plate	 boundary	 zones.	 Plate	 boundary	 zones	 regularly	
house	STEP	faults	and	other	ephemeral,	accommodating	structures,	especially	in	case	
of	 a	 heterogeneous	 distribution	 of	 lithospheric	 provenance.	 Both	 the	 evolution	 of	
STEP	faults	and	distributed	deformation	patterns	are	driven	by	tectonic	forces.	There-
fore,	I	review	the	forces	that	are	relevant	in	the	context	of	this	thesis	in	greater	detail	
in	section	1.4.	All	tectonic	forces	are	essentially	expressions	of	gravity,	planetary	heat	
loss	and	chemical	differentiation.	Section	1.5	then	briefly	reviews	the	large-scale	evo-
lution	of	 the	Mediterranean	plate	 boundary	 zone	 since	 about	 30	million	 years	 ago.	
Section	1.6	explains	the	role	of	the	instrument	of	my	research	(numerical	methods)	in	
this	type	of	research	and	outlines	the	method.	Finally,	in	section	1.7	I	provide	an	out-
look	on	the	research	that	I	present	in	subsequent	chapters.	

1.2	STEPs	and	STEP	faults	

1.2.1	Introduction	

The	theory	of	plate	tectonics	postulates	that	the	outer	shell	of	the	Earth	is	fragment-
ed	 into	a	 few	dozen	plates	 that	move	relative	 to	each	other	with	speeds	up	 to	~25	
cm yr!!	[e.g.,	 Sella	 et	 al.	 2002].	 This	 outer	 shell	 is	 dubbed	 the	 lithosphere	 and	 its	
thickness	ranges	 from	<5	km	at	mid-ocean	ridges	 to	300	km	at	old,	continental	cra-
tons	[Pasyanos	et	al.	2014].	Plate	tectonics	is	thought	to	have	been	operational	since	
the	Proterozoic	at	least	[Davies	1992],	i.e.,	during	the	last	2.5	billion	years	out	of	the	
4.6	billion	years	that	our	planet	has	existed.	In	the	early	days	of	plate	tectonic	theory,	
limited	 earthquake	 observations	 suggested	 that	 relative	 plate	 motions	 were	 com-
pletely	 accommodated	 along	 narrow	 plate	 boundaries,	 and	 that	 the	 plates	 them-
selves	were	not	deforming.	The	motion	of	such	rigid	plates	could	be	described	using	a	
convenient	 mathematical	 tool	 (Euler	 poles),	 and	 later	 observations	 (notably	 earth-
quake	data	and	Global	Navigation	Satellite	System	(GNSS)	velocities)	confirmed	that	
the	overwhelming	majority	of	surface	velocities	could	be	described	using	Euler	poles.	
Paleomagnetic	and	geological	data	became	instrumental	for	reconstructing	plate	mo-
tions	in	the	past.	
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Figure	1.1	A	Wilsons’s	 [1965a]	diagrams	to	 illustrate	transform	faults.	Upper	panel	shows	transforms	
offsetting	the	Mid-Atlantic	 ridge.	 Bottom	panels	depict	 sketch	maps	of	 the	Atlantic	 subduction	zones.	
Transforms	are	 light	dashed	and	ridges	are	bold	dashed.	B	Schematic	 illustration	of	an	 idealized	STEP	
setting,	after	Govers	and	Wortel	 [2005].	A	STEP	at	 the	lateral	 termination	of	the	trench	allows	for	the	
subduction	of	one	part	of	the	tectonic	plate,	while	the	juxtaposed	part	remains	at	the	surface.	The	STEP	
is	 the	 locus	of	continually	active	tearing	 in	a	scissor	 type	of	 fashion.	 In	 the	wake	of	 the	active	STEP,	a	
STEP	fault	allows	for	the	differential	motion	between	the	overriding	(brown)	and	non-subducting	plate.	
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Earth	 scientists	 agree	 that	 plate	 tectonics	 represents	 the	 surface	 expression	 of	 the	
thermo-chemical	 convection	 of	 the	 Earth’s	 mantle,	 i.e.,	 the	 outer	 2900	 km	 of	 our	
planet.	Oceanic	lithosphere	particularly	represents	the	thermal	boundary	layer	of	the	
convective	system.	Downwelling	of	oceanic	lithosphere	corresponds	to	subduction,	as	
an	oceanic	plate	sinks	into	the	upper	mantle	by	underthrusting	another	tectonic	plate	
(Fig.	1.1A).	Upwelling	occurs	at	spreading	ridges,	where	new	oceanic	crust	is	created	
by	chemical	differentiation.	The	Earth’s	magnetic	field	is	captured	as	the	oceanic	crust	
solidifies	[Vine	and	Matthews	1963].	Continental	lithosphere	participates	little	in	the	
convective	overturning	of	the	mantle	due	to	the	relatively	high	buoyancy	of	the	con-
tinental	crust.	The	maximum	age	of	the	oceanic	crust	(up	to	250	Myr	[e.g.,	Müller	et	
al.	2008])	 is	consequently	very	much	younger	than	the	maximum	age	of	continental	
crust	(up	to	4400	Myr	[e.g.,	Hawkesworth	et	al.	2018;	Wilde	et	al.	2001]).		

Wilson	[1965a]	made	a	critical	step	in	the	development	of	the	plate	tectonics	theory.	
He	postulated	that	oceanic	transform	faults	and	fracture	zones	had	a	sense	of	shear	
opposite	 to	 what	 was	 thought	 at	 the	 time.	 Earthquake	mechanisms	 and	 offsets	 of	
paleomagnetic	 data	 supported	 his	 idea	 [e.g.,	 Heezen	 et	 al.	 1964;	 Vine	 and	Wilson	
1965;	Vine	1966;	Sykes	1967].	He	also	realized	that	one	consequence	of	a	similar	logic	
was	that	there	should	be	transform	faults	near	the	lateral	termination	of	many	sub-
duction	trenches.	Early	evidence	from	seismological	data	indicated	that	the	nature	of	
faulting	 was	 different	 near	 the	 terminations	 of	 subduction	 zones,	 in	 a	 so-dubbed	
“hinge	faulting”	sense	[Isacks	et	al.	1968,	1969;	Oliver	et	al.	1969;	Isacks	and	Molnar	
1969].	More	detailed	data	indicate	that	normal	faulting	events	occur	within	the	oce-
anic	lithosphere,	whereas	the	transform	motion	is	located	further	away	from	the	lat-
eral	end	of	a	 trench	 [Forsyth	1975;	Millen	and	Hamburger	1998;	Bilich	et	al.	 2001].	
This	can	be	understood	from	realizing	that	oceanic	lithosphere	must	continually	tear	
near	 such	 lateral	 terminations	 to	 ensure	 that	 subduction	 can	 continue	 (Fig.	 1.1B).	
Govers	and	Wortel	[2005]	dubbed	the	locus	of	active	tearing	a	Subduction-Transform	
Edge	Propagator	(STEP).	The	new	plate	boundary	that	is	created	at	the	surface,	in	the	
wake	of	the	traveling	STEP,	was	dubbed	the	STEP	fault	[Baes	et	al.	2011].		

1.2.2	Identification	and	characteristics	of	present-day	STEP	settings	

Fig.	1.2	shows	iso-depth	contour	lines,	 i.e.,	the	depth	of	the	top	of	the	slabs,	from	a	
combination	 of	 hypocenter	 locations	 and	 detailed	 seismic	 tomography	 for	 several	
subduction	zones	with	clear	slab	edges	[Gudmundsson	and	Sambridge	1998;	Hayes	et	
al.	2012,	2018].	Trench	migration	velocities	are	after	Schellart	et	al.	[2007],	and	indi-
cate	the	motion	of	the	hinge	with	respect	to	the	stable	mantle.	The	purple	diamond	
denotes	 the	 surface	point	 of	 active	 lithospheric	 tearing	 and	 the	 red	 line	 represents	
the	surface	expression	of	the	STEP,	i.e.,	the	STEP	fault.	Fig.	1.2A	and	B	show	STEP	set-
tings	in	regions	of	exclusively	oceanic	lithosphere,	Fig.	1.2C	and	D	show	STEP	settings	
that	laterally	include	continental	lithosphere.	

Fig.	 1.2A	 depicts	 the	 tectonic	 setting	 in	 the	 southwest	 Pacific,	 where	multiple	 slab	
edges	 (and	 thus	 STEP	 settings)	 are	 recognized.	Probably	 the	most	 seismically	 active	
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tearing	location	is	the	northern	termination	of	the	Tonga	subduction	zone.	Here,	the	
Tonga	trench	shows	the	fastest	convergence	velocities	on	the	planet	of	up	to	24	±	11	
cm yr!! 	[Bevis	 et	 al.	 1995].	 Isacks	 et	 al.	 [1969]	 already	 reported	 normal	 faulting	
mechanisms	 near	 the	 northern	 end	 of	 the	 Tonga	 subduction	 zone,	 and	 interpreted	
the	events	to	correspond	with	lithospheric	tearing	along	almost	vertical	fault	planes.	
Millen	and	Hamburger	[1998]	used	a	larger	seismic	catalog	to	show	that	this	tearing	is	
restricted	to	a	relatively	narrow	region	at	the	end	of	a	progressively	downwarped	Pa-
cific	plate.	The	sinistral	STEP	fault	zone	represents	the	northern	boundary	of	the	Lau	
backarc	basin	[Wortel	et	al.	2009].	Strike-slip	motion	peters	out	where	active	back-arc	
extension	stops	[Pelletier	et	al.	1998],	which	is	an	essential	difference	between	STEP	
faults	and	transform	plate	boundaries.			

The	New	Hebrides	slab	[Monzier	et	al.	1984;	Hamburger	and	Isacks	1988]	has	an	es-
tablished	 southern	 edge.	 The	 trench	 terminates	 near	 the	 start	 of	 the	 bathymetric	
deep	of	the	Hunter	(transform)	fracture	zone.	The	absence	of	evident	normal	faulting	
is	striking	in	this	region	where	the	active	STEP	must	be	located.	It	is	consequently	un-
clear	whether	the	tearing	occurs	distinctly	[Govers	and	Wortel	2005]	or	is	distributed	
over	two	separate	tears	[Monzier	et	al.	1984;	Lister	et	al.	2012].	The	Hunter	fracture	
zone	 is	 interpreted	as	 the	STEP	 fault	and	 strike-slip	motion	decreases	with	distance	
away	 from	 the	 active	 STEP	 [Calmant	 et	 al.	 2003].	 Recently,	 Patriat	 et	 al.	 [2015	 and	
2018]	indicated	that	this	STEP	fault	is	probably	in	the	process	of	being	reactivated	as	a	
new	 subduction	 zone,	 initiating	 subduction	 since	~1.8	 Ma.	 This	 may	 result	 in	 the	
propagation	of	new	STEPs	at	the	lateral	terminations	of	this	–	still	young	–	Matthew-
Hunter	subduction	zone.	

The	northern	edge	of	the	New	Hebrides	slab	is	also	a	result	of	STEP	faulting.	However,	
its	location	shows	that	this	STEP	fault	(the	San	Cristobal	trough)	is	not	caused	by	STEP	
activity,	or	tearing,	at	the	north	end	of	the	New	Hebrides	slab,	but	rather	by	rollback	
and	tearing	along	the	south	edge	of	the	South	Solomon	slab	(Fig.	1.2A).	Interestingly,	
focal	 mechanisms	 indicate	 a	 maturation	 of	 the	 STEP	 fault;	 clear	 strike-slip	 mecha-
nisms	are	observed	near	 the	New	Hebrides	 trench	whereas	a	 larger	normal	 faulting	
component	 is	present	 in	events	near	the	Solomon	trench	[Neely	and	Furlong	2018],	
although	clear	tearing	events	are	absent	here.		

In	the	SW	Atlantic	Ocean	(Fig.	1.2B),	a	narrow	(~400	km)	slab	of	Atlantic	lithosphere	
sinks	at	the	South	Sandwich	trench	beneath	the	Sandwich	plate.	The	seismicity	is	con-
sistent	 with	 lateral	 slab	 edges	 in	 both	 the	 north	 and	 the	 south.	 Focal	mechanisms	
showing	 normal	 faulting	 near	 the	 northern	 end	 of	 the	 trench	 were	 interpreted	 by	
Forsyth	[1975]	to	result	from	flexure	near	the	location	where	lithospheric	tearing	oc-
curs,	i.e.,	at	this	active	STEP.	This	active	deformation	zone	was	found	to	be	relatively	
narrow	 [Brett	 1977]	 and	within	 the	 Atlantic	 lithosphere	 [Giner-Robles	 et	 al.	 2009].	
Strike-slip	earthquakes	occur	along	what	 is	 interpreted	to	be	the	STEP	 fault	 [Govers	
and	Wortel	2005;	Molnar	and	Sykes	1969;	Forsyth	1975].	There	are	no	clear	tearing	
events	recorded	at	the	southern	termination	of	the	South	Sandwich	subduction	zone,	
which	is	why	this	is	not	a	STEP	sensu	stricto.								
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The	Hellenic	subduction	zone	in	the	Mediterranean	(Fig.	1.2C)	dips	to	the	NE	and	has	
a	STEP	at	its	SE	termination	[Govers	and	Wortel	2005;	Özbakir	et	al.	2013;	Govers	and	
Fichtner	2016].	In	the	uppermost	mantle,	the	Hellenic	slab	is	separate	from	the	West	
Cyprus	slab	to	the	east	of	it.	Only	deeper,	in	the	mantle	transition	zone,	are	these	slab	
fragments	 connected	 in	what	 is	 interpreted	 to	 be	 a	 single	 slab	 that	 existed	 before	

Figure	1.2	Topography/bathymetry	maps	for	STEP	settings	all	over	the	world	(see	insets).	The	‘Depth	to	
slab’	 (iso-depth)	 contours	 are	 extrapolated	 from	 a	 combination	 of	 hypocenter	 locations	 and	 detailed	
seismic	 tomography	 [Gudmundsson	 and	 Sambridge	 1998;	 Hayes	 et	 al.	 2012,	 2018;	 UU-P07,	 Amaru	
2007;	 Biryol	 et	 al.	 2011;	 BS2000,	 Bijwaard	 and	 Spakman,	 2000;	 van	 der	Meer	 et	 al.	 2018].	 Numbers	
indicate	the	name	of	the	subduction	zone	for	which	the	trench	migration	velocities	[Schellart	et	al.	2007]	
hold.	Magenta	hexagons	represent	the	present-day	locations	of	active	lithospheric	tearing	(STEPs).	Thick	
red	lines	denote	STEP	faults,	where	the	dotted	continuations	indicate	currently	inactive	or	inverted	STEP	
faults.	STEP	regions;	A	SW	Pacific,	B	SW	Atlantic,	C	Mediterranean,	D	Caribbean.		
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they	became	separate	 [Biryol	et	al.	2011].	Govers	and	Fichtner	 [2016]	constrain	 the	
history	 of	 the	 slab	 edges	 in	 this	 region	 from	 full-waveform	 tomography.	 The	 Pliny-
Strabo	trench	region	acts	as	a	shear	zone	and	represents	the	most	recent	surface	ex-
pression	of	lithospheric	tearing	[Özbakir	et	al.	2013].	There	is	no	clear	tearing	expres-
sion	in	the	seismicity.	

The	narrow	Calabrian	trench	(Fig.	1.2C)	accommodates	subduction	of	the	Ionian	basin	
lithosphere	deep	into	the	mantle	[Wortel	and	Spakman	2000].	The	very	narrow,	Ca-
labrian	subduction	zone	[e.g.,	Neri	et	al.	2009]	is	delimited	at	both	sides	by	strike-slip	
corridors	[e.g.,	Presti	et	al.	2013]	and	has	rolled	back	along	the	African	promontory	in	
the	past	[e.g.,	Carminati	et	al.	1998].	A	thick	accretionary	wedge	covers	both	the	STEP	
faults	and	the	subduction	interface	[Polonia	et	al.	2011],	obscuring	a	direct	interpre-
tation	of	topography	of	the	top	of	the	lithosphere.		

Govers	and	Wortel	[2005]	concluded	that	an	active	STEP	must	also	be	present	along	
the	northern	termination	of	the	Lesser	Antilles	subduction	zone	(Fig.	1.2D).	However,	
seismic	tomography	evidences	that	the	NE	corner	of	the	Caribbean	has	an	amphithe-
ater	shape,	as	a	continuous	structure,	and	surface	geology	does	not	display	evidence	
of	a	STEP	fault	either.	The	slab	edge	is	located	beneath	Hispaniola	[van	Benthem	et	al.	
2013].	The	slab	there	moves	trench-parallel	relative	to	the	overriding	Caribbean	plate	
[van	Benthem	et	al.	2014].		

At	the	southern	slab	edge	of	the	Lesser	Antilles	subduction	zone	(Fig.	1.2D),	a	STEP	is	
present	at	 the	northern	 rim	of	 the	South	American	continental	 lithosphere	 [Molnar	
and	Sykes	1969;	Govers	 and	Wortel	 2005;	Clark	et	 al.	 2008].	 The	El	 Pilar	 fault	 zone	
represents	a	STEP	fault	zone	[Govers	and	Wortel	2005;	Clark	et	al.	2008;	van	Benthem	
et	al.	2013].	The	shallow	slab	seems	to	have	been	dragged	along	by	the	(thick)	conti-
nental	 lithosphere	(Fig.	1.2D).	At	the	STEP,	a	 limited	number	of	 tearing	mechanisms	
have	been	observed	 [Russo	et	 al.	 1993;	Marshall	 and	Russo	2005].	Due	 to	 the	high	
sediment	input	from	the	South	American	continent,	a	clear	downflexing	signal	is	diffi-
cult	to	ascertain,	especially	since	pull-apart	basins	arise	easily	in	shear	zones	[Escalo-
na	et	 al.	 2011].	 Seismic	 reflection	profiles	 indicate	past,	 normal	 fault	motion	at	 the	
STEP	fault	zone	[Escalona	et	al.	2011;	Escalona	and	Mann	2011]	and	recent,	normal	
motion	 close	 to	 the	 active	 STEP	 [e.g.,	 Alvarez	 et	 al.	 2016],	 both	 with	 prolific	 syn-
tectonic	sedimentation.		

1.2.3	Controls	on	STEP	fault	evolution	

It	 is	 thus	possible	to	 identify	current	STEP	regions	from	seismicity,	 tomography,	and	
kinematic	observations.	A	next	question,	however,	is	whether	it	is	possible	to	identify	
STEP	 faults	along	historical	 subduction	 zones,	 i.e.,	what	are	 the	potential	 geological	
imprints	of	a	STEP	that	has	passed	through	the	region?	From	the	mechanical	models	
that	I	discuss	below	I	infer	that	the	search	for	historical	STEP	faults	can	be	restricted	
to	 very	 specific	 areas.	 This	 research	 starts	with	 the	observation	 that	 in	 present-day	
STEP	 settings	 the	 trench	 and	 the	 STEP	 fault	 tend	 to	 be	 roughly	 perpendicular.	 This	
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observation	holds	both	for	STEPs	propagating	along	a	passive	margin	(like	the	south-
ern	Lesser	Antilles)	and	STEPs	traveling	through	purely	oceanic	lithosphere	(like	near	
the	northern	end	of	the	Tonga	trench).	It	remains	unclear	whether	this	orthogonality	
is	 a	 transient	 feature	 that	 is	 specific	 for	 the	 present,	 or	 that	 it	 is	 a	 natural	 conse-
quence	of	the	processes	that	control	STEP	propagation.	The	 latter	would	mean	that	
we	should	also	expect	a	STEP	 fault	 to	have	been	perpendicular	 to	 the	 trench	 in	 the	
past.	

Incessant	tearing	of	the	lithosphere	is	driven	by	slab	pull.	The	observed	seismicity	sig-
nal	is	non-unique	and	varies	from	place	to	place.	The	only	clear	signal	is	at	the	north-

Figure	1.3	A	Schematic	3D	illustration	of	a	STEP	setting	with	expected	vertical	and	horizontal	motions.	
The	overriding	plate	is	see-through.	The	subducting	plate	is	artificially	cut	to	facilitate	an	easier	view	on	
the	 slab’s	motions.	 Brown	arrows	and	marks	on	 the	non-subducting	plate	 indicate	 the	dominance	of	
vertical	motion	due	to	sinking	of	the	slab.	These	vertical	motions	are	exaggerated.	In	the	vicinity	of	the	
active	STEP,	this	results	in	downflexing	of	the	surface.	The	red	arrow	and	marks	indicate	the	dominance	
of	strike-slip	displacements	due	to	differential	motion	between	overriding	and	non-subducting	plates.	B	
Side	view	of	 the	STEP	setting,	 indicating	 that	 the	gravitational	pull	of	 the	subducting	slab	 induces	the	
deflection	of	the	non-subducting	plate.	C	Map	view	of	the	STEP	setting,	indicating	that	the	downflexing	
extends	in	front	of	the	active	STEP.	
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ern	termination	of	the	Tonga	trench,	where	the	magnitudes	of	relative	velocities	are	
uniquely	 high.	 Unlike	 mega-thrust	 earthquakes	 on	 the	 subduction	 zone	 interface,	
tearing	earthquakes	are	not	expected	 to	pose	a	 large	seismic	hazard;	 tearing	earth-
quakes	 arise	 due	 to	 the	 formation	 of	 a	 new	 fault	 plane	 instead	 of	 the	 loading	 of	 a	
large	pre-existing	plane,	onto	which	much	higher	strains	and	stresses	can	be	accumu-
lated.		

Similar	to	the	tearing,	the	activity	of	the	STEP	fault	also	changes	between	locations;	a	
STEP	 fault	 exhibits	 primarily	 strike-slip	 motion,	 although	 often	 non-uniform	 along-
strike.	A	STEP	fault	allows	for	the	relative	displacements	between	an	overriding	plate	
and	 the	 juxtaposed	 part	 of	 the	 subducting	 plate	 but	may	 be	 dominated	 by	 tearing	
characteristics	and	surface	imprints	near	the	continually	active	STEP.	Fig.	1.3	indicates	
that	the	most	prominent	surface	expression	of	the	tearing	process	is	downflexing	of	
the	surface	plate,	driven	by	the	sinking	slab.	This	may	also	extend	in	front	of	the	con-
tinually	 active	 STEP.	An	overriding	plate	 (brown	 in	 Fig.	 1.1B)	may	either	 experience	
back-arc	extension	[Karig	1971;	Uyeda	and	Kanamori	1979]	or	advect	with	the	trench	
without	deforming,	depending	on	the	regional	boundary	conditions	and	 lithospheric	
strength.	 Back-arc	 extension	 is	 not	 unique	 for,	 but	 occurs	 often,	 in	 the	 context	 of	
land-locked	basins	like	the	Mediterranean.	Lithospheric	tearing	is	not	necessarily	ac-
companied	 by	 hinge	 migration	 (slab	 rollback).	 Due	 to	 the	 tearing	 at	 propagating	
STEPs,	a	STEP	fault	represents	an	inherited	weakness	zone	that	may	be	reactivated	to	
initiate	subduction	in	case	of	favorable	plate	motions	[Baes	et	al.	2011;	Özbakir	et	al.	
2013].	Thus,	STEP	faults	represent	the	locus	of	(potentially	ephemeral)	plate	bounda-
ries.	

1.3	Plate	boundary	regions	are	deformation	zones	

When	he	 proposed	 transform	 faults,	Wilson	 [1965a]	de	 facto	 partitioned	 the	 globe	
into	 separate	 rigid	 plates.	 The	proposal	matched	 seamlessly	with	Wegener’s	 [1915]	
continental	 drift	 theory.	His	 concept	 of	 a	 continuous	 network	 of	 geologically	 active	
faults,	connecting	segments	of	mid-ocean	ridges	and	subduction	zones	through	trans-
form	faults,	was	the	final	piece	of	the	plate	tectonics	puzzle.	Wilson	[1965a]	did	rec-
ognize	the	need	for	more	evidence	that	this	continuous	network	of	plate	boundaries	
existed.	 McKenzie	 and	 Parker	 [1967],	 LePichon	 [1968]	 and	 Morgan	 [1968]	 subse-
quently	showed	by	describing	rigid	plate	motions	through	relative	rotations	around	a	
rotation	(Euler)	pole	that	the	relative	motions	at	plate	boundary	faults	concurred	with	
available	geological,	magnetic	anomaly	and	seismological	observations.	

Although	large-scale	kinematic	observations	could	be	explained	using	rigid	plate	tec-
tonics,	it	was	immediately	clear	that	plate	tectonic	theory	did	not	explain	all	available	
observations.	 Deformation	 is	 regularly	 distributed,	 e.g.,	 over	 the	 hinterland	 of	 sub-
duction	zones	(Fig.	1.4A;	Karig	[1971];	Uyeda	and	Kanamori	[1979]).	This	is	evidenced	
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by	geological,	 seismological	and	geodetic	data	 in	 the	Andes	 [Dalmayrac	and	Molnar	
1981]	and	the	western	United	States	[e.g.,	Bird	2009].	Between	the	larger	rigid	conti-
nental	domains,	deformation	 is	distributed	over	even	wider	 regions	 (Fig.1.4B).	 Such	
distributed	 deformation	 zones	 are	 observed	 in	 the	 Mediterranean	 between	 Africa	
and	 Eurasia	 [e.g.,	 Dewey	 et	 al.	 1973;	 Wortel	 and	 Spakman	 2000]	 and	 the	 Tibetan	
plateau	 between	 India	 and	 Eurasia	 [Molnar	 and	 Tapponier	 1975;	 Holt	 and	 Haines	
1993;	England	and	Molnar	1997;	Liu	and	Bird	2008].	Oftentimes,	major	faults	do	not	
connect	into	complete	circuits	that	fully	circumvent	so-dubbed	“micro-plates”	within	
these	plate	boundary	 zones.	 Therefore,	 they	are	not	persistently	 independent	 from	
neighboring	 regions	 and	 deformation	 is	 often	 distributed	 on	 regional	 length	 scales	
(≲500	 km	 or	 so)	 between	major	 fault	 zones.	 Tectonic	 plates	 are	 thus	 deformable,	
with	 relatively	 narrow	 plate	 boundaries	 in	 oceanic	 domains	 and	wide	 to	 very	wide	
plate	 boundary	 regions	 in	 the	 continents	 [e.g.,	 Bird	 2003;	 Kreemer	 et	 al.	 2014].	
Boundaries	between	 lithospheric	plates	can	then	be	short-lived	 (on	geological	 time-

Figure	1.4	The	global	strain	rate	model	of	Kreemer	et	al.	[2014],	depicting	the	effective	shear	strain	rate	
in	those	regions	dominated	by	subduction	and	sea-floor	spreading	(A),	and	regions	showing	distributed	
deformation	 in	 a	 collisional	 setting	 (B).	 Purple	 arrows	 indicate	 subduction/collision	 direction.	 Double	
green	arrows	depict	spreading	directions.	Red	shear	arrows	denote	style	of	transform	shear.	
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scales),	especially	 in	collision	regions	 like	the	Mediterranean	[e.g.,	Wortel	and	Spak-
man	2000;	Goes	et	al.	2004].	

The	Mediterranean	region	with	high	magnitude,	albeit	distributed,	strain	rates	is	ac-
companied	 by	 significant	 seismic	 hazard	 [e.g.,	 Grünthal	 et	 al.	 2013;	 Stucchi	 et	 al.	
2013].	The	observational	record	of	seismicity,	however,	may	be	misleading	as	it	is	lim-
ited,	mostly	 in	 time,	 but	 also	 in	 space.	 The	 same	 is	 true	 for	 the	 surface	 velocities;	
GNSS	 monuments	 are	 only	 positioned	 onshore.	 In	 order	 to	 better	 understand	 the	
kinematics	of	the	region,	we	need	to	appreciate	the	tectonic	forces	that	drive	the	de-
formation.	In	this,	it	is	also	important	to	consider	the	tectonic	complexity	of	a	region:	
the	Mediterranean	hosts	several	subduction	zones	that	retreated	over	the	past	20-30	
Myrs,	displaying	ephemeral	STEP	fault	activity	[e.g.,	Wortel	and	Spakman	2000;	Fac-
cenna	et	al.	2001a,	b,	2004;	Spakman	and	Wortel	2004;	Govers	and	Wortel	2005].	A	
continually	migrating	locus	of	fault	(zone)	activity	indicates	a	transient	reorganization	
of	the	locus	where	plate	tectonic	forces	act.	Any	aspiration	to	underpin	kinematic	ob-
servations	thus	requires	a	sense	of	the	structural	complexity	of	the	region	in	concert	
with	the	underlying	forces	that	drive	them.	

1.4	 On	 the	 forces	 that	 drive	 lithospheric	 deformation	 in	 plate	 boundary	
zones	

1.4.1	Overview	

After	plate	tectonic	theory	had	been	validated	by	several	types	of	kinematic	observa-
tions,	 a	 coherent	understanding	of	 the	 forces	driving	 and	 resisting	 these	 rigid	plate	
motions	was	still	 lacking.	 It	was	clear	that	mantle	convection	was	a	 likely	candidate.	
Since	the	early	days	of	continental	drift	theory,	several	authors	had	argued	that	the	
convecting	mantle,	driven	by	heating	from	the	Earth’s	core,	was	the	dominant	mech-
anism	causing	lithospheric	motion	and	deformation	[e.g.,	Vening	Meinesz	et	al.	1934;	
Morgan	1971].	Hess	 [1962]	 and	Dietz	 [1961]	explained	 seafloor	 spreading	by	active	
mantle	convection	pulling	the	oceanic	plates	apart	through	viscous	coupling	at	their	
basis.	In	addition,	the	notion	of	mantle	hotspots	[Wilson	1965b]	led	Morgan	[1971]	to	
propose	that	these	hotspots	are	markers	of	deep	convection	that	provide	‘the	motive	
force	 of	 continental	 drift’.	 An	 alternative	 view	 stated	 that	 the	 tectonic	 plates	were	
driven	predominantly	 from	their	sides,	 i.e.,	at	 ridges	and	subduction	zones	 [Elsasser	
1967,	 1971],	 and	 through	 plate	 interactions	 [Forsyth	 and	Uyeda	 1975],	 and	mantle	
flow	tractions	would	play	only	a	moderate	role	in	the	deformation	and	motions	of	the	
plates.	 The	 discussion	 regarding	 the	 relative	 importance	 of	mantle	 convective	 trac-
tions	for	the	motion	and	deformation	of	the	lithosphere	still	is	wide	open	today.	

The	most	 important	 driving	 force	 in	 plate	 tectonics	 results	 from	 convective	 down-
welling:	 slab	 pull	 derives	 from	 the	mass	 excess	 of	 a	 subducting	 slab	 relative	 to	 the	
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surrounding	mantle	[McKenzie	1969;	Jacoby	1970;	Forsyth	and	Uyeda	1975].	All	resis-
tive	forces	are	an	expression	of	the	solid	nature	of	both	the	lithosphere	and	astheno-
sphere	 as	 expressed	 by	 brittle	 or	 viscous	material	 properties.	 The	 non-linear	 stress	
dependence	of	these	material	properties	results	in	strain	(rate)	localization	near	plate	
boundaries,	 and	 plate	 interiors	 that	 are	 largely	 elastic.	 Finding	 a	 balance	 of	 driving	
and	resistive	forces	determines	the	state	of	stress	of	the	lithosphere	and	provides	an	
attempt	 to	 better	 understand	 the	 processes	 underlying	 lithospheric	 deformation	
[e.g.,	Forsyth	and	Uyeda	1975;	Wortel	et	al.	1991].		

1.4.2	Plate	tectonics	is	driven	by	differences	in	gravitational	potential	energy	

All	driving	 forces	 in	plate	 tectonics	 result	 from	 lateral	 variations	 in	gravitational	po-
tential	energy	(GPE).	The	GPE	of	a	 lithospheric	column	depends	on	its	density	distri-
bution.	The	topography/bathymetry	and	the	thickness	of	the	crustal	and	lithospheric	
mantle	layers	delineate	this	density	distribution.	A	major	role	in	the	density	distribu-
tion	of	the	lithosphere	is	played	by	isostasy.	Local	isostasy	follows	Archimedes’	prin-
ciple	 in	that	 lithosphere	“floats”	on	top	of	(and	partially	within)	the	mantle,	and	the	
surface	 elevation	 depends	 on	 the	 buoyancy	 of	 the	 lithospheric	 column.	When	 two	
neighboring	columns	of	lithosphere	are	isostatically	compensated,	the	pressure	is	the	
same	(on	geological	time	scales)	at	and	below	the	“compensation	depth”	(a	physically	
sound	choice	for	the	compensation	depth	is	within	the	asthenosphere	as	it	is	so	weak	
that	lateral	pressure	variations	are	expected	to	vanish	rapidly	by	viscous	flow).	How-
ever,	the	pressure	at	some	depth	above	the	compensation	depth	may	(and	will)	differ	
in	the	two	lithospheric	columns.	A	net	horizontal	force	on	one	lithospheric	column	by	
the	 other	 results	 from	 such	 lateral	 pressure	 differences,	 and	 it	 is	 possible	 to	 show	
that	this	force	is	equivalent	to	the	horizontal	GPE	gradient	[Artyushkov	1973;	Fleitout	
and	Froidevaux	1982].	An	isostatic	equilibrium	thus	does	not	exclude	the	existence	of	
horizontal	 forces	on	 the	 lithosphere.	Deviations	 from	 local	 isostasy,	e.g.,	 from	 litho-
spheric	flexure	or	from	vertical	mantle	flow	impinging	on	the	base	of	the	lithosphere	
[e.g.,	 Vening-Meinesz	 et	 al.	 1934;	Watts	 2001;	 Hoggard	 et	 al.	 2016],	 may	 displace	
density	interfaces,	and	therefore	also	contribute	to	horizontal	forces	within	the	litho-
sphere.	During	the	evolution	of	plate	tectonic	theory,	different	names	were	given	to	
GPE-derived	forces	in	different	parts	of	the	tectonic	plate	system.	An	example	of	this	
is	ridge	push.	Moreover,	concepts	 like	gravitational	collapse	of	elevated	terrains	are	
based	on	GPE-derived	forces	[e.g.,	Rey	et	al.	2001].	

Lateral	variations	 in	GPE	exist	across	passive	margins,	 resulting	 in	a	“passive	margin	
push”	by	the	continent	on	the	adjacent	ocean	[e.g.,	Bott	and	Dean	1972;	Pascal	and	
Cloetingh	2009].	The	vertical	density	profile	of	continental	 lithosphere	varies	signifi-
cantly	due	to	(lateral)	variations	in	thickness,	topography,	composition	and	tempera-
ture.	 The	 largest	 variations	 are	 probably	 found	 near	 the	 edges	 of	 high-elevation	
mountain	belts	and	continental	plateaus.	Resulting	“gravitational	collapse	forces”	are	
expressed	in	seismicity	and	crustal	deformation,	e.g.,	by	extension	in	high	parts	of	the	
Andes	[Dalmayrac	and	Molnar	1981;	Froidevaux	and	Isacks	1984;	Meijer	et	al.	1992,	
1997],	 the	 Himalaya	 [Molnar	 and	 Tapponnier	 1975;	 Molnar	 and	 Lyon-Caen	 1988;	
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Ghosh	 et	 al.	 2008;	Warners-Ruckstuhl	 et	 al.	 2012],	 the	 Apennines	 [Gasparini	 et	 al.	
1985;	 D’Agostino	 et	 al.	 2014;	Metois	 et	 al.	 2015]	 and	 the	 Albanides	 [Copley	 et	 al.	
2009].	Notably,	 lithospheric	body	 forces	attenuate	 the	background	 far-field	 state	of	
stress	exerted	by	edge	stresses	in	the	rigid	continental	plate	interiors.	Thereby,	GPE-
derived	forces	 induce	seismicity	 far	 from	tectonic	plate	boundaries;	e.g.,	 in	the	cen-
tral	United	States	[Levandowski	et	al.	2017]	and	eastern	continental	Australia	[Rajabi	
et	 al.	 2017].	 Both	 the	 gravitational	 collapse	 force	 and	 the	 passive	margin	 push	 are	
indicated	with	𝐹𝐹!"# 	in	Fig.	1.5	as	 they	essentially	signify	 the	same	basic	 (lithospheric	
body)	force.	

1.4.3	Ridge	Push	

The	elevation	of	the	ridges	increases	their	GPE	and	the	relief	causes	a	horizontal	pres-
sure	 gradient	 away	 from	 the	 ridge	 [Orowan	 1964;	 Hales	 1969;	 Lliboutry	 1969;	
Artyushkov	1973;	 Lister	1975].	This	 so-dubbed	 ridge	push	 force	 (𝐹𝐹!"	in	Fig.	1.5)	acts	
between	lithospheric	columns	of	different	ages,	not	at	the	ridge	itself.	Through	cool-

Figure	 1.5	 Schematic	 illustration	 of	 the	 typical	 forces	 acting	 on	 the	 oceanic	 (blue)	 and	 continental	
(green)	lithosphere	in	(an	idealized,	stratified)	cross-section	from	the	surface	to	the	bottom	of	the	transi-
tion	zone.	These	 forces	include	the	ridge	push	 (𝑭𝑭𝒓𝒓𝒓𝒓),	the	net	weight	of	 the	slab	 (𝑭𝑭𝒏𝒏𝒏𝒏),	the	bending	re-
sistance	 (𝑭𝑭𝒃𝒃𝒃𝒃),	 the	deep	mantle	resistance	 (𝑭𝑭𝒅𝒅𝒅𝒅𝒅𝒅),	 the	 frictional	 resistance	at	 the	plate	contact	 (𝑭𝑭𝒇𝒇𝒇𝒇),	
the	mantle	drag	(𝑭𝑭𝒎𝒎𝒎𝒎),	 the	trench	suction	that	 acts	on	 the	overriding	plate	 (𝑭𝑭𝒕𝒕𝒕𝒕)	 and	 the	 lithospheric	
body	force	due	to	lateral	differences	in	gravitational	potential	energy	(𝑭𝑭𝒈𝒈𝒈𝒈𝒈𝒈).	The	black	arrows	indicate	
induced	mantle	flow	lines.	The	upwelling	plume	structure	elevates	the	lithosphere	(dynamic	topography)	
and	short-cuts	the	mantle	flow	cell.	
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ing	and	thickening	of	the	lithosphere,	the	ridge	push	force	gradually	diminishes	away	
from	 the	 ridge	 as	 lateral	 variations	 in	GPE	decline.	 Ridge	push	 acts	 in	 the	 direction	
parallel	to	the	(historic)	age	gradient,	which	usually	is	away	from	the	mid-ocean	ridge.	

1.4.4	Slab	pull	

The	 net	 weight	 (gravitational	 pull)	 of	 the	 slab	 derives	 from	 the	 negative	 thermal	
buoyancy	of	the	cold	slab,	the	density	contributions	of	phase	changes,	and	the	buoy-
ant	oceanic	crust	 (as	another	expression	of	GPE	gradients;	𝐹𝐹!"	in	Fig.	1.5).	The	“net	
slab	pull”,	acting	parallel	 to	 (or	down-dip)	 the	slab,	 is	a	summation	of	 the	down-dip	
component	of	the	net	weight	(𝐹𝐹!")	and	the	resistive	forces	that	act	on	the	slab,	i.e.,	
the	 resistance	 to	 sinking	 from	 viscous	 mantle	 drag	 (𝐹𝐹!"),	 and	 a	 deep	 mantle	 re-
sistance	 (𝐹𝐹!"#)	 due	 to	 a	 viscosity	 increase,	 particularly	 between	 upper	 and	 lower	
mantle	[Ringwood	1975;	Hager	1984;	Mitrovica	and	Forte	2004].	

Elsasser	[1967]	argued	that	the	cold,	sinking	lithosphere	acts	as	a	stress	guide,	so	that	
the	 gravitational	 pull	 is	 transmitted	 to	 the	 surface	 plate.	 Forsyth	 and	Uyeda	 [1975]	
and	Harper	[1975]	pointed	out	that	the	average	slab	pull	magnitude	is	usually	an	or-
der	of	magnitude	larger	than	the	ridge	push	force.	Importantly,	for	the	slab	pull	to	be	
transmitted	 into	 the	surface	plate,	a	 slab	must	be	mechanically	connected	 to	a	 sur-
face	plate.	Bending	of	the	subducting	plate	is	resisted	by	its	elastic	rigidity	[𝐹𝐹!" 	in	Fig.	
1.5]	and	part	of	this	strain	energy	may	be	dissipated	by	permanent	deformation	dur-
ing	the	bending	and	unbending	of	a	lithospheric	plate	[Conrad	and	Hager	1999,	2001;	
Schellart	2004b,	2009;	Bellahsen	et	al.	2005;	Buffett	2006;	Buffett	and	Rowley	2006;	
Wu	et	al.	2008;	Capitanio	et	al.	2009].	This	energy	 is	 thus	 lost	 from	the	subducting-
surface	 plate	 system,	 which	 may	 result	 in	 a	 reduction	 of	 the	 net	 slab	 pull	 that	 is	
transmitted	to	the	surface	plate.	Estimates	of	this	reduction	range	from	60%	[Conrad	
and	 Hager	 1999,	 2001;	 Buffett	 2006;	 Buffett	 and	 Rowley	 2006]	 to	 <25%	 [Schellart	
2004b,	 2009;	Wu	et	 al.	 2008;	 Capitanio	 et	 al.	 2009].	 Conrad	 and	 Lithgow-Bertelloni	
[2002]	and	van	Summeren	et	al.	 [2012]	 show	 that	observed	plate	motions	are	best	
reproduced	 in	 case	 at	 least	 half	 of	 the	 net	 slab	 pull	 is	 transmitted	 to	 the	 surface	
plates.	

Plates	with	major	subduction	zones,	i.e.,	with	large	trench-parallel	extents	(e.g.,	Pacif-
ic,	Nazca,	Cocos,	Indo-Australia),	have	faster	motions	compared	to	plates	without	ma-
jor	subduction	zones,	and	which	are	dominantly	continental	(e.g.,	North-	and	South-
America,	Eurasia,	Africa	and	Antarctica)	 [e.g.,	DeMets	et	al.	2010;	van	Summeren	et	
al.	2012;	Zahirovic	et	al.	2015].	This	indicates	that	the	net	slab	pull,	transmitted	to	the	
surface	plates	through	the	bending	area	at	the	trench,	is	the	largest	driving	force	for	
plate	tectonics	[Forsyth	and	Uyeda	1975].	

1.4.5	Trench	suction		

Another	 driving	 force	 at	 convergent	 plate	 interfaces	 is	 related	 to	 subduction	 zones	
but	 should	 be	 considered	 separate	 from	 the	 slab	 pull	 (transmission)	 discussion.	 A	
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subducting	slab	may	show	a	retrograde	(oceanward)	motion	relative	to	the	overriding	
plate	inducing	a	retreat	of	the	trench	and	fore-arc	opposite	to	the	slab	dip	direction	
[Elsasser	 1971;	Molnar	 and	 Atwater	 1978;	 Uyeda	 and	 Kanamori	 1979;	 Kincaid	 and	
Olson	 1987].	 Such	 trench	 retreat	 pulls	 the	 overriding	 plate	 towards	 the	 trench	
through	a	trench	suction	force	[𝐹𝐹!"	in	Fig.	1.5].	The	physical	nature	of	trench	suction	is	
somewhat	unclear.	The	 interpretation	by	Elsasser	 [1971]	 is	 that	 it	originates	 from	a	
depression	 in	 the	GPE	over	 the	subduction	plate	contact.	Sinking	of	 the	slab	causes	
this	depression,	which	then	results	 in	dynamic	topography	through	the	continuity	of	
the	 vertical	 traction	 component	 across	 the	 subduction	 interface	 [Shemenda	 1993].	
The	 consequence	 of	 trench	 suction	 (from	 slab	 rollback)	 is	 a	 normal	 traction	 on	 the	
subduction	interface	[Meyer	and	Schellart	2013]	and	on	the	overriding	plate	[DeFran-
co	et	al.	 2006].	 The	 trench	 suction	 force	affects	especially	 the	 state	of	 stress	 in	 the	
(fore-	and	back-)	arc	region	[Bott	et	al.	1989;	Shemenda	1993;	Buiter	et	al.	2001;	De-
Franco	 et	 al.	 2006;	 Chen	et	 al.	 2015];	 its	magnitude	 is	 proposed	 to	 reach	 values	 as	
high	as	the	slab	pull	itself	[Bott	et	al.	1989;	Whittaker	et	al.	1992].	Rollback	can	either	
be	accompanied	by	advection	of	the	overriding	plate	or	by	back-arc	extension	[Karig	
1971;	Uyeda	and	Kanamori	1979;	Boutelier	and	Shemenda	2011],	depending	on	the	
tectonic	setting.		

1.4.6	Frictional	shear	resistance	

Shear	 resistance	 exists	 along	 boundaries	 of	 tectonic	 plates	 (𝐹𝐹!" 	in	 Fig.	 1.5).	 Plate	
boundary	 faults,	 which	 are	 mostly	 well-developed	 and	 long-lasting,	 are	 commonly	
assumed	 to	 be	 weak	 [e.g.,	 Conrad	 and	 Lithgow-Bertelloni	 2002;	 Bird	 et	 al.	 2008;	
Bercovici	and	Ricard	2014].	This	assumption	is	supported	by	the	absence	of	significant	
heat	flow	anomalies,	e.g.,	along	the	San	Andreas	Fault	system	[Lachenbruch	and	Sass	
1980],	by	principal	stress	orientations	that	are	perpendicular	to	the	fault	strike,	and	
evidence	 of	 fault	 localization.	 Some	 authors	 [e.g.,	 Lamb	 and	Davis	 2003;	 Iaffaldano	
and	Bunge	2009;	Warners-Ruckstuhl	et	al.	2012]	suggest	that	plate	coupling	may	be	
variable.	Such	along-strike	variability	in	resistance	may	stem	e.g.,	from	the	nature	of	
an	 overriding/subducting	 plate,	 or	 differences	 in	 the	 sediments	 transported	 into	
trenches.	In	the	lithospheric	force	balance,	a	trade-off	exists	between	the	basal	shear	
stress	and	the	frictional	shear	resistance	at	the	plate	boundaries	[Wortel	et	al.	1991].	

1.4.7	Basal	tractions	on	the	lithosphere	from	mantle	flow		

The	lithosphere	is	subject	to	(normal	and	shear)	tractions	on	its	base	that	result	from	
mantle	convective	motions.	Mantle	tractions	result	from	two	complementary	contri-
butions:	passive	and	active	mantle	 flow.	The	motion	of	 lithospheric	plates	and	their	
connected	slabs	excites	mantle	flow	that	resists	this	motion	[e.g.,	Turcotte	and	Schu-
bert	2014].	This	is	called	passive	mantle	flow	because	the	mantle	does	not	move	oth-
erwise.	One	example	is	corner	flow	in	the	mantle	wedge	of	a	subduction	zone,	where	
a	trenchward	shear	traction	is	exerted	on	the	overriding	plate	[McKenzie	1969;	Sleep	
and	Toksöz	1971].	The	second	contribution	is	active	mantle	flow	from	rising	and	sink-
ing	density	anomalies	 in	the	upper	and	lower	mantle	without	plate	motions.	Not	 in-
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cluded	 is	 the	 active	mantle	 flow	 traction	 on	 surface	 plates	 by	 the	 pull	 of	 attached	
slabs,	because	transmission	of	excess	slab	density	occurs	via	elastic	fibre	stresses	[El-
sasser	 1967]	 and	 is	 represented	 by	 slab	 pull.	 The	 total	 basal	 traction	 on	 a	 surface	
plate	due	to	both	passive	and	active	mantle	 flow	has	a	horizontal	shear	component	
that	can	affect	the	velocity	and	deformation	of	the	plate	directly.	A	vertical	 traction	
component	may	generate	dynamic	topography	affecting	the	potential	energy	of	the	
lithosphere,	which	affects	the	surface	plate	indirectly.	The	net	mantle	drag	force	(𝐹𝐹!" 	
in	 Fig.	 1.5)	 may	 be	 either	 driving	 or	 resistive	 [e.g.,	 Vening-Meinesz	 et	 al.	 1934;	 El-
sasser	 1967;	 Hager	 and	O’Connell	 1981;	Wortel	 et	 al.	 1991;	 Zhong	 2001;	 van	 Sum-
meren	et	al.	2012].	

Dynamic	topography	is	particularly	important	for	constraining	the	magnitude	of	man-
tle	tractions	on	the	lithosphere.	Point	measurements	of	continental	and	oceanic	lith-
osphere	 uplift	 and	 subsidence	 are	 based	 on	 a	 combination	 of	 seismic	 line	 observa-
tions,	bathymetry	and	cooling	models	(oceans),	and	a	combination	of	free-air	gravity	
anomalies,	 topography	 and	 crustal	models	 (continental).	 These	measurements	 con-
strain	the	 long-wavelength	maximum	dynamic	topography	to	a	few	hundred	meters	
only	 [Wheeler	and	White	2002;	Braun	2010;	 Levandowski	et	al.	 2014;	Molnar	et	al.	
2015;	Hoggard	et	al.	2016;	Cowie	and	Kusznir	2018].	Asthenospheric	viscosity	controls	
the	transfer	of	convective	tractions	to	the	lithosphere,	and	it	is	unlikely	that	horizon-
tal	 traction	components	are	systematically	 transmitted	more	efficiently	 to	 the	 litho-
sphere	than	vertical	traction	components.	The	observation	of	modest	dynamic	topog-
raphy	therefore	suggests	that	convective	shear	tractions	on	the	 lithosphere	are	also	
low-magnitude.		

This	 inference	 is	 supported	by	observations	of	 the	directions	of	 the	maximum	hori-
zontal	stress,	which	show	considerable	angular	deviations	for	most	plates	when	com-
pared	to	their	absolute	plate	motions	[Zoback	et	al.	1989;	Jurdy	and	Stefanick	1991;	
Heidbach	et	al.	2018].	An	example	of	this	is	the	Australian	plate,	which	demonstrates	
an	exceptional	crustal	stress	field	with	 large	regional	variability	of	the	stress	pattern	
that	seems	to	be	mostly	controlled	by	forces	acting	on	the	plate	boundaries,	super-
posed	by	local,	basin-controlled	undulations	[Rajabi	et	al.	2017].	Since	slab	pull	is	the	
most	dominant	 force	driving	 the	plates,	plates	 that	do	not	 subduct	are	expected	 to	
have	 a	more	 prominent	 imprint	 of	 the	minor	 forces	 such	 as	mantle	 tractions.	 The	
Eurasian	plate	is	such	a	plate.	Warners-Ruckstuhl	et	al.	[2012]	quantify	that	the	con-
tribution	of	mantle	tractions	is	small	(≲30%	of	the	total	force	budget)	relative	to	the	
other	forces.	Moreover,	other	(global)	forward	modeling	studies	propose	varying	val-
ues	of	driving	and	resisting	mantle	tractions:	the	proposed	ranges	are	0.1-1	MPa	[Bird	
et	al.	2008],	1-2.5	MPa	[Ghosh	et	al.	2008],	0-10	MPa	[van	Summeren	et	al.	2012],	0-
20	MPa	 [Osei	 Tutu	 et	 al.	 2018],	 and	 20-70	MPa	 [Ghosh	 et	 al.	 2013].	 On	 a	 regional	
scale,	 mantle	 flow	model	 predictions	 for	 the	Mediterranean	 [Faccenna	 and	 Becker	
2010;	Boschi	 et	 al.	 2010]	 result	 in	 a	poor	 fit	with	observed	 surface	 kinematics.	 This	
suggests	 that	most	of	 the	driving	 forces	may	 reside	 in,	or	act	on	 the	boundaries	of,	
the	surface	plates.	
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A	final	argument	for	a	low	mechanical	coupling	between	surface	lithosphere	and	the	
convecting	 mantle	 is	 based	 on	 the	 mechanical	 properties	 (“rheology”)	 of	 astheno-
spheric	material.	Indications	from	laboratory	rheological	experiments,	geoid	and	plate	
velocity	 inversions,	 and	 from	observations	of	post-glacial	 rebound,	 indicate	a	global	
low-viscosity	zone	below	the	lithosphere	in	the	upper	mantle	[King	1995].	This	lower	
viscosity	 zone	 facilitates	plate	 tectonics	 [e.g.,	 Tackley	2000;	Richards	et	al.	2001]	by	
partial	 mechanical	 coupling	 of	 the	 high-viscosity,	 tectonic	 plates	 from	 the	 higher-
viscosity,	lower	parts	of	the	mantle.	A	non-Newtonian,	power-law	rheology	results	in	
a	 relatively	 low-viscosity	asthenosphere	that	acts	as	a	 lubricating	 layer	between	the	
higher-viscosity	lids	[Jadamec	and	Billen	2010;	Billen	and	Jadamec	2012;	Jadamec	and	
Billen	2012].	The	low	viscosity	of	the	asthenosphere	implies	that	mantle	flow	results	
in	low	tractions	on	the	base	of	the	lithosphere	[Sternai	et	al.	2014;	Chen	et	al.	2016].	
Regional,	extra-low	viscosity	anomalies	may	exist	but	have	 limited	additional	effects	
on	surface	plate	motions	[Becker	2017].		

The	debate	on	 the	 relative	 importance	of	mantle	 flow	 for	driving	 the	 large	 tectonic	
plates	 is	 still	ongoing.	Even	more	questionable	 is	 its	 importance	on	a	more	 regional	
scale	because	the	basal	surface	area	tends	to	be	even	smaller.	 In	the	regional	 litho-
spheric	 studies	 in	 this	 thesis,	 I	 therefore	 choose	 to	 include	 first	 order	 lithospheric	
forces	like	slab	pull	and	GPE-derived	forces.	The	decision	to	subsequently	include	se-
cond	order	(and	less	well	constrained)	mantle	convective	forces	is	taken	based	on	the	
misfit	of	the	first	order	models	to	the	data.	In	other	words,	I	consider	mantle	tractions	
as	a	complexity	that	should	only	be	added	to	models	if	and	when	required	by	the	ob-
servations.	

1.5	Evolution	of	the	Mediterranean	plate	boundary	zone	

1.5.1	Elevation,	surface	motion	and	crustal	affinities	

The	Mediterranean	region	is	straddled	by	the	converging	African	(Nubian	in	terms	of	
rotation	poles)	and	Eurasian	plates	and	contains	several	(arcuate)	mountain	belts	(Fig.	
1.6A):	the	Atlas,	the	Pyrenees,	the	Betic-Rif	arc,	the	Maghrebides,	the	Alps,	the	Carpa-
thians,	the	Apennines-Calabrian	arc	and	the	Dinarides-Hellenides.	Geodetic	observa-
tions	(Fig.	1.6B)	show	a	large	variability	in	crustal	velocities	in	and	across	the	Mediter-
ranean	(see	e.g.	Nocquet	et	al.	2012	and	Kreemer	et	al.	2014	for	an	overview).	In	the	
western	 Mediterranean,	 the	 Betic-Rif	 region	 has	 an	 anomalous	 westward	 motion	
with	 respect	 to	 stable	 Europe.	 The	 Italian	 lithosphere	 in	 the	 central	Mediterranean	
displays	a	diverging	motion	across	the	Apennines;	the	Tyrrhenian	side	of	the	peninsu-
la	moves	to	the	NW,	with	a	magnitude	that	decreases	towards	the	north,	whereas	the	
Adriatic	 side	of	 Italy	moves	 to	 the	NNE.	Across	 the	Dinarides,	 velocities	 then	 rotate	
clockwise.	Westward	velocities	in	Anatolia	(Turkey)	rotate	concurrently	anti-clockwise	
in	 the	 eastern	 Mediterranean.	 Velocity	 magnitudes	 increase	 towards	 the	 southern	
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Hellenides,	to	a	SW	orientation.	The	observed	surface	velocities	in	the	Mediterranean	
are	thus	not	what	 is	expected	in	a	tectonic	setting	that	 is	dominated	by	the	conver-

Figure	1.6A	Map	of	the	larger	Mediterranean	region	with	the	major	orogens	and	basins	indicated.	Alb.,	
Alboran	Sea;	Adr.,	Adriatic	Sea;	Alg.,	Algerian	Basin;	Ion.,	Ionian	Basin;	Lev.,	Levantine	Basin;	Pan.,	Pan-
nonian	Basin;	Prov.,	Provençal	basin;	Tyrr.,	Tyrrhenian	Basin	B	Kreemer	et	al.	 [2014]	geodetic	velocity	
vectors	and	error	ellipses	with	respect	to	stable	Europe.	
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gence	of	two	large	tectonic	plates.	Convergence	 is	evidenced	by	the	multiple	moun-
tain	 belts,	 but	 this	 land-locked	domain	 [Le	 Pichon	 1982]	 also	 houses	 several	 exten-
sional	 basins	 (Fig.	 1.6A):	 the	 Alboran	 Sea,	 the	 Aegean	 and	 the	 Algerian,	 Provencal,	
Tyrrhenian	and	Pannonian	basins.		

Regional	variations	 in	crustal	 thickness	 [e.g.,	Molinari	and	Morelli	2011]	and	surface	
heat	flow	[Cloetingh	et	al.	2010]	attest	to	a	long	and	complex	regional	history	that	set	
the	stage	for	the	current	surface	kinematics.	The	Algerian	and	Provencal	basins	have	
a	thin	crust	and	high	heat	flow,	whereas	the	Ionian	basin	has	a	similarly	thin	crust	but	
limited	surface	heat	flow.	Furthermore,	several	geological	domains	(para-Alboran	sea	
nappes,	Peloritani,	Calabria,	Kabylides,	Corsica	and	Sardinia)	have	a	European	affinity	
[e.g.,	Dewey	et	al.	1973;	Rehault	et	al.	1984].	The	Adriatic	domain	and	Ionian	and	Le-
vantine	basins	belong	to	the	African	plate	since	their	formation	in	the	Mesozoic.	This	
is	also	underpinned	by	oceanic	lithosphere	ages:	the	Provençal	and	Algerian	basin	are	
underlain	by	Eocene/Oligocene-Miocene	oceanic	lithosphere	(see	e.g.,	Gueguen	et	al.	
1998),	whereas	the	lithosphere	underlying	Ionian-Levantine	basins	is	over	200	million	
years	old	[e.g.,	Catalano	et	al.	2001;	Tugend	et	al.	2019].		

1.5.2	Structure	of	the	Mediterranean	upper	mantle	

Understanding	the	paradoxal	co-existence	of	convergence	and	extension	in	the	Medi-
terranean	is	only	possible	in	light	of	lateral	variations	in	mantle	structure	[Wortel	and	
Spakman	2000].	Based	on	surface	observations,	several	authors	proposed	the	process	
of	slab	rollback,	where	back-arc	extension	co-exists	in	a	convergent	setting,	as	a	rele-
vant	factor	for	this	apparent	paradox	in	the	Mediterranean	[e.g.,	Dewey	et	al.	1973;	
Boccaletti	et	al.	1976;	Malinverno	and	Ryan	1986].	Royden	[1993]	summarized	a	gen-
eral	scenario	for	persistent	subduction	and	rollback	in	a	continental	collision	setting.	
However,	evidence	for	the	amount	of	past	subduction	cannot	be	extracted	from	sur-
face	observations	alone.	Tomographic	imaging	of	the	upper	mantle	helped	solve	the	
paradox;	substantially	more	subducted	material	 is	present	 in	the	upper	mantle	than	
was	expected	based	on	Wadatti-Beniof	zones	alone,	indicating	ubiquitous	subduction	
and	 extensive	 phases	 of	 slab	 rollback	 [Spakman	 1986,	 1990;	 Wortel	 and	 Spakman	
1992,	2000;	Spakman	et	al.	1993;	Faccenna	et	al.	2001a,	2004;	Piromallo	and	Morelli	
2003;	 Spakman	 and	 Wortel	 2004].	 Tomographic	 imaging	 was	 also	 instrumental	 in	
demonstrating	slab	gaps,	or	tears	[Wortel	and	Spakman	1992].	Fig.	1.7A	depicts	a	hor-
izontal	 slice	 of	 the	 P-tomographic	 model	 of	 Amaru	 [2007]	 at	 335	 km	 depth.	 Fast	
anomalies	are	 interpreted	(by	many	authors)	 to	represent	subducting	slabs	beneath	
the	 Alboran	 Sea	 (RGB)	 [Spakman	 1986,	 1990;	 Gutscher	 et	 al.	 2002;	 Spakman	 and	
Wortel	2004;	Fichtner	and	Villaseñor	2015],	the	Aegean	(Hel)	 [Spakman	1986,	1990;	
Bijwaard	et	al.	 1998;	Piromallo	and	Morelli	 2003],	 the	Pannonian	basin	 (Vra)	 [Spak-
man	et	al.	1993;	Wortel	and	Spakman	2000;	Amaru	2007;	Koulakov	et	al.	2009]	and	
the	 Tyrrhenian	 basin	 (Cal-Ap)	 [Spakman	 1986,	 1990;	 Piromallo	 and	 Morelli	 2003;	
Spakman	and	Wortel	2004].	The	Cyprus	slab	[Biryol	et	al.	2011]	is	also	clearly	present.	
Less	prominent	 (and	non-continuous	 to	 the	 surface)	 fast	 P-wave	 velocity	 anomalies	
are	present	below	the	Alps	and	Dinarides.		
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Figure	1.7	A	Seismic	tomography	slice	of	P-wave	speeds	at	335	km	depth	for	the	larger	Mediterranean	
region	with	interpreted	slab	structures	[UU-P07,	Amaru	2007;	Wortel	and	Spakman	2000;	Spakman	and	
Wortel	 2004;	 van	 der	 Meer	 et	 al.	 2018]:	 RGB,	 Rif-Gibraltar-Betics;	 Cal-Ap,	 Calabrian-Apennines;	 Vra,	
Vrancea;	Hel,	Hellenic;	Cyp,	Cyprus.	Colors	indicate	seismic	wave	speed	anomalies	as	percentage	devia-
tions	from	average	mantle	velocities.	The	large	high-velocity	region	in	NE	Europe	is	not	a	slab	feature,	
but	rather	an	expression	of	the	old	and	cold,	continental	lithosphere	of	the	East	European	Craton,	rec-
ognized	in	many	other,	seismological	studies	[e.g.,	Zielhuis	and	Nolet	1994;	Ritsema	et	al.	2011;	Fichtner	
et	al.	2013;	Zhu	et	al.	2015].	B	Plate	boundary	evolution	of	the	segmented	subduction	zones	(solid	dents)	
in	 the	 larger	Mediterranean	 region	 (modified	after	 Wortel	 and	 Spakman	 [2000],	 using	 Spakman	 and	
Wortel	[2004],	Govers	and	Wortel	[2005];	Handy	et	al.	[2014];	van	Hinsbergen	et	al.	[2014);	present-day	
fault	 lineaments	 are	 through	 thick	 lines	 and	 thin	 lines	 denote	 reconstructed,	 older	 locations	 of	 the	
trenches.	 Large	 black	 arrows	 indicate	 lateral	 directions	 of	 horizontal	 slab	 detachment	 (white	 dents).	
Grey	dents	 indicate	 locations	where	continental	material	 is	underthrusted.	STEP	faults	are	shown	with	
dashed	lines	with	arrows.	Adr,	Adriatic	Sea;	Aeg,	Aegean	Sea;	Alb,	Alboran	Sea;	Cr,	Crete;	A-P,	Algero-
Provençal	Basin;	Bet,	Betics;	Car,	Carpathians;	Co,	Corsica;	Cr,	Crete;	Din,	Dinarides;	Ion,	Ionian	Sea;	Lev,	
Levantine	Basin;	Mag,	Maghrebides	(from	the	Rif	to	Sicily);	NAF,	North	Anatolian	Fault;	Pan,	Pannonian	
Basin;	Rif,	Rif;	Sa,	Sardinia;	Si,	Sicily;	Tur,	Turkey.	
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1.5.3	Slab	detachment	and	STEP	formation	

A	 low	P-wave	 velocity	 anomaly	 that	 interrupted	 the	 high-velocity	 anomaly	 beneath	
central	 Italy	 was	 interpreted	 by	Wortel	 and	 Spakman	 [1992]	 to	 result	 from	 a	 sub-
horizontal	 tear	 in	 the	 Apennines	 slab,	 indicating	 slab	 detachment	 (alternatively	 re-
ferred	 to	 as	 slab	breakoff).	 The	 tear	was	 absent	 further	 to	 the	 south,	which	 is	why	
Wortel	and	Spakman	[1992]	postulated	that	the	slab	was	 in	the	process	of	breaking	
off:	 lateral	migration	 of	 slab	 detachment.	 Slab	 tearing	 and	 breakoff	 has	 since	 been	
identified	 elsewhere	 also:	 Gibraltar	 [e.g.,	Mancilla	 et	 al.	 2013,	 2015],	 the	 northern	
segment	 of	 the	 Banda	 arc	 beneath	 Buru	 [Spakman	 and	 Hall	 2010;	 Pownall	 et	 al.	
2013],	the	Cocos	plate	subduction	beneath	Central	America	[Rogers	et	al.	2002;	Fer-
rari	2004]	and	Taiwan	[Lallemand	et	al.	1997,	2001;	Zheng	et	al.	2013].			

In	 other	 regions,	 slab	 breakoff	was	 invoked	 to	 explain	 the	 presence	 of	 fast	 P-wave	
anomalies	 in	the	lower	mantle	observed	from	tomography	[e.g.,	van	der	Meer	et	al.	
2018]	in	combination	with	surface	geology:	at	the	South	Loyalty	basin	[Schellart	et	al.	
2009],	Iran	[e.g.,	Hafkenscheid	et	al.	2006],	the	Carpathians	[Mason	et	al.	1998;	Prieto	
et	al.	2012],	Turkey	 [e.g.,	 Zor	2008]	and	 the	Himalayas	 [e.g.,	Replumaz	et	al.	2010].	
Such	 tears	 often	 result	 from	 buoyant	 continental	 crust	 entering	 the	 trench.	 Even	
though	 this	 continental	material	 can	 be	 dragged	 into	 the	mantle	 due	 to	 its	 attach-
ment	to	the	oceanic	material	[Davies	and	von	Blanckenburg	1995;	Duretz	et	al.	2011],	
eventually	a	tear	will	develop	segregating	the	oceanic	from	(most	of)	the	continental	
material.	Once	a	tear	is	formed,	shear	stress	surrounding	the	tip	rises	to	several	hun-
dred	MPas,	which	is	sufficient	for	further,	lateral	propagation	of	the	tear	in	a	zipper-
like	mechanism	[Fig.	1.8;	Yoshioka	and	Wortel	1995;	Burkett	and	Billen	2010],	even-
tually	 resulting	 in	 slab	 breakoff	 [see	 also	 van	 Hunen	 and	 Allen	 2011;	 Duretz	 et	 al.	
2012].	This	stress	arises	from	the	focusing	of	slab	pull	on	the	part	of	the	slab	that	re-
mains	continuous.		

Lithospheric	 rheology	 is	 paramount	 in	 describing	 the	 tear	 propagation	process	 [An-
drews	 and	 Billen	 2009;	 Duretz	 et	 al.	 2011;	 Schmallholz	 2011].	 Lithospheric	 tearing	
occurs	through	a	combination	of	thermal	weakening	[Wong	A	Ton	and	Wortel	1997;	
van	de	Zedde	and	Wortel	2001;	Gerya	et	al.	2004],	 localization	of	ductile	strain	[An-
drews	and	Billen	2009;	Duretz	et	al.	2011]	and	plastic	 failure	 (or	yielding)	 [Andrews	
and	Billen	2009;	Burkett	and	Billen	2010].	Whereas	 slab	pull	drives	 the	 tearing	pro-
cess	 itself,	 it	 also	 drives	 surface	 deformation,	 as	 depicted	 in	 Fig.	 1.8:	 lithosphere	 is	
flexed	down	where	the	slab	is	attached,	a	depocentre	may	arise	[Buiter	et	al.	1998],	
and	lithosphere	is	uplifted	when	detachment	has	occurred	[Buiter	et	al.	2002;	Gerya	
et	 al.	 2004;	Duretz	 et	 al.	 2011].	 This	 poses	 an	observational	means	of	 tracking	 slab	
detachment	through	detailed	timing	of	uplift	(rates)	[Buiter	et	al.	2002;	Duretz	et	al.	
2011;	Schmallholz	et	al.	2011;	Boutelier	and	Cruden	2017].	In	case	of	progressive	de-
tachment	 along-trench,	 as	 is	 the	 case	 in	 the	Mediterranean,	 timing	 of	 detachment	
can	be	tracked	through	a	basin-by-basin	analysis	 [van	der	Meulen	et	al.	1998,	1999,	
2000;	 Ascione	 et	 al.	 2011]	 or	 a	 visco-elastic	 flexural	 response	 [Buiter	 et	 al.	 1998;	
Mancinelli	et	al.	2018].	
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Slab	breakoff	(through	sub-horizontal	tears)	can	be	relevant	to	the	formation	of	slab	
edges,	and	therefore	to	the	birth	of	new	STEPs	(which	are	sub-vertical	tears).	Wortel	
et	 al.	 [2009]	 describe	 several	 scenarios	 on	 the	 progressive	 development	 of	 vertical	
tears	(STEPs)	from	horizontal	tears	(detachment).	During	hinge	migration,	the	materi-
al	 entering	 the	 trench	may	 vary	 along-strike.	 In	 case	 of	 along-trench	 collision	 with	
buoyant	material,	such	as	an	oceanic	plateau	or	continental	margin,	a	horizontal	tear	
may	develop.	If	it	does,	the	concurrent	detachment	of	part	of	the	subducted	material	
from	the	adjacent,	continuous	lithosphere,	along	with	hinge	migration,	allows	for	the	
development	of	a	vertical	tear.	This	then	results	in	continuing	subduction	away	from,	
or	along,	the	buoyant	material.	Alternatively,	a	horizontal	tear	can	shoal,	rotate	and	
develop	into	a	vertical	tear	(Fig.	1.9):	curvature	of	the	subducted	material	and	lateral	
buoyancy	contrast	generates	additional	in-plane	stresses	that	result	in	the	localization	
of	deformation	that	force	the	tear	into	a	vertical	orientation.	An	additional	tear	in	the	
vertical	 direction	may	develop	between	 the	detached	 fragment	and	 the	 continuous	

Figure	1.8	Schematic	illustration	of	the	lateral	propagation	of	a	slab	tear	with	resulting	vertical	surface	
motions	(see	surface	grid),	after	Wortel	and	Spakman	[2000].	At	the	tip	of	the	tear	(the	zipper)	the	al-
ready	detached	segment	is	still	connected	to	the	undetached	segment,	transferring	its	slab	pull	and	thus	
increasing	the	net	slab	pull.	This	results	in	a	downward	deflection	at	the	surface,	both	in	the	overriding	
(brown)	and	subducting	(blue)	plates.	Above	the	already	detached	part,	the	surface	is	rebounding	due	to	
the	decrease	in	slab	pull.	Note	the	thinning	of	the	lithosphere	where	torn	with	respect	to	the	continuous	
slab.	
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slab	(Fig.	1.9),	resembling	the	simple	model	of	concurrent	detachment	and	hinge	mi-
gration.	This	evolution	is	a	stage	particularly	pertinent	for	the	Mediterranean,	where	
the	shoaling	process	has	been	key	in	the	development	of	STEPs,	e.g.,	along	the	North	
African	margin	[Wortel	et	al.	2009].		

1.5.4	Brief	overview	of	the	large-scale	tectonic	evolution	of	the	Mediterranean	

For	 the	 period	 since	~30	Ma,	 subduction,	 slab	 migration,	 and	 slab	 breakoff	 in	 the	
context	 of	 a	 land-locked	domain	 explains	 the	 seismicity	 distribution,	 paleomagnetic	
data,	surface	heat	flow	and	crustal	structure	collected	 in	and	around	the	Pannonian	
basin,	the	Alboran	Sea,	the	Aegean	and	the	Tyrrhenian	basin	[Dewey	et	al.	1973;	Boc-
caletti	 et	 al.	 1976;	Gasparini	 et	 al.	 1982;	 Rehault	 et	 al.	 1984;	Malinverno	 and	 Ryan	
1986;	 Royden	 1993;	 Lonergan	 and	White	 1997;	 Carminati	 et	 al.	 1998;	 Wortel	 and	
Spakman	2000].	Seismic	tomography	confirms	that	(segmented)	subduction	is	a	long-
lived,	and	primary	phenomenon	 in	 the	Mediterranean	region	 [Fig.	1.7B;	Wortel	and	
Spakman	2000;	Spakman	and	Wortel	2004].	Slab	rollback	allowed	for	the	migration	of	
domains	on	the	overriding	(European)	plate	and	the	development	of	extensional	ba-

Figure	1.9	Schematic	illustration	of	the	resultant	setting	after	the	transition	from	a	horizontal	slab	tear	
to	a	vertical	 lithospheric	 tear,	after	Wortel	et	al.	 [2009].	As	 the	continental	 (yellow)	 lithosphere	 is	 too	
buoyant	to	subduction,	a	horizontal	tear	first	develops.	As	the	hinge	then	migrates	further	while	rotat-
ing,	the	tear	shoals	and	changes	orientation	from	horizontal	to	vertical.	Some	of	the	continental	materi-
al	may	delaminate	 from	the	surface	plate.	An	additional	 tear	may	develop	between	the	detached	seg-
ment	and	the	continuous	slab.		
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sins.	Reconstructions	indicate	that	slab	detachment	[Wortel	and	Spakman	1992]	took	
place	in	case	subduction	was	not	viable	anymore,	allowing	for	further	segmentation:	
the	 docking	 of	 the	 Kabylides	 onto	 the	 African	margin,	 entry	 of	 continental	 Adriatic	
lithosphere	 into	 the	 Apennines	 trench	 and	 continental	 European	 lithosphere	 in	 the	
Vrancean	trench	resulted	in	horizontal	detachment	of	the	slab	(Fig.	1.7B).	These	de-
tachments	then	migrated	along-trench	and	subsequently	shoaled	 into	vertical	 tears,	
forming	STEP	faults	(sensu	Wortel	et	al.	[2009])	that	promoted	further	trench	migra-
tion,	back-arc	opening	and	purging	of	the	Mesozoic	oceanic	lithosphere	from	the	sur-
face.	This	process	has	not	completed	yet	below	the	Betics,	where	the	slab	is	continu-
ous	still	across	the	Gibraltar	Strait	[Spakman	and	Wortel	2004].		

An	interesting	inference	is	the	progressive	shoaling	of	the	horizontal	detachment	be-
neath	the	Maghrebides	into,	and	propagation	of,	two	STEPs	along	the	northern	Afri-
can	margin	 [Wortel	and	Spakman	2000;	Spakman	and	Wortel	2004]	and	concurrent	
emplacement	of,	mainly	calc-alkaline,	volcanics	[Lonergan	and	White	1997]	 in	oppo-
site	directions:	one	STEP	migrated	to	the	west	and	one	to	the	east.	Whereas	the	Gi-
braltar	STEP	did	not	encounter	any	abrupt	changes	in	the	orientation	of	the	(rugged)	
African	margin	 up	 to	 its	 present-day	 position,	 the	 Calabrian	 STEP	 did.	Did	 the	 STEP	
follow	this	change	in	orientation,	or	did	it	propagate	into	the	Ionian	basin?	In	the	Ca-
labrian	arc,	Goes	et	al.	[2004]	evidence	a	tectonic	reorganization	about	1-0.8	Ma.	One	
may	thus	wonder	whether	slab	rollback	 is	still	 the	dominant	factor	 in	describing	the	
surface	motions	 (Fig.	1.6B)	at	present-day,	as	 it	has	done	over	 the	past	30	Myrs,	or	
whether	 plate	 convergence	now	 is	 dominant	 in	 the	Calabrian	 arc.	 For	 the	Gibraltar	
arc,	slab	rollback	appears	to	have	ceased	in	the	Messinian	as	the	slab	and	trench	had	
reached	their	current	positions	[e.g.,	Maldonado	et	al.	1999;	Crespo-Blanc	and	Cam-
pos	2001;	Chertova	et	al.	2014a].	Even	though	geodetic	measurements	appear	to	in-
dicate	motion	of	the	Gibraltar	arc	with	respect	to	both	Europe	and	Africa,	the	accre-
tionary	wedge	 in	 the	Gulf	 of	 Cadiz	 indicates	 only	 limited	 or	 halted	 tectonic	 activity	
since	the	Pliocene	[Iribarren	et	al.	2007;	Gutscher	et	al.	2009a,	b,	2012;	Zitellini	et	al.	
2009].	This	then	raises	the	question	which	structures	accommodate,	and	which	forces	
drive,	the	present-day	surface	motions	in	the	western	Mediterranean	region.		

1.5.5	Calabria	

Introduction		

Only	 a	 narrow	 continuous	 slab	 remains	 to	 subduct	 beneath	 the	 Calabrian	 arc	 [e.g.,	
Wortel	 and	Spakman	2000;	Neri	 et	 al.	 2009].	 Two	STEP	 faults	bound	 the	overriding	
Calabrian	block	at	the	surface	(above	the	slab	edges),	allowing	for	differential	motion	
with	respect	to	the	adjacent	Sicily	and	Apulia	domains.	STEP	fault	activity	allowed	for	
the	 migration	 of	 the	 Calabrian	 block	 [Carminati	 et	 al.	 1998;	 Wortel	 and	 Spakman	
2000;	Faccenna	et	al.	2001a,	b;	Govers	and	Wortel	2005;	Fig.	1.7B].	Present-day	GNSS	
observations	 still	 demonstrate	 this	 migration	 of	 the	 Calabrian	 domain	 [Fig.	 1.6A;	
D’Agostino	et	al.	2008;	Kreemer	et	al.	2014].	However,	the	surface	expression	of	the	
SW	STEP	fault	 is	debated,	as	multiple	lineaments	have	been	observed	at	the	surface	
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of	 the	 ocean	 floor.	 Africa-Europe	 plate	 convergence	 is	 taken	 up	 at	 the	 thrust	 front	
offshore	Sicily	in	the	Tyrrhenian	Sea,	and	the	subduction	interface.	Built	through	slab	
rollback	 and	 offscraping	 of	 sedimentary	 material	 from	 the	 descending	 lithosphere	
[Polonia	et	al.	 2011],	 the	Calabrian	accretionary	wedge	overlies	 the	STEP	 faults	and	
the	subducting-overriding	plate	contact.		

Location	of	the	Calabrian,	SW	STEP	fault		

Whereas	the	location	of	the	NE	STEP	fault	 is	considered	to	be	located	along	the	for-
mer	Apulian	platform	margin	[e.g.,	Argnani	2000],	the	location	of	the	SW	STEP	fault	in	
the	Ionian	basin	is	debated	and	several	lineaments	have	been	proposed	to	represent	
surficial	and	crustal	expressions	of	the	STEP	fault	system	(Fig.	1.10).		

Argnani	[2000]	and	Doglioni	et	al.	[2001]	proposed	that	the	Malta	Escarpment	(green	
in	Fig.	1.10),	a	bathymetric	jump	inherited	from	Mesozoic	rifting	of	the	African	conti-
nental	margin	[Scandone	et	al.	1981;	Finetti	1982;	Casero	et	al.	1984],	is	the	location	
along	which	oceanic	 lithosphere	was	 tearing.	 STEP	propagation	along	 the	Malta	 Es-
carpment	includes	a	reorientation	of	the	slab	tear	 in	map	view.	It	was	first	assumed	

Figure	1.10	Map	of	the	Calabrian	arc	and	major	structural	features	at	the	surface	of	the	lithosphere.	
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that	the	Malta	Escarpment	represents	a	boundary	between	oceanic	and	continental	
material,	making	it	a	likely	candidate	[Govers	and	Wortel	2005].	Early	seismic	line	da-
ta	 show	 surficial	 structures	 that	 support	 the	 presence	 of	 a	Mesozoic	 fault	 [Argnani	
and	Bonazzi	2005].	Higher	resolution	observations	[Gutscher	et	al.	2016]	indicate	that	
the	Malta	Escarpment	is	 inactive	now,	apart	from	normal-faulting	activity	near	Etna.	
This	makes	the	Malta	Escarpment	an	unlikely	candidate	for	the	STEP	fault.			

The	 Calabrian	 accretionary	 wedge	 is	 segmented	 longitudinally	 by	 the	 Ionian	 fault	
(blue	 in	 Fig.	 1.10)	 into	 two	 lobes	 that	 show	distinct	 bathymetric	 and	 structural	 fea-
tures	[Polonia	et	al.	2011].	Within	the	(south-)western	lobe,	the	Alfeo-Etna	fault	(red	
in	Fig.	1.10)	displays	surficial	transtensional	deformation.	With	more	detailed	seismic	
line	information,	Chamot-Rooke	et	al.	[2005]	and	Gallais	et	al.	[2013]	considered	the	
Alfeo-Etna	fault	to	be	the	location	of	the	continent-ocean	transition,	rather	than	the	
Malta	Escarpment.	Such	a	contrast	in	material	properties	present	a	likely	structure	to	
have	guided	the	propagating	SW	STEP	of	the	Calabrian	subduction	zone	 in	the	past.	
Both	 the	 Ionian	 and	 Alfeo-Etna	 faults	 remain	 viable	 candidates	 for	 the	 surficial	 ex-
pression	of	the	tearing	slab.	

For	both	the	Ionian	and	Alfeo-Etna	fault,	it	must	be	noted	that	the	plate	interface	be-
tween	the	overriding	(Calabrian	block)	and	subducting	(Ionian)	plate,	disregarding	the	
overlying	accretionary	wedge,	 is	 located	much	closer	to	Calabria	than	the	accretion-
ary	front	(Fig.	1.7B	and	1.10).	This	means	that	neither	of	these	lineaments	can	be	sur-
face	 expressions	 of	 the	 deeper	 STEP	 fault	 for	 their	 entire	 length	 because	 the	 STEP	
fault	zone	is	limited	to	the	overriding	and	juxtaposed	surface	lithosphere.	This	means	
that	the	discussion	about	which	lineament	represents	the	STEP	fault	pertains	only	to	
the	NW	section	of	the	Calabrian	wedge.	It	also	means	that	the	SE	ward	extension	of	
the	lineaments	requires	a	different	explanation,	one	that	is	beyond	the	scope	of	our	
current,	lithospheric,	study	(although	I	discuss	it	further	in	chapter	3).	I	will	focus	on	
the	question	whether	it	is	possible	to	ascertain	in	which	direction	the	STEP	has	prop-
agated	and	where	the	present-day	STEP	fault	is	located.	

Present-day	and	recent	geodynamic	setting		

Besides	the	interest	in	the	geodynamic	setting	of	southern	Italy	and	the	Calabrian	arc	
through	 its	 complex	 geological/geodynamical	 history,	 the	 observations	 on	 a	 human	
time	scale	also	require	a	better	understanding.	Whereas	the	geodetic	velocity	vectors	
(Fig.	1.6B)	indicate	that	there	is	a	strong	regional	variation	in	surface	motions,	thrust-
ing	and	extension	co-exist	over	small	spatial	distances	[Pondrelli	et	al.	2006;	Billi	et	al.	
2010;	 Cuffaro	 et	 al.	 2011].	 The	 historical	 record	 [Stucchi	 et	 al.	 2013;	 Rovida	 et	 al.	
2016]	 indicates	 that	𝑀𝑀! 	>	 7	 earthquakes	 have	 shaken	 the	 region.	 Geological	 and	
paleo-seismological	 [Valensise	and	Pantosti	1992;	Monaco	and	Tortorici	2000;	Cata-
lano	et	al.	2008;	Galli	et	al.	2011;	Galli	and	Peronace	2015]	studies	confirm	the	histor-
ical	 record	and	 indicate	that	differential	motions	on	major	 fault	systems	 larger	 than	
observed	at	present-day	have	to	be	considered	on	a	geological	time	scale.	In	this,	it	is	
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noteworthy	that	no	mega-thrust	earthquakes	have	been	observed,	neither	in	the	in-
strumental	seismological	record	nor	in	the	historical	record,	whilst	from	the	geologi-
cal/geodynamical	reconstructions	it	is	clear	that	the	Calabrian	subduction	contact	has	
accommodated	at	least	700	km	of	differential	motion	[Dewey	et	al.	1973;	Malinverno	
and	Ryan	1986;	Faccenna	et	al.	2001a].	This	 then	raises	 the	question:	Does	rollback	
still	drive	present-day	observations,	or	are	other	 lithospheric-scale	forces	(or	mantle	
flow?)	at	work,	and	which	faults	pose	the	largest	seismic	hazard	in	southern	Italy?	The	
Calabrian	subduction	contact	is	of	particular	interest	pertaining	to	the	seismic	hazard.	
In	 light	 of	 the	 absence	 of	 mega-thrust	 earthquakes	 from	 the	 historical	 and	 instru-
mental	records,	a	creeping	(aseismic)	subduction	contact	seems	likely	although	Cara-
fa	et	al.	[2018]	recently	speculated	that	high	interseismic	coupling	could	also	be	rec-
onciled	with	available	observations.	

1.5.6	Gibraltar	

Similar	to	the	Calabrian	arc,	the	Gibraltar	arc	is	a	very	tight	orogeny,	which	runs	from	
the	Rif	 in	Marocco	to	 the	Betics	 in	Spain	 (Figs.	1.6A,	1.7B,	1.11).	A	narrow	slab	seg-
ment	 is	observed	in	the	upper	mantle	(Fig.	1.7A),	which	 is	continuous	only	between	
the	Rif	 and	westernmost	Betics	 [Spakman	and	Wortel	 2004;	 Palomeras	 et	 al.	 2014;	
Mancilla	et	al.	2015].	This	slab	structure	is	inferred	to	be	old	Tethyan	lithosphere	that	
connects	to	the	Atlantic	oceanic	lithosphere	as	it	subducts	beneath	Gibraltar	and	the	
Alboran	Sea	basin	[Rehault	et	al.	1984;	Spakman	1986;	Spakman	et	al.	1993;	Royden	
1993;	Lonergan	and	White	1997;	Spakman	and	Wortel	2004;	Chertova	et	al.	2014a;	
Martínez-Loriente	et	al.	2014;	Molina-Aguilera	et	al.	2019].	The	Rif	and	Betic	moun-
tain	belts	consist	largely	of	nappe	stacks	(Fig.	1.11)	that	were	progressively	emplaced	
during	 slab	migration	 [e.g.,	 Andrieux	 et	 al.	 1971;	 Chalouan	 et	 al.	 2008;	 Platt	 et	 al.	
2013].	Whereas	the	emplacement	direction	of,	especially,	the	external	domains	in	the	
Betics	was	mainly	in	the	direction	of	rollback,	in	the	Rif	this	was	more	oblique	to	the	
rollback	direction,	probably	due	to	the	activity	of	the	STEP	fault	[e.g.,	Platt	et	al.	2013;	
Wortel	 et	 al.	 2017].	 Beneath	 the	 Betics,	 a	 westwardly	 propagating,	 horizontal	 de-
tachment	developed	as	the	trench	abutted	the	Iberian,	continental	lithosphere	[e.g.,	
Spakman	and	Wortel	 2004;	Mancilla	 et	 al.	 2015;	 Fig.	 1.8B].	 This	horizontal	 tear	has	
not	 shoaled	 into	a	 vertical	 tear	 (STEP)	 yet,	which	eventually	 could	 lead	 to	a	 further	
continuation	of	 trench	migration	and	thus	subduction	of	 the	Atlantic	Ocean	[Duarte	
et	al.	2013].	Nappe	emplacements	ceased	in	the	Messinian,	in	the	Rif	and	the	Betics,	
as	 the	 slab	 and	 trench	 approximately	 reached	 their	 present-day	 position	 [Lonergan	
and	White	1997;	Maldonado	et	al.	1999;	Crespo-Blanc	and	Campos	2001;	Chalouan	et	
al.	 2008;	 Platt	 et	 al.	 2013;	 Chertova	 et	 al.	 2014a;	 Spakman	 et	 al.	 2018].	 The	 (para-
)Alboran	Sea	domain	subsequently	experienced	uplift	up	to	the	present-day	[Iribarren	
et	al.	 2009]	whereas	most	deformation	 is	distributed	 [e.g.,	Custódio	et	al.	 2016].	 In	
the	Gulf	of	Cadiz	to	the	West,	deformation	is	taken	up	by	several	transpressive	struc-
tures	[Féraud	et	al.	1986;	Gràcia	et	al.	2003;	Rosas	et	al.	2016]	inferred	to	have	been	
the	source	of	large-magnitude	earthquakes	in	the	past	[Grünthal	et	al.	2013;	Stucchi	
et	al.	2013;	Rosas	et	al.	2016].	Interestingly,	present-day	surface	motions	indicate	that	
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the	Gibraltar	domain	still	moves	with	respect	 to	both	stable	Eurasia	and	Nubia	 (Fig.	
1.7B	with	 respect	 to	 Eurasia;	 Fig.	 1.11	with	 respect	 to	Nubia).	 This	motion	 co-exist	
with	shortening	in	the	Rif	and	western	Betics,	sinistral	shear	along	the	Eastern	Betics	
and	Trans	Alboran	Shear	Zones,	and	~E-W	extension	in	the	central	Betics	(Fig.	1.11).	
Since	the	available	kinematic	observations	display	various	deformation	features	with	
a	 strong	 regional	 variation,	many	distinct	geodynamic	processes	have	been	put	 for-
ward	 to	 explain	 them.	 This	 then	 raises	 the	 question:	 Can	 we	 now	 constrain	 which	
forces	and	material	properties	have	an	imprint	on	the	surface	velocities	in	the	Gibral-
tar	Arc	in	light	of	the	available	observations?	

Figure	1.11	Map	of	 the	Gibraltar	Arc	region	with	relevant	 lithological	domains.	Black	 lineaments	 indi-
cate	active,	 lithospheric-scale	structures	 [Martínez-Garcia	 et	al.	2011;	Garcia-Mayardomo	et	 al.	2012;	
Rosas	 et	 al.	2016]:	 shear	 arrows	 indicate	 transform	segments,	 triangles	 indicate	 thrust	segments	 and	
dashes	indicate	extensional	segments.	Red	arrows	indicate	surface	motions	with	respect	to	stable	Africa	
[Kreemer	et	al.	2014].	EBSZ	=	East	Betics	Shear	Zone,	GB	=	Guidalquivir	Basin,	GS	=	Gibraltar	Straits,	RB	
=	Rharb	Basin,	SAB	=	South	Alboran	Basin,	SB	=	Saïss	Basin,	TASZ	=	Trans	Alboran	Shear	Zone,	WAB	=	
Western	Alboran	Basin.	
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1.6	Modus	operandi	

1.6.1	Forward	numerical	models	

Multi-disciplinary	 observations	 of	 the	 (solid)	 Earth’s	 system	 provide	 Earth	 scientists	
enough	data	to	construct	conceptual	models.	Such	conceptual	models	are	then	used	
to	describe	the	underlying	processes	that	are	responsible	for	the	observations.	Gen-
erally,	 constructing	a	unique	model	 is	not	possible	as	collected	data	are	 too	sparse,	
both	 in	 time	 or	 space.	 Physical	 (numerical)	models	 then	 provide	 a	 tool	 to	 discrimi-
nate:	individual	conceptual	models,	based	on	specific	datasets,	will	either	be	rejected	
or	considered	to	be	physically	plausible.		

Thus,	observations	from	seismology	and	seismic	tomography,	geology,	geomorpholo-
gy	 and	 geodesy	 leave	 room	 to	 investigate	 geodynamic	 processes	 and	 the	 tectonic	
forces	 that	 cause	 these	 contemporaneous,	 observed	 (surface)	 expressions	pursuant	
to	a	numerical	modeling	approach.	With	increasing	computational	power,	it	is	tempt-
ing	to	 include	every	natural	phenomenon	(read:	complexity)	and	try	to	simulate	the	
“real	Earth”.	However,	by	doing	this	the	scientist	 loses	sight	of	the	major	advantage	
of	the	methodology:	use	Ockham’s	razor	and	find	the	most	important	processes	that	
reproduce	 the	 key	 aspects	 of	 the	 observations.	 Forward	 numerical	 modeling,	 e.g.,	
using	 finite	element	models,	 is	an	exceptionally	viable	 tool:	prudent	choices	 for	 the	
processes	modeled,	and	the	progressive	introduction	of	complexities,	are	able	to	pro-
vide	additional	 insight	 [Oreskes	et	al.	1994].	 In	this	way,	 the	viability	of	geodynamic	
processes	relevant	for	the	lithosphere,	and	the	relative	importance	of	individual	tec-
tonic	forces	can	be	discriminated.		

It	 is	 important	to	realize	here	that	any	model	of	the	Earth	is	always	wrong	(to	some	
degree)	by	design:	a	(numerical)	model	is	merely	a	simplified	representation	of	a	nat-
ural	 process	 or	 phenomenon.	Modeling	 requires	 validation	 (benchmarking)	 of	 indi-
vidual	model	 setups,	 calibration	 of	 the	model	 to	 a	 specific	 set	 of	 observations	 and	
verification	of	model	predictions	 to	challenge	the	reliability	 to	another	 independent	
dataset	[Masterlark	and	Tung	2018].	Ideally,	future	observations	can	be	used	to	con-
front	the	reliability	of	model	predictions.	

1.6.2	How	does	the	finite	element	method	work?	

The	 calculation	 of	 (lithospheric-scale)	 rock	 deformation	 is	 a	 complex	 problem.	 Con-
tinuum	mechanics	equations	describe	the	deformation	(kinematics	and	dynamics)	of	
materials,	such	as	rocks	or	a	 lithosphere.	 In	this	way,	 lithospheric	matter	 is	continu-
ously	distributed	within,	and	entirely	fills,	the	lithosphere;	this	is	a	medium	subject	to	
both	solid	(elastic	and	plastic/brittle)	and	fluid	(ductile/viscous)	mechanics,	pursuant	
to	a	continuously	present	force	balance	in	the	medium.	Solving	the	force/momentum	
balance	 equations	 analytically	 only	 works	 for	 very	 simple	 problems,	 with	 ideal	
boundary	conditions	and	domain	shapes,	and	no	complexities;	generally,	the	analyti-
cal	solution	cannot	be	computed	directly.		
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Finite	element	models	then	provide	a	computational	(numerical)	tool	by	which	prob-
lems	with	interacting	complexities,	such	as	an	intricate	distribution	of	boundary	con-

Figure	1.12	Continuum	vs.	finite	element	deformation.	Consider	a	square	volume	of	material	the	ex-
periences	simple	shear	deformation.	For	 the	continuum,	 the	bottom	boundary	 is	 stuck,	whereas	 the	
top	 boundary	 experiences	 a	 shear	 traction.	 The	 final	 state	 of	 the	 sheared	 medium	 is	 a	 rhomboid	
shape.	This	deformation	can	also	be	calculated	with	finite	elements:	the	body	is	discretized	randomly	
(for	 a	 Lagrangian	mesh)	 into	 smaller	 elements,	 span	by	 nodal	points.	 The	bottom	nodes	 are	 stuck,	
whereas	the	nodes	at	the	 top	boundary	are	attributed	a	 force	and	can	only	move	horizontally.	This	
force	is	a	representation	of	the	shear	traction	on	the	adjacent	element	side	boundaries.	The	solution	
for	the	(Lagrangian)	finite	element	calculations	renders	the	same	rhomboid	shape.	See	e.g.,	Turner	et	
al.	[1956]	for	an	early,	comprehensive	treatment	of	the	finite	element	method	with	basic	and	complex	
examples	for	the	calculation	of	elastic	deformation.	
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ditions	and	(non-linear)	material	properties,	can	be	solved;	a	large	and	complex	con-
tinuum	 is	 discretized	 into	much	 smaller	 “finite	 elements”	 (Fig.	 1.12).	 The	 finite	 ele-
ments	 consist	 of	 several	 nodes,	 i.e.,	 discrete	 points	 located	 within	 the	 continuum,	
which	span	 the	elements.	Within	an	element,	material	properties	are	constant.	The	
solution	 to	 the	 force/momentum	 balance	 equations	 is	 approximated	 with	 simple	
(e.g.,	 linear)	 functions	per	element.	Each	element	 interacts	with	adjacent	elements.	
These	elements	then	interact	with	the	other,	adjacent	elements,	et	cetera.	The	repe-
tition	of	simple	elements	and	their	interactions	makes	the	problem	amenable	for	so-
lution	by	computers.	

“The	mesh”	(Fig.	1.12)	represents	the	original,	physical	body	and	the	deformation	of	a	
mesh	is	an	assembly	of	the	deformation	of	all	finite	elements,	calculated	from	an	as-
sembled	system	of	equations.	One	key	feature	of	the	mesh	is	that	the	elements	need	
to	capture	the	spatial	variations	of	the	field	variable	by	piecewise	linear	interpolation;	
the	linear	functions	of	the	finite	elements	then	approximate	the	analytical	solution	(at	
least	for	problems	where	an	analytical	solution	exists).	Running	multiple	simulations	
with	variable	element	size	easily	tests	this;	convergence	is	reached	in	case	the	varia-
tion	between	numerical	solutions	for	two	models	with	different	element	size	is	below	
a	predefined	threshold	value.		

As	shown	in	Fig.	1.12,	continuum	deformation	thus	results	from	the	interplay	of	 im-
posed	boundary	conditions	on,	and	 (possibly	changing)	material	properties	of	 these	
individual	elements.	The	calculations	may	include	both	a	mechanical	(force	or	torque)	
balance	and	a	thermal	balance;	a	thermal	balance	solves	the	heat	equation,	resulting	
in	a	temperature	distribution	that	may	affect	the	material	properties	of	a	continuum.	
There	are	two	ways	to	handle	mesh	deformation	through	time:	1)	the	nodes	and	the	
elements	move	along	with	the	material	as	it	moves	(“Lagrangian”;	the	mesh	is	drawn	
on	 the	 body),	 or	 2)	 the	 points	 and	 elements	 remain	 static	 and	 the	 material	 flows	
through	 the	 elements	with	 tracers	 (“Eulerian”;	 the	mesh	 is	 a	 background	mesh).	 In	
the	 Eulerian	 approach,	 the	 position	 of	 a	material	 point	moves	 with	 respect	 to	 the	
mesh,	which	makes	imposing	boundary	and	interface	conditions,	and	compiling	a	full	
time	series	of	deformation	difficult	to	constrain	efficiently.	Conversely,	the	Lagrangian	
approach	 ensures	 easily	 imposed	 boundary	 conditions,	 a	 free	 surface	 and	 internal	
(material)	 interfaces,	as	these	will	always	remain	as	such.	Such	boundary	 interfaces,	
as	well	as	the	rest	of	nodes,	are	easily	tracked	through	time;	a	full	time	series	of	de-
formation	is	compiled.	Mass	flow	between	elements	is	not	allowed,	warranting	mass	
conservation.	One	 drawback	 of	 the	 Lagrangian	 approach	 lies	 in	 the	 deformation	 of	
the	mesh:	in	case	the	mesh	is	distorted	too	much,	the	solution	for	the	displacements	
becomes	inaccurate.	

1.6.3	GTECTON	

The	GTECTON	 finite	element	package	 [Govers	 and	Meijer	2001;	Govers	et	 al.	 2018]	
employs	 a	 Lagrangian	 approach	 to	 obtain	 a	 thermo-mechanical	 balance:	 the	 finite	
element	mesh	deforms	according	to	the	deformation	of	the	material.	For	the	geody-
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namic	settings	discussed	in	this	thesis,	this	inherent	disadvantage	of	a	Lagrangian	ap-
proach	will	 not	pose	 a	problem,	 as	 the	model	mesh	will	 not	deform	 too	much.	 For	
calculating	(lithospheric)	deformation	in	GTECTON,	a	visco-elastic	(and	possibly	plas-
tic)	material	is	deformed	through	imposed	forces	(shear	boundary,	body,	thermal).		

Other,	 fully	continuum	models	such	as	thin	sheet	models	[e.g.,	Bird	and	Piper	1980;	
England	and	McKenzie	1982]	only	have	distributed	zones	of	high	shear	strain	(rates);	
they	do	not	have	discrete	internal	interfaces.	Such	internal	interfaces	permit	discrete	
differential	motion	between	adjacent	rock/lithospheric	domains,	just	like	fault	planes	
in	 the	 “real	 Earth”.	 Normal	 stress	 across	 the	 fault	 interface	 is	 always	 transferred	
whilst	this	differential	motion	is	accommodated.	In	case	friction	acts	on	these	discrete	
interfaces,	shear	stress	is	partially	transferred	from	one	side	of	the	fault	into	the	oth-
er	 side,	 depending	 on	 the	 amount	 of	 friction.	 GTECTON	 incorporates	 discrete	 fault	
planes	within	 the	model	mesh.	By	varying	 the	amount	of	 fault	 resistance	on	a	 fault	
plane,	the	resultant	differential	motion	is	also	variable	and	can	be	made	to	match	ge-
ological	or	geodetic	observations.	 In	Chapter	6,	 I	 introduce	a	new	method	to	handle	
fault	 resistance	 on	 discrete	 internal	 interfaces	 within	 the	 GTECTON	 finite	 element	
code	suitable	for	future	applications.	

1.7	Chapters	overview	

1.7.1	Chapter	2:	The	role	of	passive	margins	on	the	propagation	of	STEPs	

Chapter	2	 focuses	on	the	propagation	of	STEPs.	Whereas	modeling	results	are	com-
plex,	both	for	the	response	of	edges	of	subduction	zones	and	regions	of	lithospheric	
tearing	 (see	 above	 sections),	 we	 choose	 to	 simplify	 the	 problem	 and	 focus	 on	 the	
(possible)	driving	forces	and	material	properties	pertaining	to	the	STEP	system.	Inces-
sant	tearing	of	the	lithosphere	is	driven	by	slab	pull,	but	the	actual	direction	of	propa-
gation	is	dependent	on	the	lithospheric	strength	(contrast)	in	front	of	an	active	STEP	
[Govers	and	Wortel	2005;	Wortel	et	al.	2009].	Two,	outstanding	questions	are	wheth-
er	the	observed	orthogonality	is	a	transient	feature	or	the	preferred	setup	for	a	STEP	
system,	 and	whether	 the	 STEP	 is	 steered	 by	 changing	material	 properties	 ahead	 of	
the	active	STEP	(e.g.,	a	continental	margin).	Through	numerical	models,	we	assess	the	
plausibility,	likelihood,	or	even	consequential	preference	of	such	propagation	along	a	
passive	margin.		

1.7.2	Chapter	3:	The	Ionian	and	Alfeo-Etna	fault	zones	at	the	Calabrian	subduction	
zone	(central	Mediterranean)	in	a	geodynamic	context:	A	numerical	modelling	con-
tribution	

Expanding	 on	 the	 modelling	 experiments	 and	 findings	 presented	 in	 chapter	 2,	 we	
adapt	 the	 geometry	of	 the	model	 setup	 so	 that	 it	 specifically	 pertains	 to	 the	 Sicily-
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Calabria	region.	This	includes	the	orientation	change	of	the	African	margin,	as	the	Ca-
labrian	subduction	zone	migrated	alongside	it	(Fig.	1.8B).	In	combination	with	the	in-
terpretation	of	seismic	line	data,	to	characterize	the	structure	of	the	Calabrian	accre-
tionary	wedge	with	 the	 two	main	 fault	 zones	 (Fig.	 1.9),	 and	 instrumental	 seismicity	
data,	 we	 examine	 the	 geological	 kinematics	 of	 this	 area.	 We	 seek	 to	 determine	
through	numerical	models	whether	a	STEP	will	propagate	into	the	Ionian	basin	and,	if	
so,	whether	this	propagation	will	take	place	in	the	direction	of	the	Alfeo-Etna	or	Ioni-
an	fault.	We	then	come	to	a	conceptual	model,	putting	these	observed	faults	at	the	
Calabrian	subduction	zone	segments	 in	a	geodynamic	context.	 Inherently,	our	 litho-
spheric-scale	approach	evidences	the	expression	of	slab	tearing	at	the	surface	plates	
and	segmentation	of	the	African	margin	in	the	central	Mediterranean	Sea.	

1.7.3	Chapter	4:	On	the	forces	that	drive	and	resist	deformation	of	the	south-central	
Mediterranean:	a	mechanical	model	study	

Following	the	conceptual	model	of	the	geodynamic	setting	in	the	southern	Mediter-
ranean,	we	shift	the	focus	of	chapter	4	to	a	more	complete	description	of	the	recent	
kinematics.	 We	 perform	 numerical	 model	 experiments	 to	 investigate	 whether	 the	
(strong	 regional	 variation	 of)	 geodetic	 velocities,	 seismicity	 and	 sense	 of	 slip	 on	 re-
gional	faults	in	southern	Italy	and	Sicily	can	be	understood	to	result	from	lithospheric	
forces.	 In	 this,	a	key	model	element	 is	 the	 resistance	 to	slip	on	major	 regional	 fault	
zones,	which	may	vary	regionally.	We	assess	whether	slab	rollback	still	drives	surface	
motion	and	deformation	in	the	Calabrian	Arc	region,	and	which	faults	accommodate	a	
slip	deficit	and	hold	potential	for	large-magnitude	earthquakes	in	the	future. 

1.7.4	 Chapter	 5:	 Estimating	 forces	 and	 rheology	 from	 crustal	 deformation	 in	 the	
western	Mediterranean	through	a	Bayesian	approach	
	
In	chapter	5	we	focus	on	the	Gibraltar	Arc.	Just	as	in	chapter	4,	we	seek	to	understand	
the	observed	kinematics	of	 the	 region	 through	numerical	model	experiments	based	
on	 lithospheric	 forces.	 Now	we	 go	 a	 step	 further	 and	 try	 to	 ascertain	whether	 the	
available	kinematic	observations	allow	for	 the	estimation	of	model	parameters:	Can	
lithospheric	forces	and	effective	rheology	be	constrained	in	light	of	the	observations?	
Our	grid	search	methodology	indicates	that	this	is	 indeed	possible,	and	that	the	sur-
face	kinematics	in	the	Gibraltar	Arc	appear	to	result	mainly	from	Africa-Europe	plate	
convergence	and	lateral	GPE	variations.	

1.7.5	Chapter	6:	Faults	and	slip	resistance	in	GTECTON	finite	element	models	

I	start	with	a	further	description	of	the	key	research	tool	for	this	thesis;	the	GTECTON	
numerical	modeling	code	[Govers	et	al.	2018].	As	stated	in	section	1.6,	the	advantage	
of	using	GTECTON	over	other	finite	element	codes	is	the	incorporation	of	fault	inter-
faces	in	the	finite	element	mesh.	In	Chapter	6,	I	introduce	the	method	used	to	handle	
discrete	internal	interfaces	in	the	mesh	and	illustrate	the	resistive	fault	traction	algo-
rithm;	this	is	a	recent	implementation	to	better	model	fault	shear	strength	in	the	nu-
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merical	model	representation	of	the	resistance	to	slip	on	discrete,	internal	interfaces	
and	 can	 be	 used	 in	 further	modeling	 studies	 to	 better	 constrain	 resistance	 to	 fault	
slip.		
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2.	The	role	of	passive	margins	on	the	evolution	of	Subduction-
Transform	Edge	Propagators	(STEPs)1	

2.1	Introduction	

At	 the	 lateral	 edges	 of	 subduction	 zones,	 continual	 lithospheric	 tearing	 is	 a	 conse-
quence	of	the	geodynamic	setting.	Vertical	tearing	of	the	plate	at	the	surface	enables	
that	 subduction	can	continue	 [Wilson	1965;	 Isacks	et	al.	1969;	Forsyth	1975;	Millen	
and	Hamburger	1998].	The	locus	of	active	lithospheric	tearing	is	defined	as	a	Subduc-
tion-Transform	Edge	Propagator	 (STEP)	 [Govers	and	Wortel	2005].	 In	 the	wake	of	 a	
propagating	STEP,	a	plate	boundary	develops	between	the	overriding	and	subducting	
plates,	defined	as	the	STEP	fault	[Baes	et	al.	2011].	Tearing	at	the	active	STEP	depends	
on	both	the	driving	forces	(mostly	slab	pull)	and	on	the	forces	resisting	propagation	
(plate	boundary	friction	and	lithosphere	strength	[Govers	and	Wortel	2005]).	The	kin-
ematics	on	the	STEP	fault	between	the	surface	segment	of	the	broken	plate	and	the	
overriding	plate	are	strongly	affected	by	the	tectonic	setting:	e.g.,	 in	a	Mediterrane-
an-like	setting	relative	motions	on	a	STEP	fault	vary	strongly	along	strike.	

In	 the	 southwest	 Pacific	 region,	 the	 northern	 termination	 of	 the	 Tonga	 trench	 and	
eastern	termination	of	the	New	Hebrides	trench	(Fig.	2.1)	represent	relatively	simple	
examples	of	lithospheric	tearing	and	STEP	system	evolution	[Isacks	et	al.	1969;	Millen	
and	Hamburger	1998;	Govers	and	Wortel	2005;	Wortel	et	al.	2009].	The	Vityaz	linea-
ment	represents	a	broad	deformation	zone	divided	into	two	segments	(Fig.	2.1).	The	
western	segment	(extending	west	from	Fiji;	dashed	red	line	in	Fig.	2.1)	is	the	trace	of	
a	 paleotrench	 (Vityaz	 trench	 in	Hall	 [2002],	 Hall	 and	 Spakman	 [2002],	Wortel	 et	 al.	
[2009],	 and	 Schellart	 and	 Spakman	 [2012]).	 The	 eastern	 segment	 (extending	 east	
from	Fiji;	solid	red	line	in	Fig.	2.1)	is	the	STEP	fault,	active	since	at	least	7	Ma	[Wortel	
et	 al.	 2009].	 The	 two	 STEPs	 at	 both	 ends	 of	 the	 Tonga	 and	New	Hebrides	 trenches	
have	propagated	approximately	perpendicular	to	the	trench	as	highlighted	by	the	ori-
entation	of	 their	 related	STEP	faults	and	the	alignment	of	 the	 (deep)	slab	edge	 (Fig.	
2.1).	

Govers	and	Wortel	[2005]	study	3D	numerical	models	of	STEP	systems	and	use	Cou-
lomb	stresses	to	predict	fault	propagation	directions.	In	the	absence	of	lateral	varia-
tions	 in	 mechanical	 properties,	 the	 STEP	 will	 continue	 to	 propagate	 approximately	
parallel	to	the	previously	developed	STEP	fault.	Both	the	subducting	Pacific	plate	near	
the	Tonga	subduction	zone	and	the	subducting	Australian	plate	near	the	New	Hebrid-
es	subduction	zone	can	be	considered	approximately	uniform.	In	case	no	lateral	vari-
ations	 in	 mechanical	 properties	 are	 present,	 STEP	 fault-parallel	 (or	 trench-perpen-

																																																								
1	This	chapter	was	published	as	Nijholt,	N.	and	Govers,	R.	(2015),	The	role	of	passive	margins	on	the	evo-
lution	of	Subduction-Transform	Edge	Propagators	(STEPs).	Journal	of	Geophysical	Research:	Solid	Earth,	
120,	doi:10.1002/	2015JB012202.		
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dicular)	propagation	seems	to	represent	a	suitable	first-order	response	for	STEP	sys-
tems	[Govers	and	Wortel	2005].	

At	the	south	Lesser	Antilles	subduction	zone,	seismic	tomographic	images	of	the	up-
per	mantle	show	an	edge	along	the	south	Lesser	Antilles	slab,	that	roughly	aligns	with	
the	 STEP	 fault	 (El	 Pilar	 fault	 zone)	 between	 the	 surface	 plates	 [van	 Benthem	 et	 al.	
2013].	This	STEP	fault	is	located	along	the	margin	of	the	continental	South	American	
lithosphere	(Fig.	2.2	[Govers	and	Wortel	2005;	van	Benthem	et	al.	2013]).	We	suspect	
that	 the	 coincidence	 of	 the	 STEP	 fault	 and	 the	 passive	margin	 is	 a	 consequence	 of	
rupturing	 along	 the	 mechanical	 strength	 contrast	 there.	 It	 is	 important	 to	 keep	 in	
mind	that	alignment	of	a	(deep)	slab	edge	and	the	shallow	STEP	fault	is	more	indica-
tive	 of	 propagation	 parallel	 to	 the	 passive	margin	 than	 the	 local	 orientation	 of	 the	
trench	relative	to	the	margin	at	the	trench-STEP	fault	intersection,	which	may	be	the	
result	of	an	intricate	interplay	of	friction/resistance	to	tearing.	

Here	we	focus	on	the	influence	of	lateral	variations	in	mechanical	strength	of	the	lith-
osphere,	due	to	the	presence	of	a	passive	margin,	on	the	direction	of	STEP	propaga-

Figure	 2.1	 Regional	 topographic/bathymetric	map	 of	 the	 southwest	 Pacific	 region,	 including	 the	 iso-
depth	contours	of	the	subducting	plates.	The	white	arrows	represent	plate	velocities	in	the	Indo-Atlantic	
moving	hot	spot	reference	frame,	while	the	pink	arrows	indicate	trench-perpendicular	retreat	velocities	
(after	Schellart	et	al.	[2007]	and	Schellart	and	Spakman	[2012]).	The	magenta	hexagons	indicate	active	
STEPs.	STEP	faults	at	the	northern	termination	of	the	Tonga	trench	and	eastern	termination	of	the	New	
Hebrides	trench	are	shown	as	deformation	zones,	with	an	overall	sinistral	sense	of	shear	modified	after	
the	Slab1.0	model	[Hayes	et	al.	2012]	and	tomography	models	BS2000	in	Bijwaard	and	Spakman	[2000]	
and	in	Wortel	et	al.	[2009]	and	UU-P07	in	Schellart	and	Spakman	[2012].	
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tion.	 Specifically,	we	 are	 interested	 in	 the	 geometric	 relationship	 in	 time	of	 passive	
margins,	 STEP	 faults,	 and	 trenches.	 Old	 oceanic	 lithosphere	 has	 large	 lithospheric	
strength	and	as	such	a	large	resistance	to	tearing	[Kohlstedt	et	al.	1995].	Continental	
lithosphere	 is	 less	 strong	 and	 has	 less	 resistance	 to	 tearing	 [Kohlstedt	 et	 al.	 1995].	
Passive	 margins	 therefore	 represent	 major	 discontinuities	 in	 lithospheric	 strength.	
Analog	and	numerical	models	 in	convergent	settings,	which	 include	two	(or	possibly	
more)	domains	with	different	material	properties,	indicate	localization	of	strain	along	
heterogeneities	[e.g.,	England	and	Houseman	1985;	Dayem	et	al.	2009;	Calignano	et	
al.	2015].	This	localization	occurs	in	the	weaker	material	adjacent	to	the	stronger	ma-
terial.	As	passive	margins	represent	a	first-order	contrast	in	rock	mechanical	proper-
ties,	one	can	expect	that	they	may	play	a	critical	role	in	the	propagation	direction	of	a	
STEP.	

We	use	mechanical	 finite	element	models,	which	 include	passive	margins	 in	 a	 STEP	
system	 and	 study	 the	 effect	 of	 the	 strike	 of	 a	 passive	 margin	 with	 respect	 to	 the	
trench,	 the	magnitude	of	 the	 lithospheric	strength	variation	across	the	passive	mar-
gin,	and	the	subduction	history	(through	the	resulting	slab	pull	force).	First,	we	review	
tectonic	settings	of	natural	STEP	systems	as	a	basis	for	our	generic	models.	Next,	we	
investigate	 uniform	 models	 followed	 by	 more	 complex	 settings	 including	 passive	
margins	with	various	structures.	We	will	subsequently	analyze	and	discuss	our	results	
to	determine	what	controls	the	STEP	propagation	direction,	especially	concerning	the	
orientation	of	the	passive	margin.	

2.2	Tectonic	setting	of	STEP	systems	

Subduction-Transform	 Edge	 Propagators	 require	 lithospheric	 tearing	 to	 propagate.	
The	 surface	 geometry	 found	 in	 nature	 is	 one	where	 subduction	 and	 STEP	 fault	 are	
oriented	approximately	perpendicular.	Examples	of	such	geometry	are	 the	northern	
termination	 of	 the	 Tonga	 subduction	 zone,	 the	 eastern	 end	 of	 the	 New	 Hebrides	
trench,	 the	 southern	 termination	of	 the	 south	 Lesser	Antilles	 trench,	 both	 termina-
tions	of	the	South	Sandwich	trench,	both	terminations	of	the	Gibraltar	arc,	the	west-
ern	end	of	the	Sulawesi	trench,	both	terminations	of	the	Calabrian	subduction	zone,	
and	both	terminations	of	the	Hellenic	subduction	zone	[Millen	and	Hamburger	1998;	
Govers	and	Wortel	2005;	Clark	et	al.	2008;	Gutscher	et	al.	2012;	Özbakir	et	al.	2013;	
van	Benthem	et	 al.	 2013].	 At	 the	 south	 Lesser	Antilles	 and	Gibraltar	 arcs,	 the	 STEP	
fault	 is	 located	along	 the	margin	of	 the	continental	plate	 [Govers	and	Wortel	2005;	
Clark	et	al.	2008;	Gutscher	et	al.	2012].	

The	perpendicular	character	of	the	observed	STEP	systems	in	nature	is	striking,	which	
then	raises	the	question	whether	the	orthogonality	of	STEP	fault	and	trench	is	a	tran-
sient	feature	or,	rather,	the	preferred	setup	toward	which	a	STEP	system	will	evolve.	
Also,	the	amount	of	STEPs	along	a	passive	margin	in	nature	is	limited	which	does	not	
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provide	direct	 evidence	on	 the	 steering	effect	of	passive	margins	on	STEP	propaga-
tion.	Even	though	slab	rollback	and	STEP	propagation	resulted	in	the	development	of	
the	 (trace	of	 the)	El	Pilar	 fault	 zone	since	∼45	Ma	 [van	Benthem	et	al.	2013]	at	 the	
south	 Lesser	Antilles	 subduction	 zone,	 this	may	 simply	be	a	 coincidence	 if	 the	STEP	
was	already	perpendicular	to	the	trench	when	approaching	the	South	American	pas-
sive	margin	which	fortuitously	arrived	in	its	path.	The	alignment	of	the	deep	slab	edge	
in	the	mantle	transition	zone	with	the	South	American	passive	margin	(Fig.	2.2)	and	
the	 longevity	 of	 the	 system	 suggest	 that	 it	 is	 a	 very	 stable	 setup,	which	 is	 not	 in	 a	
transient	phase.	Here	we	seek	to	determine	whether	propagation	along	a	margin	is	a	
stable	geodynamic	feature	as	inferred	from	the	south	Lesser	Antilles	arc	evolution.	A	
passive	margin	may	or	may	not	be	key	 in	steering	 this	STEP,	and	we	will	determine	
whether	the	orthogonality	of	STEP	fault	and	trench	is	a	transient	feature	or	the	pre-
ferred	 setup	 for	 a	 STEP	 system	by	 systematically	 reviewing	 setups	of	 STEP	 systems,	
including	both	perpendicular	and	non-perpendicular	STEP	settings.	

Figure	2.2	Regional	topographic/bathymetric	map	of	the	Caribbean	region.	The	red	to	green	lines	paral-
lel	to	the	trench	are	isodepth	contours	(inset)	from	the	surface	down	to	the	subducted	slab.	This	denotes	
the	location	of	the	convergent	plate	boundary	in	dark	red,	i.e.,	where	the	slab	depth	is	0	km.	The	brown	
region	indicates	the	diffuse	boundary	between	the	North	and	South	American	plates	(after	van	Benthem	
et	al.	 [2013]).	The	grey	dashed	 line	 indicates	the	end	of	 the	South	American	passive	margin.	The	STEP	
fault	 (El	 Pilar	 fault	 zone)	 has	 a	 dextral	 sense	 of	 shear,	modified	 after	 Gudmundsson	 and	 Sambridge	
[1998]	and	Austermann	et	al.	[2013]	and	tomography	model	UU-P07	in	van	Benthem	et	al.	[2013].	
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2.3	Numerical	model	approach	for	STEP	systems		

2.3.1	General	

Keeping	the	geometry	of	the	south	Lesser	Antilles	subduction	zone	in	mind,	we	inves-
tigate	 models	 including	 a	 straight	 passive	 margin	 oriented	 at	 different	 angles	 with	
respect	to	a	straight	trench	(Fig.	2.3).	In	our	2D,	mechanical	models,	we	take	an	aver-
age	of	the	rheological	properties	of	the	layered	lithosphere	to	a	single	parameter:	the	
effective	lithospheric	viscosity	(instead	of	the	integrated	strength)	of	a	thin	plate.	We	
calculate	the	transmission	of	slab	pull	into	the	surface	plate	in	a	separate	set	of	mod-
els	(Appendix	2.A)	and	let	the	tectonic	forces	(prescribed	velocities	and	slab	pull)	act	
on	the	appropriate	domain	interfaces	(Fig.	2.3).	We	ignore	mantle	flow	contributions	
to	STEP	system	dynamics	 in	order	to	determine	the	effect	of	material	properties	on	
STEP	propagation.	 Slab	pull	 is	 the	 driving	 force	 for	 the	propagation	of	 a	 STEP,	with	

Figure	2.3	STEP	model	setup	with	the	STEP	(purple	hexagon)	at	the	intersection	of	the	subduction	fault	
(trench;	with	the	black	dents)	and	STEP	fault	(red	line,	with	the	two	arrows).	For	reference,	we	will	refer	
to	north,	south,	east,	and	west	following	the	arrow	in	the	bottom	left.	A	velocity	boundary	condition	of	1	
𝑚𝑚𝑚𝑚 𝑦𝑦𝑦𝑦!! in	the	N-S	direction	is	set	at	the	northern	edge	of	the	model	domain.	Rollers	indicate	motion	
restrictions	 on	 the	 overriding	 plate.	 The	 south-eastern	 edge	 cannot	 move.	 At	 the	 trench,	 slab	 pull-
associated	 tractions	are	 forcing	 the	 subducting	oceanic	 plate	 southward.	 Parameter	β	 represents	 the	
passive	margin	angle.	At	both	sides	of	the	large	continental-ocean	block,	springs	indicate	lateral	conti-
nuity	of	the	lithosphere.	The	southern	edge	of	the	continental	block	is	free	to	move.	
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continuous	subduction	and	slab	rollback	as	a	result.	Resistance	to	tearing	at	the	STEP	
represents	a	resisting	factor.	The	mechanical	equilibrium	equations	are	solved	using	
the	GTECTON	 finite	element	 software	 (version	2011.1.65)	adopting	 the	plane	 stress	
approximation	[Govers	and	Wortel	1999].	

2.3.2	Domain	and	regional	geometry	

A	passive	margin	is	represented	as	a	parallel	band	between	the	continental	and	oce-
anic	domains	(Fig.	2.3).	De	Franco	et	al.	[2008]	analyze	a	global	5min	topography	data	
set	 (ETOPO5)	 and	determine	 the	 inclination	 angles	 of	 continental	 slopes.	 These	 au-
thors	find	that	the	most	common	inclination	angle	from	the	global	distribution	is	3°.	
With	 a	 3000m	vertical	 drop,	 the	width	of	 the	passive	margin	 in	 the	 STEP	models	 is	
thus	set	to	∼57	km.	

The	passive	margin	angle	β	is	defined	here	as	the	angle	between	the	strike	of	the	pas-
sive	 margin	 ahead	 of	 the	 STEP	 fault	 with	 respect	 to	 a	 trench-perpendicular	 setup,	
where	 positive	 angles	 indicate	 a	 “closing”	 basin,	 while	 negative	 angles	 indicate	 an	
“opening”	basin	 (Fig.	 2.3).	As	 slab	 rollback	 is	 progressing	 and	a	 STEP	 is	 propagating	
along	the	passive	margin,	the	trench	is	likely	to	lengthen	along	strike	in	case	the	pas-
sive	margin	angle	β	is	negative.	In	case	the	passive	margin	angle	β	 is	positive,	contin-
uous	rollback	will	cause	trench	shortening	along	strike	of	the	trench.	This	also	implies	
that	the	along-trench	dimension	of	the	slab	in	the	mantle	(and	therefore	the	distribu-
tion	of	the	slab	pull	to	the	surface	plate)	is	dependent	on	this	passive	margin	angle	β.	
Model	domain	size	is	set	to	500	×	600	km	(Fig.	2.3).	After	investigating	several	domain	
sizes	(with	a	similar	grid	resolution)	we	choose	this	domain	size	to	ensure	that	model	
boundaries	do	not	affect	STEP	propagation	(direction).	

2.3.3	Material	properties	

England	 and	McKenzie	 [1982]	 study	 continental	 deformation,	 assuming	 no	 vertical	
gradient	in	the	horizontal	velocity	field	(strain	rate	is	constant	with	depth).	They	show	
that	the	average	lithospheric	strength	depends	largely	on	the	rheology	of	the	strong-
est	section	of	the	 lithosphere.	Average	 lithospheric	strength	 increases	with	decreas-
ing	Moho	temperature	[Burov	2011].	

In	a	lithospheric	plate,	different	deformation	regimes	(brittle/elastic/viscous)	operate	
at	 different	 time	 scales	 and	 depths,	 i.e.,	 for	 specific	 strain	 rates	 and	 pressure-
temperature	conditions	[Goetze	and	Evans	1979;	Kohlstedt	et	al.	1995;	Ranalli	1995;	
Burov	2011].	Elastic	behavior	is	paramount	at	short	time	scales,	while	brittle	and	vis-
cous	(relaxation	and	ductile	creep)	behavior	 is	observed	over	 large	time	scales	[e.g.,	
Ranalli	1995;	Burov	2011].	Here	we	neglect	brittle	behavior	as	the	brittle	 layer	(only	
uppermost	part	of	the	lithosphere)	does	not	represent	the	main	constituent	of	litho-
spheric	 strength	 in	 case	 the	 lithosphere	 is	 subject	 to	 strain	 on	 the	 geological	 time	
scale	 [e.g.,	 England	 and	 McKenzie	 1982;	 Ranalli	 1995].	 Using	 a	 visco-elastic	 plate	
therefore	 fits	our	description	of	 the	 lithosphere.	Like	England	and	McKenzie	 [1982],	



	 53	

we	use	a	single	viscosity	for	the	lithosphere,	as	a	Newtonian	fluid.	This	effective	(lith-
ospheric)	viscosity	represents	the	average	strength	of	lithospheric	plates.	We	impose	
a	 contrast	 in	effective	viscosity	across	 the	passive	margin	 (1:0.5:0.25,	ocean:passive	
margin:continent;	see	Table	2.1).	The	overriding	plate	is	taken	to	be	relatively	weak,	
resembling	 either	 a	 continental	 overriding	 plate	 or	 a	 young	 oceanic	 plate	 that	 has	
arisen	due	to	back-arc	spreading.	Material	properties	are	constant	per	domain	in	the	
model	(Table	2.1).	Values	for	the	effective	viscosity	of	the	oceanic	lithosphere	deter-
mined	from,	e.g.,	geoid	modeling	and	those	used	in	numerical	and	analog	subduction	
models	 range	 from	 a	 few	 times	1 ∙ 10!"	Pa∙s	 to	1 ∙ 10!"	Pa∙s	 [e.g.,	 Schellart	 2004a;	
Govers	 and	Wortel	 2005;	 Steinberger	 and	 Calderwood	 2006;	 Capitanio	 et	 al.	 2009;	
Plattner	et	al.	2009;	Hale	et	al.	2010].	Here	we	choose	to	use	a	value	of	1 ∙ 10!"	Pa∙s	
for	 the	 oceanic	 lithosphere.	 For	 nonuniform	models,	which	 include	 a	 viscosity	 con-
trast,	 we	 reduce	 the	 shear	 modulus	G	 of	 the	 passive	margin	 by	1 3	to	 capture	 the	
weak,	faulted	nature	of	a	passive	margin.	

In	 order	 to	 facilitate	 the	 development	 of	 a	 (localized)	 shear	 zone,	 we	 implement	
strain	weakening	of	the	viscosity:	

𝜂𝜂 =  𝜂𝜂!"!#!$% ∙ 𝑎𝑎 + (1 − 𝑎𝑎)exp (− !!
!!!
) 	 	 	 	 (2.1)	

where	𝜂𝜂!"!#!$% 	is	the	initial	viscosity	(Pa∙s),	𝜂𝜂	is	the	new	(lowered)	viscosity	(Pa∙s),	𝜀𝜀! 	is	
the	effective	 shear	 strain	 (𝜀𝜀! = 1 2 𝜀𝜀𝑖𝑖𝑖𝑖′𝜀𝜀𝑖𝑖𝑖𝑖′	where	𝜀𝜀!"′	is	 the	deviatoric	 strain	 tensor	
and	summation	convention	 is	assumed),	and	a	 and	b	 are	 the	softening	parameters.	
Parameter	a	 indicates	how	much	 the	 viscosity	 is	weakened	 in	 the	model,	while	pa-
rameter	b	controls	the	interval	of	effective	shear	strain	𝜀𝜀! 	over	which	weakening	oc-
curs.	 Note	 that	 for	 large	 effective	 shear	 strain	 (𝜀𝜀!),	𝜂𝜂 =  𝜂𝜂!"!#!$% ∙ 𝑎𝑎,	 the	 viscosity	 is	
weakened	maximally	in	the	region	of	large	effective	shear	strain.	In	regions	where	no	
or	 little	 strain	 is	 experienced,	𝜂𝜂 =  𝜂𝜂!"!#!$%.	 Essentially,	 the	 function	 determines	 the	
resistance	 to	 tearing	of	 the	 lithosphere,	 i.e.,	 the	ease	at	which	 the	STEP	can	propa-
gate.	

In	the	lithosphere,	several	mechanisms	can	reduce	the	strength.	In	the	brittle	regime,	
this	involves	the	formation	of	faults	and	fault	gouge,	which	explicitly	requires	a	loss	of	
cohesion	and	 results	 in	a	 strength	 reduction	by	a	 few	percent	 [Sibson	1977].	 In	 the	
ductile	regime,	power	law	(creep)	rheology	is	acting	which	is	influenced	by	tempera-
ture,	 pressure,	 and	mineral	 content	 [Goetze	and	Evans	1979;	Kohlstedt	 et	 al.	 1995;	
Ranalli	1995;	Burov	2011].	Shear	heating	[Regenauer-Lieb	and	Yuen	1998]	raises	the	
temperature,	 altering	 the	 power	 law	 and	 possibly	 inducing	mineral	 transitions.	 The	
effect	of	mineral	transitions,	especially	in	the	case	of	pressure	solution	through	water	
presence,	also	plays	a	major	 role	 in	 lithospheric	 strength	 reduction	 [Kohlstedt	et	al.	
1995;	 Ranalli	 1995].	 For	 example,	 the	 formation	 of	 phyllosilicates	 can	 reduce	 the	
strength	by	50–80%	[Bos	and	Spiers	2002].	The	role	of	water	is	twofold,	as	pore	fluid	
pressure	 reduces	 the	dynamic	pressure	 in	 the	 system	resulting	 in	a	decrease	of	 the	
angle	of	internal	friction.	Through	these,	and	probably	more	weakening	mechanisms,	
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we	set	the	effective	viscosity	to	be	lowered	to	10%,	so	that	a	equals	0.1,	i.e.,	a	maxi-
mum	 strength	 reduction	 of	 90%.	We	 set	 the	 thickness	 of	 all	 plate	 domains	 in	 the	
model	at	1	m	as	the	actual	thickness	is	already	captured	in	the	effective	lithospheric	
viscosity.	

	

Table	2.1	Material	properties	for	nonuniform	STEP	models	

	

	

2.3.4	Boundary	conditions	

In	the	numerical	models,	a	 low-friction	vertical	 (STEP)	fault	 is	 implemented	with	the	
slippery	 node	 technique	 [Melosh	 and	Williams	 1989].	 This	 is	 indicated	 by	 the	 two	
black	arrows	in	Fig.	2.2.	The	subduction	fault	is	also	modeled	through	slippery	nodes.	
Slab	pull-associated	tractions	are	acting	on	the	northern	side	of	this	internal	interface	
as	the	transmitted	slab	pull,	forcing	this	interface	south.	As	these	tractions	are	large	
in	magnitude,	motion	along	 the	 slippery	nodes	 is	 allowed	only	 in	 the	N-S	direction.	
The	STEP	(purple	hexagon	in	Fig.	2.3),	at	the	intersection	of	the	subduction	and	STEP	
faults,	is	represented	by	overlapping	full	nodes	[Plattner	et	al.	2009].	

Slab	 pull	 is	 transmitted	 into	 the	 surface	 part	 of	 the	 subducting	 plate	 through	 the	
bending	 area	 at	 the	 trench.	 In	 order	 to	 capture	 this	 transmission	 into	 the	 surface	
plate,	we	model	a	slab	and	slab	pull	transmission	in	a	separate	model	and	use	the	ob-
tained	distribution	of	slab	pull-associated	tractions	in	our	STEP	model.	We	obtain	this	
distribution	by	studying	the	effect	of	the	buoyancy	force	(through	Archimedes’	prin-
ciple)	 on	 a	 slab	 suspended	 from	 the	 topside	 (i.e.,	 as	 at	 the	 trench),	 and	we	 conse-
quently	 inspect	 the	magnitude	of	 the	 force	needed	 to	 keep	 the	 topside	 in	 place.	A	
further	description	of	the	determination	of	the	slab	pull-associated	tractions	is	made	
in	Appendix	2.A.	The	main	notion	from	these	models	is	the	effect	of	the	orientation	of	
the	passive	margin	with	respect	to	the	trench	(β	in	Fig.	2.3),	i.e.,	the	slab	shape	in	the	
upper	mantle,	on	the	slab	pull-associated	tractions.	These	are	largest	near	a	STEP	and	
show	a	1 𝑟𝑟	behavior	along	trench,	decreasing	away	from	the	STEP	(see	Fig.	2.A2).	In	a	
subduction	system,	several	resisting	forces	act	on	the	slab,	including	deep	mantle	re-
sistance	at	the	downdip	tip	of	the	slab,	mantle	(viscous)	drag	on	the	sides	of	the	slab,	
compositional	buoyancy	within	the	slab,	and	friction	along	the	plate	contact	zone.	We	

Lithospheric	Domain	 Subducting	Plate	 Continent	 Passive	Margin	 Overriding	Plate	

Poisson’s	ratio	(ν)	 0.25	 0.25	 0.32	 0.25	

Effective	viscosity	(η)	 1.00 ∙ 10!"	Pa∙s	 0.25 ∙ 10!"	Pa∙s	 0.50 ∙ 10!"	Pa∙s	 0.25 ∙ 10!"	Pa∙s	

Young’s	modulus	(E)	 75.0	GPa	 75.0GPa	 52.9GPa	 75.0	GPa	
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capture	 these	 resisting	 forces	using	 a	 reduction	 factor,	which	decreases	 the	magni-
tude	of	the	slab	pull-associated	tractions	transmitted	into	the	surface	plate.	

The	springs	in	Fig.	2.3	represent	Winkler	pressures.	Winkler	pressures	are	essentially	
spring	boundary	conditions:	a	resistance	to	motion	perpendicular	to	the	boundary	is	
set	through	a	spring	constant.	On	an	atomic	scale,	resistance	to	compression	is	acting	
through	the	atomic	bonds,	which	can	be	considered	 little	springs.	On	a	rock	sample	
(and	lithospheric)	scale,	this	resistance	is	defined	as	the	bulk	modulus:	a	measure	for	
the	resistance	against	uniform	compression.	Therefore,	the	bulk	modulus	K	 is	set	as	
spring	 constant.	 As	Winkler	 pressures	 are	 applied	 at	 the	 lateral	 boundaries	 of	 the	
continental-subducting	ocean	block,	 it	 represents	 the	notion	of	 lateral	 continuity	of	
lithosphere	 with	 the	 same	material	 properties	 (as	 this	 material	 outside	 the	 model	
domain	will	have	 the	same	bulk	modulus).	The	overriding	plate	 is	 constrained	at	 its	
southern	edge	in	the	N-S	direction	and	at	its	eastern	edge	in	the	E-W	direction.	This	
resembles	 continuity	 of	 the	 N-S	 velocity	 across	 the	 eastern	 edge	 of	 the	 overriding	
plate	and	essentially	indicates	continuity	of	the	overriding	plate	in	the	east	direction.	

As	 the	goal	of	 these	models	 is	not	 to	 represent	a	 specific,	 natural	 setting,	we	 set	 a	
velocity	boundary	condition	of	1	mm yr!!	in	 the	N-S	direction	at	 the	northern	side.	
The	E-W	component	is	left	free.	This	velocity	may	be	too	small	for	direct	comparison	
with	processes	on	a	geological	scale,	but	it	ensures	that	the	combined	effect	of	a	STEP	
setting	with	 the	 inclusion	of	 a	 passive	margin	 and	 the	 slab	 pull	 transmission	 at	 the	
trench	 can	be	 clearly	 observed.	 The	 southern	 edge	of	 the	 continental	 block	 is	 free,	
and	movement	along	the	STEP	fault	is	frictionless.	It	is	also	assumed	that	the	subduc-
tion	fault	 is	well	developed.	We	test	the	effect	of	changing	boundary	conditions,	 in-
cluding	the	magnitude	of	the	velocity	at	the	northern	boundary	and	the	effect	of	fric-
tion	along	the	STEP	fault	in	Figs.	2.S1-S5	in	the	supporting	information.	

The	Maxwell	time	𝜏𝜏	is	defined	as	𝜏𝜏 ≡ 𝜂𝜂 𝜇𝜇,	where 𝜂𝜂	is	the	lithospheric	viscosity	and	𝜇𝜇	
is	 the	shear	modulus.	 It	 represents	 the	characteristic	 relaxation	 time	 for	 the	model.	
Model	results	are	shown	for	a	model	time	of	1.057	Myrs,	corresponding	to	100	𝜏𝜏	of	
the	maximally	weakened,	subducting	oceanic	plate.	In	this	way,	results	for	this	model	
setup	show	a	near-instantaneous	response	to	boundary	conditions.	All	model	results	
depicted	in	the	following	have	converged;	i.e.,	results	do	not	change	when	decreasing	
the	mesh	or	time	step	size.	

2.4	Uniform	mechanical	properties		

2.4.1.	Model	results	

We	first	study	a	geometry	similar	to	the	models	of	Govers	and	Wortel	[2005]	to	con-
firm	whether	the	first-order	response	of	STEP	settings	 is	 indeed	approximately	STEP	
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fault	parallel.	 In	Fig.	2.4,	model	 results	 for	a	uniform	model	are	depicted	where	the	
trench	 and	 STEP	 fault	 are	 oriented	 perpendicular.	 Neither	 strain	 weakening	 of	 the	
viscosity	nor	a	viscosity	contrast	is	implemented,	in	accordance	with	Govers	and	Wor-
tel	[2005].	Black	lines	in	Fig.	2.4	indicate	the	trace	of	the	different	domains	(only	plot-
ted	for	easy	comparison	with	subsequent	results	which	do	include	viscosity	contrasts	
and	viscosity	weakening).	

In	Fig.	2.4,	the	effect	of	the	subduction-transform	transition	and	slab	pull-associated	
tractions	is	shown	in	the	direct	vicinity	of	the	STEP	through	the	effective	shear	strain.	
The	 strain	 buildup	 at	 the	 STEP	 is	 oriented	 at	 an	 angle	 of	∼80°	 with	 respect	 to	 the	
trench.	Velocity	vectors	in	the	total	displacement	plot	indicate	an	increase	in	magni-
tude	toward	the	trench	from	the	north	side	of	the	model.	A	horizontal	component	is	
present,	resulting	in	a	motion	of	the	western	side	of	the	subducting	plate	toward	the	
trench.	South	of	the	STEP,	indicated	with	the	magenta	hexagon,	the	block	shows	ra-
ther	uniform	motion.	Overriding	plate	motion	is	negligible	for	this	uniform	model	set-
up.	 The	 total	 displacement	 plot	 indicates	 that	 displacement	 increases	 toward	 the	
trench,	while	 it	 remains	 quite	 constant	 along	 the	 left-lateral	 side	 of	 the	model	 do-
main.	Slip	along	the	STEP	fault	 is	nonuniform,	and	differential	slip	across	the	trench	
increases	 away	 from	 the	 STEP.	 Even	 though	 forcing	 is	 largest	 near	 the	 STEP	 (green	
line	in	Fig.	2.A2),	the	largest	displacements	are	observed	at	 large	distances	from	the	
STEP,	toward	the	easternmost	model	boundary.	

Figure	2.4	Model	 results	 for	the	uniform	model.	Contour	plots	show	the	(left)	total	displacement	 (km)	
and	(right)	effective	shear	strain	(%).	The	effective	shear	strain	plot	shows	the	area	directly	around	the	
STEP,	while	the	displacement	plot	shows	the	results	for	the	whole	model.	In	the	displacement	plot,	ve-
locity	vectors	are	included	for	the	surface-subducting	(oceanic)	plate	block.	The	grey	dents	indicate	sub-
duction	direction,	 and	 slip	 symbol	 shows	 the	 sinistral	 character	 of	 the	 STEP	 fault	 (red	 line).	 Slip	 rates	
along	the	faults	are	shown	through	two	colored	circles	whose	size	depends	on	the	magnitude	of	the	slip	
rate.	The	active	STEP	is	indicated	through	a	magenta	hexagon	in	the	displacement	plot.	
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2.4.2	Sensitivity	and	analysis	for	uniform	model	results	

The	STEP	acts	as	a	drag	point,	where	displacement	decreases	and	a	buildup	of	strain	
occurs.	 The	 concentration	of	 shear	 strain	north	of	 the	STEP,	 as	depicted	 in	 Fig.	 2.4,	
indicates	 the	 formation	 of	 a	 shear	 zone,	 which	 allows	 the	 STEP	 to	 propagate.	 The	
concentration	south	of	the	STEP	is	a	result	of	the	compressional	stress	and	shows	that	
the	 lithosphere	 in	 the	 wake	 of	 the	 STEP	 is	 still	 being	 damaged	 as	 a	 result	 of	 STEP	
propagation.	Velocity	vectors	increase	away	from	the	STEP	along	trench,	but	this	does	
not	necessarily	indicate	a	rotating	trench.	As	the	velocity	vectors	are	almost	equal	in	
magnitude	and	direction	onward	from	about	150	km	from	the	STEP,	it	indicates	that	a	
more	concave	(toward	the	mantle	wedge	side)	geometry	will	arise	as	rollback	contin-
ues.	This	fits	our	notion	of	high	resistance	to	tearing	in	case	little	(or	none,	as	in	this	
setup)	strain	weakening	of	the	viscosity	 is	 implemented	which	results	 in	a	curvature	
of	the	trench	as	rollback	continues.	

In	 our	model	 setup,	 as	 discussed	 in	 the	model	 setup	 section,	 we	make	 several	 as-
sumptions	regarding	boundary	conditions,	plate	viscosity,	and	friction	along	the	STEP	
fault.	We	investigate	the	effect	these	assumptions	have	on	the	ensuing	STEP	propaga-
tion	direction	in	Figs.	2.S1-S5.	We	show	there	the	results	for	one	model	geometry	and	
a	range	of	model	assumptions,	including	the	prescribed	plate	velocities,	strain	viscosi-
ty	weakening	parameter	a,	and	reducing	factor	of	the	slab	pull	associated	tractions.	
We	emphasize	 that	 the	observed	 (in)	 sensitivity	 to	our	model	assumptions	 is	 repre-
sentative	for	all	models	we	present	in	this	study.	

At	the	lateral	sides	of	the	model	domain	in	Fig.	2.4,	the	velocity	vectors	are	oriented	
parallel	to	the	model	domain	side.	It	can	be	concluded	that	Winkler	pressures	resem-
ble	symmetry	boundary	conditions:	the	N-S	velocity	is	continuous	across	the	edge	of	
the	model	domain.	The	magnitude	of	the	velocity	boundary	condition	at	the	northern	
edge	of	the	model	domain	is	set	at	1	mm yr!!	for	the	depicted	model	results.	Results	
of	models	with	different	velocity	magnitudes,	different	velocity	orientations,	and	ve-
locities	on	other	boundaries	besides	the	northern	boundary	(not	shown	here)	indicate	
that	only	the	displacement	field	is	altered	with	respect	to	the	results	of	Fig.	2.4.	Strain	
buildup	north	of	the	STEP	is	oriented	in	the	same	direction	with	only	minute	changes	
in	 the	 extent	 of	 the	 lobe.	 This	 is	 an	 indication	 that	 the	 STEP	 propagation	 direction	
does	not	depend	on	prescribed	plate	velocities.	

In	case	we	add	friction	along	the	STEP	fault,	up	to	the	point	of	essentially	locking	the	
fault,	we	also	do	not	observe	a	change	in	the	STEP	propagation	direction	(Fig.	2.S3).	In	
the	current	model	setup,	differential	motion	across	the	trench	is	allowed	only	in	the	
N-S	 direction.	 In	 case	 this	 constraint	 is	 omitted	 and	 oblique	 subduction	 is	 allowed,	
differential	motion	is	still	dominated	by	the	N-S	component.	The	maximum	deviation	
from	this	N-S	orientation	is	only	∼6°.	Just	as	the	change	in	magnitude	of	the	velocity	
boundary	condition	at	the	northern	side	of	the	model	domain,	the	orientation	of	the	
effective	shear	strain	buildup	does	not	change	when	relaxing	this	differential	motion	
constraint.	Therefore,	it	appears	that	the	formation	(and	especially	the	orientation)	of	
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a	shear	strain	zone	north	of	the	STEP	is	not	affected	on	a	large	scale	by	model	bound-
ary	conditions.	

Slab	 forcing	 at	 the	 trench	 represents	 a	 factor	 influencing	 the	 displacement	 field	 as	
well	as	 the	shear	zone	formation	north	of	 the	STEP.	Reducing	the	magnitude	of	 the	
slab	pull	associated	tractions,	e.g.,	by	reducing	the	slab	dip,	also	reduces	the	amount	
of	 shear	 strain	 concentration	north	of	 the	STEP.	However,	 the	orientation	 is	not	al-
tered.	 It	 appears	 that	 the	 slab	pull	 associated	 tractions	acting	at	 the	 trench	are	 the	
dominating	factor	for	the	model	results,	with	a	large	increase	in	both	the	velocity	and	
displacement	 fields	toward	the	trench.	This	 increase	 in	velocities	and	displacements	
toward	the	trench	becomes	less	and	less	significant	for	 increasing	boundary	velocity	
magnitudes,	while	not	affecting	the	STEP	propagation	direction.	

We	conclude	that	 the	ensuing	STEP	propagation	direction	 is	not	affected	by	surface	
plate	 velocities	 and	 completely	 depends	 on	 the	 presence	 of	 a	 considerable	 forcing	
across	the	trench.	Model	displacements	show	different	magnitudes	for	different	ve-
locity	boundary	conditions,	but	the	gradients	of	displacement	at	the	STEP	are	similar.	
Shear	stresses	and	strains	arising	due	to	the	sudden	disruption	of	slab	pull	transmis-
sion	at	 the	 lateral	edge	of	 the	subduction	zone,	 i.e.,	at	 the	STEP,	are	 therefore	also	
similar,	causing	a	corresponding	orientation	of	the	arising	shear	zone.	

The	 buildup	 of	 effective	 shear	 strain	 indicates	 the	 formation	 of	 a	 shear	 zone	 at	 an	
∼10°	angle	to	the	STEP	fault-parallel	direction.	Propagation	of	the	STEP	for	this	uni-
form	model	will	thus	not	be	 in	an	exact	N-S	direction.	However,	this	∼10°	angle	still	
fits	the	approximately	STEP	fault-parallel	orientation	of	Govers	and	Wortel	[2005].	

2.5	Straight	passive	margin		

2.5.1	Model	results	

In	 the	previous	section,	we	determined	 that	 for	uniform	models,	 i.e.,	where	a	com-
pletely	oceanic	lithosphere	is	part	of	the	subduction	system,	the	STEP	propagates	ap-
proximately	perpendicular	to	the	trench	(STEP	fault	parallel),	 in	accordance	with	the	
findings	of	Govers	and	Wortel	[2005].	Now	we	will	determine	the	effect	of	a	viscosity	
contrast	on	the	propagation	direction	in	case	a	passive	margin	is	involved	in	the	geo-
dynamic	setting.	This	is	done	for	a	range	of	β,	with	the	viscosity	contrast	as	described	
in	 the	model	 setup	 section	 (1:0.5:0.25,	 from	ocean	 to	 continent	 across	 the	 passive	
margin)	and	strain	weakening	of	the	viscosity.	Per	model	setup	we	use	a	forcing	calcu-
lated	for	the	corresponding	mantle	slab	shape	(Appendix	2.A).	Results	are	depicted	in	
Fig.	 2.5.	 Note	 that	 the	 two	 rows,	 both	 for	 the	 effective	 shear	 strain	 and	 total	 dis-
placement	plots,	have	different	maximum	values	for	the	color-scale	bars.	
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Figure	2.5	Model	results	for	a	range	of	β.	The	contour	plots	show	the	total	displacement	and	effective	
shear	 strain.	 The	 effective	 shear	 strain	plots	 show	 the	area	directly	 around	 the	 STEP,	while	 the	 total	
displacement	plots	show	the	results	for	the	whole	models.	In	the	displacement	plots,	velocity	vectors	are	
included	for	 the	surface-subducting	plate	block.	The	grey	dents	 indicate	the	subduction	direction,	and	
the	white	slip	symbol	indicates	sinistral	nature	of	the	STEP	fault.	For	models	where	β	equals	-30,	-10,	0,	
10,	and	30,	b	equals	0.008,	0.02,	0.02,	0.02,	and	0.05,	respectively.	Scale	bars	are	constant	per	row.	Slip	
rate	magnitudes	are	the	same	as	in	Fig.	2.4.	
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Model	results	for	β	=	0	are	depicted	in	the	left	column	of	Fig.	2.5,	and	a	quick	compar-
ison	 with	 the	 results	 of	 Fig.	 2.4	 provides	 evidence	 for	 some	 essential	 differences.	
Strain	weakening	of	 the	viscosity	 results	 in	a	 large-	 strain	buildup	along	 the	passive	
margin-subducting	 ocean	 interface	 inside	 the	 passive	margin.	 Velocity	 vectors	 indi-
cate	an	increase	in	magnitude	toward	the	trench,	and	the	overall	velocity	magnitudes	
are	larger	than	for	the	uniform	viscosity	model.	

For	 models	 where	 β	 =	 30°	 in	 the	 positive	 quadrant,	 so	 that	 the	 trench	 is	 likely	 to	
shorten	as	rollback	continues	(see	Fig.	2.3	for	positive	and	negative	quadrants),	a	dif-
ferent	behavior	of	the	STEP	 is	observed	as	can	be	seen	 in	Fig.	2.5.	Compared	to	the	
case	where	β	=	0,	a	 larger	 increase	 in	magnitude	of	 the	velocity	vectors	 toward	the	
trench	 is	 visible.	 Also,	 the	 total	 displacement	 reaches	 higher	 values.	 The	 horizontal	
component	 of	 the	 velocity	 is	 larger	 than	 for	 the	 previously	 depicted	model	 results.	
Differential	 slip	 across	 the	 subduction	 fault	 is	 largest	 near	 the	 STEP	 and	 decreases	
away	toward	the	east,	in	correspondence	with	the	forcing	at	the	trench	through	the	
slab	pull-associated	tractions	(Fig.	2.A2).	

When	the	passive	margin	angle	β	 is	negative,	a	different	behavior	is	observed	at	the	
STEP.	For	a	model	with	an	angle	β	of	-10°,	the	light	blue	line	for	forcing	in	Fig.	2.A2	is	
implemented.	Fig.	2.5	shows	that	a	buildup	of	effective	shear	strain	occurs	parallel	to	
the	 STEP	 fault,	 inside	 the	 passive	margin.	 However,	when	 compared	 to	 the	 above-
mentioned	 results,	 another	 shear	 strain	 concentration	 arises	 parallel	 to	 the	 trench.	
Effective	shear	strain	and	principal	stress	magnitudes	are	much	lower	compared	to	a	
model	with	a	passive	margin	angle	in	the	positive	quadrant.	

In	 case	 the	passive	margin	angle	 is	even	more	negative	 (β	=	 -30°),	 the	model	 setup	
results	in	an	even	more	oblique	subduction	with	respect	to	the	passive	margin.	Forc-
ing	at	 the	trench	diminishes	 further	 (dark	yellow	 line	 in	Fig.	2.A2),	and	the	resulting	
effective	shear	strain	and	total	displacement	plots	in	Fig.	2.5	indicate	that	determin-
ing	 the	propagation	direction	 for	 the	STEP	 is	a	difficult	exercise.	The	 increase	 in	 the	
magnitude	of	the	velocity	field	at	the	subducting	plate	and	resulting	displacements	do	
not	cause	 large-scale	deformation	patterns.	Magnitudes	of	 the	principal	 stresses	do	
no	reach	high	values.	A	small	compressive	shear	zone	arises	parallel	to	the	STEP.	Slip	
rates	across	the	trench	increase	significantly	away	from	the	STEP	along	trench.	

2.5.2	Analysis	

In	case	β	=	0°,	the	active	STEP	semi-decouples	the	oceanic	subducting	plate	from	the	
continental	 surface	 part,	 with	 a	 larger	 increase	 of	 the	 N-S	 component	 of	 the	 dis-
placement	 toward	 the	 trench	 compared	 to	 a	uniform	 subducting	 surface	plate	 (Fig.	
2.4).	 For	 this	 model	 setup,	 it	 is	 clear	 that	 a	 STEP	 will	 propagate	 toward	 the	 north	
along	the	passive	margin-ocean	interface.	It	must	be	noted	that	the	buildup	of	strain	
inside	the	passive	margin	is	not	merely	a	result	of	strain	weakening	of	the	viscosity:	a	
model	 without	 strain	 weakening	 shows	 a	 similar	 buildup	 of	 strain,	 but	 with	 strain	
weakening,	the	lobe	of	effective	shear	strain	is	more	pronounced.	
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A	quantitative	display	of	the	relative	importance	of	particular	STEP	propagation	direc-
tions	is	shown	in	Fig.	2.6.	Here	a	collection	of	pie	charts	is	presented	which	show	the	
normalized	average	(effective	shear)	strain	within	the	first	10	km	from	the	STEP,	per	
5°	slices.	Per	5°	bin,	the	average	effective	shear	strain	is	calculated.	Per	pie	chart,	all	
average	 values	 are	 subsequently	 normalized	 by	 the	 largest	 value	 of	 a	 slice	 in	 that	
chart	(number	above	the	pie	chart).	These	charts	highlight	the	relative	importance	of	
the	 effective	 shear	 strain	 lobes	 and	 therefore	 provide	 a	means	 to	 discriminate	 be-
tween	the	(possible)	propagation	directions	of	the	STEP	for	a	range	of	β.	In	this	way,	
we	 present	 an	 easy	 comparison	 between	 different	 model	 setups.	 Note	 that	 the	
amount	of	strain	observed	in	the	different	models	is	not	identical	(as	in	Fig.	2.5).	

Due	to	a	 large	forcing	at	the	trench	(increasing	toward	the	STEP)	used	in	this	model	
setup	 (red	 line	 in	 Fig.	 2.A2),	 a	model	where	β	 =	 30°	displays	 an	 increase	 in	 the	 slip	
rates	toward	the	STEP.	As	the	STEP	fault	is	modeled	here	as	a	transform	fault,	the	N-S	
motion	of	the	continental-oceanic	block	needs	to	be	partitioned.	Therefore,	the	edge	
of	 the	 overriding	 plate	 is	 pushed	 southward	 at	 the	 STEP.	 The	 STEP	 will	 propagate	
straight	 to	 the	north	 for	 this	model	setup,	 into	 the	passive	margin,	as	confirmed	by	
the	pie	chart	 in	Fig.	2.6	with	 the	 largest	peaks	 straight	 to	 the	north.	The	buildup	of	
large	strain	results	 in	a	semi-decoupling	of	the	subducting	plate	and	the	continental	
part	of	the	block,	which	means	that	as	rollback	continues,	the	passive	margin	will	be	
subducted	too.	However,	as	the	velocity	vectors	across	the	trench	indicate	a	rotation	
of	 the	 trench	 toward	a	more	perpendicular	 setup,	 it	 is	unlikely	 that	 the	continental	

Figure	2.6	 Pie	charts	of	 the	normalized	average	 strain	within	the	 first	 10	km	surrounding	 STEPs	 for	 a	
range	of	models	with	different	β	and	straight	passive	margins.	The	grey	dents	indicate	subduction	direc-
tion,	and	the	magenta	hexagons	represent	the	STEP.	Every	pie	chart	is	normalized	by	the	largest	value	
of	the	average	(effective	shear)	strain	contained	by	a	pie	wedge	(number	above	pie	chart).	Color	scale	
emphasizes	this	normalization.	The	black	lines	represent	passive	margin	orientation.	
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material	will	be	pulled	into	the	subduction	zone	as	the	trench	will	rotate.	We	there-
fore	expect	the	system	to	evolve	toward	a	perpendicular	trench-margin	geometry.	

For	models	with	β	 =	 -10°,	 the	 low	 amount	 of	 effective	 shear	 strain	 and	 differential	
stress	 compared	 to	 the	above-mentioned	models	 is	due	 to	 lower	values	of	 the	 slab	
pull-associated	tractions.	Again,	the	N-S	motion	of	the	continental-subducting	ocean	
block	needs	to	be	decomposed	at	the	STEP	fault.	The	STEP	causes	a	large	resistance	
to	 the	 southward	movement,	 and	 a	 compression	 zone	 arises.	 Besides	 this	 zone	 of	
compression,	another	shear	zone,	which	arises	along	the	passive	margin,	will	result	in	
a	clear	propagation	of	the	STEP	as	its	pie	chart	(Fig.	2.6)	indicates	that	the	amount	of	
strain	 in	 this	 peak	 along	 the	 passive	 margin-ocean	 boundary	 is	 larger	 than	 in	 the	
compression	zone.	

If	the	passive	margin	angle	β	 is	-30°,	the	total	amount	of	strain	in	the	model	has	de-
creased	even	further	(Fig.	2.5).	The	small	concentration	of	effective	shear	strain	paral-
lel	to	the	trench	does	not	represent	a	propagating	STEP,	and	differential	stress	values	
are	not	high	enough	to	result	in	tearing	of	a	lithospheric	plate	(Fig.	2.6).	The	large	in-
crease	in	slip	rates	across	the	trench	away	from	the	STEP	provides	evidence	that	the	
trench	will	rotate	toward	a	more	perpendicular	setting	for	trench	and	passive	margin.	

Changing	the	magnitude	of	the	viscosity	contrast	across	the	passive	margin	does	not	
have	 a	 large	 effect	 on	 the	 STEP	 propagation	 direction	 (Appendix	 2.B).	 Only	 the	
amount	of	strain	observed	 in	the	passive	margin	changes.	The	direction	of	strain	 lo-
calization,	 i.e.,	 the	STEP	propagation	direction,	does	not	change.	Therefore,	we	con-
clude	that	the	magnitude	of	the	viscosity	contrast	(and	the	strength	contrast)	across	
the	passive	margin	does	not	affect	the	propagation	direction	of	a	STEP.	

It	is	clear	from	the	distribution	of	displacements	throughout	the	model	and	develop-
ment	of	effective	shear	strain	 lobes	at	the	STEP	that	the	forcing	at	the	trench	is	the	
dominating	factor.	 Just	as	 for	the	uniform	subducting	surface	plate	 (Fig.	2.4),	we	do	
not	 observe	 any	 change	 in	 the	 STEP	 propagation	 direction	 in	 case	 we	 change	 the	
magnitude	 of	 the	 forcing	 (slab	 pull-associated	 tractions)	 at	 the	 trench	 (Fig.	 2.S4).	
When	 reducing	 the	magnitude	 of	 the	 forcing,	 the	magnitude	 of	 the	 effective	 shear	
strain	is	also	reduced,	but	the	orientation	of	the	lobe	does	not	change.	As	for	the	uni-
form	model,	changing	 the	magnitude	and	orientation	of	 the	prescribed	velocities	at	
the	model	boundaries	does	not	alter	the	described	STEP	propagation	directions	(Fig.	
2.S1).	

The	passive	margin	width	for	the	generic	models	 is	set	at	~57	km,	based	on	the	re-
sults	of	De	Franco	et	al.	[2008].	Several	model	results	indicate	that	a	modification	of	
this	width	does	not	have	a	large	influence	on	the	localization	of	effective	shear	strain	
and	 the	 resulting	 radiation	 pattern	 (Fig.	 2.S2).	 Effective	 shear	 strain	 buildup	 is	 still	
concentrated	 at	 the	 passive	 margin-ocean	 interface.	 Also,	 the	 viscosity	 contrast	
across	the	passive	margin	does	not	have	a	 large	influence	on	the	propagation	direc-
tion	of	a	STEP.	For	example,	in	case	the	viscosity	contrast	is	set	in	10	steps	instead	of	
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three,	 so	 that	eight	parallel	bands,	with	one	effective	viscosity	per	band	and	a	con-
stant	jump	in	viscosity	across	each	interface,	are	present	in	the	passive	margin,	strain	
localization	takes	place	along	the	first	material	property	contrast	near	the	STEP.	The	
magnitude	of	this	contrast,	whether	increased	or	lowered,	does	not	influence	the	ori-
entation	of	the	effective	shear	strain	buildup.	These	observations	indicate	that	small-
er-scale	details	 of	 the	model	 setup	are	not	 key	parameters:	 only	 the	orientation	of	
some	 contrast	 in	 material	 properties	 and	 a	 considerable	 forcing	 are	 necessary	 to	
change	the	STEP	evolution	behavior.	

Even	though	the	passive	margin	guides	STEP	propagation,	resistance	to	tearing	is	still	
a	 factor	causing	curvature	of	 the	 trench.	Therefore,	we	need	to	determine	whether	
the	observed	behavior	 for	 a	90%	strength	 reduction,	 as	 in	 the	presented	model	 re-
sults,	 is	 exemplary	 for	 STEP	 propagation	 behavior.	 When	 increasing	 the	 maximum	
strength	 reduction	 from	 90%	 to	 99%,	 i.e.,	 changing	a	 in	 equation	 (2.1)	 from	 0.1	 to	
0.01,	we	observe	some	slight	differences	in	the	effective	shear	strain	lobe	in	models	
(Fig.	2.S5).	As	the	lithospheric	plate	only	retains	1%	of	its	original	strength	in	the	re-
gion	of	maximum	effective	shear	strain,	the	localization	of	deformation	is	enhanced.	
In	cases	 (β	>	 -15°)	where	the	STEP	 is	either	 tracking	or	propagating	 into	the	passive	
margin,	enhanced	localization	and	therefore	a	raised	level	of	effective	shear	strain	is	
present,	 but	 there	 is	 no	 change	 in	 the	 propagation	 direction.	 For	models	 with	 β	 ≈									
-15°,	the	STEP	propagation	direction	remains	difficult	to	determine.	

In	case	the	passive	margin	angle	lies	within	15°	of	the	“stable”	perpendicular	setup,	a	
STEP	will	propagate	readily	along	the	passive	margin-ocean	interface.	In	case	this	an-
gle	 lies	 in	 the	 negative	 quadrant,	 a	 shear	 compression	 zone	 arises	 parallel	 to	 the	
trench	 in	 the	 passive	margin.	When	 it	 exceeds	 this	 15°	 difference	 (in	 the	 negative	
quadrant),	only	 this	 shear	compression	zone	 is	present	and	 there	 is	no	clear	 indica-
tion	for	STEP	propagation.	This	basically	slows	down	the	progress	in	the	STEP	system	
evolution:	 only	 when	 the	 trench	 has	 retreated	 further,	 with	 a	 rotation	 toward	 or-
thogonality	as	determined	from	the	slip	rates	(increase	away	from	the	STEP),	the	STEP	
can	propagate	further	as	the	system	is	again	 in	the	stable	window	of	STEP	propaga-
tion.	This	implies	that	the	friction	at	the	STEP	causes	the	STEP	to	act	as	a	pivot	around	
which	 the	 trench	 can	 reorganize	 toward	 orthogonality.	 Propagation	 occurs	 straight	
into	the	passive	margin	when	β	exceeds	15°	in	the	positive	quadrant.	This	will	result	
in	more	localized	strain	in	the	weak	passive	margin	which	in	first	instance	will	result	in	
higher	rollback	rates	toward	the	STEP.	A	rotation	toward	orthogonality	 is	the	 logical	
result.	

We	 can	 thus	 conclude	 that,	 even	 though	 there	 is	 a	 stable	window	 for	which	 STEPs	
propagate	 readily	along	a	passive	margin,	a	 setup	outside	 this	window	has	 the	 ten-
dency	 to	 evolve	 toward	 a	 perpendicular	 geometry.	 For	 small	 (<10°)	 changes	 in	 the	
passive	margin	angle,	model	results	show	similar	behavior,	indicating	that	the	model	
setup	is	relatively	insensitive	to	small-scale	details.	The	influence	of	crustal-scale	het-
erogeneities	 is	thus	quasi-inexistent	compared	with	the	large	stresses	producing	the	
tearing	of	the	lithosphere	by	slab	pull.	
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2.6	Changes	in	the	orientation	of	passive	margins		

2.6.1	Numerical	model	approach	

Passive	margins	are	commonly	not	straight.	A	present-day	situation	where	a	passive	
margin	changes	orientation	ahead	from	the	STEP	 is	 the	southern	termination	of	the	
south	 Lesser	Antilles	 subduction	 zone	 (Fig.	 2.2	 and	 Fig.	 2.7A).	 At	 some	point	 in	 the	
rollback	evolution,	a	change	in	passive	margin	strike	will	occur,	and	we	will	determine	
what	the	behavior	of	a	propagating	STEP	will	be	when	approaching	and	passing	such	
a	 kink.	 Fig.	 2.7A	 depicts	 the	 southern	 part	 of	 the	 south	 Lesser	 Antilles	 subduction	
zone,	where	 the	passive	margin	ahead	of	 the	active	STEP	 is	oriented	at	 a	 kink	with	
respect	to	the	edge	of	the	continental	margin	along	which	the	STEP	has	propagated	
since	~45	Ma	[van	Benthem	et	al.	2013].	We	investigate	models,	which	include	such	a	
kink	in	passive	margin	strike,	both	abrupt	(solid	passive	margin-ocean	line	in	Fig.	2.7B)	
and	gradual,	i.e.,	with	a	radius	of	curvature	(dotted	and	dashed	lines	in	Fig.	2.7B).	

In	essence,	the	model	setup	where	the	active	STEP	encounters	an	orientation	change	
of	the	passive	margin	is	equal	to	that	of	the	straight	passive	margins	in	the	previous	
section.	We	use	the	green	line	of	Fig.	2.A2	for	the	forcing	at	the	trench	for	all	models.	
For	the	models	studied	in	this	section,	a	model	setup	is	shown	in	Fig.	2.7B.	The	pas-
sive	margin	 has	 a	 change	 in	 strike	 at	 the	 STEP,	 representing	 a	 situation	where	 the	
STEP	has	propagated	along	the	passive	margin	up	to	 this	kink.	Again,	 the	plates	are	
modeled	with	 the	 same	 viscosity	 contrast	 used	 in	 the	 previous	 section	 (1:0.5:0.25,	
from	subducting	ocean	to	continent,	across	the	passive	margin).	

To	discriminate	between	model	setups	with	a	straight	passive	margin,	the	“kink	pas-
sive	margin	angle”	𝛽𝛽! 	represents	 the	angle	of	 the	passive	margin	ahead	of	 the	STEP	
with	respect	to	a	trench-perpendicular	setup	in	the	subsequent	models.	Here	we	will	
also	 determine	 over	which	 distance	 the	 “abrupt	 behavior”	 is	 observed	 and	when	 a	
change	 in	behavior	occurs.	We	first	discuss	results	and	 implications	 for	models	with	
an	 abrupt	 change	 in	 orientation	 of	 the	 passive	margin.	 Such	 an	 orientation	 change	
can	 also	 be	made	 through	 a	 radius	 of	 curvature.	We	will	 only	 study	models	 in	 the	
range	where	no	direct	propagation	along	the	passive	margin	is	observed	and	the	ef-
fect	of	a	radius	of	curvature	is	likely	to	result	in	different	STEP	behavior.	

2.6.2	Model	results	for	a	kink	in	passive	margin	strike	𝜷𝜷𝒌𝒌	

In	Fig.	2.8,	the	results	are	depicted	for	models	with	a	range	of	𝛽𝛽! 	and	an	abrupt	kink.	
For	models	where	the	passive	margin	angle 𝛽𝛽! 	is	very	negative	(<	-45°);	i.e.,	the	pas-
sive	margin	 is	“rotating	away”	very	obliquely	from	the	trench,	a	buildup	of	effective	
shear	 strain	 arises	 inside	 the	 subducting	 oceanic	 basin.	 Differential	 stress	 concen-
trates	in	this	same	area.	There	is	no	considerable	effective	shear	strain	concentration	
observed	 in	 the	 passive	margin,	 and	 slip	 rates	 across	 the	 trench	 are	 relatively	 low	
compared	 to	 other	 model	 setups.	 These	 show	 similar	 magnitudes	 onward	 from				
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∼150	km	along	 trench	 from	 the	STEP.	Both	 the	displacement	and	velocity	 fields	 in-
crease	toward	the	trench.	

	

Figure	2.7A	Setting	of	 the	south	 Lesser	Antilles	 subduction	 zone	 in	 the	Caribbean.	As	 for	Fig.	2.3,	 the	
white	dashed	 line	indicates	 the	extent	of	 the	passive	margin	ahead	of	 the	STEP	(purple	hexagon).	The	
trench	 indicated	 here	with	 the	 black	 dents	 depicts	 the	 end	 of	 the	 subduction	 contact	 zone,	 distinctly	
different	 from	 the	 conventional	 use	 of	 the	 trench	 definition.	 The	 grey	dashed	 line	 shows	 the	 trench-
perpendicular	orientation,	so	that	the	kink	passive	margin	angle	𝛽𝛽! 	is	 the	angle	between	the	grey	and	
white	dashed	lines.	The	north	arrow	indicates	geographic	north.	B	STEP	model	setup	with	the	STEP	(pur-
ple	hexagon)	 at	 the	 intersection	of	 the	 subduction	 fault	 (trench;	with	 the	black	dents)	and	 STEP	fault	
(red	line,	with	the	two	arrows).	For	reference,	we	will	refer	to	north,	south,	east,	and	west	following	the	
arrow	in	the	bottom	left.	A	velocity	boundary	condition	in	the	N-S	direction	is	set	at	the	northern	edge	of	
the	model	domain.	Rollers	indicate	motion	restrictions	on	the	overriding	plate.	The	south-eastern	edge	
cannot	 move.	 At	 the	 trench,	 slab	 pull-associated	 tractions	 are	 forcing	 the	 subducting	 oceanic	 plate	
southward.	Parameter	𝛽𝛽! 	represents	 the	kink	passive	margin	angle.	 The	dotted	and	dashed	 lines	 indi-
cate	 several	 gradual	 changes	 in	 passive	 margin	 strike.	 At	 both	 sides	 of	 the	 large	 continental-ocean	
block,	springs	indicate	lateral	continuity	of	the	lithosphere.	The	southern	edge	of	the	continental	block	is	
free	to	move.	
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In	model	 setups	where 𝛽𝛽! 	is	approaching	values	of	∼-25°,	a	buildup	of	 the	effective	
shear	 strain	arises	along	 the	passive	margin-ocean	 interface,	but	a	concentration	of	

Figure	2.8	Model	results	for	a	range	of	𝛽𝛽!.	The	contour	plots	show	the	(top	rows)	total	displacement	and	
(bottom	rows)	 effective	shear	strain.	The	effective	 shear	strain	plots	show	the	area	directly	around	the	
STEP,	while	 total	 displacement	plots	 show	 the	 results	 for	 the	whole	models.	 In	 the	displacement	plots,	
velocity	vectors	are	included	for	the	surface-subducting	plate	block.	The	grey	dents	indicate	the	subduc-
tion	direction,	and	the	white	slip	symbol	indicates	the	sinistral	nature	of	the	STEP	fault.	For	all	models,	b	
equals	0.02.	Scale	bars	are	constant	per	row.	Slip	rate	magnitudes	are	the	same	as	in	Fig.	2.4.	
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strain	 is	also	present	 inside	the	subducting	oceanic	plate.	 In	case 𝛽𝛽! 	is	between	-15°	
and	15°,	a	 large	concentration	of	effective	shear	strain	 is	present	alongside	the	pas-
sive	 margin-ocean	 boundary.	 Model	 results	 are	 rather	 similar,	 with	 an	 increase	 in	
both	the	displacement	and	velocity	fields	toward	the	trench	and	the	notion	that	slip	
rates	 across	 the	 trench	 show	 the	 same	 magnitudes	 onward	 from	∼150	 km	 along	
trench	from	the	STEP.	

As 𝛽𝛽! 	exceeds	 values	 of	∼20°,	 the	model	 results	 show	 a	 different	 behavior.	 A	 large	
strain	concentration	arises	inside	the	passive	margin,	not	clearly	following	the	passive	
margin-ocean	 boundary	 but	 rather	 oriented	 (sub)	 perpendicular	 to	 the	 trench.	 The	
displacement	 and	 velocity	 fields	 show	 a	 larger	 increase	 in	 magnitude	 toward	 the	
trench,	and	slip	rates	are	now	largest	near	the	STEP	and	decrease	away	along	trench.	
This	is	in	contrast	with	the	above-mentioned	model	results.	This	is	a	similar	result	as	
for	the	straight	passive	margins	with	β	>	10°.	

2.6.3	Analysis	of	kinked	margin	models	

In	case 𝛽𝛽! 	is	smaller	than	∼-30°,	the	sole	lobe	of	effective	shear	strain	is	an	indication	
that	 the	 STEP	 will	 propagate	 into	 the	 ocean	 basin.	 This	 is	 emphasized	 in	 Fig.	 2.9,	
where	several	pie	charts	for	the	normalized	average	strain	are	presented	(as	for	Fig.	
2.6).	These	pie	charts	show	that	for	 𝛽𝛽! 	<	-30°,	the	STEP	will	propagate	into	the	ocean-
ic	basin.	It	appears	that	for	such	angle 𝛽𝛽!,	the	gap	toward	the	passive	margin	is	simply	
too	 large	 bridge.	 The	 direction	 of	 STEP	 propagation	 is	 sub-perpendicular	 to	 the	
trench.	

For	𝛽𝛽! 	=	-30°,	the	largest	peak	is	located	inside	the	passive	margin,	but	the	amount	of	
strain	 inside	 the	 oceanic	 domain	 is	 quite	 considerable	 and	 determining	 the	 actual	
propagation	direction	is	difficult.	This	setup	represents	a	transition	between	a	situa-
tion	where	the	STEP	is	propagating	into	the	oceanic	basin,	and	one	where	it	is	follow-
ing	the	passive	margin.	Propagation	depends	directly	on	the	strength	of	 the	passive	
margin	and	subducting	plate.	In	a	geodynamic	situation	where	a	strong	and	cold	oce-
anic	plate	 is	subducting,	the	strength	may	be	high	enough	to	compel	STEP	propaga-
tion	 along	 the	 passive	margin-ocean	 interface.	 In	 the	 situation	 of	 a	 relatively	weak	
subducting	plate,	 the	 STEP	may	well	 propagate	 straight	 into	 the	oceanic	plate.	 This	
“transition	 orientation”	 ends	 at	𝛽𝛽! 	=	 -20°,	 where	 strain	 is	 clearly	 largest	 inside	 the	
passive	margin	(Figs.	2.8	and	2.9).	

The	 STEP	 will	 propagate	 along	 the	 passive	 margin-ocean	 boundary	 for	 setups	
where 𝛽𝛽! 	is	 between	 -25°	 and	 25°.	 This	 appears	 to	 be	 a	 stable	 setup.	 Just	 as	 for	
straight	passive	margins,	adding	friction	to	the	STEP	fault,	up	to	the	point	of	essential-
ly	 locking	 the	STEP	 fault,	does	not	cause	 the	STEP	to	propagate	 in	a	different	direc-
tion.	This	shows	that	the	nature	of	the	lithosphere	south	of	the	STEP	does	not	influ-
ence	 STEP	 propagation	 (direction),	 and	 it	 also	 suggests	 that,	 in	 case	 a	 trench	 is	 re-
treating	obliquely	toward	a	passive	margin,	a	STEP	can	be	captured	by	a	passive	mar-
gin	if	the	strike	of	the	passive	margin	is	within	25°	of	a	trench-perpendicular	setup.	In	
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case	𝛽𝛽! 	is	between	15°	and	25°,	the	oblique	orientation	of	the	passive	margin	results	
in	a	strong	shear	zone	so	that	subducting	plate	velocities	 increase	toward	the	STEP.	
This	 indicates	that	a	trench	will	 rotate	back	toward	a	stable	perpendicular	setup.	As	
for	model	setups	with	straight	passive	margins,	small	 (<10°)	changes	 in	the	angle	𝛽𝛽! 	
do	not	 result	 in	different	propagation	behavior	 for	 the	STEPs.	This	 is	a	confirmation	
that	 the	 STEP	 model	 setup	 is	 relatively	 insensitive	 for	 short-wavelength	 geometric	
changes.	

As	for	the	straight	passive	margin	models,	we	observe	some	slight	differences	in	the	
STEP	propagation	direction	for	models	(not	shown	here)	in	case	we	allow	for	further	
strength	 reduction	 in	 the	 area	 of	 high	 effective	 shear	 strain.	 In	 case	 𝛽𝛽! 	>	 -25°,	 the	
STEP	will	continue	to	either	track	or	propagate	into	the	passive	margin,	with	a	more	
localized	deformation	lobe	which	includes	higher	values	for	the	effective	shear	strain.	
For	models	where	the	STEP	does	not	track	the	passive	margin,	but	rather	propagates	
into	the	oceanic	basin,	we	observe	a	slightly	different	behavior.	Close	to	the	STEP,	the	
effective	shear	strain	lobe	is	oriented	more	trench	perpendicular.	Further	away	from	

Figure	2.9	Pie	charts	 of	 the	normalized	average	 strain	within	the	 first	 10	km	surrounding	 STEPs	 for	 a	
range	of	models	with	different 𝛽𝛽!and	kinked	passive	margins.	The	grey	dents	indicate	subduction	direc-
tion,	and	the	magenta	hexagons	represent	the	STEP.	Every	pie	chart	is	normalized	by	the	largest	value	
of	the	average	(effective	shear)	strain	contained	by	a	pie	wedge	(number	above	pie	chart).	Color	scale	
emphasizes	this	normalization.	The	black	lines	represent	the	passive	margin	orientation.	
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the	STEP,	it	turns	toward	the	same	orientation	as	for	larger	values	for	a	(in	equation	
(2.1),	 i.e.,	 in	 case	 of	 less	 strength	 reduction).	 This	 is	 an	 indication	 that	 a	 STEP	 will	
propagate	 in	a	trench-perpendicular	 fashion	 in	case	the	resistance	to	tearing	 is	very	
low,	while	a	STEP	will	propagate	slightly	sub-perpendicular	(∼80°	from	the	trench)	in	
case	of	higher	resistance	to	tearing.	

The	results	presented	in	Fig.	2.9	do	not	explicitly	mean	that	a	STEP	cannot	propagate	
when	the	passive	margin	is	oriented	with	a	large	angle	from	the	stable	perpendicular	
position.	It	 is	possible	that	a	large	change	in	orientation	is	not	made	in	one	kink	but	
rather	 is	 distributed	 over	 a	 larger	 distance	 as	 displayed	 in	 the	model	 setups	 in	 Fig.	
2.7B.	We	will	 now	 determine	what	 the	 influence	 of	 a	 change	 in	 strike	 of	 a	 passive	
margin	through	a	radius	of	curvature	instead	of	an	abrupt	kink	is	on	the	STEP	propa-
gation	direction.	

2.6.4	Results	for	a	gradual	change	in	passive	margin	strike 𝜷𝜷𝒌𝒌,	an	evolution	series	

We	now	study	gradual	kink	models	with	those	kink	passive	margin	angles	 for	which	
the	abrupt	kink	models	 resulted	 in	STEP	propagation	 into	 the	oceanic	basin.	 Setups	
with	angles	that	already	show	STEPs	tracking	an	abruptly	kinked	passive	margin	will	
not	be	influenced	by	such	a	gradual	kink	in	the	passive	margin.	To	determine	the	ef-
fect	of	a	gradual	kink	on	STEP	propagation,	we	first	study	a	setup	that	includes	a	very	
gradual	change	in	strike.	Note	here	that	we	do	not	use	perfectly	curved	sides	of	ele-
ments	at	the	passive	margin-ocean	interface	but	the	gradual	change	in	passive	margin	
strike	is	obtained	through	a	series	of	small	(2.5°)	steps	in	orientation.	This	may	cause	
some	additional	model-induced	 strain.	 The	model	 domain	 size	 is	 varied	 throughout	
the	evolution	series	to	retain	a	250	km-to-the-west-side	distance	for	the	STEP	and	a	
350	km-to-the-north-side	distance	for	the	trench	as	for	all	the	previous	model	setups.	

We	will	 now	discuss	 an	 evolution	 series	 to	 show	 the	 behavior	 of	 STEP	 propagation	
direction	 and	 rollback	 evolution	 as	 determined	 from	our	model	 results.	 This	 evolu-
tion,	 with	 the	 reorganization	 of	 the	 trench	 and	 redirectioning	 of	 the	 slab	 pull-
associated	 tractions,	 is	derived	 from	 the	model	 results	of	 every	previous	 time	step.	
Slip	across	the	trench	is	determined	and	is	represented	in	the	new	model	setup	in	a	
stylized	manner:	we	assume	that	this	is	the	rollback	pattern	of	the	trench	and	that	it	
remains	 perpendicular	 to	 the	 passive	 margin	 while	 a	 stylized	 line	 ensures	 that	 we	
avoid	the	effect	of	model-induced	strain.	Throughout	the	evolution,	we	keep	a	con-
stant	magnitude	of	the	slab	pull-associated	tractions	acting	at	the	trench.	By	assum-
ing	that	the	slab	dip	does	not	change,	the	slab	was	already	reaching	the	mantle	tran-
sition	zone,	and	the	slab	follows	the	shape	of	the	trench,	we	consider	that	the	portion	
of	 the	 slab	 perpendicular	 to	 the	 trench	 (and	 thus	 the	 slab	 pull	 force)	 remains	 con-
stant.	

In	 Fig.	 2.10,	we	present	 such	 a	model	 evolution	which	 exhibits	 a	 gradual	 change	 in	
passive	margin	strike	of	60°	through	a	radius	of	curvature	of	∼220	km.	At	the	starting	
model	 setup	 (top	 row	 in	 Fig.	 2.10),	 the	 STEP	 propagation	 direction	 is	 simply	 deter-
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mined	from	the	effective	shear	strain	and	normalized	average	strain	plots,	i.e.,	along	
the	passive	margin-ocean	interface	toward	the	north.	As	for	the	model	with	β	=	0	in	

Figure	 2.10	Model	 evolution	 series	 where	𝛽𝛽!	equals	 -60°	 and	 a	 radius	 of	 curvature	 of	~220	 km.	 The	
contour	 plots	 show	 the	 (left	 column)	 total	 displacement	 and	 (middle	 column)	 effective	 shear	 strain.	
(right	 column)	Pie	 charts	 of	 the	normalized	 average	 strain	within	 the	 first	 10	 km	 surrounding	 STEPs.	
Effective	shear	strain	plots	show	the	area	directly	around	the	STEP,	while	total	displacement	plots	show	
the	results	 for	the	whole	models.	 In	 the	displacement	plots,	velocity	vectors	are	included	for	 the	conti-
nental-subducting	plate	block.	The	grey	dents	indicate	the	subduction	direction,	and	the	white	slip	sym-
bol	indicates	the	sinistral	nature	of	the	STEP	fault.	Slip	rate	magnitudes	are	the	same	as	in	Fig.	2.4.	The	
magenta	hexagons	represent	the	STEP.	Every	pie	chart	is	normalized	over	the	largest	value	of	the	aver-
age	 (effective	shear)	 strain	 contained	by	a	pie	wedge.	 Color	 scale	emphasizes	 this	 normalization.	 The	
black	lines	represent	the	passive	margin	orientation.	For	all	models,	b	equals	0.02.	
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Fig.	2.5,	i.e.,	where	a	straight	passive	margin	is	oriented	perpendicular	to	the	trench,	
slip	across	the	trench	increases	away	from	the	trench.	

From	 this	we	 determine	 the	 subsequent	 (stylized)	 location	 of	 the	 trench	 at	 the	 se-
cond	 time	 step	 (second	 row	 in	 Fig.	 2.10).	 Here	 the	 STEP	 has	 propagated	 along	 the	
passive	margin,	but	most	of	 the	trench	has	retreated	further,	 resulting	 in	a	concave	
geometry	 toward	 the	mantle	wedge	side.	As	 the	 (mainly)	N-S	motion	 in	 this	area	 is	
not	decomposed	well	at	the	STEP	fault,	partly	due	to	the	imperfect	model	geometry,	
displacements	and	velocities	at	the	overriding	plate	indicate	that,	near	the	STEP,	the	
overriding	 plate	 is	 dragged	 southward.	 Also,	 the	 magnitudes	 of	 the	 displacements	
diminish	near	the	original	 location	of	the	STEP	(at	250;	-350	in	Fig.	2.10),	which	also	
represents	 the	 intersection	of	 the	oblique	and	N-S	oriented	parts	of	 the	STEP	 fault.	
This	is	also	probably	due	to	the	imperfect	model	geometry.	Slip	across	the	trench,	and	
along	 the	STEP	 fault,	are	both	smaller	 in	magnitude	compared	 to	 the	previous	 time	
step.	Again,	STEP	propagation	is	oriented	along	the	passive	margin.	The	trench	in	this	
model	 setup	 has	 already	 lengthened	 a	 little,	 as	 can	 be	 determined	 from	 the	 extra	
space	 in	 between	 the	 two	 grey	 triangles	 to	 the	 left	 in	 the	 displacement	 plot.	 This	
lengthening	 of	 the	 trench	 slowly	 induces	 the	 formation	 of	 an	 amphitheatre-shaped	
slab.	

In	the	two	subsequent	time	steps,	the	STEP	has	propagated	further	along	the	passive	
margin	 and	 the	amount	of	 slip	 across	 the	 trench	has	 slightly	diminished	 further	 to-
ward	the	STEP.	This	results	in	a	longer	segment	of	the	trench	that	is	oriented	perpen-
dicular	to	the	passive	margin,	while	only	a	continually	smaller	section	remains	parallel	
to	 the	 original	 trench	 orientation.	 Strain	 localization	 favors	 STEP	 propagation	 along	
the	passive	margin-ocean	interface,	even	though	the	model	at	the	fourth	row	shows	
an	increase	in	the	dragging	behavior	of	the	STEP	and	a	severe	reduction	in	slip	along	
the	STEP	fault	toward	the	STEP	(near	zero).	This	is	also	represented	in	the	normalized	
average	strain	plot,	with	a	larger	lobe	of	strain	into	the	oceanic	basin.	The	trench	has	
lengthened	(and	curved)	further,	thereby	increasing	the	formation	of	an	amphithea-
tre	shaped	slab.	

At	the	last	time	step,	the	STEP	has	reached	the	end	of	the	curve	and	the	passive	mar-
gin	ahead	of	the	STEP	 is	 finally	oriented	 in	the	 ideal	direction	as	can	be	determined	
through	the	magnitudes	of	the	slip	along	the	STEP	fault	and	across	the	trench	which	
are	larger	than	for	the	two	previous	model	setups.	STEP	propagation	will	be	along	the	
passive	 margin.	 The	 trench-passive	 margin	 system	 now	 nearly	 represents	 a	 model	
where	β	 =	 0	 (as	 in	 Fig.	 2.5)	 due	 to	 the	 extent	 of	 the	 passive	margin-perpendicular	
segment	of	the	trench.	

2.6.5	STEP	model	results	with	different	radii	of	curvature	for	a	 𝜷𝜷𝒌𝒌 of	45°	

From	the	previous	 section,	 it	 is	 clear	 that	a	 large	 radius	of	 curvature	 (∼220	km)	 re-
sults	 in	 a	 STEP	 propagating	 along	 the	 passive	margin,	while	 a	 curved	 trench	 arises.	
This	is	in	contrast	to	the	behavior	observed	for	an	abrupt	kink,	where	we	see	the	STEP	
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propagate	into	the	oceanic	basin	(Fig.	2.9	and	Fig.	2.11A).	Now	we	seek	to	determine	
the	minimum	radius	of	curvature	 for	which	a	STEP	will	propagate	along	 the	passive	

Figure	2.11	Model	 series	where 𝛽𝛽!	equals	 -45°	with	different	radii	of	 curvature:	A	0	 km,	B	~10	 km,	C	
~20	km,	D	~125	km,	and	E	~220	km.	The	contour	plots	show	the	(left	column)	total	displacement	and	
(middle	column)	effective	shear	strain.	(right	column)	Pie	charts	of	the	normalized	average	strain	within	
the	first	10	km	surrounding	STEPs.	Effective	shear	strain	plots	show	the	area	directly	around	the	STEP,	
while	total	displacement	plots	show	the	results	for	the	whole	models.	In	the	displacement	plots,	velocity	
vectors	are	included	for	the	continental-subducting	plate	block.	The	grey	dents	indicate	the	subduction	
direction,	and	the	white	slip	symbol	indicates	the	sinistral	nature	of	the	STEP	fault.	Slip	rate	magnitudes	
are	 the	 same	as	 in	Fig.	2.4.	 The	magenta	hexagons	represent	 the	STEP.	 Every	pie	chart	 is	normalized	
over	the	largest	value	of	the	average	(effective	shear)	strain	contained	by	a	pie	wedge.	Color	scale	em-
phasizes	 this	normalization.	The	black	lines	represent	 the	passive	margin	orientation.	For	all	models,	b	
equals	0.02.	



	 73	

margin.	In	Fig.	2.11,	we	present	a	series	of	model	results	for	a	range	of	radii	of	curva-
ture.	 The	nonabrupt	models	 (Figs.	 2.11B-11E)	 represent	 setups	where	 the	 STEP	has	
propagated	along	the	passive	margin	up	to	the	point	where	the	passive	margin	is	ori-
ented	straight	again	and	perpendicular	to	the	trench.	

For	an	abrupt	kink,	model	results	are	depicted	in	Fig.	2.11A.	As	was	determined	in	the	
abrupt	kink	section,	the	STEP	will	propagate	into	the	oceanic	basin	as	the	kink	angle	
𝛽𝛽!  of	45°	 is	 larger	 than	30°.	When	we	 introduce	 (and	carefully	 increase)	a	 radius	of	
curvature	to	the	STEP	system,	so	that	the	change	in	orientation	of	the	passive	margin	
is	distributed	over	a	large	distance,	we	observe	different	behavior	(Figs.	2.11B-E).	The	
amount	of	slip	across	trench	and	along	the	STEP	fault	has	decreased	compared	to	the	
abrupt	kink	setup	(Fig.	2.11A).	Even	though	the	STEP	has	propagated	along	the	pas-
sive	margin	up	 to	 the	point	displayed	at	Figs.	2.11B	and	2.11C,	 the	 large	buildup	of	
effective	shear	strain	in	the	subducting	plate	near	the	STEP	is	an	indication	that	these	
setups	are	not	favored	by	the	system.	The	STEP	will	rather	propagate	into	the	oceanic	
basin	when	passing	the	30–45°	segment	of	the	passive	margin.	We	can	thus	conclude	
that	 the	 abrupt	 behavior	 is	 favored	 in	 case	 the	 radius	 of	 curvature	 is	 distributed	
through	a	radius	of	curvature	of	∼20	km.	This	means	that	one	can	consider	the	trench	
to	remain	straight	over	this	distance	and	that	the	STEP	system	behaves	as	if	the	pas-
sive	margin	changes	orientation	in	an	abrupt	kink.		

In	 case	 the	 radius	of	 curvature	 is	distributed	 through	a	 radius	of	 curvature	of	∼125	
km	(Fig.	2.11D),	 it	 is	more	difficult	 to	determine	STEP	propagation	direction.	As	was	
the	case	 for	 the	STEP	 system	evolution	 in	Fig.	2.10,	 the	 segment	of	 the	 trench	per-
pendicular	to	the	passive	margin	has	lengthened.	The	amount	of	effective	shear	strain	
in	 the	 subducting	 plate	 along	 the	 trench	 has	 diminished,	 and	 we	 observe	 a	 single	
lobe.	However,	 as	 can	 be	 determined	 from	 the	 normalized	 average	 strain	 plot,	 the	
peak	strain	is	equally	present	in	the	passive	margin.	This	model	setup	is	settled	at	the	
end	 of	 a	 transition	 zone,	 where	model	 setups	 show	 different	 behavior,	 from	 STEP	
propagation	into	the	oceanic	basin	(as	for	Figs.	2.11A-C)	toward	clear	STEP	propaga-
tion	along	the	passive	margin	(as	in	Fig.	2.11E).	There,	the	radius	of	curvature	is	equal	
to	the	model	evolution	series	of	Fig.	2.10	and	the	observed	propagation	direction	 is	
the	same:	along	the	passive	margin.	

2.6.6	Analysis	of	models	with	a	gradual	change	in	passive	margin	orientation	

Here	we	investigate	the	effect	of	a	radius	of	curvature	for	the	change	in	passive	mar-
gin	strike	through	a	series	of	stylized	model	setups,	based	on	the	results	from	a	previ-
ous	time	step.	In	case	we	test	the	influence	of	the	magnitude	of	the	velocity	bounda-
ry	condition	at	the	northern	domain	boundary,	we	observe	a	difference	in	he	magni-
tude	of	the	slip,	but	not	in	the	distribution	pattern:	slip	is	smallest	near	the	STEP	and	
increases	away	along	trench.	The	rollback	pattern	does	not	change,	only	the	velocity	
at	which	rollback	takes	place.	Just	as	for	the	models	with	straight	passive	margins	and	
abrupt	 kinks,	 the	 STEP	will	 thus	 propagate	 in	 the	 same	direction	when	 altering	 the	
prescribed	plate	velocities.	
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One	can	consider	that	the	shape	of	the	slab	after	a	considerable	rollback,	like	at	the	
two	last	model	times	in	Fig.	2.10	or	Fig.	2.11E,	may	be	altered	and	that	the	slab	pull	

Figure	2.12	Comparison	between	(A	and	B)	two	models	with	(c	and	d)	different	forcing	(respectively).	
The	contour	plots	of	A	and	B	show	the	(left	column)	total	displacement	and	(middle	column)	effective	
shear	strain.	(right	column)	Pie	charts	of	the	normalized	average	strain	within	the	first	10	km	surround-
ing	STEPs.	Effective	shear	strain	plots	show	the	area	directly	around	the	STEP,	while	total	displacement	
plots	show	the	results	for	the	whole	models.	In	the	displacement	plots,	velocity	vectors	are	included	for	
the	continental-subducting	plate	block.	The	grey	dents	indicate	the	subduction	direction,	and	the	white	
slip	symbol	indicates	the	sinistral	nature	of	the	STEP	fault.	Slip	rate	magnitudes	are	the	same	as	in	Fig.	
2.4.	The	magenta	hexagons	represent	the	STEP.	Every	pie	chart	is	normalized	over	the	largest	value	of	
the	average	(effective	shear)	strain	contained	by	a	pie	wedge.	Color	scale	emphasizes	this	normaliza-
tion.	The	black	lines	represent	the	passive	margin	orientation.	Contour	plots	of	Figs.	2.12C	and	D	show	
the	effective	stress	experienced	by	the	model	slabs	and	the	pattern	of	the	distribution	factor	(explained	
in	Appendix	2.A)	used	 for	 forcing	of	the	STEP	models	in	Figs.	2.12A	and	B.	For	both	models,	b	equals	
0.02.	
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transmission	 into	 the	surface	plate	has	consequently	changed.	However,	 in	case	we	
compare	two	end-member	slab	shapes,	straight	and	shaped	according	to	the	passive	
margin	 (Figs.	 2.12C-D),	we	do	not	observe	a	 change	 in	 the	propagation	behavior	of	
the	STEP	(Figs.	2.12A-B).	The	forcing	is	distinctly	different	in	the	region	near	the	STEP,	
but	 the	buildup	of	strain	 remains	alongside	 the	passive	margin-ocean	 interface	 (Fig.	
2.12B).	We	can	thus	conclude	that	the	distribution	of	forcing	at	the	trench	also	does	
not	influence	the	STEP	propagation	direction,	even	though	the	rollback	itself	is	slightly	
influenced	 from	 the	 presented	 model	 onward,	 as	 the	 amount	 of	 slip	 in	 the	 non-
straight	slab	model	(Fig.	2.12B)	is	lower	in	magnitude	than	the	slip	in	Fig.	2.12A	using	
a	straight	slab	forcing.	

2.7	Discussion		

2.7.1	Summary	of	model	response	

In	Fig.	2.13	we	summarize	the	STEP	propagation	behavior	constrained	from	our	mod-
el	 results	 for	different	passive	margin	geometries	 in	 a	 STEP	 setting.	Here	Fig.	 2.13A	
shows	 the	 straight	 passive	margins	while	 Fig.	 2.13B	 indicates	 the	 STEP	 propagation	
behavior	for	kinked	passive	margins.	STEP	propagation	along	straight	passive	margins	
occurs	 readily	 when	 oriented	 within	 30°	 from	 a	 perpendicular	 setting.	 Our	models	
show	that	a	STEP	system	has	the	tendency	to	evolve	toward	a	perpendicular	geome-
try:	for	more	negative	passive	margin	angles,	STEP	propagation	halts	while	the	trench	
is	 able	 to	 rollback	 further	 toward	orthogonality,	while	 for	more	positive	angles,	 the	
STEP	will	propagate	more	rapidly	allowing	the	trench	to	“catch	up”	and	return	to	or-
thogonality,	while	 possibly,	 some	 continental	material	 is	 pulled	 into	 the	 subduction	
zone	which	may	result	in	some	local	slab	detachment.	For	some	(narrow)	subduction	
zones,	e.g.,	the	Gibraltar	and	Calabrian	slabs,	such	rotation	and	reorientation	toward	
orthogonality	in	order	for	the	STEP	to	propagate	along	the	passive	margin	have	been	
suggested	 to	 explain	 the	 tectonic	 evolution	 in	 the	 western-central	 Mediterranean	
[Govers	and	Wortel	2005;	Wortel	et	al.	2009;	Chertova	et	al.	2014a].	

For	STEP	systems	with	a	passive	margin	strike	change	less	than	25°	from	perpendicu-
lar	(ahead	of	the	active	STEP),	STEPs	will	readily	track	the	passive	margin,	irrespective	
of	the	radius	of	curvature	through	which	this	strike	change	is	made	(Fig.	2.13B).	Out-
side	this	window,	i.e.,	for	variable	radii	of	curvature	and	larger	(kink)	passive	margin	
angles,	we	observe	two	different	 types	of	propagation	behavior.	We	find	a	“charac-
teristic”	 radius	 of	 curvature	 of	∼125	 km,	 i.e.,	 approximately	 the	 lithospheric	 thick-
ness,	where	behavior	 changes:	 if	 the	 strike	 change	 is	more	gradual	 (larger	 than	 the	
lithospheric	 thickness),	 a	 STEP	will	 continue	 to	propagate	along	 the	passive	margin,	
highlighting	the	steering	effect	of	a	passive	margin.	In	case	of	an	abrupt	strike	change	
(less	than	the	lithospheric	thickness),	the	STEP	will	continue	to	propagate	in	its	origi-
nal	direction.	
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2.7.2	Limitations	of	the	numerical	models	

The	model	results	presented	here	provide	straightforward	indications	for	the	propa-
gation	direction	of	 STEPs	and	 the	 influence	of	 the	mechanical	properties.	However,	
we	employ	several	simplifications	 in	our	model	setup.	This	 includes	a	distinct	deter-
mination	of	slab	pull	transmission	at	the	trench,	a	stylized	version	of	STEP	geometry,	
a	 viscosity	 contrast	 across	 the	passive	margin,	 and	 ignoring	upper	mantle	 contribu-

Figure	2.13	Schematic	 synthesis	of	model	 results	 indicating	the	STEP	propagation	 (direction)	behavior	
for	passive	margin	geometry	 in	case	of	A	 straight	passive	margins	and	B	kinked	passive	margins.	The	
grey	bars	 indicate	the	transition	between	regimes	where	 the	STEP	propagation	direction	 is	difficult	 to	
determine.	
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tions	 to	 lithospheric	behavior.	Besides	 these	 simplifications	 in	our	models,	we	must	
consider	whether	 our	models	 actually	 represent	 a	 geodynamic	 system	with	 a	 litho-
spheric	 tear	 (STEP	 and	 STEP	 fault)	 next	 to	 a	 subduction	 zone,	 comparable	 to	 those	
found	in	nature.		

Effective	slab	pull	force		

For	the	transmission	of	slab	pull	to	the	surface	plate	through	the	bending	area	at	the	
trench,	 several	 resistive	 contributions,	 like	mantle	 drag	 and	 friction	 along	 the	 plate	
contact	 zone,	were	accumulated	 in	one	 reducing	 factor	 (Appendix	2.A).	 In	 the	STEP	
models	studied	here,	 the	reducing	factor	was	set	at	0.5	 for	all	models.	We	consider	
that,	 as	 the	 radiation	 pattern	 also	 does	 not	 change	 for	 decreasing	 slab	 pull	magni-
tudes	or	a	change	in	the	viscosity	contrast	across	the	trench	(Appendix	2.B),	altering	
the	 reducing	 factor	 does	 not	 result	 in	 different	 STEP	 propagation	 directions	 (Fig.	
2.S4).		

Geometric	complexity	near	STEPs	and	STEP	faults		

STEP	geometries	used	in	these	numerical	STEP	models	are	stylized	versions	of	situa-
tions	 as	 found	 in	nature.	Often,	 the	 trench	does	not	 run	perfectly	 perpendicular	 to	
the	passive	margin,	and	 the	 trench	shows	a	non-	 linear	profile.	 From	the	model	 re-
sults,	 it	 is	clear	 that	small	changes	 (<10°)	 in	 the	trench-passive	margin	setup	do	not	
result	 in	 large	 changes	 in	 STEP	 behavior.	 Therefore,	 the	 STEP	models	 appear	 to	 be	
relatively	insensitive	to	small-scale	details.	As	such,	we	can	consider	that	a	propagat-
ing	STEP	will	simply	follow	a	straight	path	in	case	a	passive	margin	displays	a	rugged	
shape	in	map	view,	i.e.,	with	(relatively)	small	but	abrupt	and	oblique	bulges.	A	prop-
agating	STEP	will	simply	skip	such	heterogenic	features.		

Mantle	flow		

In	 the	models	 studied	here,	mantle	 contributions	 to	 the	 lithospheric	behavior	were	
ignored.	 Several	 studies	on	mantle	 return	 flow	and	 toroidal	mantle	 flow	have	been	
performed	 recently	 by	 Piromallo	 et	 al.	 [2006],	 Schellart	 et	 al.	 [2007],	 Hale	 et	 al.	
[2010],	Schellart	[2010],	and	Schellart	and	Moresi	[2013],	among	others.	Mantle	flow	
has	an	influence	on	the	state	of	stress	and	vertical	motion	of	both	the	overriding	and	
subducting	 plates,	 subduction	 hinge	 geometry,	 and	 associated	 volcanism	 [Faccenna	
et	al.	2011;	Schellart	and	Moresi	2013].	Schellart	et	al.	 [2007]	show	through	3D,	dy-
namic,	numerical	models	that	rollback	velocity	(trench	retreat	rate)	and	trench	width	
are	 inversely	 related	 for	 free	 subduction	 experiments,	 consistent	 with	 globally	 ob-
served	 retreat	 velocities.	 Mantle	 material	 seems	 to	 influence	 the	 geometry	 of	 the	
trench,	especially	near	the	lateral	termination	of	a	subduction	zone,	explicitly	related	
to	 the	width	 of	 the	 trench.	 A	 trench	 retreats,	 and	 a	 concave	 geometry	 toward	 the	
mantle	wedge	edge	arises.	This	 is	 in	agreement	with	several	 situations	 found	 in	na-
ture,	e.g.,	the	south	Lesser	Antilles	subduction	zone.	Rollback	velocity	is	very	likely	to	
be	largely	influenced	by	mantle	flow	[e.g.,	Schellart	et	al.	2007;	Schellart	and	Moresi	
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2013],	e.g.,	by	a	mantle	wind,	trench	suction	due	to	poloidal	flow,	and/or	mantle	re-
turn	flow	around	the	slab	edge.	This	is	probably	not	the	case	for	the	propagation	di-
rection	of	 the	 STEP	 (slab	 tear),	where	a	 surface	part	of	 the	plate	 and	an	overriding	
plate	 are	 part	 of	 the	 system.	Material	 properties	 and	 the	 orientation	 of	 a	 viscosity	
contrast	have	a	large	influence	on	the	STEP	propagation	direction	[Hale	et	al.	2010].	

Variations	with	depth	in	the	lithosphere		

As	we	set	our	model	lithosphere	as	a	single	layer	with	a	single	viscosity,	we	ignore	the	
layer-by-layer	 distribution	 of	material	 properties	 and	 (possible)	 intricate	 pattern	 of	
faults	present	in	Earth’s	lithosphere.	We	consider	that,	with	the	implementation	of	a	
viscosity	contrast	across	the	passive	margin	and	the	development	of	a	shear	zone	in	
our	models,	the	 lithosphere	tearing	character	of	STEP	faults	 is	underpinned	(despite	
the	simplified	mechanism	of	strain	localization).		

Magmatic	arcs	and	other	additional	zones	of	weakness		

In	 our	 STEP	models,	we	do	not	 include	 the	possible	 effect	 of	 a	weak	magmatic	 arc	
[Boutelier	 and	Cruden	2013]	as	we	 simply	 take	one	value	 for	 the	effective	 viscosity	
per	whole	subdomain.	This	may	have	an	effect	on	the	motion	of	the	overriding	plate,	
i.e.,	increasing	the	ease	to	follow	the	retreating	trench	[Govers	and	Wortel	2005].	Es-
pecially	through	the	models	with	a	radius	of	curvature	where	we	need	to	go	through	
an	evolution	series,	the	eventual	trench	location	resulting	from	rollback	may	change	
significantly	 when	 introducing	 the	 effect	 of	 a	 weak	magmatic	 arc.	 However,	 as	 we	
have	already	observed	in	all	models,	the	STEP	propagation	direction	does	not	actually	
depend	on	the	exact	distribution	of	material	properties	(Appendix	2.B)	but	rather	on	
a	 contrast	 in	 properties	 directly	 ahead	 of	 the	 STEP.	 This	 does	 not	 only	 encompass	
passive	 margins	 but	 also	 other	 weakness	 zones,	 like	 fracture	 and	 fault	 zones,	 and	
strong	regions,	like	oceanic	plateaus	or	seamount	chains.		

Brittle	rheology		

The	omission	of	brittle	behavior	may	potentially	have	a	 large	effect	on	the	direction	
of	STEP	propagation.	This	is	especially	the	case	in	situations	where	a	large	differential	
stress	develops	ahead	of	the	STEP.	Hale	et	al.	[2010]	consider	3D,	dynamic	numerical	
models	that	include	visco-plastic	weak	zones	at	the	sides	of	the	subduction	zone	(at	a	
90°	angle	 from	the	 trench)	 in	order	 to	obtain	a	 first-order	view	on	 lithospheric	 tear	
dynamics	in	subduction	zone	settings.	These	authors	find	that	lithospheric	resistance	
to	 tearing	 is	essential	 in	 the	evolution	of	a	 rollback	system	with	regard	to	hinge	ge-
ometry,	rollback	velocity,	and	slab	behavior	in	the	mantle.	In	case	the	yield	strength	
of	 the	 weak	 layer	 has	 values	 in	 the	 25–100	MPa	 range,	 the	 subduction	 hinge	 will	
show	a	curvature	toward	the	mantle	wedge	side	and	slab	rollback	velocity	increases	
away	 from	 the	 slab	 STEP.	 According	 to	Hale	 et	 al.	 [2010],	 the	 yield	 strength	 of	 the	
weak	layer	controls	the	geometry	of	the	subduction	system	and	mantle	flow	becomes	
less	important	while	increasing	the	yield	strength.	
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Our	model	results,	with	a	viscosity	contrast	and	β	=	0°,	are	comparable	to	the	models	
of	Hale	et	al.	[2010]	in	setup.	Models	with	an	intermediate	yield	strength	for	the	weak	
layer	(25–100	MPa)	show	similar	behavior	as	our	model	results,	where	a	curved	(to-
ward	the	mantle	wedge	side)	geometry	of	the	subduction	contact	arises	and	a	trans-
form	motion	arises	at	the	edge	of	the	weak	layer.	Even	though	the	models	of	Hale	et	
al.	[2010]	ignore	elastic	behavior	and	therefore	neglect	the	notion	of	slab	pull	trans-
mission	into	the	surface	plate,	there	is	an	overall	consensus	with	our	results	on	tear	
propagation	and	trench	geometry.	

From	 STEP	models	 for	 the	 westernmost	Mediterranean,	 Chertova	 et	 al.	 [2014a,	 b]	
conclude	that	the	North	African	continental	margin	needs	to	be	“weak”	with	a	maxi-
mum	shear	strength	of	100	MPa	for	STEP	propagation	to	take	place.	Besides	this	indi-
cation	of	a	weak	 (African)	 continental	margin	along	which	a	STEP	 retreated,	 the	 re-
sulting	 (present)	 curvature	 of	 the	 Gibraltar	 trench	 [Gutscher	 et	 al.	 2012]	 is	 also	 in	
agreement	with	our	findings	and	the	results	of	Hale	et	al.	 [2010].	We	therefore	sus-
pect	 that	 our	 omission	 of	 brittle	 behavior	 does	 not	 significantly	 affect	 our	 conclu-
sions,	but	this	remains	a	topic	of	further	(3D)	studies.		

Surface	velocities	

We	find	that	far-field	velocities	do	not	significantly	affect	the	STEP	propagation	direc-
tion.	 This	 result	 contrasts	with	 those	 of	 Chertova	 et	 al.	 [2014b].	When	 the	 velocity	
perpendicular	 to	the	STEP	fault	 is	 large	enough,	we	do	expect	 inversion	of	 the	STEP	
fault	in	a	manner	as	described	by	Baes	et	al.	[2011].	

2.7.3	Comparison	with	STEP	settings	in	nature		

Northern	Tonga		

Our	uniform	model	results	(Fig.	2.4)	should	be	applicable	to	the	northern	end	of	the	
Tonga	subduction	zone,	where	the	trench	is	retreating	with	a	very	high	velocity.	The	
Tonga	trench	shows	a	geometry	that	 is	concave	to	the	mantle	wedge	side	and	(sub)	
perpendicular	to	the	(trace	of	the)	STEP	fault	(i.e.,	the	Vityaz	lineament	[Wortel	et	al.	
2009;	 Schellart	 and	 Spakman	 2012]).	 This	 lines	 up	with	 our	 uniform	model	 results,	
which	predict	a	propagation	direction	of	∼80°	ahead	of	the	active	STEP.	Even	though	
our	model	is	not	designed	to	represent	the	geodynamic	setting	at	the	Tonga	trench	in	
every	detail,	such	as	plate	and	rollback	velocities,	it	still	predicts	this	propagation	di-
rection	well.	We	can	 therefore	 infer	 that	mantle	 (return)	 flow	does	not	significantly	
affect	the	direction	of	lithospheric	tearing.	

Unlike	 Clouard	 and	 Gerbault	 [2008],	 who	 relate	 intraplate	 volcanism	 in	 the	 south-
central	Pacific	to	the	geometry	and	kinematics	of	the	Pacific	plate,	we	expect	the	ef-
fect	of	lithospheric	tearing	at	the	northern	termination	of	the	Tonga	trench	to	be	con-
strained	to	the	immediate	vicinity	of	the	STEP.	There	is	no	indication	from	our	models	
that	 the	 effect	 of	 the	 edge	of	 the	 subducting	 plate	will	 radiate	 far	 into	 the	 surface	
part	of	the	subducting	plate.	This	leads	us	to	conclude	that	the	inference	by	Clouard	
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and	Gerbault	[2008]	is	a	result	of	boundary	conditions	applied	in	their	models,	while	
this	 inference	cannot	be	construed	 in	view	of	a	tearing	Pacific	plate	at	the	northern	
termination	of	the	Tonga	trench,	as	suggested	by	our	models.		

Southern	Lesser	Antilles		

Related	to	the	STEP	at	the	southern	termination	of	the	south	Lesser	Antilles	trench,	
model	results	confirm	the	stable	setup	of	a	STEP	propagating	along	a	straight	passive	
margin	which	 is	oriented	perpendicular	to	the	trench.	The	slab	shows	a	concave	ge-
ometry	toward	the	mantle	wedge	side	(Fig.	2.2;	Clark	et	al.	[2008]),	probably	resulting	
from	resistance	to	 lithospheric	 tearing.	This	concave	(to	the	mantle	wedge	side)	ge-
ometry	 is	also	a	 feature	observed	 in	our	numerical	models.	We	observe	 for	models	
with	a	very	positive	β	that	the	passive	margin	is	pulled	into	the	subduction	zone	(Figs.	
2.5,	2.8,	and	2.13).	This	will	probably	result	in	a	higher	resistance	to	subduction	local-
ly,	a	slowdown	in	subduction,	and	possibly	local	slab	detachment	(the	shoaling	mech-
anism	in	Wortel	et	al.	[2009]),	which	de	facto	enables	the	STEP	to	keep	following	the	
passive	margin.	Geological	reconstructions	of	the	Lesser	Antilles	trench	indicate	that	
this	mechanism	has	probably	prevailed	 for	 the	Caribbean-South	American	boundary	
[e.g.,	Escalona	and	Mann	2011;	van	Benthem	et	al.	2013].	We	must	note	here	that	the	
development	of	 a	 STEP	 and	 STEP	 fault	 in	 our	models	 is	 simplified	 as	we	 consider	 a	
single	 fault	 for	 the	 STEP	 fault	 and	 a	 localized	 shear	 zone	 for	 the	 STEP	 propagation,	
while	in	reality	this	may	involve	a	broad,	complex	zone	of	deformation	including	block	
rotations	 in	 a	 wider	 shear	 zone	 observed	 in	 the	 geological	 plate	 boundary	 zone	
[Govers	and	Wortel	2005;	Martin	2007;	Wortel	et	al.	2009;	Özbakir	et	al.	2013].	Now	
that	the	STEP	has	reached	the	eastern	edge	of	the	South	American	continental	mar-
gin,	the	passive	margin	is	rotating	away	from	the	trench	at	such	an	oblique	angle	that	
we	 suspect	 the	 STEP	 to	 propagate	 into	 the	 Atlantic	 rather	 than	 keep	 following	 the	
South	American	continental	domain	in	the	geological	future.	This	is	based	on	the	no-
tion	of	 the	models	with	kinks	 in	passive	margin	orientation,	which	show	that,	 if	 the	
gap	is	too	large	to	bridge,	the	STEP	will	propagate	into	the	oceanic	basin.	

2.8	Conclusions	

Numerical	models	presented	here	indicate	that	a	STEP	will	propagate	along	a	straight	
passive	margin	in	case	the	angle	between	trench	and	passive	margin	remains	within	
15°	from	a	perpendicular	setup.	The	response	to	a	change	in	strike	of	a	passive	mar-
gin	depends	on	how	abrupt	this	occurs.	For	an	abrupt	change,	i.e.,	when	the	radius	of	
curvature	is	smaller	than	the	lithosphere	thickness,	the	STEP	will	continue	to	track	the	
passive	margin	 if	 the	 strike	 change	 is	 less	 than	25°.	 If	 the	 change	 in	passive	margin	
orientation	is	larger,	the	STEP	will	continue	to	propagate	in	the	original	direction.	For	
a	 gradual	 change,	 i.e.,	 when	 the	 radius	 of	 curvature	 is	 larger	 than	 the	 lithosphere	
thickness,	the	STEP	will	continue	to	propagate	along	the	passive	margin.	
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The	mechanical	 evolution	 of	 STEP	 systems	 results	 in	 a	 geometry	where	 trench	 and	
STEP	fault	are	perpendicular,	in	correspondence	with	the	observed	STEPs	in	nature.	If	
the	 geometry	 for	 some	 reason	 is	 strongly	 oblique,	 the	 system	 evolves	 to	 become	
more	orthogonal	due	to	reorientation	of	the	trench.	

Numerical	 model	 results	 are	 relatively	 insensitive	 to	 smaller-scale	 details,	 such	 as	
small	 (<10°)	 variations	 in	 passive	margin	 orientation.	 This	 also	 indicates	 that	 a	 slab	
tear	will	 simply	propagate	as	a	straight	 feature	 in	case	a	passive	margin	has	 rugged	
shape	 in	 map	 view.	 The	 influence	 of	 crustal-scale	 heterogeneities	 is	 thus	 quasi-
inexistent	compared	with	the	large	stresses	producing	the	tearing	of	the	lithosphere	
by	slab	pull.	

Surprisingly,	 the	magnitudes	of	 the	strength	contrast	across	 the	passive	margin	and	
the	 subduction	history,	which	determines	 the	 resistance	 to	 lithospheric	 tearing	and	
the	forcing	at	the	trench,	respectively,	are	less	important.	These	only	affect	intensity	
of	deformation	but	not	the	propagation	direction	of	a	STEP.	

Appendix	2.A:	Slab	pull-associated	tractions	

Since	 the	 velocity	 of	 a	 slab	 is	 approximately	 constant	 during	 the	 descent	 into	 the	
mantle,	the	slab	must	be	in	mechanical	equilibrium.	Therefore,	the	sum	of	all	external	
forces	acting	upon	the	slab	is	zero.	Both	resistive	and	driving	forces	act	on	a	subduct-
ing	and	surface	plate	[McKenzie	1969].	The	forces	acting	on	the	subducting	plate,	per	
unit	 length	 at	 interfaces	 or	 area,	 and	 their	magnitudes	 can	 consequently	 be	 deter-
mined	by	an	integration	over	the	appropriate	area	[Wortel	et	al.	1991].	Slab	pull	is	the	
only	force	that	can	be	described	to	a	reasonable	extent	though	[Schellart	2004b].		

An	important	assumption	made	in	the	following	is	that	all	parameters	of	the	subduct-
ing	 lithospheric	 plate	 (including	 the	 surface	 part)	 are	 constant.	 This	 includes	 the	
thickness,	temperature	distribution,	and	density,	among	others.	Another	assumption	
made	is	that	mantle	flow	is	not	actively	causing	plate	motion	but	does	result	from	the	
plate	motions.	Therefore,	we	regard	mantle	flow	as	a	passive	consequence	caused	by	
resistive	forces	acting	on	sides	of	the	slab.	

In	 order	 to	 determine	 the	pattern	of	 transmitted	 slab	pull	 forces,	we	model	 a	 sub-
ducting	slab	with	a	slab	pull	acting	on	it,	while	keeping	the	topside	in	place.	All	other	
boundaries	besides	the	topside	are	free,	i.e.,	not	obligated	to	follow	the	direction	of	
the	slab	pull	 (see	Fig.	2.A1).	The	mechanical	equilibrium	equations	are	consequently	
solved	 using	 the	 GTECTON	 software	 (version	 2011.1.65)	 adopting	 the	 plane	 stress	
approximation.	
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Slab	pull	is	modeled	as	a	shear	traction	acting	on	the	top	of	the	slab,	acting	downdip.	
We	use	an	elastic	plate	with	a	thickness	of	1m.	Elastic	parameters	are	taken	constant-
ly	for	the	whole	slab:	Young’s	modulus	E	 is	75	GPa	and	Poisson’s	ratio	v	 is	0.25.	Slab	
geometry	 is	a	major	control	on	the	distribution	of	 the	forces.	Horizontal	distance	of	
the	slab	model	is	1500	km	for	all	models,	to	ensure	that	the	lateral	sides	do	not	affect	
the	opposite	 side	of	 the	 slab	and	avoid	 the	use	of	 lateral	boundary	 conditions.	 The	
slab	is	free	to	move	in	all	directions	as	a	result	from	the	slab	pull.	

Resulting	values	for	the	forces	required	to	keep	the	topside	of	the	plate	at	 its	place	
are	normalized	by	a	 value	 taken	 far	 away	 from	 the	 lateral	 slab	boundaries.	At	 such	
locations,	 a	 “non-affected	 equilibrium”	 exists,	 not	 affected	 by	 variations	 in	 slab	 ge-
ometry	or	gradients	 in	 the	slab	pull.	We	define	 these	values	as	a	distribution	 factor	
(DF).	At	the	top	edge	where	an	equilibrium	exists	with	no	influence	of	slab	geometry	
and	 slab	pull	 gradients,	 the	DF	will	 have	 a	 value	of	 1.	Deviations	 from	a	 value	of	 1	
then	represent	effects	due	to	lateral	slab	boundaries	and/or	gradients	in	slab	pull.	

Passive	margin	 angle	β	 in	 the	 positive	 quadrant	 results	 in	 DF	 values	 of	well	 over	 1	
near	the	STEP	with	a	1 𝑟𝑟	distribution	decreasing	away	from	the	STEP.	Passive	margin	
angles	in	the	negative	quadrant	result	in	DF	values	which	slowly	increase	from	0	and	
have	a	 larger	 slab	edge	 influence	distance	 than	 the	 same	passive	margin	angle	β	 in	
the	positive	quadrant.	For	models	where	β	is	close	to	0°,	the	DF	pattern	shows	a	value	
above	1,	even	when	the	angle	lies	in	the	negative	quadrant.	This	is	mainly	due	to	elas-
ticity	of	the	plate,	but	gradient	in	slab	pull	also	controls	the	transmission	pattern.	

For	every	possible	STEP	setup,	a	specific	numerical	slab	model	needs	to	be	monitored	
in	 order	 to	 accurately	 describe	 the	 transmission	 pattern	 of	 the	 slab	 pull.	 Resistive	
forces	are	captured	 in	a	 reducing	 factor,	which	 is	 set	at	0.5.	This	 factor	depends	on	
multiple	characteristics	of	the	STEP	system:	plate	viscosity,	slab	density,	and	the	man-
tle-plate	viscosity	contrast	among	others.	The	value	of	0.5	 is	based	on	 two	notions:	
(1)	 a	 comparison	 of	 plate	 bending	 and	 its	 consequences	 on	 slab	 pull	 transmission	

Figure	2.A1	Schematic	2D	view	of	the	slab	as	seen	from	a	dip-perpendicular	view.	The	topside	is	kept	at	
its	place.	The	red	arrows	indicate	the	slab	pull.	The	model	shown	here	corresponds	to	a	situation	where	
the	passive	margin	has	a	positive	angle	β	of	30°.	
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[Capitanio	et	al.	2009]	and	(2)	a	study	on	the	influence	of	slab	pull	and	laterally	varia-
ble	asthenosphere	in	a	global	plate	motion	model	[van	Summeren	et	al.	2012].	

Appendix	2.B:	The	viscosity	contrast	across	the	passive	margin	

In	the	numerical	STEP	models	presented	in	this	report,	we	employ	a	viscosity	contrast	
across	the	passive	margin	in	order	to	represent	a	change	in	lithospheric	strength	from	
ocean	to	continent.	We	applied	a	contrast	of	0.25:0.50:1	in	the	presented	model	re-
sults,	where	the	ocean	lithospheric	viscosity	 is	set	at	1.	However,	we	need	to	deter-
mine	the	influence	of	the	magnitude	of	this	contrast	and	ascertain	whether	the	prop-
agation	direction	of	a	STEP	is	altered	in	case	we	choose	a	different	viscosity	contrast	
in	our	models.	

In	Fig.	2.B1	we	depict	several	models	with	different	contrasts	 in	viscosity	across	the	
passive	margin.	 It	 is	clear	that	a	 lower	effective	viscosity	results	 in	a	 larger	effective	
shear	 strain	buildup,	while	 the	extent	of	 the	deformation	 lobe	 is	 reduced	 for	 larger	
magnitudes	of	 the	effective	viscosity.	This	 is	a	very	 logical	observation	as	 the	 strain	

Figure	2.A2	The	distribution	factor	as	a	function	of	distance	along	the	trench	(distance	from	STEP).	Col-
ors	indicate	the	angle	of	the	passive	margin	β.	For	these	models,	slab	length	is	400	km	as	represented	by	
the	solid	lines	with	dots.	The	dashed	lines	indicate	the	two	models	with	a	slab	length	of	100	km.	
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depends	directly	on	viscosity.	 The	overall	 deformation	pattern	 remains	 the	 same	 in	
case	we	 change	 the	magnitude	 of	 the	 viscosity	 contrast	 across	 the	 passive	margin,	
and	we	 can	 conclude	 that	 this	 does	 not	 affect	 the	 propagation	 direction	 of	 a	 STEP	
(fault).	

Supporting	Information	

Here,	we	present	some	additional	model	results,	which	show	the	effect	of	boundary	
conditions	 on	 both	 the	 STEP	 propagation	 direction	 and	 intensity	 of	 deformation	 at	
the	STEP.	This	 includes	the	prescribed	plate	velocities,	passive	margin	width,	friction	
on	the	STEP	fault,	magnitude	of	 the	slab	pull	associated	tractions	and	magnitude	of	
strain	viscosity	weakening.	We	 focus	here	on	one	single	model	geometry,	which	 in-
cludes	a	straight	passive	margin	with	passive	margin	angle	0°	and	the	STEP	fault	ori-
ented	perpendicular	 to	 the	 trench.	 It	will	 become	 clear	 that	 these	boundary	 condi-
tions	only	affect	the	intensity	of	deformation,	not	the	ensuing	propagation	direction	
of	the	STEP.	

Figure	2.B1	Model	results	of	the	effective	shear	strain	for	a	range	of	viscosity	contrasts	across	the	pas-
sive	margin	(boxes)	and	a	β	of	25°.	These	plots	show	the	area	directly	around	the	STEPs.	The	grey	dent	
indicates	 the	 subduction	direction.	 Slip	 rate	magnitudes	are	 the	 same	as	 in	 Fig.	2.4.	 For	 viscosity	 con-
trasts	1:1,	0.9:1,	0.7:1,	0.5:1,	0.4:1,	and	0.33:1,	b	equals	9.5,	0.5,	0.5,	0.5,	0.5,	and	9.5,	respectively.	
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In	Fig.	2.S1,	we	examine	the	effect	of	prescribed	plate	velocities	on	the	STEP	propaga-
tion	direction.	We	show	 results	 for	 four	models	with	differing	boundary	 conditions.	
On	 the	 first	 row,	 this	 includes	a	SSW-directed	5	mm yr!!	velocity	on	 the	north	and	
west	boundaries	with	Winkler	pressures	along	the	east	boundary	of	the	subducting-
surface	plate.	At	the	second	row,	we	prescribe	a	9	cm yr!!	S-directed	velocity	on	the	
north	and	west	boundaries	with	Winkler	pressure	along	the	eastern	boundary	of	the	
subducting-surface	plate.	The	third	row	repeats	the	results	described	in	the	article	for	

Figure	2.S1	Model	 results	 for	 specific	boundary	conditions	 (right	 column).	The	contour	plots	show	the	
total	 displacement	 (left	 column)	and	 effective	 shear	 strain	 (left	middle	 column).	 Right	middle	 column	
presents	pie	charts	of	the	normalized	average	strain	within	the	first	10	km	surrounding	STEPs.	Effective	
shear	strain	plots	show	the	area	directly	around	the	STEP,	while	total	displacement	plots	show	the	re-
sults	for	the	whole	models.	In	the	displacement	plots,	velocity	vectors	are	included	for	the	continental-
subducting	plate	block.	Grey	dents	indicate	the	subduction	direction,	white	slip	symbol	indicates	sinistral	
nature	of	the	STEP	fault.	Note	that	velocity	arrows,	shear	strain	contours	and	slip	rate	magnitudes	differ	
per	row.	Magenta	hexagons	represent	the	STEP.	Every	pie	chart	is	normalized	over	the	largest	value	of	
the	average	 (effective	 shear)	strain	 contained	by	a	pie	wedge.	 Color	scale	 emphasizes	 this	normaliza-
tion.	Black	lines	represent	passive	margin	orientation.	For	all	models,	b	equals	0.02.	
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a	 1	mm yr!!	S-directed	 velocity	 at	 the	 top	 boundary,	with	Winkler	 pressures	 along	
both	lateral	boundaries	of	the	subducting-surface	plate.	For	the	results	on	the	bottom	
row,	we	prescribe	a	5	mm yr!!	SE-directed	velocity	at	the	north	and	west	boundary	
with	Winkler	 pressures	 along	 the	 right	 east	 of	 the	 subducting	 plate.	 Note	 that	 for	
each	row,	the	color	scale	bars	have	different	minimum/maximum	values	for	the	total	
displacement	column	and	different	magnitudes	for	the	depicted	arrows	and	slip	rate	
balls.	 The	extent	of	 the	effective	 shear	 strain	 lobe	at	 the	STEP	 is	 similar	 in	 size	and	
orientation	as	well	as	the	intensity	of	deformation.	Even	though	the	resultant	velocity	
and	 displacement	 field	 differ	 for	 each	 model	 row,	 the	 ensuing	 STEP	 propagation	
direction	is	identical	as	can	be	determined	from	the	effective	shear	strain	and	normal-
ized	average	strain	plots.	

Figure	2.S2	Model	results	for	specific	passive	margin	widths.	The	contour	plots	show	the	total	displace-
ment	 (left	column)	and	effective	shear	strain	(middle	column).	Right	column	presents	pie	charts	of	 the	
normalized	average	 strain	within	the	 first	 10	km	 surrounding	 STEPs.	Effective	shear	 strain	plots	show	
the	area	directly	around	the	STEP,	while	total	displacement	plots	show	the	results	for	the	whole	models.	
In	the	displacement	plots,	velocity	vectors	are	included	for	the	continental-subducting	plate	block.	Grey	
dents	 indicate	 the	 subduction	direction,	white	 slip	 symbol	 indicates	 sinistral	 nature	of	 the	 STEP	 fault.	
Magenta	hexagons	represent	the	STEP.	Every	pie	chart	is	normalized	over	the	largest	value	of	the	aver-
age	(effective	shear)	strain	contained	by	a	pie	wedge.	Color	scale	emphasizes	this	normalization.	Black	
lines	represent	passive	margin	orientation.	For	all	models,	b	equals	0.02.	
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Besides	 the	 prescribed	 plate	 velocities,	 another	 factor	 which	 may	 affect	 the	 STEP	
propagation	direction	is	the	passive	margin	width.	In	Fig.	2.S2	we	compare	model	re-
sults	 for	 a	 smaller	 (top	 row)	 and	 larger	 (middle	 row)	 passive	 margin	 width	 to	 the	
width	of	the	most	common	passive	margin	(bottom	row).	Only	minute	differences	in	
the	resulting	displacement	and	effective	shear	strain	fields	can	be	observed	and	the	
ensuing	STEP	propagation	is	thus	not	affected	by	passive	margin	width.	

Friction	on	the	STEP	fault	is	a	quantity,	which	controls	the	amount	of	locking	between	
the	surface	part	of	the	subducting	plate	with	the	overriding	plate.	Thereby	influencing	
the	displacement	field	and	it	may	affect	the	STEP	propagation	direction.	However,	as	
becomes	clear	from	Fig.	2.S3,	even	a	fully	locked	STEP	fault	(top	row)	does	not	result	
in	a	change	 in	orientation	of	 the	ensuing	STEP	propagation	direction	compared	to	a	
frictionless	(bottom	row)	STEP	fault.	 Increasing	the	friction	does	result	 in	a	decrease	

Figure	2.S3	Model	results	for	differing	amounts	of	locking	on	the	STEP	fault.	The	contour	plots	show	the	
total	displacement	 (left	column)	and	effective	shear	strain	(middle	column).	Right	column	presents	pie	
charts	of	the	normalized	average	strain	within	the	first	10	km	surrounding	STEPs.	Effective	shear	strain	
plots	 show	 the	area	directly	 around	 the	 STEP,	while	 total	 displacement	plots	 show	the	 results	 for	 the	
whole	models.	 In	 the	displacement	plots,	 velocity	 vectors	 are	 included	 for	 the	 continental-subducting	
plate	block.	Grey	dents	indicate	the	subduction	direction,	white	slip	symbol	indicates	sinistral	nature	of	
the	 STEP	 fault.	Magenta	hexagons	 represent	 the	 STEP.	 Every	pie	 chart	 is	 normalized	over	 the	 largest	
value	of	the	average	(effective	shear)	strain	contained	by	a	pie	wedge.	Color	scale	emphasizes	this	nor-
malization.	Black	lines	represent	passive	margin	orientation.	For	all	models,	b	equals	0.02.	
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in	motion	on	both	STEP	fault	and	subduction	interface,	but	the	effective	shear	strain	
lobe	remains	oriented	alongside	the	passive	margin.	

Besides	the	presence	of	friction	on	the	STEP	fault,	friction	may	also	be	an	important	
factor	on	 the	subduction	 interface.	 In	our	models,	we	capture	both	 the	driving	 slab	
pull	force	as	the	resisting	(mantle	and	friction)	forces	in	the	slab	pull	associated	trac-
tions	which	 are	 scaled	by	 a	 reducing	 factor.	 This	 reducing	 factor	may	be	 altered	 to	
highlight	the	importance	of	the	slab	pull	associated	tractions	on	the	STEP	propagation	
direction.	In	Fig.	2.S4,	we	present	some	results	for	which	the	magnitude	of	the	reduc-
ing	factor	differs.	The	displacement	and	velocity	fields	are	different,	but	the	orienta-
tion	 (not	magnitude)	of	 the	effective	 shear	 strain	 lobe	does	not	differ.	Again,	 it	 ap-

Figure	2.S4	Model	 results	 for	 specific	 values	 of	 the	reducing	 factor.	 The	 contour	 plots	 show	 the	 total	
displacement	(left	column)	and	effective	shear	strain	(middle	column).	Right	column	presents	pie	charts	
of	the	normalized	average	strain	within	the	 first	10	km	surrounding	STEPs.	Effective	shear	strain	plots	
show	the	area	directly	around	the	STEP,	while	total	displacement	plots	show	the	results	for	the	whole	
models.	 In	 the	 displacement	 plots,	 velocity	 vectors	 are	 included	 for	 the	 continental-subducting	 plate	
block.	Grey	dents	 indicate	the	 subduction	direction,	white	 slip	symbol	 indicates	sinistral	 nature	of	 the	
STEP	fault.	Magenta	hexagons	represent	the	STEP.	Every	pie	chart	is	normalized	over	the	largest	value	
of	the	average	(effective	shear)	strain	contained	by	a	pie	wedge.	Color	scale	emphasizes	this	normaliza-
tion.	Black	lines	represent	passive	margin	orientation.	For	all	models,	b	equals	0.02.	
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pears	that	increasing	or	decreasing	the	reducing	factor	from	the	suggested	0.5	value	
does	not	result	in	a	change	in	the	ensuing	STEP	propagation	direction.		

The	final	 factor	we	 investigate	here	 is	the	strain	viscosity	weakening	factor	a,	which	
controls	 how	much	 the	 viscosity	 is	weakened	 in	 case	of	 high	 strain.	 In	 Fig.	 2.S5	we	
present	 some	 model	 results	 with	 no	 weakening	 (a=0;	 top	 row),	 90%	 weakening	
(a=0.1;	middle	row)	and	99%	weakening	(a=0.01;	bottom	row).	It	is	clear	that	increas-
ing	the	amount	of	weakening	(by	lowering	a)	results	in	a	more	concentrated	lobe	of	
effective	shear	strain	with	an	increased	intensity	of	deformation.	However,	the	effect	

Figure	2.S5	Model	results	for	specific	values	of	the	strain	viscosity	weakening	parameter	a.	The	contour	
plots	show	the	total	displacement	(left	column)	and	effective	shear	strain	(middle	column).	Right	column	
presents	pie	charts	of	the	normalized	average	strain	within	the	first	10	km	surrounding	STEPs.	Effective	
shear	strain	plots	show	the	area	directly	around	the	STEP,	while	total	displacement	plots	show	the	re-
sults	for	the	whole	models.	In	the	displacement	plots,	velocity	vectors	are	included	for	the	continental-
subducting	plate	block.	Grey	dents	indicate	the	subduction	direction,	white	slip	symbol	indicates	sinistral	
nature	of	the	STEP	fault.	Magenta	hexagons	represent	the	STEP.	Every	pie	chart	is	normalized	over	the	
largest	value	of	the	average	(effective	shear)	strain	contained	by	a	pie	wedge.	Color	scale	emphasizes	
this	normalization.	Black	lines	represent	passive	margin	orientation.	For	all	models,	b	equals	0.02.	
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on	 the	 resulting	 displacement	 field	 is	 hardly	 noticeable	 and	 the	 direction	 of	 STEP	
propagation	remains	constantly	along	the	passive	margin.	

In	conclusion,	we	can	state	that	the	ensuing	STEP	propagation	direction	is	not	affect-
ed	by	model	boundary	conditions,	nor	the	width	of	the	passive	margin.	Even	though	
the	displacement	fields	and	slip	rates	on	the	faults	are	different	for	specific	boundary	
conditions,	 the	 orientation	 of	 the	 effective	 shear	 strain	 lobe	 remains	 constant	 alt-
hough	 the	 intensity	 of	 deformation	may	 differ	 between	model	 results	with	 specific	
boundary	conditions.	We	have	presented	here	the	results	 for	 just	one	model	setup,	
but	 other	model	 geometries	 show	 similar	 results	 and	we	 emphasize	 that	 the	 infer-
ences	on	the	(in)sensitivity	of	model	parameters	are	representative	for	all	models.	
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3.	The	Ionian	and	Alfeo-Etna	fault	zones	at	the	Calabrian	subduc-
tion	zone	(central	Mediterranean)	in	a	geodynamic	context:	A	
numerical	modeling	contribution	

3.0	Preamble	

This	chapter	represents	a	regional	application	of	the	models	of	the	previous	chapter.	
To	this	end,	we	collaborated	with	colleagues	in	the	multi-disciplinary	study	of	Polonia	
et	 al.	 [2016]	 ‘The	 Ionian	 and	 Alfeo-Etna	 fault	 zones:	 New	 segments	 of	 an	 evolving	
plate	 boundary	 in	 the	 central	 Mediterranean	 Sea?’	 (Tectonophysics,	 675,	 69-90,	
doi:10.1016/j.tecto.2016.03.016).	 In	this	thesis	chapter,	 I	aim	to	highlight	my	contri-
bution	to	this	study.	The	regional	focus	requires	a	particular	attention	to	the	available	
observations	regarding	the	structure,	kinematics,	and	geological	evolution.	Contribu-
tions	concerning	these	aspects	mostly	come	from	my	co-workers.	My	focus	is	set	on	
the	propagation	of	the	SW	STEP	of	the	Calabrian	subduction	zone	and	the	geodynam-
ic	 context	on	a	 lithospheric-scale.	 I	 start	 this	 chapter	with	a	 concise	overview	 that	 I	
distilled	from	the	pertinent	sections	of	our	paper	(sections	3.1-3).	I	rewrote	the	Intro-
duction	 section,	 summarized	 the	 interpretation	 of	 the	 seismic	 line	 data	 by	 my	 co-
authors,	 reorganized	 and	 rearticulated	 the	 seismicity	 and	 focal	mechanism	 section.	
Section	3.4	represents	my	numerical	model	contribution,	and	I	rephrased	the	corre-
sponding	 section	of	Polonia	et	al.	 [2016]	here.	The	Discussion	consists	of	parts	 that	
are	verbatim	quotes	from	the	paper	(indicated	by	parentheses	and	italics).	The	Con-
clusions	are	verbatim	copies	of	my	modeling	contributions	and	the	geodynamic	con-
text	of	fault	activity	in	the	conclusions	section	of	Polonia	et	al.	[2016].	I	end	this	chap-
ted	with	an	update	related	to	more	recent	developments	and	observations	of	the	ac-
cretionary	wedge	and	underlying	basement.	Figure	captions,	except	 for	Fig.	3.7,	are	
verbatim	copies.	

3.1	Introduction	

In	the	Mediterranean	region,	narrow	and	arcuate	mountain	belts	are	a	common	re-
sult	of	 the	Africa-Eurasia	plate	 convergence	 in	 combination	with	 trench	 retreat	and	
slab	 detachment	 [Wortel	 and	 Spakman	 2000;	 Govers	 and	Wortel	 2005].	 Trench	 re-
treat	has	enabled	the	development	of	back-arc	basins	since	~30	Ma	[e.g.,	Malinverno	
and	Ryan	1986;	Carminati	et	al.	1998].	Rollback	of	(narrow)	slab	segments	is	depend-
ent	on	Subduction-Transform	Edge	Propagators	(STEPs),	which	represent	active	loci	of	
continual	 tearing	 on	 a	 lithospheric	 scale	 [Govers	 and	Wortel	 2005].	 In	 the	wake	 of	
active	STEPs,	STEP	faults	represent	the	plate	boundary	between	the	overriding	plate	
and	the	adjacent	lithosphere	at	the	surface	[Baes	et	al.	2011].		
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The	Calabrian	arc	(Fig.	3.1)	represents	an	area	of	arcuate	orogeny	generated	through	
the	retreat	of	a	(now	narrow)	slab	[Malinverno	and	Ryan	1986;	Carminati	et	al.	1998;	

Figure	3.1.	Geodynamic	setting	of	the	study	area,	with	fault	lineaments	from	Figs.	1	and	10	of	Polonia	et	
al.	[2016].	In	purple,	GPS	vectors	in	the	Apulia	fixed	reference	frame	in	which	the	motion	of	Calabria	is	
parallel	 to	the	slip	vector	suggesting	the	existence	of	active	crustal	compression	as	a	result	of	subduc-
tion	of	the	Ionian	lithosphere	beneath	the	Calabrian	Arc	[D'Agostino	et	al.	2008].	The	NW-ward	dipping	
subducting	slab	of	 the	African	plate	 is	 represented	by	the	yellow	 iso-depth	 lines	 in	 the	Tyrrhenian	Sea	
spacing	from	100	to	450	km	depth	[Selvaggi	and	Chiarabba	1995].	AE	=	Apulia	Escarpment;	AEF	=	Alfeo-
Etna	Fault;	ATF	=	Apennines	Thrust	Front;	ATL	=	Aeolian-Tindari-Letojanni	fault;	CF	=	Cephalonia	Fault;	
GNF	=	Gela	Nappe	Front;	HP	=	Hyblean	Plateau;	IF	=	Ionian	Fault;	ME	=	Malta	Escarpment;	OSTF	=	Off-
shore	Sicily	Thrust	Front	
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Wortel	and	Spakman	2000;	Faccenna	et	al.	2001a].	The	Calabrian	slab	can	be	traced	
deep	 into	 the	 upper	 mantle	 dipping	~70°	to	 at	 least	 500	 km	 depth,	 determined	
through	both	seismic	tomography	[e.g.,	Wortel	and	Spakman	2000;	Neri	et	al.	2009]	
and	 seismicity	 [e.g.,	 Chiarabba	 and	 Selvaggi	 1995].	 The	 slab	 has	 clear	 edges	 and	 is	
bound	at	the	surface	by	STEP	faults,	allowing	the	Calabrian	arc	to	move	with	respect	
to	the	adjacent	Apulia	and	Sicily	domains	 [see	e.g.,	Fig.	4	 in	D’Agostino	et	al.	2008].	
There	is	only	limited	convergence	between	the	subducting	Ionian	ocean	and	the	Ca-
labria	block	[e.g.,	D’Agostino	et	al.	2008].	This	convergent	motion	has	an	expression	in	
the	accretionary	wedge	[Polonia	et	al.	2011].	

The	 Sicily-Calabria	 region	 comprises	 several	 distinct	 deformation	 zones,	 defined	
through	 geological,	 geodetic	 and	 seismological	 observations	 [Billi	 et	 al.	 2006,	 2007,	
2010;	Catalano	et	al.	2008;	Palano	et	al.	2012;	Presti	et	al.	2013].	In	Fig.	3.1,	two	such	
zones	are	indicated:	the	offshore	Sicily	thrust	front	and	the	Tindari	or	Aeolian-Tindari-
Letojanni	 (ATL)	 strike-slip/STEP	 fault	 [Billi	 et	 al.	 2006,	2007].	Whereas	 the	 former	 is	
thought	 to	 represent	 the	STEP	 fault	 that	has	been	 reactivated	as	a	 thrust	 zone,	 the	
latter	is	perceived	as	the	current	surface	expression	of	the	Calabrian	slab	edge	[Wor-
tel	et	al.	2009;	Palano	et	al.	2015].	The	continuation	of	the	ATL	into	the	Ionian	basin,	
or	along	the	Malta	Escarpment,	is	debated	[e.g.,	Govers	and	Wortel	2005;	Polonia	et	
al.	2011;	Gallais	et	al.	2013].		

Whereas	STEPs	propagate	through	the	 lithosphere	and	the	overlying	 landscape	as	a	
wave	 [Govers	 and	 Wortel	 2005],	 resulting	 STEP	 faults	 may	 be	 difficult	 to	 be	 con-
strained	in	terms	of	geometries	and	exhibit	different	levels	of	activity.	The	difficulty	to	
constrain	 the	 kinematics	 is	mainly	 due	 to	 the	 (lack	 of)	 observations	 and	 the	notion	
that	STEP	faults	may	not	be	localized	[Martin	2007;	Özbakir	et	al.	2013].	Observations	
may	show	 incomplete	or	contrasting	records	of	observed	seismicity:	 intense	normal	
faulting	at	the	northern	termination	of	the	Tonga	trench	[e.g.,	Millen	and	Hamburger	
1998],	compared	to	some	normal	 faulting	at	the	southern	termination	of	the	Lesser	
Antilles	trench	[e.g.,	Russo	et	al.	1993;	Marshal	and	Russo	2005],	compared	to	unre-
corded	tearing	at	the	Calabrian	subduction	zone	[e.g.,	Orecchio	et	al.	2014].	STEP	kin-
ematics	and	geometries	are	very	much	dependent	on	the	geodynamic	setting	(land-
locked	 or	with	 a	 free-trailing/rigid	 overriding	 plate;	 Govers	 and	Wortel	 [2005])	 and	
STEP	 (fault)	 orientation	 with	 respect	 to	 convergence	 direction	 [Baes	 et	 al.	 2011;	
Özbakir	et	al.	2013].	

Through	 their	 generic	models,	 Nijholt	 and	 Govers	 [2015]	 found	 that	 STEPs	 tend	 to	
propagate	into	an	oceanic	basin	in	case	a	passive	margin	changes	orientation	rapidly	
ahead	of	the	active	STEP.	Other	weakness	zones	may	also	guide	the	STEP	in	its	propa-
gation	path.	Since	it	was	suggested	that	the	Calabrian	slab	has	retreated	with	a	slab	
edge	 along	 the	 African	 continental	 margin	 [Carminati	 et	 al.	 1998;	 Faccenna	 et	 al.	
2001a;	Wortel	et	al.	2009;	Argnani	et	al.	2016],	and	the	continent	has	an	edge	(in	map	
view)	in	the	Sicily	region,	 it	 is	therefore	likely	that	the	STEP	has	propagated	into	the	
Ionian	basin.		
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Ahead	of	 the	Calabrian	block,	 the	 Ionian	basin	 contains	a	 considerable	accretionary	
wedge	related	to	progressive	offscraping	of	sedimentary	layers	through	~30	Myrs	of	
slab	rollback	[Polonia	et	al.	2011].	This	accretionary	wedge	obscures	the	view	on	the	
basement,	and	therefore	on	the	 location	of	 lithospheric	 faults.	However,	 segmenta-
tion	of	the	wedge	into	two,	structurally	distinct	lobes	by	two	major	fault	strands	(the	
Ionian	Fault	(IF)	and	the	Alfeo-Etna	Fault	in	the	wedge	(AEF)	[Figs.	3.1	and	3.2;	Polonia	
et	al.	[2011])	may	point	to	deep-seated	processes.	

In	 the	 following	 sections,	we	 present	 a	more	 detailed	 view	on	 the	 structure	 of	 the	
Calabrian	wedge	and	combine	this	with	a	short	analysis	of	seismicity	and	focal	mech-
anisms	 in	 order	 to	 determine	 the	 kinematics	 in	 this	 part	 of	 the	Africa-Eurasia	 plate	
boundary.	Through	forward,	numerical	models,	we	investigate	the	role	of	the	AEF	and	
IF	in	this	region.	Expanding	on	the	work	of	Nijholt	and	Govers	[2015],	we	seek	to	de-
termine	whether	the	AEF	or	the	IF	is	likely	to	guide	the	STEP	into	the	Ionian	basin,	and	
whether	the	observed	deformation	patterns	are	sufficiently	described	through	a	STEP	
propagation	 model.	 In	 other	 words:	 do	 predictions	 of	 numerical	 models	 for	 STEP	
propagation	direction	and	resultant	fault	kinematics	match	observations?	By	combin-
ing	 observations	 of	 the	 Calabrian	wedge	 structure	 and	 seismicity	with	 our	 forward	
model	results,	we	arrive	at	a	conceptual	model	for	the	Calabrian	subduction	zone	in	a	
geodynamic	context.	Inherently,	our	lithospheric-scale	approach	allows	for	the	expla-
nation	 of	 slab	 tearing	 and	 its	 surface	 expressions,	 and	 segmentation	 of	 the	 African	
margin	in	the	central	Mediterranean	Sea.	

3.2	The	Calabrian	accretionary	wedge	

Previous	studies	of	the	Calabrian	accretionary	wedge	identified	three	important	mor-
pho-structural	 domains	 (Fig.	 3.2;	 Polonia	 et	 al.	 [2011]).	 These	 domains	 are	 1)	 the	
post-Messinian	wedge	at	 the	thrust	 front	containing	salts	 (yellow	 in	Fig.	3.2),	2)	 the	
pre-Messinian	clastics	(green	in	Fig.	3.2)	and	3)	the	inner	plateau.	This	inner	plateau	is	
the	section	of	the	wedge	above	the	continental	basement,	which	is	relatively	flat	and	
contains	some	fore-arc	basins.	Differences	in	the	tectonic	processes	that	created	the-
se	domains,	such	as	underplating	and	out-of-sequence	thrusting,	and	sediment	rhe-
ology	 (salt	 vs.	 clastics)	 have	 induced	 the	 variation	 in	 structural	 style	 and	 seafloor	
morphology	 [Polonia	 et	 al.	 2011].	 Parallel	 to	 the	 subduction	 contact,	 a	 longitudinal	
segmentation	of	 the	wedge	 into	 two,	distinct	 lobes	 is	 observed,	with	 a	 clear	defor-
mation	zone	delineating	the	two	in	a	~NW-SE	direction	[Polonia	et	al.	2011].	The	two	
lobes	show	differences	 in	structural	style,	basal	detachment	depth	and	deformation	
rate.	The	eastern	lobe	shows	an	elevated	wedge	with	high-tapered	(steep)	slopes	and	
a	 large	 amount	 of	 (out-of-sequence)	 faulting	 and	 resultant	 internal	 deformation.	 It	
has	a	tight	arcuate	shape	and	impinges	upon	the	Mediterranean	Ridge	in	the	SE.	The	
western	lobe	is	relatively	“quiet”	in	terms	of	thrusting,	with	only	some	splay	faults	in	
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the	pre-Messinian	clastics,	and	tapers	slowly	onto	the	Ionian	abyssal	plain	as	a	wide	
fan	[Polonia	et	al.	2011].		

The	NW-SE	deformation	zone	delineating	the	two	lobes	is	dubbed	“Ionian	Fault”	(IF;	
Polonia	et	al.	[2011])	and	shows	transverse	motion,	constituting	at	the	surface	several	
fault	strands	(Fig.	3.2)	from	the	Sicily	region	towards	the	Mediterranean	Ridge.	It	has	
a	depression	in	surface	bathymetry	in	the	SE	part,	while	it	shows	a	clear	delineation	in	

Figure	3.2	Structural	map	of	the	Calabrian	Arc	(CA)	region	[Polonia	et	al.	2011],	superposed	over	a	grey	
levels	bathymetric	slope	map.	Major	structural	boundaries,	active	faults	and	the	extent	of	the	structural	
domains	(i.e.,	pre-	and	post-Messinian	wedges	and	inner	plateau)	are	indicated.	The	continental	margin	
is	segmented	both	across	and	along	strike.	The	Alfeo-Etna	Fault	(AEF)	System	and	the	splay	faults	(splay	
1,	2	and	3)	are	considered	active	features	likely	to	have	generated	major	earthquakes	in	the	past	[Polo-
nia	et	al.	2012].	The	IF	is	the	diffuse	structural	boundary	between	EL	and	WL	accommodating	different	
rates	of	shortening,	slab	rollback	and	subduction	dynamics	in	the	different	segments	of	the	CA	subduc-
tion	 zone.	 A)	 CROPM2B	 collected	 orthogonal	 to	 the	 continental	margin	 in	 the	WL	 from	 the	Messina	
Straits	 region	 to	 the	 abyssal	 plain.	 In	 this	 region,	 the	 Post-Messinian	 accretionary	 complex	 detaches	
above	the	base	of	the	Messinian	evaporites.	The	well-layered	Tertiary	and	Mesozoic	African	plate	sedi-
ments	are	attached	to	the	 lower	plate	and	move	towards	NW.	Splay	 faults	 form	where	the	basal	 de-
tachment	cuts	through	deeper	 levels.	B)	CROP	 line	M4	collected	in	the	EL	of	the	Calabrian	Arc	subduc-
tion	complex	orthogonally	to	the	main	structural	trends.	Deformation	in	 the	outer	wedge	is	 related	to	
the	presence	 of	 duplex	 structures	 and	an	 imbricate	 fan	 detaching	 on	a	deeper	 level	 within	 the	base-
ment.	 Structural	 style	 and	 basement-involved	 tectonics	 suggest	 that	 this	 region	 is	 characterized	 by	
higher	coupling,	shortening	and	uplift	rates.	C)	CROP	line	M-3	across	the	transition	between	the	Malta	
escarpment	and	CA	accretionary	wedge.	At	 the	toe	of	 the	Malta	 escarpment,	 the	post-Messinian	 salt	
bearing	complex	lies	on	the	basal	detachment	(top	of	Messinian	evaporites)	and	is	covered	by	a	800	m	
thick	chaotic	body	representing	a	lower	Pliocene	olistostrome.	
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the	bathymetric	surface	gradients	between	the	flat	western	lobe	and	the	rough	east-
ern	lobe	in	the	NW	part	of	the	IF	system,	with	a	more	shallow	expression	in	bathyme-
try	(Messina	Straits	faults;	Polonia	et	al.	[2012]).	In	the	Messina	Straits	region	of	the	
Ionian	 Fault	 system,	 the	 identification	 of	 (sub-)parallel	 submarine	 canyons,	 active	
fault	strands	and	topographic	scarps	points	towards	a	tectonic	origin	which	controls	
the	deformation	activity.	Several	elongated	(in	a	NW-SE	direction)	sedimentary	basins	
are	found	along	the	trace	of	the	IF.	Differential	motion	on	the	IF	can	be	tracked	back	
to	at	least	the	Messinian	with	a	clear	transition	between	the	pre-	and	post-Messinian	
wedges	 for	 the	eastern	and	western	 lobes.	 Some	historical	earthquakes	may	be	as-
cribed	to	the	NW	(Messina	Straits)	part	of	the	IF	highlighting	deformation	activity	[Po-
lonia	et	al.	2012].	

The	 Alfeo-Etna	 Fault	 zone	 (AEF)	 connects	 the	 Alfeo	 seamount	 with	 Etna	 volcano	
(~NNW	 orientation)	 and	 cuts	 straight	 through	 the	 accretionary	 wedge	 with	 a	
transtensive	nature	[Polonia	et	al.	2011].	As	for	the	IF,	the	AEF	is	dotted	with	elongat-
ed	basins	filled	with	Plio-Quaternary	sediments.	The	AEF	has	been	shown	to	bound,	at	
the	 surface	of	 the	wedge,	 the	post-Messinian	wedge	with	 the	 clastics	 sediments	of	
the	pre-Messinian	wedge	(Fig.	2;	Polonia	et	al.	[2011]).	Polonia	et	al.	[2011]	ascribe	a	
crustal,	or	even	lithospheric,	scale	to	this	fault	system	and	note	that	 it	was	active	 in	
recent	times,	and	(probably)	reactivated	an	older,	possibly	Mesozoic,	structure.		

3.3	Seismicity	and	focal	mechanisms	

As	mentioned	in	the	Introduction,	the	kinematics	at	STEP	fault	zones	are	not	straight-
forward	to	constrain	and	seismicity	results	may	prove	difficult	to	interpret.	This	is	es-
pecially	the	case	since	a	full	description	of	the	pattern	of	seismicity	at	STEP	faults	has	
not	yet	been	determined	and	seismicity	data	may	not	represent	a	full	seismic	cycle.	
Painting	 the	picture	 for	 lithospheric	 (STEP)	 tearing,	we	now	 illustrate	 the	 seismicity	
features	observed	at	other	well-know	STEP	settings.	

3.3.1	STEP	setting	seismicity	

At	the	northernmost	termination	of	the	Tonga	trench,	intensive	seismic	activity	is	re-
lated	to	tearing	[Isacks	et	al.	1969;	Millen	and	Hamburger	1998].	Strike-slip	events	are	
observed	in	the	wake	of	the	propagating	STEP	[Millen	and	Hamburger	1998]	indicat-
ing	 sinistral	 shear	 between	 the	 surface	 Pacific	 plate	 and	 overriding	 Lau	 Basin	 and	
Tonga	arc.	Millen	and	Hamburger	 [1998]	also	 find	 several	normal	 faulting	events	at	
intermediate	 depths	 (20-70	 km,	 but	 with	 emphasis	 on	 the	 50-65	 km	 range)	 along	
near-vertical	fault	planes	approximately	orthogonal	to	the	trench,	but	parallel	to	both	
convergence	direction	and	also	STEP	fault.	Similar	to	the	northern	termination	of	the	
South	Sandwich	subduction	zone	[Forsyth	et	al.	1975],	the	load	of	the	subducting	slab	
causes	downbending	of	the	Pacific	plate	at,	and	directly	ahead,	of	the	area	of	active	
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tearing.	 Focal	 mechanism	 depths	 suggest	 that	 the	 tearing	 encompasses	 the	 whole	
lithospheric	thickness.		

Another	well-known	example	of	lithospheric	tearing	is	the	southern	end	of	the	South	
Lesser	 Antilles	 subduction	 zone,	 at	 the	 southeastern	 corner	 of	 the	 Caribbean	 plate	
[Molnar	and	Sykes	1969].	Here,	 the	style	of	deformation	 is	 similar:	dextral	 shear	on	

Figure	3.3	The	plots	‘a’	to	‘d’	show	the	epicentre	locations	of	the	earthquakes	of	duration	magnitude	𝑀𝑀!	
≥	2.5	occurring	between	1997	and	2012	at	different	depths	in	southern	Italy.	Numbers	in	low-right	cor-
ners	indicate	depth-ranges	in	kilometres	below	sea	level.	The	oblique	box	indicates	the	main	study	area	
of	the	present	work.	AEF	and	IF	stand	for	Alfeo–Etna	Fault	System	and	Ionian	Fault,	respectively.	Figure	
corresponds	to	Fig.	12	of	Polonia	et	al.	[2016].	
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the	El	Pilar	fault	zone	is	evident	[e.g.,	Molnar	and	Sykes	1969],	whereas	Russo	et	al.	
[1993]	 and	 Marshal	 and	 Russo	 [1995]	 provide	 evidence	 for	 normal	 faulting	 earth-
quakes	ranging	50-56	km	depths.	These	normal	faults	are	also	located	near	the	tip	of	
the	 tearing	 lithosphere,	 but	 located	 at	 the	 edge	of	 the	 South	American	 continental	
plate.		

In	 conclusion:	 even	 though	 the	 geodynamic	 setting	 for	 the	 Tonga,	 South	 Sandwich	
and	South	Lesser	Antilles	 involves	tectonic	plates	of	different	nature,	observed	seis-
micity	is	strikingly	similar	including	both	strike-slip	and	dip-slip	motion	on	fault	planes	
at	the	STEP	fault	(zone),	in	the	wake	of	the	STEP.	

	
Figure	3.4	Best	quality	focal	mechanisms	(of	2.6 ≤ 𝑀𝑀! ≤ 5.6)	selected	among	waveform	inversion	solu-
tions	available	 for	earthquakes	occurring	between	1977	and	2012	in	 the	main	study	area	of	 this	work	
(section	 ‘a’).	Different	colours	correspond	to	different	types	of	mechanisms	according	to	the	classifica-
tion	adopted	in	the	World	Stress	Map	[Zoback	1992];	http://dc-app3-13.gfz-potsdam.de/):	red	=	normal	
faulting	(NF);	orange	=	normal	faulting	with	a	minor	strike-slip	component	(NS);	green	=	strike-slip	fault-
ing	(SS);	blue	=	thrust	faulting	(TF);	light-blue	=	thrust	faulting	with	a	minor	strike-slip	component	(TS);	
black	 =	 unknown	 stress	 regime	 (U).	 The	beach	ball	 size	 is	proportional	 to	 the	earthquake	magnitude.	
Numbers	correspond	to	numbers	in	Table	2	of	Polonia	et	al.	[2016],	while	this	figure	corresponds	to	Fig.	
13a	of	Polonia	et	al.	[2016].	
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3.3.2	Seismicity	and	focal	mechanisms	in	the	Calabria	region		

Fig.	3.3	depicts	the	seismicity	in	the	Sicily-Calabria	region,	split	into	different	hypocen-
tral	depth	maps.	Earthquakes	 in	 the	shallow	regions	 (0-40	km)	clearly	delineate	 the	
deformation	 zones	 at	 the	 surface	 described	 earlier	 (Figs.	 3.1,	 3.3A,	 B).	 As	 reported	
also	 by	 e.g.,	 Presti	 et	 al.	 [2013]	 and	 Orecchio	 et	 al.	 [2014],	 these	 (seismic)	 defor-
mation	zones	 include	 the	Sicilian	offshore	 thrust	 front,	 the	ATL,	 the	extensional	do-
mains	in	the	Apennines,	Calabria	and	NE	Sicily	(Cefalu-Etna	line),	and	the	shear	zone	
at	the	NE	end	of	the	Calabrian	subduction	zone.	There	is	a	clear	cluster	of	intermedi-
ate	depth	(40-70	km)	earthquakes	south	of	Calabria	in	the	Ionian	basin,	broadly	lining	
up	with	the	IF	(Fig.	3.3c).	Deeper	earthquakes	(>70	km)	are	related	to	the	subducting	
Calabrian	slab	and	are	thus	mostly	found	in	the	Tyrrhenian	basin.	The	seismically	ac-
tive	zone	aligned	with	the	 IF,	 in	 the	 intermediate	depth	range,	suggests	a	slab	edge	
signature	as	this	zone	lines	up	with	the	lateral	boundary	of	the	slab	imaged	through	
tomography	[e.g.,	Neri	et	al.	2009,	2012].		

The	focal	mechanisms	of	the	earthquakes	in	our	main	study	area	predominantly	show	
strike-slip	 mechanisms,	 both	 at	 the	 AEF	 and	 IF	 (Fig.	 3.4).	 Around	 the	 IF,	 strike-slip	
mechanisms	 are	 found	 in	 concert	with	 dip-slip	 ones.	 This	 is	 in	 accordance	with	 the	
transtensional	 kinematics	 at	 the	 IF	 found	 for	 the	 accretionary	wedge	 structure	 and	
recent	activity.	The	transition	from	pure	strike-slip	behaviour	at	and	around	the	AEF	
to	 a	 combination	 of	 dip-slip	 and	 strike-slip	 at	 and	 around	 the	 IF	 is	 emphasized	
through	 the	distribution	of	P-	 and	T-axes.	 The	dip-slip	earthquakes	near	 the	 IF,	nrs.	
13,	16	and	23,	have	 fault	planes	approximately	parallel	 to	 the	 IF,	orthogonal	 to	 the	
trench.	 Hypocentre	 depths	 are	 40,	 42	 and	 36	 km,	 respectively,	 which	 shows	 the	
basement	nature	of	these	earthquakes	being	unrelated	to	accretionary	wedge	activi-
ty.		

Comparing	Calabria	seismicity	to	other	STEP	settings	

When	we	compare	the	Calabrian	arc	and	the	abovementioned	STEP	settings	in	terms	
of	observed	seismicity,	it	is	clear	that,	for	the	dip-slip	earthquakes	at	the	terminations	
of	the	Tonga	and	south	Lesser	Antilles	subduction	zones,	hypocentre	depths	and	nod-
al	plane	orientations	are	similar	in	nature,	being	in	the	intermediate	depth	range	and	
orthogonal	 to	 the	 trench,	 respectively.	 This	 is	 also	 found	 for	 the	 strike-slip	 earth-
quakes.	The	 limited	amount	of	earthquakes	to	the	SSE	of	the	normal	 faulting	earth-
quakes	in	the	Calabrian	wedge	zone	suggests	the	proximity	of	the	tip	of	active	litho-
spheric	tearing.	Compared	to	the	thrust	front	of	the	accretionary	wedge	at	the	south	
Lesser	Antilles	 subduction	 zone,	epicentral	 locations	are	 similar	at	 the	Calabrian	ac-
cretionary	wedge.		

Conclusion	

Since	the	similarities	between	the	activity	on	the	NW-part	of	the	IF	and	the	described	
activity	at	known	STEP	settings	are	striking,	we	can	conclude	that	this	NW-part	is	well	
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described	 as	 being	 a	 STEP	 fault,	 underlying	 the	 accretionary	wedge.	 At	 and	 around	
the	AEF,	we	only	find	focal	mechanisms	of	strike-slip	earthquakes,	and	we	thus	need	
to	further	clarify	this	seismic	activity	in	combination	with	the	accretionary	wedge	ac-
tivity	in	terms	of	the	geodynamic	setting.	

3.4	Geodynamic	model	for	Pliocene-Recent	evolution		

3.4.1	Introduction	

The	observations	described	above	 indicate	 that	a	STEP	 fault	 is	present	 in	 the	 Ionian	
basin.	 In	this	section,	we	seek	to	determine	whether	the	dynamics	of	the	retreating	
Calabrian	slab	subscribe	to	this	inference	of	a	propagating	STEP.	For	this,	we	use	for-
ward	numerical	models	tailored	to	describe	the	geodynamic	setting	of	the	southern	
Mediterranean.	

Govers	and	Wortel	 [2005]	conclude	from	their	 (deliberately)	simple,	generic,	3D	nu-
merical	models	that	a	STEP	will	propagate	parallel	to	the	STEP	fault,	perpendicular	to	
the	trench.	Even	though	they	do	not	include	any	weakness	zone,	fault	or	passive	mar-
gin	in	their	models,	Govers	and	Wortel	[2005]	do	recognize	that	these	may	alter	the	
course	 of	 a	 propagating	 STEP,	 guiding	 it	 away	 from	 a	 preferred	 trench-orthogonal	
path.	For	this	reason,	they	also	preferred	the	Malta	Escarpment	to	guide	the	STEP	and	
ascribe	motion	there	to	a	STEP	fault	setting.	Another	interesting	feature	is	the	distri-
bution	of	 slab	pull,	which	may	be	non-uniform	 in	 the	vicinity	of	 the	STEP	due	 to	an	
evolving	 slab	 geometry,	 and	 therefore	may	 also	 have	 an	 effect	 on	 the	 propagation	
direction	of	the	STEP.	Here,	we	expand	on	the	work	of	Nijholt	and	Govers	[2015]	and	
study	the	aspects	important	for	the	Calabrian	subduction	zone	and	Ionian	basin.		

3.4.2	Model	setup	

General		

We	follow	the	methodology	of	Nijholt	and	Govers	[2015]	with	a	stylized	representa-
tion	of	the	STEP	system	with	a	passive	margin	 in	between	the	ocean	and	continent.	
Also,	we	term	the	trench	as	being	the	plate	contact.	Slab	pull	is	transmitted	into	the	
surface	plate	at	 the	plate	contact	and	we	 ignore	 further	mantle	contribution	 to	 the	
STEP	system.	Besides	the	slab	pull	force,	representing	the	most	important	force	driv-
ing	 lithospheric	 tearing	 and	 slab	 rollback,	 Africa(/Nubia)-Europe	 convergence	 also	
drives	deformation	 in	the	model.	We	start	our	models	at	a	time	where	slab	detach-
ment	beneath	central	Italy	was	complete	[Wortel	and	Spakman	2000;	van	der	Meulen	
et	al.	2000]	and	 the	Calabrian	 slab	 segment	has,	more	or	 less,	 its	 current	geometry	
besides	 the	 future	 rollback	 to	 its	 current	position	 (i.e.,	 Time	1;	 see	geometry	 in	 the	
following	 section).	Up	 to	 this	 first	 time	 step,	 the	 trench	has	most	 likely	propagated	
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obliquely	 along	 the	 African	 margin	 (such	 progressive	 trench	 narrowing	 is	 possible	
[Nijholt	and	Govers	2015]).	Subsequently,	we	determine	the	propagation	direction	of	
the	STEP	and	focus	on	the	two,	key	time	steps	in	the	Calabrian	arc	migration	to	high-
light	the	response	of	the	lithosphere	to	tectonic	forces.	The	indications	for	the	direc-
tion	 of	 STEP	 propagation	 at	 Time	 1	 and	 Time	 2	 result	 in	 the	 present-day	 geometry	
(Time	3),	with	 the	 IF	 and	AEF	present-day	activity.	We	 thus	 focus	on	 three,	distinct	
time	steps	to	analyse	the	propagation	behaviour	of	the	SW	Calabrian	STEP.	Mechani-
cal	 equilibrium	equations	 are	 solved	 through	 the	GTECTON	 finite	 element	 software	
(version	 2011.1.65)	 adopting	 the	 plane	 stress	 approximation	 [Govers	 and	 Wortel	
1999;	Govers	and	Meijer	2001].	

Domain	and	regional	geometry	

Our	starting	geometry	(Fig.	3.5,	Time	1)	renders	the	geodynamic	situation	in	the	Ear-
ly-Middle	Pliocene,	where	the	STEP	at	the	southern	termination	of	the	Calabrian	sub-
duction	zone	has	propagated	along	 the	north	African	continental	margin	 [Wortel	et	
al.	2009]	up	to	its,	then,	current	position.	At	this	point	in	time,	a	STEP	was	also	gener-
ated	 in	the	NE	[Wortel	and	Spakman	2000;	van	der	Meulen	et	al.	2000]	so	that	two	
STEPs	bound	the	trench	at	both	ends.	The	iso-depth	contour	lines	of	Selvaggi	and	Chi-
arabba	[1995]	show	that	the	orientation	of	the	trench	is	approximately	NE-SW.	In	Fig.	
3.5,	the	trench	 is	shown	with	dip	direction	and	we	indicate	STEP	faults	through	red,	
solid	lines	and	the	STEPs	are	represented	through	hexagons	at	the	intersection	of	the	
STEP	faults	and	trench.	We	take	the	plate	contact	to	be	straight	and	expect	this	sim-
plification	to	only	slightly	affect	our	model	results.	

The	transition	from	continent	to	ocean	is	represented	through	a	parallel	band	of	pas-
sive	margin.	We	 take	 the	 trace	of	 the	Sangineto	 line,	 i.e.,	 the	geological	border	be-
tween	the	Apennines	and	Calabria,	as	 the	passive	margin	at	 the	Apulian	side	of	 the	
model.	At	the	Sicilian	side,	the	passive	margin	follows	the	Taormina	line,	i.e.,	the	geo-
logical	border	between	the	Kabylian	and	Sicilian-Maghrebian	belts	in	the	SW	and	Ca-
labrian	rocks	in	the	NW	[e.g.,	Finetti	et	al.	2005].	

Besides	these	standard	aspects	of	the	STEP	system,	also	used	by	Nijholt	and	Govers	
[2015]	in	their	models,	we	now	also	include	an	additional	fault:	the	Malta	Escarpment	
(ME).	We	take	the	ME	(red,	dashed	line	in	Fig.	3.5)	to	be	an	inherited	weakness	zone	
between	Nubian	continental	and	Ionian	oceanic	lithosphere	and	incorporate	this	lith-
ospheric	scale	 feature	as	a	pre-existing	strike-slip	 fault.	We	do	not	necessarily	know	
whether	the	AEF	(grey,	dashed	line	in	Fig.	3.5)	was	already	present	and	active	in	the	
Early-Middle	Pliocene	and	we	therefore	do	not	include	it	as	a	pre-existing	feature	in	
our	models.	

Material	properties	

The	parallel	bands	used	to	describe	the	passive	margins	(as	Nijholt	and	Govers	[2015])	
indicate	a	transition	in	mechanical	properties.	We	take	the	relatively	strong,	old	(Me-
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sozoic)	oceanic	(Ionian)	 lithosphere	and	weak,	continental	 (Nubian)	 lithosphere,	and	
we	have	an	intermediate	strength	for	the	passive	margin	(Table	3.1).	We	also	assume	
a	weak	nature	for	the	Tyrrhenian,	back-arc	extended	lithosphere.	

Table	3.1	Mechanical	model	parameters	

	

	

Boundary	conditions	

In	the	calculation	of	the	slab	pull	forces,	we	follow	the	methods	of	Nijholt	and	Govers	
[2015].	It	is	important	here	that	the	shape	of	the	slab	for	this	calculation	is	molded	to	
a	reasonable	extent	by	seismological/tomographical	constraints.	The	Ionian	slab	has	a	
~70°	dip	through	the	upper	mantle	down	to	the	top	of	the	lower	mantle	[Wortel	and	
Spakman	2000].	As	mentioned	above,	detachment	has	occurred	at	 the	NE	 termina-
tion	of	the	trench,	but	in	deeper	parts	of	the	upper	mantle,	the	slab	is	still	attached	to	
the	continuous	subducting	slab	[Spakman	and	Wortel	2004].	At	the	SW	termination,	
the	slab	has	rolled	back	obliquely	with	respect	to	the	passive	margin	which	resulted	in	
widening	of	the	slab	towards	the	top	of	the	upper	mantle.		

We	also	use	the	rest	of	the	suite	of	model	approximations	and	boundary	conditions	
used	by	Nijholt	and	Govers	[2015]	concerning	model	faults,	STEPs,	Winkler	pressures,	
deformation	localization	and	relaxation	time.	

3.4.3	Model	results	and	analysis	

Time	1:	~Early-Middle	Pliocene	

In	the	Time	1	panel	of	Fig.	3.5,	we	show	the	first,	key	time	slice	in	the	evolution	of	the	
migrating	 Calabrian	 arc.	 The	ME	 is	 characterized	with	 low	magnitude	 dextral	 shear	
slip.	On	 the	 STEP	 faults	 (red,	 solid	 lines),	 the	 sense	of	 shear	 is	 a	 direct	 response	 to	
shear	stresses	and	we	observe	the	expected	dextral	and	sinistral	slip	rates	on	the	SW	
and	NE	fault,	respectively.	Ahead	of	the	active	STEPs,	 lobes	of	concentrated	(and	lo-
calized)	effective	shear	strain	indicate	the	expected	propagation	direction	(within	the	
passive	margins).	

Lithospheric	domain	 Ionian	basin	 Continent	
Passive					
margin	

Tyrrhenian	
basin	

Poisson’s	ratio	𝝂𝝂	 0.25	 0.25	 0.32	 0.25	

Effective	viscosity	𝜼𝜼 [𝐏𝐏𝐏𝐏 ∙ 𝐬𝐬]	 1.00 ∙ 10!"	 0.25 ∙ 10!"	 0.50 ∙ 10!"	 0.25 ∙ 10!"	

Young’s	modulus	E	[𝐆𝐆𝐆𝐆𝐆𝐆]	 75.0	 75.0	 52.9	 75.0	
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Important	here	is	the	notion	that	the	passive	margin	changes	strike	ahead	of	the	ac-
tive	STEPs,	from	E-W	north	of	Sicily	to	ESE,	following	the	Taormina	fault	line,	which	is	
parallel	 to	 the	Sisifo	 fault	 [Billi	 et	 al.	 2007].	 Through	 time,	 the	STEPs	will	 follow	 the	
passive	margins	at	both	sides	of	 the	trench	as	 indicated	through	the	effective	shear	
strain	 localization.	 This	 is	 typical	 behavior	 for	 STEP	 settings	with	 small	 (<10°)	 varia-
tions	in	their	orientation	[Nijholt	and	Govers	2015].		

Time	2:	~Pleistocene	

The	Time	2	panel	 in	Fig.	3.5	 shows	 the	situation	where	 the	 trench	has	migrated	 to-
wards	the	SE	and	the	SW	STEP	has	propagated	along	the	passive	margin	towards	the	
tip	of	the	ME.	Even	though	the	ME	is	still	a	frictionless	fault,	we	do	not	observe	any	
differential	motion.	Ahead	of	the	NE	STEP,	there	are	two	main	lobes	of	effective	shear	
strain,	but	the	one	within	the	passive	margin	is	larger	in	magnitude	close	to	the	STEP,	
suggesting	that	this	will	be	the	propagation	direction.	Ahead	of	the	SW	STEP,	there	is	
no	strain	localization	within	the	passive	margin	but	rather	into	the	Ionian	basin.		

This	 time	step	 is	of	key	 importance	 for	 the	evolution	of	 the	Calabrian	migrating	arc	
system.	Since	 the	orientation	of	 the	ME	with	 respect	 to	 the	Taormina	 line	 is	 so	ob-

Figure	3.5	Results	of	our	mechanical	models	where	strain	localization	ahead	of	the	active	STEP	indicates	
its	propagation	direction.	Thick	black	 lines	represent	 approximate	outlines	 of	 continental	blocks	 in	 re-
constructed	positions	at	Time	1	(approximately	Early-Middle	Pliocene),	Time	2	(~Pleistocene)	and	Time	
3	(Present).	Thinner	and	double	(train	track	like)	black	lines	outline	the	approximate	passive	margin.	Red	
lines	represent	faults	that	are	active	within	the	given	time	frames	(solid	lines	are	STEP	faults,	dashed	line	
is	Malta	Escarpment),	and	colored	balls	indicate	fault	slip	rates.	The	orange	wedge	in	the	panels	at	Time	
2	and	Time	3	 show	 the	 range	of	 orientations	 in	which	 the	STEP	 could	have	migrated	 since	then:	 pre-
existing	weak	and	near-vertical	 faults	with	strike	orientations	within	this	wedge	would	have	been	 re-
activated.	If	such	faults	did	not	exist,	a	new	vertical	shear/fault	zone	would	be	initiated	along	the	maxi-
mum	shear	strain	direction.	See	text	for	further	explanation.	
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tuse,	the	gap	is	simply	too	large	to	bridge	[Nijholt	and	Govers	2015]	and	the	STEP	will	
rather	propagate	 towards	 the	ESE	 into	 the	 Ionian	basin.	We	have	added	an	orange	
wedge	 in	 the	 Time	 2	 panel	 to	 show	 this	 preferred	 propagation	 orientation.	 In	 case	
any	pre-existing	weakness	zone/fault	has	a	strike	oriented	in	this	wedge,	towards	the	
Taormina	 line-ME	 intersection,	 these	will	 be	 (re)activated	guiding	 the	STEP	 into	 the	
basin.	This	is	especially	an	option	since	fracture	zones	and	transform	faults	related	to	
the	Mesozoic	opening	of	the	Tethyan	oceanic	basin	define	a	NW-SE	fabric	[Frizon	de	
Lamotte	et	al.	2011].	This	also	directly	excludes	the	AEF	(grey	dashed	line	in	Fig.	3.5)	
in	guiding	 the	STEP	with	a	 strike	orientation	outside	 the	orange	wedge.	Our	geody-
namic	 modeling	 therefore	 favors	 the	 development/reactivation	 of	 a	 lithosphere-
breaking	fault	where	currently	the	(NW	part	of	the)	IF	is	observed.	We	note	that	this	
decisive	moment	may	correspond	to	the	1-0.8	Ma	stage	where	e.g.,	Goes	et	al.	[2004]	
determine	a	tectonic	reorganization,	timing	the	end	of	nappe	thrusting	onto	the	Sicil-
ian	promontory.	

Time	3:	Present-day	

At	 Time	3	 in	 Fig.	 3.5,	 the	present-day	 geodynamic	 situation	 is	 a	 result	 of	 the	 strain	
localization	at	and	after	Time	2,	resultant	STEP	propagation	and	trench	migration	to-
wards	the	SE.	Note	here	that	we	take	the	approximate	location	of	the	Ionian	subduc-
tion	contact	as	the	trench	(schematic,	on	a	lithospheric	scale),	instead	of	what	is	usu-
ally	 taken	 as	 the	 Calabrian	 trench.	 At	 present,	 geological,	 geodetic	 and	 geophysical	
observations	 show	 that	 the	 Taormina	 fault	 is	 inactive,	 while	 the	 Tindari	 (ATL)	 and	
Sisifo	 faults	 [Billi	et	al.	2006,	2007]	are	now	active.	The	north	Sicily	STEP	 fault	 is	ex-
tended	towards	the	Sisifo	fault.	The	ATL	does	not	connect	to	the	ME	[Billi	et	al.	2007].	
Our	model	 results	 thus	 support	 the	 lengthening	 (or	 reactivation)	 of	 the	 STEP	 fault	
zone	beneath	the	IF	of	the	Calabrian	accretionary	wedge.	We	do	not	include	the	AEF	
in	our	models	as	an	active	 fault	 since	 it	 continues	 to	 fall	outside	 the	 range	of	 likely	
STEP	propagation	directions.	

Dextral	 slip	 on	 the	 (Ionian)	 STEP	 fault	 increases	 from	~5	mm yr!!	near	 the	 Sicily	
coast	 to	~10	mm yr!!	at	 the	active	 SW	STEP,	while	 the	ME	only	accommodates	<2	
mm yr!!.	The	Tindari	and	Sisifo	faults	only	show	minor	amount	of	slip.	North	of	Sici-
ly,	 surrounding	 the	 offshore	 paleo-STEP	 fault,	 seismicity	 of	 a	 compressional	 nature	
may	 indicate	 an	 incipient	 stage	 of	 subduction	 [Billi	 et	 al.	 2007;	 Baes	 et	 al.	 2011],	
which	shows	 in	our	models	as	a	compressive	stress	 in	 the	southern	part	of	 the	Tyr-
rhenian	Sea.	

3.4.4	Simplifications	

We	keep	our	mechanical	models	purposely	simple	in	order	to	highlight	the	important	
controls	on	STEP	propagation	direction,	i.e.,	the	pre-existing	geometry	of	the	passive	
margin	with	respect	to	the	STEP,	other	pre-existing	weakness	zones	possibly	guiding	a	
propagating	STEP	and	the	strength	contrast	across	the	passive	margin.	Model	results	
show	 to	 be	 relatively	 insensitive	 to	 smaller	 scale	 details,	 such	 as	 a	 rugged	 passive	
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margin	or	a	non-straight	trench	[Nijholt	and	Govers	2015].	We	render	the	STEP	fault	
in	our	models	as	a	single,	vertical	fault.	In	reality,	this	may	just	be	a	schematic	simpli-
fication	as	indicated	by	e.g.,	the	seismicity	at	the	IF	zone.	Since	the	AEF	cannot	be	put	
into	the	geodynamic	perspective	of	a	propagating	STEP	fault,	neither	through	genera-
tion	nor	reactivation,	we	need	an	additional	explanation	for	its	kinematics	and	geom-
etry	in	a	broader,	regional	context.	We	must	emphasize	here	that	our	models	inher-
ently	show	the	lithospheric	(basement)	expression	to	tectonic	forces.	Since	the	accre-
tionary	wedge	 is	weak	 and	 can	be	 considered	as	being	 simply	driven	on	 top	of	 the	
basement,	its	response	may	be	different	and	independent	of	the	lithospheric	drivers.	
Therefore,	we	will	subsequently	discuss	the	connection	between	wedge	tectonics	and	
basement	deformation	and	clarify	the	nature	of	the	IF	and	AEF.	

3.5	Discussion	

“The	IF	and	AEF	systems	represent	the	boundaries	of	a	wide	and	complex	deformation	
zone	 affecting	 the	 entire	Western	 Lobe	 of	 the	 CA	 subduction	 complex	 in	 the	 Ionian	
Sea.	This	zone	shows	active	tectonics	along	a	set	of	southward	diverging	NW-SE	trend-
ing	fault	strands	(Fig.	3.2)	with	the	IF	and	AEF	systems	being	the	main	faults	delimit-
ing	 active	 transtensional	 tectonics.	 The	 fault	 strands	 located	 in	 between	 the	 IF	 and	
AEF	offset	splay	faults	at	the	contact	between	the	inner	and	outer	accretionary	wedg-
es	[Polonia	et	al.	2011]	and	control	the	formation	of	sedimentary	basins.	In	the	follow-
ing	sections	we	analyze	the	geodynamic	significance	of	the	IF	and	AEF	together	with	
their	 age	 and	 kinematics	 deduced	 through	 seismostratigraphic	 reconstructions.	 To	
clarify	 the	 ensuing	 discussion	 Fig.	 3.6	 schematically	 shows	 the	 regional	 geodynamic	
context	 encompassing	 two	 principal	 components	 of	 lithospheric	 scale	 processes:	 1)	
the	Africa-Eurasia	relative	plate	motion,	and	2)	the	ESE	retreat	of	the	Calabrian	slab.		

3.5.1	Significance	of	the	Ionian	fault	system	

The	IF	is	a	prominent	feature	all	across	the	accretionary	wedge	from	the	eastern	mar-
gin	 of	 Sicily	 to	 the	 deformation	 front	 in	 the	 ESE.”	 	One	 conceptual	model	 envisions	
“that	the	Ionian	fault	system	is	linked	to	the	migration	of	the	retreating	hinge	of	the	
narrow	 Calabrian	 subduction	 zone	 (Fig.	 3.6).	 This	 process	 should	 likely	 deform	 the	
subducting	plate,	producing	a	STEP	 like	 feature	[Doglioni	et	al.	2001;	Gvirtzman	and	
Nur	 1999;	 Govers	 and	Wortel	 2005].	 For	 this	model,	we	 should	 expect	 deformation	
decreasing	 moving	 outward	 from	 the	 subducting	 slab	 and	 being	 active	 only	 during	
trench	rollback.	Our	structural	observations	and	numerical	model	test	indeed	support	
this	model.		

The	available	data	and	our	model	results	indicate	that	the	NW	part	of	the	IF,	as	a	sur-
face	expression,	corresponds	with	STEP	activity	 in	the	underlying	basement	(Fig.	3.6,	
yellow	segment).	Continuity	with	a	 corresponding	crustal	deformation	pattern	 in	NE	
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Sicily	[Palano	et	al.	2015]	supports	this	interpretation.	However,	STEP	activity	as	such	
does	not	explain	the	continuation	of	the	IF	towards	the	ESE,	where	it	ends	at	the	front	

Figure	3.6	Schematic	representation	of	the	geodynamic	context	of	the	Sicily-Calabria	region.	Two	prin-
cipal	lithospheric	scale	components	are	represented:	1)	the	relative	motion	of	the	African	and	Eurasian	
plates,	and	2)	the	retreat	of	the	Calabrian	slab.	The	convergent	plate	boundary	ESE	of	Calabria	refers	to	
the	boundary	at	the	basement	level,	below	the	accretionary	wedge	(Fig.	3.2B).	The	boundary's	orienta-
tion	and	SW	end	are	based	on	seismic	tomography	(e.g.,	Giacomuzzi	et	al.	2012)	and	the	distribution	of	
earthquake	hypocentres	 in	 the	subducting	Calabrian	slab	 [Selvaggi	and	Chiarabba	1995];	see	also	 iso-
depth	lines	in	Fig.	3.1).	GPS-velocity	directions	of	Eurasia	relative	to	Africa	and	of	the	migrating	Calabri-
an	Arc	relative	to	Africa	are	after	D'Agostino	et	al.	[2008].	The	dashed	line	indicates	the	regional	Africa-
Eurasia	plate	boundary;	the	westernmost	segment	(in	purple)	accommodates	convergence,	whereas	to	
the	east	of	 it	 the	plate	boundary	shows	 strike-slip	motion	 [Billi	 et	 al.	 2006,	 2007,	 2011].	The	hatched	
zone	 indicates	 the	dextral	shear	zone	resulting	 from	the	resistance	encountered	 in	the	eastern	part	of	
the	plate	boundary	 in	 the	southern	Tyrrhenian	Sea.	The	Alfeo-Etna	Fault	 (AEF,	marked	 light	brown)	 is	
part	of	 this	shear	zone.	The	NW	part	 (marked	yellow)	of	 the	Ionian	Fault	(IF)	is	the	surface	expression	
corresponding	with	the	slab	edge	related	STEP	activity	in	the	basement.	The	inset	(lower	left,	modified	
after	Forsyth	[1975])	schematically	shows	the	deformation,	involving	downflexing	of	the	lithosphere,	in	
front	of	the	tip	of	a	propagating	tear	fault	(STEP).	
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of	the	Mediterranean	Ridge	(Fig.	3.6).	The	migrating	Calabria	trench	drives	the	entire	
accretionary	 wedge	 outward,	 but	 the	 two	 lobes	 of	 the	 wedge	 experience	 different	
boundary	conditions:	the	eastern	lobe	collides	with	the	Mediterranean	Ridge,	whereas	
the	western	lobe	is	free	to	spread	into	the	abyssal	plain	of	the	Ionian	Sea.	Extensional	
faulting	and	basin	 formation,	predominantly	between	the	 IF	and	the	AEF,	are	an	ex-
pression	of	this	spreading.	The	ESE	continuation	of	the	IF	represents	the	transition	be-
tween	the	eastern	and	western	lobes.	We	thus	suspect	that	the	NW	part	of	the	IF	cor-
responds	with	basement	activity	associated	with	the	STEP,	and	activity	in	the	ESE	part	
is	an	expression	of	collisional	processes	between	the	oppositely	verging	Calabrian	and	
Hellenic	subduction	systems.		

3.5.2	Significance	of	the	Alfeo-Etna	Fault	system	

The	 surface	 deformation	 and	 seismicity	 data,	 in	 combination	with	 the	modeling	 re-
sults,	point	 to	 the	 IF	as	 the	present	surface	expression	of	 the	STEP	activity	at	depth.	
The	mechanical	models	 indicate	 that	 the	AEF	 is	 outside	 the	 region	affected	by	 STEP	
propagation	at	depth.	As	a	consequence,	dextral	shear	deformation	along	the	AEF	is	
not	considered	to	be	part	of	the	 Ionian	slab	related	STEP	activity	and	requires	an	al-
ternative	 explanation.	 We	 propose	 that	 it	 results	 from	 regional	 scale	 shearing	 be-
tween	central-western	Sicily	and	the	region	to	the	east	of	this	(Fig.	3.6).	In	this	part	of	
the	African	plate,	the	differential	motion	underlying	the	shear	deformation	may	result	
from	 west–east	 tectonic	 differences	 along	 the	 south	 Tyrrhenian	 margin	 [Billi	 et	 al.	
2006].	Seismicity	and	structural	observations	indicate	that	thrusting	in	its	western	and	
central	parts	[Billi	et	al.	2011]	accommodates	(part	of)	the	convergence	between	Afri-
ca	and	the	Tyrrhenian	Sea	(as	part	of	Eurasia).	Contrastingly,	north-south	thrusting	is	
more	limited	or	perhaps	even	absent	in	the	eastern	part	of	the	south	Tyrrhenian	mar-
gin.	This	gives	rise	to	the	dextral	shear	corridor	displayed	in	Fig.	3.6,	with	the	AEF	as	a	
prominent	feature	in	that	corridor,	W-SW	of	the	STEP-related	activity	near	the	IF.	This	
role	of	the	AEF	in	the	regional	geodynamic	setting	accounts	for	a	distinct	difference	in	
seismicity	with	respect	to	that	near	the	IF:	whereas	both	regions	exhibit	dextral	shear	
the	 lithosphere	near	 the	 IF	 is	 involved	 in	downbending	 (and	 tearing),	 causing	exten-
sion,	whereas	downbending	is	absent	towards	the	west-southwest,	where	differential	
horizontal	motion	dominates.		

Recently	Gutscher	et	al.	[2016]	published	a	detailed	study	of	the	Alfeo-Etna	Fault	(AEF)	
and	surroundings.	Using	seismic	and	bathymetry	data,	 in	combination	with	available	
focal	mechanisms,	they	documented	dextral	strike-slip	motion	along	the	northern	part	
of	 the	AEF	and	predominantly	normal	 faulting,	with	possibly	 large	dextral	 strike-slip	
motion,	along	the	southern	part.	The	authors	interpret	the	combined	parts	of	the	AEF	
as	the	surface	expression	of	 the	STEP	associated	with	the	SW	edge	of	 the	retreating	
Calabrian	slab.	In	our	study	we	study	the	AEF	and	the	IF,	jointly,	in	the	context	of	the	
Africa–Eurasia	 convergence	 and	 deformation	 of	 the	 Calabrian	 Arc	 subduction	 com-
plex.	Shallow	expressions	of	the	AEF	and	IF	are	very	similar,	and	both	faults	extend	to	
the	 (E)SE	well	beyond	the	 location	of	 the	 lithospheric	plate	boundary	 (for	 the	 IF,	 the	
green	part	of	the	fault	zone	in	Fig.	3.6).	Whereas	for	the	IF	the	collision	of	the	Calabri-
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an	Arc	accretionary	complex	with	that	of	the	Hellenic	Arc	may	account	for	the	exten-
sion	to	the	ESE	of	the	IF	beyond	the	active	STEP,	it	is	not	clear	how	this	SE	extension	is	
accounted	for	in	the	Gutscher	et	al.	[2016]	interpretation	of	the	AEF.	In	this	context,	it	
is	 important	 to	 keep	 in	 mind	 that	 the	 expected	 differential	 motion	 near	 the	 active	
STEP	 is	 vertical,	 and	 not	 strike-slip	 (Fig.	 3.6,	 inset).	 More	 importantly,	 the	 broader	
scope	of	our	analysis,	both	in	dimensions	of	the	study	area	(including	the	lithospheric	
scale	depth	range)	and	in	diversity	of	the	data	and	research	methodologies	used,	al-
lows	us	to	address	the	full	 lithospheric	scale	of	the	STEP	related	process,	to	compare	
the	characteristics	of	the	AEF	and	the	IF	and	to	identify	the	role	of	each	of	these	two	
fault	 zones	 in	 the	 overall	 context	 of	 this	 complex	 plate	 boundary	 segment,	 as	 de-
scribed	above	and	illustrated	in	Fig.	3.6.	

3.6	Conclusions	

Mechanical/numerical	models	 designed	 to	 highlight	 the	most	 important	 controls	 on	
STEP	 (Subduction-Transform	Edge	Propagator)	 fault	 evolution,	 suggest	 that	 fracture	
zones	and	 transform	 faults	 in	 the	 Ionian	 lithosphere	were	 significant	elements	 in	di-
recting	the	STEP.	However,	pre-existing	faults	that	cut	the	Ionian	lithosphere	(i.e.,	the	
AEF	and	 IF)	would	be	preferential	 locations	 for	STEP	propagations	only	 if	 their	strike	
fell	within	a	range	of	likely	propagation	directions.	This	excludes	the	AEF	as	the	prop-
agation	direction	for	the	slab	edge-related	STEP,	even	if	it	existed	already,	and	favors	
the	development	of	a	lithosphere-breaking	fault	in	the	NW	part	of	the	zone	where	the	
IF	is	observed	at	present.	

The	model	 results	 thus	support	 the	propagation	of	 the	 (Calabrian	slab	edge-related)	
STEP	 in	 the	 lithosphere	beneath	 the	NW	part	of	 the	 IF	 in	 the	wedge.	However,	STEP	
activity	does	not	explain	the	continuation	of	the	IF	towards	the	ESE,	where	it	ends	at	
the	front	of	the	Mediterranean	Ridge.	The	migrating	Calabria	trench	drives	the	entire	
accretionary	 wedge	 outward,	 but	 the	 two	 lobes	 of	 the	 wedge	 experience	 different	
boundary	conditions:	the	eastern	lobe	collides	with	the	Mediterranean	Ridge	and	pro-
duce	basement-involved	tectonics,	whereas	the	western	lobe	is	free	to	spread	into	the	
abyssal	plain	of	the	Ionian	Sea.	In	this	context,	the	NW	part	of	the	IF	corresponds	with	
basement	activity	associated	with	the	STEP,	and	activity	in	the	ESE	part	is	an	expres-
sion	of	collision	between	the	Calabrian	and	Hellenic	wedges.	

The	AEF	is	not	activated	by	STEP	propagation	related	to	the	SW	edge	of	the	Calabrian	
slab	 and	 its	 tectonics	might	 be	 the	 result	 of	 regional	 scale	 lithospheric	 deformation	
connecting	the	thrust	zone	along	the	northern	margin	of	Sicily	with	the	Calabrian	sub-
duction,	which	 gives	 rise	 to	 a	 dextral	 shear	 corridor	 including	 the	 Etna	 volcano	 and	
segments	of	 the	Malta	escarpment.	Both	 the	 IF	and	AEF	are	predominantly	dextral,	
with	varying	degrees	of	transtension.	Whereas	downbending	of	the	lithosphere	is	pro-
posed	as	the	specific	cause	of	the	tensional	component	for	(the	NW	part	of)	the	IF,	the	
tensional	component	for	AEF	is	considered	to	be	part	of	the	regional	strain	field	asso-
ciated	with	Africa–Eurasia	relative	motion.”	
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3.7	Update:	Additional	recent	evidence	from	the	accretionary	wedge	and	the	
underlying	basement		

Before	 I	 continue	with	a	discussion	on	more	 recent	evidence	 from	 the	accretionary	
wedge	and	underlying	basement,	I	start	this	section	with	highlighting	some	important	
features	of	my	contribution	to	Polonia	et	al.	 [2016].	The	numerical	modeling	results	
identify	a	preferred	orientation	direction	of	STEP	propagation	on	the	scale	of	the	lith-
osphere,	 which	 aligns	 with	 the	 IF.	 The	 conclusions	 that	 follow	 from	 the	 numerical	
modeling	 (and	seismicity)	 in	Polonia	et	al.	 [2016]	refer	 to	deformation	of	 the	 Ionian	
lithosphere,	and	not	necessarily	to	the	overlying	wedge:	there	is	a	distinct	possibility	
that	recent	deformation	of	the	accretionary	wedge	differs	from	that	in	the	underlying	
crust	and	mantle.	 For	 the	 sake	of	my	discussion	 in	 this	 section,	 I	 therefore	use	AEF	
(and	IF)	to	refer	to	discontinuities	and	lineaments	in	the	wedge	only.	I	also	emphasize	
here	 that	 the	extent	of	 the	 STEP	 fault	must	be	 limited	 to	 the	northwestern	 section	
below	the	wedge,	say	down	to	~37.5˚	N	(marked	yellow	in	Fig.	3.6).	This	means	that	
strike-slip	 lineaments	 in	 (and	 underneath)	 the	 Calabrian	 accretionary	wedge	 to	 the	
south(east)	of	the	STEP	cannot	be	produced	by	STEP	fault	activity.	In	considering	the	
geodynamic	 context	 behind	 the	 activity	 of	 the	AEF	 and	 its	 basement	 it	 is	 therefore	
necessary	to	discriminate	between	a	northern	and	a	southern	segment	of	the	AEF.	

I	 think	 that	 there	 are	 various	 (semi-)realistic	 scenarios	 that	may	 explain	 the	 recent	
tectonic	activity	in	the	northern	segment	of	the	AEF:	

N1)	 Crustal	activity	underneath	the	northern	segment	of	the	AEF	is	induced	by	the	
dextral	shear	corridor	that	is	a	result	of	the	regional	tectonics,	and	independ-
ent	of	STEP	fault	activity.	

N2)	 The	crustal	root	of	the	northern	AEF	is	a	young	feature,	and	the	crustal	thick-
ness	gradient	is	evidence	of	recent	(since	the	Pliocene)	extension.	Crustal	ex-
tension	results	 from	regional	stresses	around	the	active	STEP	 (see	Fig.	10	of	
Govers	and	Wortel	[2005]).	This	may	cause	extension	in	the	crust	underneath	
the	AEF,	but	these	stresses	cannot	explain	dextral	strike-slip	in	the	basement.	

N3)		 The	propagation	of	 the	 STEP	 into	 the	 Ionian	basin	 reactivated	 the	 crust	 be-
neath	the	northern	AEF	so	that	the	current	STEP	fault	actually	amounts	to	a	
wide	zone,	involving	the	basement	beneath	both	the	IF	and	AEF	(similar	as	in	
Polonia	 et	 al.	 [2017]).	 This	 would	 be	 similar	 to	 the	 wide	 Pliny-Strabo	 STEP	
fault	zone	[Özbakır	et	al.	2013].	

N1	is	the	hypothesis	that	Polonia	et	al.	[2016]	favor.		

I	 think	 that	 recent	 tectonic	 activity	 in	 the	 southern	 segment	of	 the	AEF	may	be	ex-
plained	by	the	following	scenarios:	

S1)	 Crustal	 activity	beneath	 the	 southern	 segment	of	 the	AEF	 is	 induced	by	 the	
dextral	shear	corridor	that	is	a	result	of	the	regional	tectonics,	and	independ-
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ent	of	STEP	fault	activity.	Given	the	moderate	strain	rates,	 the	crustal	struc-
ture	is	mostly	Mesozoic.	

S2)		 Crustal	activity	beneath	the	southern	segment	of	the	AEF,	whether	it	is	strike-
slip	or	transtensional	in	nature,	is	still	ongoing	and	is	caused	by	the	reactiva-
tion	of	an	 inherited	 (Mesozoic)	 structure.	Crustal	deformation	 is	 induced	by	
the	encroaching	subduction	interface.	

S3)		 The	southern	segment	of	the	AEF	is	an	active	(wedge)	feature,	but	the	under-
lying	crustal-scale	discontinuity	 is	 inactive.	Pre-existing	crustal	structure,	and	
particularly	topography,	serves	to	localize	the	AEF.	

S1	is	the	hypothesis	that	Polonia	et	al.	[2016]	favor.	

Gutscher	et	al.	[2017]	present	high-resolution	images	of	the	Ionian	seafloor	bathyme-
try	and	seismic	sections.	Observations	close	to	Sicily	confirm	the	conclusions	of	previ-
ous	studies	[Polonia	et	al.	2011;	Gallais	et	al.	2013;	Gutscher	et	al.	2016]	that	both	the	
IF	and	AEF	are	active	structures	in	the	wedge.	The	segments	of	the	AEF	[e.g.,	Gutscher	
et	al.	2016;	Maesano	et	al.	2017]	and	IF	[e.g.,	Polonia	et	al.	2016]	to	the	north	of	Alfeo	
seamount	are	interpreted	to	be	rooted	in	the	basement.	These	interpretations	agree	
with	scenarios	N1-3	for	the	northern	segment	of	the	AEF.		

Gutscher	et	al.	[2017]	also	present	new	observations	and	conclusions	for	the	domain	
beyond	 the	 southern	 tip	 of	 the	 STEP.	 The	 authors	 relate	 structural	 features	 in	 the	
wedge	 to	 STEP	 fault	 activity,	 which	 disagrees	 with	 our	 conclusion	 in	 Polonia	 et	 al.	
[2016],	and	differs	 from	scenario	S2	only	 in	 terms	of	 the	driving	mechanism	behind	
fault	 reactivation.	Gutscher	 et	 al.	 [2018]	 endorse	 a	 role	 for	 lateral	 variations	 in	 the	
backstop	as	a	driver	of	contrasts	 in	the	buildup	of	the	accretionary	wedge	evolution	
as	 a	 result	 of	 imposed	 differential	 backstop	 velocities.	 The	 observations	 agree	with	
the	scenarios	S1-3	for	the	southern	segment	of	the	AEF,	especially	when	taking	 into	
account	the	possibility	of	a	decoupling	between	wedge	and	crustal	structures.	

Dellong	et	al.	[2018]	compiled	crustal	structure	profiles	across	the	Malta	Escarpment,	
the	AEF	and	the	IF.	Fig.	3.7	depicts	the	main	structural,	surficial	features	in	the	Sicily-
Calabria	region,	including	the	location	of	the	two	seismic	lines	(I	and	II;	from	Dellong	
et	al.	[2018]).	Dellong	et	al.	[2018;	Fig.	3.7]	interpret	the	AEF	as	the	surface	expression	
of	a	lithospheric-scale	STEP	fault,	both	in	profile	I	and	II.	In	this	interpretation,	the	AEF	
coincides	with	 the	 location	of	 the	 lateral	 termination	of	 the	 (thinned)	African	conti-
nental	 lithosphere	(Fig.	3.7;	Gallais	et	al.	 [2013]).	Dellong	et	al.	 [2018]	evidence	that	
the	crustal	thickness	gradient	in	profile	I	 is	substantial.	Therefore,	scenario	N2	is	un-
likely	because	the	amount	of	extension	that	is	required	to	thin	the	crust	is	quite	high.	
Shallow	seismic	profiles	that	image	the	wedge	indicate	that	the	northern	AEF	in	pro-
file	 I	 is	characterized	by	several	normal	fault	strands	that	resemble	strike-slip	flower	
structures	[Gutscher	et	al.	2016].	These	structures	in	the	wedge	approximately	overly	
the	lateral	extent	of	the	Sicilian	continental	margin	(above	the	red	AEF	line	in	profile	I	
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of	Fig.	3.7)	[Dellong	et	al.	2018].	One	possible	explanation	for	the	presence	of	recent	
basins	 in	 the	transtensional	domain	 in	between	the	 IF	and	AEF	 [Polonia	et	al.	2016;	
Gutscher	et	al.	2017]	is	down-warping	due	to	STEP	fault	activity	(c.f.,	Fig.	1.3	and	inset	
of	Fig.	3.6).	These	observations	sustain	both	scenarios	N1	and	N3.	

Figure	3.7	 Crustal	profiles	 from	Dellong	et	al.	 [2018].	 The	map	of	 the	 Ionian	basin	 region	depicts	 the	
major	structural	features	observed	at	the	surface,	and	two	seismic	line	sections.	Locations	of	the	seismic	
line	 sections	 are	 indicated	with	 the	 brown	 lines.	 In	 these	 seismic	 sections,	 the	 strongly	 shaded	 areas	
show	where	the	model	 is	constrained	by	seismic	rays,	whereas	the	pale	ones	are	constrained	through	
gravimetric	analysis.	The	thick	lines	are	the	limits	of	the	model’s	layers,	while	thin	lines	are	iso-velocity	
lines	set	every	0.25	𝑘𝑘𝑘𝑘 𝑠𝑠!!.	The	blue	lines	show	the	Moho	reflections	picked	from	OBS	data.	Per	section,	
the	model	is	cut	into	4	domains	according	to	their	general	structures.	The	zone	of	influence	of	the	struc-
tures	are	presented	 in	green,	 red	and	blue	rectangles	that	are	respectively	 the	Malta-Escarpment,	the	
Alfeo-Etna	Fault	system	and	the	 Ionian	Fault	system.	The	northern	profile	 (I)	displays	 four	distinct	do-
mains:	domain	A	is	continental	Sicily,	in	B	and	C	the	thickness	of	the	crustal	and	sedimentary	layers	var-
ies	whereas	domain	D	is	the	Calabrian	block	(of	the	overriding	plate).	In	domain	B,	the	top	of	the	crust	
deepens,	and	the	crustal	layer	thins	across	the	Malta	Escarpment.	The	Malta	Escarpment	and	AEF	are	
located	so	close	to	each	other	that	it	is	unclear	which	of	these	lineaments	delimits	the	thinned	crust	and	
the	large	sediment	infill	in	the	transtensional	domain	between	the	AEF	and	the	IF.	The	IF	clearly	delimits	
the	Calabrian	block	with,	a	large	jump	in	sediment	thickness	and	crustal	layer	thickness.	In	the	southern	
profile	 (II),	 the	African	continental	 lithosphere	of	Sicily	and	the	Hyblean	plateau	(domain	E)	 is	 thinned	
over	a	small	distance	across	the	Malta	Escarpment	(domain	F).	Dellong	et	al.	[2018]	interpret	the	struc-
tural	high	west	 of	 the	AEF	 (domain	G),	 as	 thinned	 continent	whereas	oceanic	crust	 [Dannowski	et	al.	
2019;	Tugend	et	al.	2019]	 is	present	to	the	east	of	the	AEF,	underneath	the	wedge	(domain	H).	The	 IF	
broadly	delimits	the	eastern	and	western	lobe	of	the	Calabrian	accretionary	wedge;	there	is	no	connec-
tion	to	a	basement	feature.		
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The	southern	profile	II	(Fig.	3.7)	approximately	coincides	with	several	seismic	profiles.	
Cernobori	et	al.	[1996]	and	Nicolich	et	al.	[2000]	interpreted	the	southern	segment	of	
the	AEF	as	an	active,	eastward	dipping	normal	fault	that	offsets	seismic	reflectors	in	
the	wedge.	 The	AEF	 is	 located	above	a	high-angle	discontinuity	 in	 the	 crustal	 base-
ment,	which	 is	 interpreted	 either	 as	 a	 continuous	 structure	 [Cernobori	 et	 al.	 1996;	
Nicolich	et	al.	2000;	Gallais	et	al.	2013]	or	as	two	separate	structures	[Polonia	et	al.	
2011,	2012;	Fig.	3.2c].	The	crustal	discontinuity	(Fig.	3.2c,	Fig.	3.7)	is	commonly	inter-
preted	as	 a	 reactivated	Mesozoic	 fault.	 Timing	and	offset	of	 fault	 reactivation	 is	 in-
ferred	 from	 syn-tectonic	 sedimentation	 in	 the	wedge,	 and	 interpreted	 as	 predomi-
nantly	normal	 faulting	 since	 the	Pleistocene	or	mid-Pliocene	 [Cernobori	et	al.	 1996;	
Nicolich	 et	 al.	 2000;	 Polonia	 et	 al.	 2011,	 2016;	 Gallais	 et	 al.	 2013;	 Gutscher	 et	 al.	
2016].	The	amount	of	 recent	vertical	 throw	on	 the	AEF	near	 the	 surface	diminishes	
from	the	Alfeo	seamount	south-southeastwards	[Gallais	et	al.	2013;	Bortoluzzi	et	al.	
2016].	A	 southeastward	decrease	 in	deformation	activity	has	been	 reported	 for	 the	
entire	wedge	[e.g.,	Polonia	et	al.	2011;	2016].	These	observations	agree	with	the	sce-
narios	S1-3	for	the	southern	segment	of	the	AEF.	

Dellong	et	al.	[2018]	render	the	northwestern	section	of	the	IF	(in	profile	I	of	Fig.	3.7)	
as	 a	 crustal-scale	 feature	 that	 delimits	 the	 flank	 of	 the	 Calabrian	 continental	 block.	
This	feature	at	crustal	levels	aligns	with	observed	features	of	the	IF	in	the	wedge	[Po-
lonia	et	al.	2012,	2016].	The	transtensional	domain	at	the	surface	of	the	wedge	in	be-
tween	the	AEF	and	IF	is	compatible	with	the	deep	sedimentary	basin	that	is	delimited	
in	the	west	by	the	AEF	or	Malta	Escarpment.	The	crustal	root	beneath	the	northern	
segment	of	the	IF	may	be	a	reactivated,	inherited	structure	[Polonia	et	al.	2017].	The	
southwestern	 segment	of	 the	 IF	 (in	profile	 II	 of	 Fig.	 3.7)	does	not	have	a	basement	
structure	that	can	be	associated	with	the	overlying	wedge	deformation,	thus	confirm-
ing	it	originates	purely	from	wedge	tectonics.	These	observations	agree	with	the	con-
clusions	 in	Polonia	et	al.	 [2016]	and	can	also	be	construed	 in	view	of	 the	STEP	 fault	
zone	in	scenario	N3.	

Nijholt	et	al.	[2018;	Chapter	4]	study	lithosphere-scale,	force-based	models	to	better	
understand	the	regional	kinematic	observations	 in	the	south-central	Mediterranean.	
Their	 preferred	model	 displays	only	 little	 shear	motion	 in	 the	 crust	 below	both	 the	
northern	and	southern	parts	of	the	AEF,	whilst	shear	dextral	deformation	is	distribut-
ed	over	the	continuum	(see	effective	shear	strain	rate	figure	in	the	Supporting	Infor-
mation)	in	the	area	of	the	dextral	shear	zone	that	was	proposed	in	Fig.	3.6,	thus	sup-
porting	the	 lithospheric	shear	corridor	hypothesis.	The	deformation	pattern	actually	
is	more	complicated	than	in	our	schematic	Fig.	3.6	because	other	forces,	such	as	grav-
itational	potential	energy	derived	 forces,	also	affect	 the	deformation	 field.	The	con-
clusions	support	scenarios	N1	and	S1-3.	A	wide	STEP	fault	zone	was	not	considered	in	
this	study.	Therefore,	scenario	N3	also	is	a	viable	option.	

In	light	of	the	recent	observations	in	the	Calabrian	accretionary	wedge	and	underlying	
basement,	I	conclude	that	the	geodynamic	scenario	N1	and	S1	with	STEP	fault	activity	
on	the	northwest	segment	of	the	IF	and	a	wide,	lithospheric,	dextral	shear	zone	due	
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to	regional	tectonics	(as	in	Polonia	et	al.	[2016];	Fig.	3.6)	is	very	likely.	The	scenario	of	
a	wider	STEP	 fault	 zone	 in	 the	northwestern	 section	of	 the	 IF	and	AEF	 represents	a	
realistic	alternative	to	explain	deformation	patterns	on	the	crustal	and	wedge	scale	in	
this	domain.	Given	the	present-day	observations,	scenarios	S2-3	remain	viable	mech-
anisms	to	explain	the	activity	of	the	southern	segment	of	the	AEF.	
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4.	On	the	forces	that	drive	and	resist	deformation	of	the	south-
central	Mediterranean:	a	mechanical	model	study2		

4.1	Introduction	

Understanding	 the	 forces	 that	 drive	 and	 resist	 motion	 and	 deformation	 is	 an	 im-
portant	research	topic	in	tectonophysics.	This	is	especially	true	for	those	regions	that	
are	in	a	stage	and	setting	where	tectonic	forces	are	changing	rapidly	(both	temporally	
and	spatially).	The	Mediterranean	region	displayed	such	transient	behavior	through-
out	 the	 last	30	Myr	 [e.g.,	Wortel	and	Spakman	2000;	Faccenna	et	al.	2001a,	b]	and	
therefore	offers	the	unique	opportunity	to	actually	assess	the	forces.	The	large-scale	
Miocene	 to	Quaternary	evolution	of	 the	central	Mediterranean	has	been	controlled	
by	two	main	processes:	(1)	slow	Africa-Eurasia	plate	convergence	(~5	mm yr!!),	and	
(2)	 slab	 rollback	 (see	Glossary),	whereby	 the	 trench	and	 the	Calabrian	block	moved	
mainly	towards	the	ESE,	resulting	in	opening	of	the	Tyrrhenian	back-arc	basin	[Malin-
verno	and	Ryan	1986;	Carminati	et	al.	1998;	Wortel	and	Spakman	2000;	Faccenna	et	
al.	2001a,	b].	This	involved	horizontal	and	vertical	tearing	of	the	Calabrian	and	Apen-
nines	slabs	[Wortel	and	Spakman	2000;	Spakman	and	Wortel	2004;	Govers	and	Wor-
tel	2005],	which	resulted	in	progressive	segmentation	of	convergent	plate	boundaries	
[Rosenbaum	 et	 al.	 2008].	 The	 tectonic	 setting	 of	 the	 central	 Mediterranean	 reor-
ganized	continuously	as	convergence	was	accommodated	on	ephemeral	faults	[Goes	
et	al.	2004;	Catalano	et	al.	2008]	with	associated	 large-scale	 rotations	 [Mattei	et	al.	
2007].	What	 remains	 today	of	 the	 former	Apennine-Calabrian	 slab	 is	 only	 a	narrow	
segment	 subducting	 below	 Calabria	 [Fig.	 4.1;	 Carminati	 et	 al.	 1998;	 Wortel	 and	
Spakman	 2000;	 Spakman	 and	Wortel	 2004;	 Neri	 et	 al.	 2009].	 Lateral	 edges	 of	 the	
subducting	slab	are	delineated	by	STEP	faults	[Govers	and	Wortel	2005;	see	Glossary;	
Fig.	 4.1A)	 along	 the	Apulian	 Escarpment	 and	 along	 the	NW	part	 of	 the	 Ionian	 fault	
[Polonia	et	al.	2016].		

Thrusting	and	extension	co-exist	in	the	Sicily-Calabria	region	[Cuffaro	et	al.	2011],	as	
documented	 by	 many	 observations	 showing	 strong	 regional	 variations,	 i.e.,	 Global	
Navigation	 Satelite	 System	 (GNSS;	 see	 Glossary)	 data	 [e.g.,	Métois	 et	 al.	 2015;	 Fig.	
4.1B;	Palano	2015],	the	distribution	of	active	faults	[Basili	et	al.	2008],	earthquake	slip	
vectors	(Pondrelli	et	al.	2006,	2011]	and	maximum	horizontal	stress	directions	[Mon-
tone	and	Mariucci	2016].	Our	aim	is	to	establish	whether	the	kinematic	observations	
can	 be	 understood	 as	 an	 expression	 of	 lithospheric	 forces	 associated	with	 the	 pro-
cesses	that	shaped	the	(central)	Mediterranean:	Africa-Eurasia	convergence	and	(Ca-
labrian)	slab	rollback.		

																																																								
2	This	chapter	was	published	as	Nijholt,	N.,	Govers,	R.M.A.	and	Wortel,	M.J.R.	(2018),	On	the	forces	that	
drive	and	resist	deformation	of	the	south-central	Mediterranean:	a	mechanical	model	study.	Geophysical	
Journal	International,	214	(2),	876-894,	doi:10.1093/gji/ggy144.	An	additional	remark	on	the	visco-elastic	
effect	of	the	Messina	1908	earthquake	on	surface	motions	was	added	to	Appendix	A.	
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The	 presence	 of	 seismicity	 in	 areas	 of	 geodetic	 observations	 raises	 the	 question	
whether	GNSS	velocities	represent	interseismic	(see	Glossary)	velocities	only.	Métois	

Figure	4.1A	Tectonic	overview	of	the	central	Mediterranean.	Distributed	deformation	zones	are	shown	
by	cooured	swaths	(after	Polonia	et	al.	[2016],	using	Basili	et	al.	[2008],	Hollenstein	et	al.	[2008],	Métois	
et	al.	[2015]).	Plate	motions	after	D’Agostino	et	al.	[2008]	and	sampled	GNSS	motion	after	Métois	et	al.	
[2015]).	Rollback	directions	and	plate	motions	are	with	respect	to	stable	Europe.	Black	box	indicates	the	
focus	area	of	this	study.	B	Blowup	of	the	focus	area	with	the	Métois	et	al.	[2015]	GNSS	field	with	respect	
to	stable	Europe.	C	Blowup	of	the	focus	area	with	model	faults	(with	indication	of	average	dip	angle	and	
approximate	dip	direction).	AI,	Aeolian	 Islands;	 HP,	Hyblean	 Plateau;	MF,	Messina	 Faults;	 PM,	Polino	
Mountains.		
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et	al.	 [2015]	state	 that	 their	velocities	 represent	 interseismic	velocities,	but	 it	 is	un-
clear	 whether	 this	means	 that	 they	 removed	 co-seismic	 displacements	 in	 the	 time	
series,	or	that	they	also	corrected	post-seismic	velocity	contributions.	To	evaluate	the	
possible	imprint	of	post-seismic	relaxation	we	use	the	seismic	catalogue	of	Pondrelli	
et	al.	[2006]	and	concentrate	on	contributions	by	viscous	relaxation	during	the	post-
seismic	 period	 (see	 Appendix	 4.A).	We	 estimate	 these	 post-seismic	 velocities	 using	
the	forward	modelling	code	PSGRN/PSCMP	of	Wang	et	al.	[2006]	for	an	elastic	layer	
above	a	(linear,	Maxwell)	viscoelastic	half-space.	In	the	Appendix,	we	show	that	even	
the	 largest	 events	 do	 not	 result	 in	 large	 enough	 post-seismic	 transients	 to	 have	 an	
imprint	in	the	geodetic	measurements.	Therefore,	we	conclude	that	the	GNSS	veloci-
ties	are	representative	for	the	interseismic	period	of	the	seismic	cycle	only.		

As	part	of	our	aim	to	understand	the	kinematics	in	the	region,	we	seek	to	quantify	the	
resistance	to	fault	slip.	This	allows	us	to	estimate	the	slip	rate	deficit	on	major	region-
al	 fault	zones,	which	 is	 important	 in	the	context	of	seismic	hazard.	Kinematic	model	
studies	 represent	an	alternative	way	 to	constrain	 fault	 slip	deficit.	Particularly	block	
models,	either	with	rigid	[e.g.,	Reilinger	et	al.	2006]	or	deforming	blocks	[Meade	and	
Loveless	2009],	are	popular	approaches.	However,	seismicity	and	geological	observa-
tions	do	not	support	the	existence	of	completely	independent	blocks	in	plate	bounda-
ry	zones	like	the	Mediterranean.	Part	of	the	block	boundaries	in	kinematic	studies	is	
motivated	 only	 by	 the	 fact	 that	 the	 geodetic	 data	 require	 velocity	 gradients.	 It	 is,	
however,	 unclear	 from	 the	data	whether	 this	 occurs	 by	 fault	 slip	 or	 distributed	de-
formation	 if	 the	geodetic	network	 is	relatively	sparse	[Spakman	and	Nyst	2002].	We	
therefore	opt	to	only	include	geologically	observed	fault	zones	rather	than	independ-
ent	crustal	blocks.	

Relative	 to	 kinematic	 models,	 dynamic	 models	 are	 additionally	 constrained	 by	 the	
directions	 and	magnitudes	 of	 forces,	 and	by	 the	 continuity	 of	 tractions	 across	 fault	
zones.	Previous	studies	for	the	Caribbean	region	[Van	Benthem	and	Govers	2010;	van	
Benthem	et	al.	2014]	and	for	the	Aegean-Anatolia	region	[Özbakir	et	al.	2017]	showed	
that	 dynamic	models	 can	 effectively	 reproduce	 the	 kinematics,	 and	 have	 the	 addi-
tional	benefit	of	 constraining	 the	drivers	of	 lithospheric	deformation.	For	 the	Medi-
terranean,	 other	 force-based	model	 studies	 focused	 on	 the	 entire	 region	 [Jiménez-
Munt	et	al.	2003;	Carafa	et	al.	2015],	and	on	the	peri-Adriatic	region	[Petricca	et	al.	
2013].	Some	of	these	model	studies	 include	presently	 inactive	fault	systems	 like	the	
Gela	Nappe	front	[Petricca	et	al.	2013;	Carafa	et	al.	2015]	or	the	(superficial)	Calabri-
an	 accretionary	wedge	 thrusts	 [Petricca	 et	 al.	 2013].	Omitting	 the	 Cefalu-Etna	 fault	
zone	 [Jiménez-Munt	 et	 al.	 2003;	 Carafa	 et	 al.	 2015]	 is	 another	 first-order	 deviation	
from	the	present-day	kinematics.	In	combination	with	choices	made	in	these	studies	
of	additional	 tractions	 (both	 from	 the	mantle	and	 from	 lateral	 variations	of	gravita-
tional	potential	energy	GPE),	and	of	uniform	friction	properties,	this	may	have	affect-
ed	their	conclusions	about	resistive	and	driving	forces.	

We	thus	seek	to	find	a	force-based	model	that	best	reproduces	the	observations	from	
geodesy,	geology	and	seismology;	we	search	the	model	parameter	space	and	monitor	
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the	misfit	with	the	geodetic	data.	Multiple	misfit	minima	exist,	and	we	use	less	quan-
titative	observational	constraints	to	further	select	models.	Different	models	with	simi-
lar	misfits	result	in	uncertainty	ranges	on	our	model	forces	and	other	parameters.	The	
imprint	of	 tectonic	 forces	 in	our	model	will	be	regional	and	we	 focus	on	 first-order,	
regional	 characteristics.	 Remaining	 misfit	 reflects	 imprints	 on	 the	 velocity	 field	 of	
more	local	features	which,	given	our	focus	on	the	larger	scale	forces	and	on	the	litho-
spheric	scale,	are	beyond	the	scope	of	the	paper.	We	do	not	increase	model	complex-
ity	(by	adding	more	free	parameters)	to	perfectly	match	the	GNSS	observations.	We	
show	 below	 that	 the	 lithospheric	 forces	 can	 largely	 explain	 the	 kinematic	 observa-
tions,	 which	 suggests	 excellent	 prospects	 of	 tying	 the	 tectonic	 evolution	 to	 forces:	
force	magnitudes	and	directions	are	relatively	stable,	and	 it	 is	 the	 locus	where	they	
apply	that	migrates	with	tectonic	boundaries.	

4.2	Model	setup	

To	 address	 the	 research	 question	we	 develop	 a	model	 for	 the	 study	 area	 (Fig.	 4.2)	
that	 involves	 tectonic	 forces	and	processes	at	a	 lithospheric	 scale.	The	observations	
that	we	use	for	validating	the	models	are	either	restricted	to	the	free	surface	(geode-
sy/geology)	or	contain	limited	information	about	depth	variations	(seismicity).	With	a	
model	domain	substantially	larger	than	the	vertical	dimensions,	we	therefore	use	2D	
plane	stress	models	to	compute	vertical	averages	of	velocity,	and	(lithospheric	aver-
ages	of)	stress	(𝜎𝜎)	and	strain	(𝜖𝜖)	rates:	

𝜖𝜖!! =  
1
𝐸𝐸
𝜎𝜎!! + 𝜈𝜈𝜎𝜎!! +

1
6𝜂𝜂
(2𝜎𝜎!! − 𝜎𝜎!!)	

𝜖𝜖!! =  
1
𝐸𝐸
𝜎𝜎!! + 𝜈𝜈𝜎𝜎!! +

1
6𝜂𝜂
(2𝜎𝜎!! − 𝜎𝜎!!)	

𝜖𝜖!" =  
1 + 𝜈𝜈
𝐸𝐸

𝜎𝜎!" +
1
2𝜂𝜂
𝜎𝜎!"	

𝜖𝜖!! =  
−𝜈𝜈
1 − 𝜈𝜈

(𝜖𝜖!! + 𝜖𝜖!!)	

where	the	dot	denotes	rates,	E	 indicates	Young’s	modulus,	𝜈𝜈	is	Poisson’s	ratio	and 𝜂𝜂	
denotes	 lithospheric	 viscosity.	 The	 tectonic	 forces	 associated	with	 the	 distinctly	 3D	
nature	of	 the	process	of	subduction	rollback	with	slab	tearing	 (slab	pull	 transmitted	
into	the	surface	plate),	and	of	the	structure	of	the	lithosphere	(variations	 in	gravita-
tional	 potential	 energy)	 are	 represented	 by	 boundary	 conditions,	 that	 is,	 tractions	
(stress	anomalies)	designed	to	capture	the	three-dimensionality	in	2D.	Previous	stud-
ies	 [e.g.,	 England	and	McKenzie	1982;	Carafa	et	 al.	 2015;	Özbakir	et	 al.	 2017]	 show	
that	a	2D	 representation	adequately	 captures	 lithospheric	behavior,	 focusing	on	 re-
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gional	and	horizontal	surface	deformation.	We	use	the	GTECTON	finite	element	soft-
ware	(version	2017.3;	Govers	and	Meijer	[2001])	to	solve	the	mechanical	equilibrium	
equations	on	a	viscoelastic,	spherical	shell	with	discrete	faults.	We	consider	GNSS	ve-
locities	to	be	representative	for	the	lithosphere,	so	we	do	not	incorporate	horizontal	
faults	in	the	model	(e.g.,	the	Gela	Nappe	base	fault).	The	model	domain	straddles	the	
Africa-Eurasia	 plate	 boundary	 (Fig.	 4.2A).	 Because	 pilot	 experiments	 indicated	 that	
forces	and	deformation	in	neighboring	regions	had	an	imprint	we	extended	our	mod-
el	domain	substantially	beyond	the	central	Mediterranean.	We	apply	observed	veloci-
ties	along	domain	boundaries.	

4.2.1	Regional	fault	(system)	activity	

Our	 choice	 of	 model	 faults	 is	 based	 on	 evidence	 taken	 from	 geology,	 (paleo-)seis-
mology,	historical	seismicity	and	geodesy.	In	Fig.	4.1C,	we	highlight	model	faults	with	

Figure	4.2A	Model	domain	with	model	faults	(black).	Arrows	indicate	velocity	boundary	conditions	rela-
tive	to	stable	Europe	(after	rotation	pole	of	D’Agostino	et	al.	[2008],	and	interpolation	of	Hollenstein	et	
al.	[2008]	and	Métois	et	al.	[2015]).	Triangles	indicate	subduction	dip	direction.	Blue	dashed	box	shows	
our	(focus)	region	of	interest.	B	Map	view	of	a	simplified	tectonic	setting.	Dots	are	earthquake	epicen-
tres.	The	map	view	shows	the	surface	trace	of	normal	fault	strands	and	the	line	for	the	cross-section.	C	
The	cross-section	indicates	 the	depth	distribution	of	the	earthquakes.	 In	case	the	blue	 fault	is	 the	only	
active	fault	in	the	regions,	a	model	fault	(black,	dashed	line)	is	set	at	the	surface	trace	of	the	active,	blue	
fault.	D	 In	regions	of	 (seismic)	activity	on	several	 fault	strands	 (upper	panel),	 these	are	combined	 into	
one,	regional	seismogenic	 fault	 (lower	panel:	 red	line),	of	which	the	black	dashed	 line	 is	a	model	fault	
representation	(with	only	horizontal	slip).	Right	panel	indicates	geometric	features	for	the	model	repre-
sentation.		
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their	names	and	average	dips	as	we	use	them	in	this	paper.	The	most	active	and,	re-
cently,	destructive	faults	are	located	in	the	Apennines,	where	normal	faulting	earth-
quakes	are	dominant	[e.g.,	Boncio	et	al.	2004;	Basili	et	al.	2008].	These	earthquakes	
mainly	 occur	 in	 the	 high	 topography	 domains	 of	 the	 Apennines	 (the	 CSI	 catalogue	
[Chiarabba	et	al.	2005];	the	CNT	database	(http://cnt.rm.ingv.it);	the	RCMT	database	
[Pondrelli	et	al.	2006,	2011]).	Especially	in	the	central	Apennines,	several	parallel	fault	
strands	accommodate	the	extension	[e.g.,	Boncio	et	al.	2004;	Basili	et	al.	2008;	Bonini	
et	al.	2016;	and	references	therein].	Paleoseismological	evidence	and	historical	seis-
micity	 suggest	 that	 this	 activity	 is	 on	 a	 geological	 timescale	 (the	 SHARE	 European	
Earthquake	 Catalogue	 (SHEEC),	 Stucchi	 et	 al.	 [2013];	 Galli	 et	 al.	 [2011,	 2016];	 the	
CPTI15	database,	http://emidius.mi.ingv.it/CPTI15-DBMI15,	Rovida	et	al.	 [2016])	 in	a	
well-constrained	 zone	 of	 deformation.	 Paleoseismological	 and	 geological	 observa-
tions,	 together	 with	 historical	 seismicity,	 also	 provide	 the	 strongest	 evidence	 for	
normal	 fault	activity	 in	 the	Calabrian	domain	 [e.g.,	Galli	 and	Peronace	2015;	CPTI15	
database]	with	some	(less	prominent)	instrumental	seismic	activity.	

The	Sicily-Tyrrhenian	offshore	thrust	front	has	been	recognized	to	accommodate	the	
Africa-Europe	plate	convergence	through	thrusting	type	seismicity	and	structural	data	
[e.g.,	Billi	et	al.	2006].	At	its	eastern	termination,	just	west	of	Vulcano	island,	the	Tin-
dari	fault	system	(Fig.	4.1C)	exhibits	a	strong	component	of	dextral	strike-slip,	recog-
nized	from	seismicity	and	structural	data	continuing	onshore	[Billi	et	al.	2006].	It	con-
nects	[Palano	et	al.	2015]	to	the	dextral	Ionian	fault	cutting	into	the	Ionian	basin	[Po-
lonia	et	al.	2011,	2016]	as	a	STEP	fault	expression	above	the	SW	edge	of	the	Calabrian	
slab.	At	 the	NE	slab	edge,	a	sinistral	 shear	zone	 is	 recognized	 in	 the	seismicity	 [e.g.,	
Presti	 et	 al.	 2013]	 and	 as	 a	 transpressive	 feature	 through	 seismic	 and	 bathymetric	
data	 [Volpi	et	al.	2017].	The	Calabrian	slab	 is	well-imaged	through	seismic	tomogra-
phy	 [Wortel	 and	 Spakman	 2000;	 Neri	 et	 al.	 2009],	 and	 seismicity	 [Chiarabba	 et	 al.	
2005];	a	mega-thrust	earthquake,	however,	 is	absent	 from	the	 (paleo-)seismic	cata-
logues.	The	presence	of	the	Calabrian	accretionary	wedge	obscures	the	actual	(geom-
etry	of	the)	plate	contact,	but	the	lateral	extent	of	the	strike-slip	seismicity	at	the	lat-
eral	 STEP	 faults	 bounds	 the	 plate	 contact,	 with	 just	 a	 narrow	 subduction	 contact	
[Maesano	et	al.	2017].		

The	Scicli-Ragusa	fault	 is	an	active	feature	that	 is	most	easily	recognized	from	struc-
tural	 observations	 [e.g.,	 Catalano	 et	 al.	 2008]	 bounding	 the	Hyblean	 plateau	 in	 the	
West	with	 sinistral	motion	 [Basili	 et	 al.	 2008].	 At	 the	 northern	 end	 of	 the	 Hyblean	
plateau,	GNSS	data	 show	a	clear	N-S	 shortening	 [Mastrolembo	Ventura	et	al.	2014]	
that	is	not	recognized	in	the	seismicity.	Since	a	large	part	of	the	Malta	Escarpment,	at	
the	 eastern	 side	 of	 the	 Hyblean	 plateau,	 has	 not	 shown	 considerable	 deformation	
since	 the	 Pleistocene	 [Gutscher	 et	 al.	 2016],	 we	 do	 not	 incorporate	 it	 as	 an	 active	
fault.	Just	east	of	the	Malta	Escarpment,	the	Alfeo-Etna	fault	cross-cuts	the	Calabrian	
accretionary	 wedge	 [Polonia	 et	 al.	 2011;	 Gutscher	 et	 al.	 2016]	 and	 exhibits	 crustal	
seismicity	 associated	 with	 dextral	 strike-slip	 [Gutscher	 et	 al.	 2016;	 Polonia	 et	 al.	
2016].		
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Seismological,	geological	and	geodetic	evidence	suggests	an	extensional	zone	linking	
Cefalu	and	Etna	[Pondrelli	et	al.	2006;	Billi	et	al.	2010].	This	belt	appears	as	a	broad	
zone,	 that	most	 likely	 is	 a	manifestation	of	 a	 recent	 change	 in	 the	 tectonic	 regime,	
possibly	 concurring	with	or	 following	 the	 change	around	0.8	Ma	 [Goes	et	al.	 2004].	
Since	 it	 is	 unclear	whether	 the	 Apulia	 Escarpment	 is	 an	 active	 feature	 or	 not	 [e.g.,	
Mastrolembo	Ventura	et	 al.	 2014],	we	 test	 its	 effect	on	 the	horizontal	deformation	
field.		

4.2.2	Model	fault	incorporation		

Model	 faults	 are	 critical	 elements	 in	 the	mechanical	model	 and	 are	 represented	 as	
discrete	 interfaces	 with	 the	 slippery	 node	 technique	 [Melosh	 and	 Williams	 1989].	
Here,	 frictional	 fault	 slip	 occurs	 in	 response	 to	 model	 shear	 stresses.	 Locations	 of	
model	 faults	 (Fig.	 4.2A)	 are	 based	 on	 evidence	 for	 (historically/geologically)	 active	
fault	zones,	since	they	are	more	 likely	 to	be	expressed	 in	 the	time	window	of	GNSS	
observations.	 Fig.	 4.2B	 illustrates	how	model	 faults	 are	used	 to	 represent	observed	
fault/shear	 zones.	 We	 examine	 a	 hypothetical,	 map-view,	 seismicity	 record	 where	
several	 parallel	 fault	 strands	 are	 found	 in	 the	 field.	 In	 case	 there	 is	 only	 one	 active	
fault	(say,	the	blue	fault	in	Fig.	4.2C),	the	model	fault	(Fig.	4.2C;	dashed,	black	line)	is	
defined	at	the	surface	trace	of	the	blue	fault	since	the	GNSS	measurements	are	also	
at	the	surface.	More	commonly,	there	are	several	regional	faults	active	(Figs.	4.2B,	C).	
Similar	to	(but	expanding	on)	the	“seismogenic	area”	approach	of	Basili	et	al.	[2008],	
where	a	regional	structure	is	inferred	from	geological	and	seismological	data,	we	coa-
lesce	those	faults	in	an	area	that	show	similar	behavior	(Fig.	4.2D).	A	coalesced	model	
fault	captures	the	overall	slip	regime	(red	fault	in	Fig.	4.2D).	In	this	case,	the	coalesced	
model	fault	(dashed	black	line	in	Fig.	4.2D)	is	defined	at	the	geometric	centre	of	the	
seismogenic	area.	The	model	does	not	resolve	how	model	fault	slip	is	partitioned	on	
the	real	individual	faults	(Fig.	4.2D).	We	thus	do	not	account	for	every	single	seismo-
genic	 fault,	 but	we	 consider	 the	main	 deformation	 zones	 that	 have	 been	 shown	 to	
provide	the	largest	seismic	energy	release	[e.g.,	Sani	et	al.	2016]	and	are	likely	to	be	
important	on	geologic	timescales.		

4.2.3	Fault	friction	and	fault	slip		

Fault	slip	in	our	2D	model	represents	the	horizontal	component	of	differential	motion	
only	 (Fig.	4.2D),	so	that	normal	 (and	reverse)	slip	 in	the	model	shows	as	differential	
motion	perpendicular	 to	 the	 fault	 strike.	We	use	a	shear	 traction	antiparallel	 to	 the	
actual	slip	motion	direction	to	represent	the	average	resistive	force	on	a	lithospheric	
fault/shear	zone	(as	defined	in	Fig.	4.1).	This	resistive	traction	is	taken	to	be	constant	
per	fault.	In	this	simplified	representation,	the	average	shear	traction	is	thus	not	pro-
portional	to	a	kinematic	coefficient	of	friction.		

Through	our	model	experiments	we	constrain	the	 integrated	traction 𝑇𝑇	on	a	vertical	
model	fault	with	average	resistive	traction	𝜏𝜏!	that	cuts	the	entire	lithosphere	(thick-
ness	𝐿𝐿):		
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𝑇𝑇 = 𝜏𝜏!d𝑧𝑧 !
! 	 	 	 	 						(4.1)	

where	𝑧𝑧	represents	depth.	The	average	resistive	traction	(𝜏𝜏!)	along	a	real	 fault	zone	
with	 average	 dip	 angle	𝛼𝛼	is	 computed	 a	 posteriori	 by	 requiring	 that	 the	 integrated	
traction	needs	to	be	the	same	(Fig.	4.2D):	

𝜏𝜏!d𝑧𝑧 = !
! 𝜏𝜏!d𝑠𝑠 !

! ⇒  𝜏𝜏!𝐿𝐿 = 𝜏𝜏!𝑆𝑆 ⇔  𝜏𝜏! = 𝜏𝜏!sin (𝛼𝛼) 	 (4.2)	

where	𝑆𝑆	represents	the	downward	distance	along	the	fault.	We	used	fault	dip	angles	
as	defined	in	Fig.	4.1C.	Importantly,	𝜏𝜏!	represents	the	contribution	of	both	brittle	and	
ductile	shear	tractions.	Locking	(see	Glossary)	of	a	 large	(small)	part	of	 the	downdip	
length	of	the	fault	zone	results	in	a	large	(small)	value	for	the	average	resistive	trac-
tion	𝜏𝜏!. As	 it	 represents	 a	 lithospheric	 average,	 and	 because	 several	 parallel	 fault	
strands	are	represented	in	𝜏𝜏!,	the	connection	of	the	average	resistive	fraction	to	lock-
ing	depth	is	only	qualitative.		

We	emphasize	that	 fault	resistance	as	derived	from	comparing	our	model	results	to	
geodetic	observations	pertains	to	a	relatively	short	time	scale:	the	interseismic	inter-
val.	Any	slip	on	our	model	faults	therefore	corresponds	with	surface	creep	(see	Glos-
sary),	which	may	be	either	aseismic	or	microseismic.	On	geological	time	scales,	resis-
tive	tractions	on	lithospheric	faults	are	(much)	smaller	than	interseismic	resistive	trac-
tions:	the	lack	of	increased	heat	flow	surrounding	faults	(something	that	is	expected	
to	result	from	the	frictional	heating)	suggests	that	geologically	active	faults	are	weak	
[e.g.,	Lachenbruch	and	Sass	1991].	Based	on	this,	we	choose	to	proxy	the	long-term,	
geological	surface	deformation	field	from	a	model	without	resistive	tractions	(0	MPa)	
on	the	faults.	By	comparing	the	interseismic	(𝑠𝑠!)	and	long-term-average	(𝑠𝑠!"#;	geolog-
ical)	slip	rates,	we	estimate	the	“slip	rate	deficit”	on	a	model	fault:	slip	rate	deficit	=	
𝑠𝑠!"#	(in	percentage:	100%	 x	!!"#!!!

!!"#
).	These	slip	 rate	deficits	 indicate	build-up	of	 slip	

deficits	through	time.	

We	only	model	the	horizontal	component	of	the	fault	slip	rate.	The	relation	between	
fault-normal	slip	rates	in	the	2D	model	(𝑠𝑠!)	and	fault-normal	slip	rates	along	the	(3D)	
fault	surface	(𝑠𝑠!)	rates	is:	𝑠𝑠! = 𝑠𝑠! /cos 𝛼𝛼 .	Our	results	show	𝑠𝑠!.	

4.2.4	Model	forces	and	rheology		

Slab	pull	 forces	are	 transmitted	 into	 the	surface	part	of	 the	subducting	 Ionian	plate	
through	the	bending	area	at	the	trench.	By	studying	the	effect	of	slab	pull	in	a	sepa-
rate	model,	in	which	we	suspend	a	slab	(with	the	appropriate	topology)	from	its	top-
side	with	the	negative	buoyancy	force	acting	on	it,	we	determine	the	distribution	of	
slab	pull	forces	at	the	trench	[Nijholt	and	Govers	2015].	Subduction	topology	(slab	dip	
and	geometry)	is	taken	from	seismic	tomographic	results	[Wortel	and	Spakman	2000;	
Spakman	and	Wortel	2004;	Neri	et	al.	2009).	For	example,	the	detached	segment	be-
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neath	the	Apennines	is	still,	at	depth,	laterally	attached	to	the	Calabrian	slab	(for	the	
effect	 of	 slab	 geometry	 on	 slab	 pull	 distribution,	 see	 Fig.	 A2	 of	 Nijholt	 and	 Govers	
[2015]).	Here,	we	 focus	on	 the	 interplay	of	 lithospheric	 forces,	 therefore	a	priori	 ig-
noring	 contributions	of	basal	 tractions	 to	our	model.	We	do	not	doubt	 that	mantle	
convective	motions	are	driven	by	downwellings	beneath	the	Mediterranean	area,	but	
we	 assess	 a	 posteriori	whether	 mantle	 tractions	 have	 a	 significant	 imprint	 on	 the	
(horizontal)	 surface	kinematics	of	our	study	area.	We	also	employ	 lithospheric	body	
forces,	 which	 follow	 from	 horizontal	 gradients	 in	 GPE	 (updated	 from	 Warners-
Ruckstuhl	 et	 al.	 [2012],	 using	 the	 crustal	model	 of	Molinari	 and	Morelli	 [2011],	 see	
Supporting	Information	for	details).		

We	use	rheological	parameters	representing	lithospheric	averages:	a	linear	viscoelas-
tic	rheology	to	capture	short-term	(elastic)	and	long-term	(viscous)	deformation.	The	
Mesozoic	oceanic	lithosphere	beneath	the	Ionian	basin	likely	has	a	substantially	high-
er	average	viscosity	than	the	surrounding	continental	blocks	[Tesauro	et	al.	2012].	In	
the	preferred	model	that	we	present	below,	we	assume	a	viscosity	of	1 ∙ 10!"	Pa∙s	for	
the	Ionian	basin	and	2.5 ∙ 10!"	Pa∙s	in	surrounding	areas.	Model	sensitivity	tests	(see	
Supporting	Information)	indicate	that	a	relatively	narrow	window	for	lithospheric	vis-
cosity	is	constraining	the	resulting	motion.	The	viscosity	contrast	between	the	Ionian	
basin	and	continental	domains	should	be	at	least	1:4.	Employing	a	power-law	rheolo-
gy	results	in	highly	similar	model	predictions,	with	no	change	in	the	uncertainty	range	
of	resistive	shear	traction	values	in	our	preferred	model.		

4.3	Determining	model	complexity	as	required	by	kinematic	observations	

Even	 though	 a	model	 with	 as	 few	 complexities	 as	 possible	 is	 most	 desirable	 (Ock-
ham’s	razor	plus	a	limited	amount	of	(3D)	observations	to	assess	model	predictions),	
the	variability	 in	GNSS	velocities,	properties	and	deformation	styles	across	a	 limited	
distance	in	the	south-central	Mediterranean	(as	described	in	the	above	sections)	is	a	
basis	for	complexity.	In	this	section,	we	build	on	a	laterally	homogeneous	pilot	model	
by	a	stepwise	addition	of	model	ingredients:	we	add	material	subdomains	and	tecton-
ic	forces	(which	are	undisputed	and	lithospheric	in	nature),	and	activate	faults	(as	in-
dicated	by	 geological	 and	 seismological	 observations).	 In	 this	way,	we	 indicate	how	
specific	model	 elements	 affect	 the	 surface	 velocity	 pattern,	 deformation	 styles	 and	
the	fit	to	GNSS	velocities	(similar	to	the	procedure	in	Özbakır	et	al.	[2017]).	We	focus	
on	GNSS	 velocities	 [Fig.	 4.1B;	Métois	 et	 al.	 2015]	 since	 they	 have	 the	 smallest	 and	
clearly	defined	error	margins,	especially	when	compared	to	other	data	like	block	rota-
tions	or	focal	mechanisms.	Our	data	misfit	to	the	observed	GNSS	velocities	is	quanti-
fied	by	the	“relative	misfit”	𝜓𝜓:	

𝜓𝜓 = 100% ∙ !
!

!!!!! !!!
!!

!
!!! 		 	 																	(4.3)	
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where		𝜁𝜁! = min{ 𝑣𝑣! −𝑚𝑚! ;  𝑒𝑒! }												 										 	 											

𝜓𝜓	quantifies	the	average	over	𝑁𝑁	stations	of	the	proximity	of	the	model	predicted	ve-
locity	(at	the	 i-th	station),	𝑚𝑚! 	to	the	error	ellipse	𝑒𝑒! 	of	the	observed	velocity	𝑣𝑣!.	Here	
𝑒𝑒! 	is	the	95	per	cent	error	margin	and	𝜁𝜁!  represents	the	distance	of	the	model	velocity	
from	the	error	ellipse.	A	perfect	fit	at	all	stations	would	thus	give	𝜓𝜓	=	0	per	cent.	The	
normalization	of	the	misfit	criterion	by	the	observation	velocity	gives	equal	weight	to	
GNSS	stations	with	small	and	large	velocities.	Decisions	to	increase	model	complexity	
are	 only	 partly	 motivated	 by	 our	 aim	 to	 reduce	 misfit:	 less	 quantitative	 geologi-
cal/seismological	observations	are	also	used,	and	 these	do	not	necessarily	 lead	 to	a	
reduction	of	the	relative	misfit.	By	 incrementally	adding	these	complexities,	we	out-
line	their	individual	contribution	to	the	complex	pattern	of	surface	deformation.		

Our	 starting	point	 is	 that	GPE-derived	 lithospheric	 forces	are	necessary.	The	net	 (or	
“effective”)	slab	pull	 force	magnitude	that	acts	on	the	surface	Africa	plate	 is	 incom-
pletely	constrained	because	viscous	(mantle)	resistive	forces	on	the	Calabria	and	Ae-
gean	slabs	may	partially	counteract	the	negative	buoyancy.	We	therefore	investigate	
the	change	in	misfit	by	varying	the	effective	slab	pull	of	these	slabs	(see	also	Support-
ing	Information	for	more	detail).	Observed	regional,	and	lithosphere	scale,	fault	zones	
are	 also	 considered	 to	 be	 necessary	model	 components.	What	 is	 not	 known	 is	 the	
magnitude	 of	 the	 resistance	 to	 slip	 on	 these	 fault	 zones.	Whether	 lateral	 viscosity	
gradients	are	needed	to	reproduce	the	observations,	and	how	large	they	would	need	
to	 be,	 is	 poorly	 constrained	 by	 observations.	We	 therefore	 start	 with	 the	 simplest	
model,	with	uniform	mechanical	properties	and	a	relatively	high	viscosity,	so	that	the	
GPE-derived	forces	have	no	effect	yet,	and	locked	faults.	For	each	model	we	evaluate	
the	 misfit	 with	 the	 GNSS	 velocities	 following	 eq.	 (4.3).	 We	 subsequently	 test	 the	
change	in	misfit	for	models	in	which	we	allow	frictional	slip	on	individual	model	faults.		

Fig.	4.3	highlights	the	contributions	by	individual	model	components:		

(1)	 In	a	 laterally	homogeneous	model,	where	we	have	included	the	Sicily-Tyrrhenian	
offshore	thrust	front,	the	Calabrian	subduction	contact	and	the	Apennines	fault	(since	
they	are	undoubtedly	active	features	 in	the	study	area),	the	model	shows	no	exten-
sion	 in	 the	Apennines.	Model	 velocities	 largely	 follow	 the	African	plate	motion	pre-
scribed	at	the	southern	model	boundary.	Also,	the	NW-to-NE	rotation	of	velocities	is	
not	present	in	the	domain.		

(2)	In	case	we	add	slab	pull	forces	at	the	Calabrian	trench,	we	note	an	increase	of	ve-
locities	in	the	Ionian	basin	towards	the	trench,	but	this	does	not	create	an	imprint	we	
require	 to	 improve	 a	match	with	GNSS	 velocities	 at	 this	 stage.	 In	 Supporting	 Infor-
mation	Fig.	4.S8	we	discuss	the	effect	that	the	net	slab	pull	has	in	the	context	of	the	
final	model.		

(3)	After	activation	of	 the	STEP	 faults,	 the	Calabrian	block	behaves	more	 separately	
from	the	Apulian	and	Sicilian	domains	as	we	expect	from	an	overriding	block	that	fol-
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lows	a	 retreating	 trench.	There	 is	 still	no	extension	 in	 the	Apennines.	 In	Fig.	4.6	we	
will	discuss	the	effect	of	varying	the	resistive	tractions	along	faults	(not	present	so	far)	
on	the	Ionian	fault	when	all	complexities	were	added	to	the	model.		

(4)	By	 lowering	the	viscosity	of	 the	entire	model	domain,	 the	GPE/lithospheric	body	
forces	have	an	 imprint	on	the	surface	velocities:	the	extension	 in	the	Apennines	be-
comes	apparent	and	the	NW-to-NE	rotation	of	GNSS	velocities	across	Calabria	is	no-
table.	By	varying	the	magnitude	of	the	effective	lithospheric	viscosity,	we	describe	the	
effect	the	GPE	forces	have	on	surface	deformation	(Supporting	Information	Fig.	4.S6):	
high	 lithospheric	viscosity	results	 in	no	 imprint	of	GPE	forces,	and	a	 low	lithospheric	
viscosity	causes	GPE	forces	to	dominate	the	surface	deformation	field.		

(5)	The	inclusion	of	a	viscosity	contrast	(4:1,	with	the	continental	domains	at	the	same	
magnitude)	between	the	(Mesozoic)	Ionian	basin	and	the	continental	domains	causes	
an	increase	in	velocity	magnitude	in	Calabria,	Apulia	and	the	Apennines.	The	effect	of	
the	 slab	pull	 also	diminishes.	 In	Supporting	 Information	Figs.	4.S6-S7,	we	depict	 the	
effect	the	magnitude	of	the	viscosity	(contrast)	has	on	the	misfit.		

(6)	Geological	 and	 seismicity	evidence	 suggest	 that	 the	Scicli-Ragusa	and	Alfeo-Etna	
faults	should	be	active.	However,	including	them	in	the	model	does	not	produce	sig-
nificant	activity	on	these	fault	segments	in	the	current	model	setup.	Their	activity	be-
comes	more	pronounced	 in	 the	preferred	model	 setup,	while	 the	effect	of	 resistive	
tractions	 on	 the	 Scicli-Ragusa	 fault	 is	 discussed	 in	 Fig.	 4.6.	 At	 this	 point,	 the	model	
velocity	field	already	resembles	the	GNSS	observations,	but	the	Cittanova	and	Cefalu-
Etna	zones	are	not	yet	included	in	the	model.	However,	(paleo)seismological,	geologi-
cal	and	geodetic	evidence	suggests	that	they	should	be	active.		

(7)	Here	we	include	the	Cittanova	fault,	extending	towards	the	southern	Apennines.	
We	 note	 that	 the	 deformation	 style	 observed	 in	 (paleo)seismology	 (extension)	 is	
matched,	 but	 a	 frictionless	 Cittanova	 fault	 increases	 the	 misfit	 through	 extension	
rates	that	are	too	high.	A	later	reduction	of	slip	rates	(to	zero?)	is	necessary	in	a	later	
stage.		

(8)	Extension	at	the	Cefalu-Etna	fault	does	arise	as	a	response	to	model	stresses,	but	
the	rates	are	too	high	due	to	the	frictionless	fault	surrounding	the	majority	of	the	NE	
Sicily	 “block”.	 The	 surface	 velocities	 become	of	 such	high	magnitude	 (several	 times	
the	observed	velocity)	that	they	dominate	the	misfit	calculation.	There	is	a	clear	need	
for	a	decrease	in	the	slip	rates	at	the	Cefalu-Etna	fault	zone	(as	well	as	at	the	Cittano-
va	fault)	in	order	to	obtain	a	better	fit	with	GNSS	velocities.		

(9)	The	preferred	model	results	(more	features	in	Fig.	4.4)	after	a	stepwise	investiga-
tion	of	the	resistive	shear	tractions	(constant	per	fault)	through	a	trial-and-error	op-
eration	(successive	1-D	minimizations)	on	all	model	faults	(Figs.	4.5	and	4.6).		
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Figure	4.3	Stepwise	increase	in	model	complexity	showing	the	new	feature	per	step	(left)	and	a	sampled	
velocity	field	and	misfit	magnitude	with	GNSS	(right).	Colors	(line	or	field)	indicate	the	new	type	of	fea-
ture	 in	 the	 left	 panel.	We	 start	with	a	 simple	homogeneous	model	 (1)	which	only	 includes	 the	 Sicily–
Tyrrhenian	offshore	thrust	 front,	Calabrian	 subduction	plate	 contact	and	 the	Apennines	 fault	 towards	
our	preferred	model	(9)	where	we	included	slab	pull	at	the	trench	(2),	the	Tindari,	Ionian	and	extended	
Sangineto	(STEP)	faults	(3),	lithospheric	body	(GPE)	forces	(4),	a	viscosity	contrast	at	the	Ionian	basin	(5),	
the	Scicli-Ragusa	and	Alfeo-Etna	faults	(6),	the	Cittanova	fault	(7),	the	Cefalu-Etna	zone	(8)	and	variable	
resistive	shear	tractions	(9).	At	step	(10),	we	test	the	effect	of	the	Apulia	Escarpment,	which	results	in	an	
increase	in	misfit,	making	it	an	‘unsuccessful’	fault.		
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(10)	 The	 inclusion	 of	 the	 Apulia	 Escarpment	 causes	 the	 velocities	 in	 Apulia	 to	 lose	
every	 imprint	of	Africa	plate	motion.	This	fault	 is	thus	unsuccessful	 in	explaining	the	
GNSS	velocities.		

Clearly,	the	choices	made	above	in	incorporating	real	world	observations	in	the	model	
should	be	borne	 in	mind	 in	comparing	model	results	with	observations.	This	applies	
to	spatial	as	well	as	temporal	aspects.		

4.4	Model	results:	preferred	model		

We	first	present	our	preferred	model	 (Fig.	4.4A).	 In	our	preferred	model	𝜓𝜓	≈	23	per	
cent	(average	rms-misfit	≈	0.86	mm yr!!).	The	fit	to	GNSS	velocity	azimuths	is	good	in	
our	region	of	 interest,	and	 less	so	 in	central	and	western	Sicily.	Velocity	magnitudes	
are	less	well	fit,	particularly	in	NE	Sicily.	For	central	Sicily,	it	 is	notable	that	GNSS	ve-
locities	show	considerable	azimuth	and	magnitude	changes	without	any	documented	
major	fault	line	in	between	stations.	In	Fig.	4.4A,	we	show	the	traction	range	and	the	
slip	rate	deficit	range	on	the	respective	faults.		

We	use	observations	of	vertical	axis	block	 rotations	and	 focal	mechanisms	 for	addi-
tional	validation	of	the	model	results.	Since	the	lower	Pleistocene,	paleomagnetic	ro-
tation	rates	are	less	than	10° Myr!!	[Scheepers	et	al.	1994;	Mattei	et	al.	2007].	Mod-
elled	vertical	axis	rotation	rates	(Supporting	 Information	Fig.	4.S5)	are	also	 less	than	
10° Myr!!	(both	clockwise	and	counter-clockwise).	Distributed	strain	rates	(between	
faults,	Supporting	Information	Fig.	4.S5)	in	the	model	are	also	low,	which	makes	sense	
since	most	of	the	deformation	is	taken	up	along	the	faults.	Highest	model	strain	rates	
are	found	at	the	Tindari-Ionian	fault	intersection,	near	the	Aeolian	Islands	and	at	the	
Calabrian	side	of	 the	 Ionian	 fault,	probably	due	to	oblique	compression	of	a	higher-
viscosity	 Ionian	 basin	 into/along	 a	 lower-viscosity	 Apulian	 domain.	 This	 is	 not	 ob-
served	 in	 higher	 seismic	 moment	 release	 [e.g.,	 Sani	 et	 al.	 2016],	 but	 does	 fit	 with	
transpression	 observed	 in	 seismic	 sections	 along	 the	 Apulian	 margin	 [Volpi	 et	 al.	
2017].		

While	lateral	variations	in	GPE	were	already	suggested	to	be	important	for	the	Apen-
nines	 [e.g.,	Métois	et	al.	 2015]	and	 the	Albanides	 [Copley	et	al.	 2009],	we	 find	 that	
these	are	important	in	the	Sicily-Calabria	region	as	well.	The	preferred	model	repro-
duces	 extension	 on	 the	 Apennines	 fault	 [Basili	 et	 al.	 2008]	 and	 on	 the	 Cefalu-Etna	
fault	 [Billi	et	al.	2010].	The	Scicli-Ragusa	 fault	 is	 sinistral	 in	 the	model,	with	a	 thrust	
fault	 at	 the	northern	 termination	of	 the	Hyblean	plateau	as	observed	by	e.g.,	 Cata-
lano	et	al.	[2008].	Extension	in	NE	Sicily	results	from	GPE	gradients.	The	model	repro-
duces	convergence	north	of	Sicily	[Billi	et	al.	2006],	active	subduction	at	the	Calabrian	
subduction	contact	and	(transform)	shearing	along	the	slab	edges	(Fig.	4.4B;	Polonia	
et	al.	 [2016]).	We	find	that	shear	tractions	on	the	Apennines	fault	segments	are	not	
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uniform	along	the	chain	(only	partially	shown	in	Fig.	4.4B,	continuing	outside	our	fo-
cus	area,	Fig.	4.2A);	shear	tractions	are	lower	in	the	central	and	southernmost	Apen-

Figure	4.4	Results	of	 the	preferred	model.	A	Comparison	between	model	(red)	and	GNSS	(blue)	veloci-
ties.	Colored	 lines	show	faults	 in	 the	model.	Numbers	represent	resistive	shear	 tractions,	and	slip	 rate	
deficit	percentages.	B	Sampled	model	velocity	field	with	slip	rates	and	rakes	on	faults	(colored	balls).	C	
Comparison	 between	 model	 predicted	 rakes	 and	 earthquake	 rakes	 (Mw	 4-6.9;	 0-100	 km	 depth;	
http://rcmt2.bo.ingv.it/Italydataset.html;	 Pondrelli	 et	 al.	 [2006,	 2011]).	 The	 two	 outer	 columns	 show	
focal	mechanisms	and	rakes	on	fault	planes	of	selected	earthquakes.		
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nines,	and	higher	in	between.	In	the	preferred	model,	slip	rates	in	the	southern	and	
southernmost	Apennines	are	very	similar.	A	variation	of	1	mm yr!!	of	slip	rate	on	any	
of	these	fault	segments	produces	a	similar	ψ	(Fig.	4.5),	which	allows	for	slightly	higher	
extension	 rates	 in	 the	 southernmost	 Apennines	 observed	 in	 geodetic	 studies	 [e.g.,	
Métois	et	al.	2015;	Sani	et	al.	2016].		

A	further	test	of	our	preferred	model	is	the	fit	of	earthquake	slip	vectors	to	modeled	
directions	of	maximum	shear	stresses.	We	take	orientations	of	published	earthquake	
fault	planes	[Pondrelli	et	al.	2006,	2011]	and	use	the	faults	as	pre-existing	features	on	
which	our	model	 stress	 field	produces	 slip.	We	subsequently	determine	slip	vectors	
(rakes)	from	our	model	and	obtain	the	∆rakes	( 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟!"#$% − 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟!"#$!!"#$% )	of	Fig.	
4.4C	 where	 we	 show	 rakes	 through	 colored	 wedges	 (for	 the	 two	 possible	 fault	
planes).	Our	estimated	rake	misfit	 includes	a	10°	uncertainty	resulting	 from	orienta-
tion	errors	of	focal	planes	in	combination	with	rake	errors.	For	a	good	match,	the	col-
ored	wedge	should	be	tight	and	this	is	the	case	for	most	earthquakes	for	at	least	one	
of	the	two	fault	planes	(average	misfit	≈	20°).	Larger	misfits	may	be	due	to	 local	ef-
fects,	since	 local-scale	stress	 field	heterogeneities	are	observed	and	can	be	ascribed	
to,	 for	 example,	 low-friction	 faults	 or	 topography	 effects	 [Montone	 and	 Mariucci	
2016].		

In	conclusion,	our	preferred	force-based	model,	constrained	by	GNSS	observations,	is	
in	good	agreement	with	geological	and	seismological	(kinematic)	observations	in	the	
south-central	Mediterranean	(Figs.	4.1	and	4.4).		

4.5	Regional	forces	and	resistive	shear	tractions	on	faults	

In	our	modeling,	we	work	with	a	net	slab	pull	force	(see	Glossary)	acting	on	the	sub-
ducting	plate,	where	 the	negative	 slab	buoyancy	 is	 counteracted	by	 resistive	 forces	
along	 the	slab	 in	 the	mantle	 [Nijholt	and	Govers	2015],	but	not	 including	resistance	
along	the	subduction	contact,	which	we	solve	separately.	We	find	that	the	net	pull	on	
the	Calabrian	slab	cannot	be	larger	than	~5	per	cent	of	the	negative	buoyancy	force;	
for	larger	percentages	net	slab	pull	dominates	the	surface	velocity	field,	and	such	ex-
pression	 is	 not	 seen	 in	 observations	 (Supporting	 Information	 Fig.	 4.S8).	 The	 slab	 is	
thus	largely	supported	by	the	mantle.	Also,	preliminary	models	indicated	that	trench	
suction	 tractions	 acting	 on	 the	 overriding	 plate	 should	 be	 very	 low	 (negligible)	 to	
achieve	an	optimal	fit.	Even	low-magnitude	trench	suction	tractions	result	in	motion	
of	the	Calabrian	domain	towards	the	Ionian	domain,	increasing	the	misfit	largely.		

We	study	the	effect	of	resistive	shear	tractions	along	fault	plane	segments	by	deter-
mining	the	slip	rates	at	these	fault	segments	and	the	resulting	misfit.	For	those	faults	
that	are	important	for	the	surface	velocity	field	in	the	whole	study	area,	where	maxi-
mum	slip	rates	are	dependent	on	the	tractions	of	adjacent	fault	segments,	and	that	
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show	a	preferred	value	between	“fully	locked”	and	“free”,	we	determine	such	graphs	
(Fig.	4.5)	by	altering	the	traction	on	all	fault	segments	per	model	run.	For	those	faults	
that	are	only	of	local	importance	or	show	an	extremum	in	the	traction	value,	we	only	
alter	 the	 traction	on	 that	 fault	 segment,	while	 keeping	 the	 other	 fault	 segments	 at	
their	preferred	value	(Fig.	4.6).		

The	upper	panel	of	Fig.	4.5	shows	the	shear	traction	on	the	southernmost	Apennines.	
For	the	Apennines,	allowing	extension	in	the	(southernmost)	Apennines	is	necessary	
to	obtain	an	NE-ward	directed	surface	motion	for	the	Apulia/Adriatic	domain.	 If	 the	
traction	 is	 too	high,	 surface	 velocities	 follow	African	plate	motion.	 If	 the	 traction	 is	
too	low,	surface	velocities	become	really	chain-perpendicular	and	misfit	also	increas-
es.	In	conclusion,	an	intermediate	value	is	necessary.		

The	“NE	Sicily	block”	is	surrounded	by	fault	segments	of	the	Sicily-Tyrrhenian	offshore	
thrust	front,	connecting	to	the	Cefalu-Etna	fault,	and	therefore	the	block	motion	re-
sults	from	an	interplay	of	the	shear	tractions	on	both	fault	segments.	Allowing	the	NE	
Sicily	block	to	move	freely	from	the	rest	of	Sicily	results	 in	a	poor	fit	with	the	GNSS:	
velocities	 in	 the	 NE	 Sicily	 block	 become	 too	 large,	 slip	 rates	 on	 both	 the	 offshore	
thrust	 front	 and	 the	extensional	 fault	 are	exceeding	 the	bounds	of	 observed	defor-
mation	rates	and	the	GNSS	vectors	south	and	west	of	the	extensional	fault	are	 indi-
cating	 a	 less	 good	 fit.	 In	 case	we	 completely	 lock	 the	 extensional	 fault,	 the	 area	 of	
largest	misfit	 is	actually	transferred	into	the	Calabrian	block	where	we	now	miss	the	
oblique	extension	 in	NE	Sicily.	 It	 is	 noteworthy	 that	model	 velocities	 tend	 to	 follow	
African	plate	motion	in	the	Calabria	and	Tyrrhenian	regions.	Therefore,	we	need	lim-
ited	locking	on	the	Cefalu-Etna	fault	in	order	to	fit	the	first-order	observations	of	the	
GNSS	field	(Fig.	4.5).		
	

In	case	we	completely	lock	the	offshore	thrust	front,	the	effect	 is	 limited	to	the	Tyr-
rhenian	 shoreline	 of	 Sicily	 and	 misfit	 increases	 only	 in	 this	 region.	 The	 Sicily-
Tyrrhenian	 offshore	 thrust	 front	 exhibits	 variable	 traction	 values,	 accommodating	
most	 of	 the	 Africa-Europe	 convergence,	 while	 the	 western	 segment	 has	 low-
magnitude	traction.	Locking	this	western	segment	does	not	improve	the	fit	in	western	
Sicily.	We	employ	a	uniform	shear	 traction	along	 its	 length:	due	to	 the	 lack	of	suffi-
cient	 GNSS	 stations	 we	 cannot	 resolve	 whether	 this	 traction	 is	 variable.	 Complete	
locking	or	frictionless	behavior	causes	an	increase	in	misfit	with	GNSS	vectors.	Neither	
of	these	options	improves	the	fit	with	GNSS	vectors	in	central	and	western	Sicily.		

Very	low	resistive	tractions	along	the	subduction	interface	indicate	uncoupling	of	the	
overriding	and	subducting	plates.	Higher	traction	on	the	subduction	contact	substan-
tially	increases	the	misfit	(Fig.	4.6).	For	the	Ionian	fault,	we	cannot	distinguish	wheth-
er	a	distribution	of	traction,	increasing	towards	the	tip	of	the	STEP	in	the	SE,	is	a	more	
valid	description	for	resistance	to	fault	slip	motion,	since	there	are	not	enough	GNSS	
stations	surrounding	this	fault.	We	therefore	prefer	to	use	a	low-value	shear	traction	
for	the	Ionian	fault.		
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Figure	4.5	Model	sensitivity	for	model	results	where	traction	values	on	all	fault	segments	are	altered	at	
some	moment.	The	left	panels	indicate	tractions	versus	slip	rate	(red)	and	tractions	versus	misfit	(blue)	
for	the	southernmost	Apennines,	Cefalu-Etna	fault	and	Sicily-Tyrrhenian	offshore	thrust	front.	The	pur-
ple	hexagon	indicates	the	preferred	model.	The	green	box	indicates	the	range	of	traction	values	provid-
ing	 a	 similar	 result	 as	 the	 preferred	 model	 and	 the	 orange	 boxes	 where	 the	 model	 produces	 “non-
physical	 results”	 (e.g.,	 fault	 inversion).	 The	 right	 column	 of	 panels	 shows	model	 responses	 for	model	
runs	where	the	respective	faults	are	locked,	through	a	sampled	velocity	field	and	the	misfit	magnitudes	
per	GNSS	station.		
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Figure	4.6	Model	sensitivity	 for	model	 results	where	traction	are	only	changes	on	the	respective	 fault	
segment.	The	left	panels	indicate	tractions	versus	slip	rate	(red)	and	tractions	versus	misfit	(blue)	for	the	
southernmost	Apennines,	Cefalu-Etna	fault	and	Sicily-Tyrrhenian	offshore	thrust	front.	The	purple	hexa-
gon	indicates	the	preferred	model.	The	green	box	indicates	the	range	of	traction	values	providing	a	simi-
lar	result	as	the	preferred	model	and	the	orange	boxes	where	the	model	produces	“non-physical	results”	
(e.g.,	 fault	inversion).	The	right	column	of	panels	shows	model	responses	for	model	runs	where	the	re-
spective	 faults	 show	a	 response	 opposite	 to	 the	 response	 in	 the	preferred	model,	 through	a	 sampled	
velocity	field	and	the	misfit	magnitudes	per	GNSS	station.		
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The	Apulian	Escarpment,	sometimes	considered	a	transpressive	margin	[e.g.,	Mastro-
lembo	Ventura	et	al.	2014],	needs	to	be	fully	 locked	 in	the	model	 for	a	good	match	
with	GNSS	observations	(Fig.	4.6).	Model	results	for	a	frictionless	Apulia	Escarpment	
depict	that	most	of	the	misfit	is	generated	in	the	Apulia	region	where	surface	veloci-
ties	do	not	comply	with	GNSS	vectors	at	all.	The	Cittanova	fault	also	is	 locked	in	our	
preferred	model.	 In	 case	 it	 is	 frictionless,	 a	 clear	 component	of	 extension	 arises	on	
this	 fault	and	the	misfit	 increases	at	the	Tyrrhenian	coastal	side	of	Calabria,	while	 it	
decreases	at	the	Ionian	coastal	side.	The	misfit	is	similar	for	intermediate	traction	val-
ues,	suggesting	a	maximum	slip	rate	deficit	of	up	to	~2.5 mm yr!!.	With	the	recur-
rence	 time	 of	major	 earthquakes	 on	 this	 fault	 in	mind,	we	 choose	 to	 keep	 the	 Cit-
tanova	fault	locked	in	the	preferred	model.		

In	 our	 preferred	model,	 the	 Scicli-Ragusa	 fault	 is	 frictionless	 for	 a	 good	match	with	
GNSS	vectors,	mostly	to	obtain	the	strike-slip	behavior	observed	in	(Quaternary)	ge-
ology	[Catalano	et	al.	2008].	This	 includes	some	convergence	at	the	northern	end	of	
the	Hyblean	plateau,	 as	described	by	Mastrolembo	Ventura	et	 al.	 [2014].	However,	
locking	the	fault	will	result	in	an	equally	good	fit	since	the	vectors	in	the	rest	of	Sicily	
provide	a	better	match	with	GNSS.	Sensitivity	of	the	GNSS	velocities	to	locking	of	the	
Tindari	 fault	 (onshore	Sicily)	calls	 for	along-strike	variations	 in	shear	 traction.	This	 is	
due	to	the	variable	orientation	of	GNSS	vectors	just	east	of	the	Tindari	fault.	In	order	
to	 describe	 a	 more	 distributed	 orientation	 change	 across	 the	 Tindari	 fault,	 as	 dis-
cussed	by	Palano	et	al.	[2015],	we	mostly	lock	the	fault.	Motion	on	the	Tindari	fault,	
which	extends	towards	the	Aeolian	Islands,	is	strike-slip.		

4.6	Discussion	

The	kinematics	of	 the	Sicily-Calabria	 region	show	that	both	slab	rollback	and	Africa-
Europe	convergence	are	currently	slow	here.	West	of	Sicily,	most	of	the	northern	rim	
of	the	African	continent	is	dominated	by	plate	convergence	since	at	least	the	Tortoni-
an	 [Billi	 et	 al.	 2011].	 The	 Calabrian	 arc	 continually	 followed	 the	 Calabrian	 trench	
through	 its	 rollback	 [e.g.,	 Faccenna	et	al.	 2001a].	This	ESE	migration	of	 the	Calabria	
trench	 and	 back-arc	 extension	 essentially	 ceased	 in	 the	 Pleistocene,	 at	 about	 the	
same	 time	 that	 the	 southern	 STEP	 propagated	 into	 the	 Ionian	 basin	 [Polonia	 et	 al.	
2016].	We	find	that	the	slab	pull	is	>	90	per	cent	mechanically	supported	in	the	deep-
er	mantle	at	present-day.	We	consider	this	reduction	of	the	net	slab	pull	(compared	
to	the	value	possible	from	the	slab’s	dimensions	in	the	mantle)	 indicative	for	the	di-
minished	 role	 the	 slab	 plays	 in	 the	 present-day	 dynamics	 of	 the	 region,	 denoting	 a	
probable	factor	in	the	tectonic	reorganization	that	occurred	in	the	Pleistocene	[Goes	
et	al.	2004].	Whereas	slab	retreat	continually	was	the	dominant	factor	during	the	past	
30	Myr,	 the	Calabrian	arc	 is	 now	 thus	 further	 transitioning	 towards	 a	 setting	domi-
nated	by	Africa-Eurasia	plate	convergence.		
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Besides	 these	 two	main	drivers	of	deformation,	 the	 choice	of	 lithospheric	 fault	 sys-
tems	is	paramount	in	the	modeling.	In	this	light,	excluding	lithospheric	faults	systems	
(e.g.,	 no	 subduction,	 STEP	 faults	 and	 Cefalu-Etna	 fault	 zone	 in	 Jiménez-Munt	 et	 al.	
[2003];	no	Cefalu-Etna	zone	in	Carafa	et	al.	[2015])	and/or	including	non-lithospheric	
fault	systems	as	 the	Gela	Nappe	Front	 [Carafa	et	al.	2015;	Petricca	et	al.	2013]	may	
have	led	these	authors	to	require	an	additional	driving	force	(mantle	traction)	to	ob-
tain	a	better	fit	with	the	observations.	Whereas	Petricca	et	al.	[2013]	and	Carafa	et	al.	
[2015]	 find	 that	a	mantle	 traction	 (on	a	 regional	 scale)	 is	 required	 to	drive	 the	pre-
sent-day	 motion	 of	 the	 Sicily-Calabria	 (and	 Adriatic)	 region,	 our	 model	 predictions	
describe	already	~78	per	cent	of	 the	surface	velocities.	This	suggests	 that	 (regional)	
mantle	tractions	are	insignificant	drivers	of	lithospheric	motions	in	our	study	area.		

4.6.1	Model	considerations		

Our	modeling	 approach	 allows	 us	 to	 determine	 resistive	 shear	 tractions	 on	 specific	
faults.	 Given	 that	 the	 crustal	 thickness	 and	 geothermal	 gradient	 vary	 substantially	
throughout	our	 study	 area,	 and	 that	both	brittle	 and	ductile	 shear	 stresses	depend	
strongly	 on	 these	 quantities,	 it	 is	 unsurprising	 that	 our	 resistive	 shear	 tractions	 are	
variable	(per	fault	segment).		

Our	models	are	sensitive	to	the	tractions	on	model	faults.	The	resulting	slip	rate	defi-
cits	provide	a	different	view	on	the	seismic	hazard	 in	the	region:	they	represent	the	
upper	 limit	of	 slip	 rates	 that	 can	potentially	be	generated	 through	 the	present-day,	
driving,	 tectonic	 forces.	 Therefore,	 these	 slip	 rate	 deficits	 provide	 a	 broader,	 fault-
zone-based	estimate	than	those	determined	through	paleoseismology/geology	with	a	
focus	on	single	fault	strands.		

Different	lithospheric	forces	(which	includes	the	resistive	tractions	on	faults)	and	ma-
terial	properties	have	different	imprints	on	the	surface	deformation	field.	We	consid-
er	 that	 our	 force-based	modeling	 approach,	 combined	with	matching	 of	 GNSS	 vec-
tors,	 fault	 slip	 styles	 and	 stress	 orientations	 (through	 earthquake	 slip	 vectors),	 pro-
vides	enough	constraints	that	trade-offs	of	model	inputs	are	sufficiently	resolved	on	a	
regional	 level.	 There	 is	 no	 doubt	 that	 a	 better	match	 (ψ	→	 0)	 can	 be	 obtained	 by	
simply	putting	more	and	more	faults	in	the	model	domain	(which	may	or	may	not	al-
ways	be	evidenced	by	observations,	a	practice	often	adopted	with	block	models),	but	
in	 that	 case	we	 lose	 the	 regional	 perspective	 and	 the	possibility	 to	 grasp	 individual	
model	 input	effects.	The	regional	perspective	to	us	 is	of	more	worth	than	obtaining	
point	values	for	model	input	parameters.	These	parameters	are	only	to	be	adjusted	in	
the	future	when	more,	higher	resolution	observations	are	present	to	compare	model	
results	to.		

4.6.2	Spurious	transient	deformation		

Since	 the	 GNSS	 field	 is	 our	main	 focus	 for	 comparing	 the	model	 results,	 one	 thing	
must	 stand	 clear:	we	 assume	 that	 the	 regional	 tectonic	 signal	 is	 a	 strong	backbone	
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onto	 which	 non-tectonic	 phenomena	 are	 superposed,	 perturbing	 the	 GNSS	 signal.	
Even	though	such	non-tectonic	phenomena	are	affecting	GNSS	station	signals	(local,	
or	 subregional),	we	 consider	 that	 a	 strong	 and	 coherent	 regional	 signal	 provides	 at	
the	very	least	a	first-order	indication	of	the	imprint	of	tectonic	forces.	GNSS	stations	
that	are	perturbed	by	non-tectonic	phenomena	and	thus	differ	from	such	a	regional	
trend	 are	 bound	 to	 results	 in	 anomalously	 larger	 misfits	 in	 our	 matching	 exercise,	
while	picking	up	the	tectonic,	regional	trend	is	the	goal	of	our	exercise	using	a	model	
based	on	tectonic	forces,	that	 is	supported	by	the	model	stress	field,	 fault	slip	rates	
and	rotation	rates.		

Spurious	 transient	 deformation	 is	 thus	 an	 additional	 potential	 source	 for	 misfit	
throughout	the	focus	area,	especially	in	those	regions	where	GNSS	signals	do	not	fol-
low	the	regional	trend.	Also,	if	several	stations	are	affected	by	one	phenomenon,	for	
example,	 transient	deformation	of	karst	aquifers	 in	 the	southern	Apennines	 [Silverii	
et	 al.	 2016],	 this	 also	 poses	 a	 source	 for	 additional	 deformation	 rates	 observed	 in	
GNSS	studies.	This	gives	some	additional	margin	on	the	slip	rates,	and	consequently	
fault	tractions	we	determine	on	the	fault	segments,	which	strengthens	our	goal	of	a	
regional,	 tectonic	model,	 inherently	 losing	 the	 point	 value	 perspective.	 Quantifying	
margins	on	slip	rates	based	on	spurious	transient	deformation	is	not	 in	the	scope	of	
this	paper.		

4.6.3	Friction	and	slip	rate	deficit		

The	Calabrian	fore-arc		

Several	faults	in	our	study	area	are	known	to	have	produced	large	magnitude	(𝑀𝑀!	>	
7)	earthquakes	in	the	past,	while	such	events	are	not	present	in	the	instrumental	rec-
ord	[Stucchi	et	al.	2013;	Rovida	et	al.	2016].	A	slip	deficit	has	been	building	on	the	Cit-
tanova	 fault	 in	 the	 Calabrian	 fore-arc	 since	 the	 last	 few	 large	 earthquakes	 in	 1783	
[SHEEC;	Stucchi	et	al.	2013].	Trenching	indicates	a	recurrence	time	for	𝑀𝑀!	>	7	events	
on	the	Cittanova	fault	of	1.4-4.4	kyr	corresponding	to	seismoturbidites	 in	the	Ionian	
offshore	[Galli	and	Peronace	2015].	With	a	mean	recurrence	time	of	~3.2	kyr	over	the	
last	~16	 kyr,	 the	 average	 seismic	 slip	 rate	 ranges	0.36-0.64	mm yr!!	with	 a	 -0.24	±	
1.23	mm yr!!	uncertainty	 (using	scaling	relations	of	Leonard	[2010]	 for	𝑀𝑀!	7.0-7.5).	
Geological	evidence	provides	a	discrete,	minimum	downdip	slip	rate	over	the	last	28	
kyr	of	0.69	±	0.11	mm yr!!	for	 the	Cittanova	 fault	 scarp	 [Galli	 and	Peronace	2015],	
while	 structural	 and	 geomorphological	 constraints	 indicate	 that	 this	 long-term,	
downdip	rate	may	be	as	high	as	1.6	mm yr!! with	a	-0.57	±	0.81	mm yr!! uncertain-
ty	over	 the	past	1	Myr	 [Roda-Boluda	and	Whittaker	2016].	Other	 researchers	main-
tain	an	alternative	view	on	the	presence	of	seismogenic	faults	 in	the	Calabrian	fore-
arc	 with	 ESE-dipping,	 blind,	 normal	 faults,	 as	 noted	 in	 the	 Database	 of	 Individual	
Seismogenic	 Sources	 [Valensise	 and	 Pantosti	 1992;	 Tiberti	 et	 al.	 2017].	 These	 blind	
faults	are	noted	to	have	long-term	slip	rates	ranging	0.1-1.0	mm yr!!	(see	Tiberti	et	
al.	[2017]	for	a	discussion	on	either	choice	of	seismogenic	faults	in	the	perspective	of	
Calabrian	historical	seismicity).	In	both	cases,	the	average	seismic	slip	rate	of	the	Cit-
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tanova	 fault	 thus	agrees	with	 the	minimum	estimate	of	 the	geological	 slip	 rate.	For	
the	comparison	to	the	long-term	slip	rate	on	the	model	Cittanova	fault	it	is	important	
to	note	that	there	are	multiple	parallel,	active	onshore	fault	planes	(the	ITHACA	data-
base:	ITaly	HAzard	from	CApable	faults;	and	Monaco	and	Tortorici	[2000])	and	possi-
bly	also	offshore	fault	planes	 in	the	Calabrian	fore-arc	 [Monaco	and	Tortorici	2000].	
The	geological	slip	rate	on	these	faults	is	not	well-known.		

The	 long-term	slip	 rate	on	our	model	Cittanova	 fault	 ranges	up	 to	2.5	mm yr!!	(as-
suming	the	long-term	fault	behavior	is	frictionless;	Fig.	4.6).	Our	Cittanova	model	fault	
is	completely	 locked	on	geodetic	timescales.	Here,	we	cannot	determine	which	seis-
mogenic	faults	are	the	responsible	features	for	large-magnitude	earthquakes,	but	our	
long-term	model	 slip	 rate	 is	higher	 than	 the	determined	 long-term	slip	 rates	 in	 any	
case	(0.1-1.0	or	1.6	mm yr!!	with	-0.57	±	0.81	mm yr!!).	This	significant	difference	
may	be	caused	by	our	assumption	of	zero	resistive	fault	 tractions	made	to	estimate	
the	geological	slip	rate	on	our	model	Cittanova	fault,	which	may	be	too	low.	Second,	
our	model	Cittanova	fault	represents	the	more	distributed	network	of	faults,	 includ-
ing	the	Cittanova	fault,	which	accommodates	fore-arc	extension.	Even	though	the	2.5	
mm yr!! slip	rate	deficit	on	the	model	Cittanova	fault	is	an	upper	limit,	we	thus	con-
sider	 that	 the	 seismic	 hazard	 in	 the	 Calabrian	 region	may	 be	 higher	 than	 expected	
from	lower-magnitude	slip	rates	on	specific	fault	scarps.		

The	subduction	interface		

Recently,	Carafa	et	al.	[2018]	proposed	that	the	low-magnitude,	geodetic	strain	rates	
in	the	Calabrian	fore-arc	can	be	reconciled	with	high	interseismic	coupling	on	the	Ca-
labrian	subduction	interface.	Our	model	includes	an	active	Calabrian	thrust	with	very	
low	magnitude,	interseismic	coupling	between	overriding	and	subducting	plate,	while	
keeping	 low-magnitude	 (interseismic)	 strain	 rates	 in	 the	Calabrian	 fore-arc.	 In	other	
words,	our	model	results	with	a	creeping	subduction	contact	are	 in	agreement	with	
both	 present-day	 GNSS	 observations	 and	 the	 historical-paleoearthquake	 record	
[Stucchi	et	al.	2013;	Galli	and	Peronace	2015;	see	subsection	above].	Hypocentre	lo-
cations	for	these	pre-instrumental	earthquakes	are	on	normal	faults	in	the	Calabrian	
fore-arc	[Monaco	and	Tortorici	2000;	Tiberti	et	al.	2017].	Our	 inference	of	negligible	
interseismic	coupling	will	need	to	be	further	investigated,	because	the	implication	of	
a	non-seismogenic	subduction	interface	is	highly	relevant.		

Other	regional	faults		

Even	though	the	Scicli-Ragusa	fault	has	been	active	since	the	Quaternary	[Catalano	et	
al.	 2008],	we	 cannot	 distinguish	 clearly	whether	 there	 is	 a	 slip	 deficit	 building.	 This	
fault	thus	remains	a	viable	candidate	for	having	produced	the	𝑀𝑀!	7.4	1693	event,	of	
which	the	seismogenic	source	fault	has	not	been	determined	[Visini	et	al.	2009].		

Model	slip	rates	along	the	STEP	faults	are	higher	than	 inferred	from	seismicity	rates	
[Sani	et	al.	2016],	suggesting	that	these	faults	may	be	creeping.	Fault	creep	probably	
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also	 occurs	 on	 the	 Cefalu-Etna	 fault	 segment	 that	 connects	 to	 the	 Sicily-Tyrrhenian	
offshore	thrust	front,	the	Scicli-Ragusa	fault,	the	Messina	fault	system	and	the	Pollino	
segment	(connecting	the	Cittanova	and	southernmost	Apennines).	The	segment	 just	
south	of	the	Pollino	range	of	the	(extended)	Sangineto	fault,	which	connects	the	Tyr-
rhenian	 and	Adriatic,	 is	 locked	 in	 the	model.	Question	 is	whether	 this	 segment	has	
become	inactive	(Calabria	and	the	southern	Apennines	are	stuck),	or	that	a	slip	deficit	
is	building	up,	driven	by	ongoing	slab	rollback.		

Variable	 extension	 rates	 along	 the	 Apennines	 are	 related	 to	 the	 traction	 values	 on	
fault	 segments.	 Extension	 rates	 (somewhat	 higher	 in	 the	 central	 Apennines	 and	
southern	part	of	the	Apennines	[Métois	et	al.	2015;	Sani	et	al.	2016])	require	lower-
magnitude	tractions	and	coincide	with	areas	where	regional	extension	is	partitioned	
onto	multiple	(parallel)	faults	[Basili	et	al.	2008].	Higher	magnitude	tractions	on	fault	
segments	in	the	model	correspond	with	regions	with	fewer	parallel	segments.	Varia-
bility	in	model	fault	shear	tractions	thus	corresponds	with	the	width	of	the	fault	zone.		

4.6.4	Remaining	misfit	in	NE	Sicily		

Even	though	we	have	a	fair	fit	to	the	GNSS	field	in	our	study	area	(Fig.	4.4A)	and	ex-
plain	complex	deformation	patterns	 (Figs.	4.4B,	C),	we	observe	a	discrepancy	to	the	
north	of	Etna	in	NE	Sicily.	We	consider	some	possible	explanations:		

Dynamic	support	of	Etna?		

Etna	 volcano	 activity	 has	 two	 components:	 long-term	doming	 since	 the	Quaternary	
[e.g.,	De	Guidi	et	al.	2014]	and	short-term	inflation/deflation	cycles	[e.g.,	Bruno	et	al.	
2012].	These	cycles	average	out	during	extended	observation	periods.	For	 the	dom-
ing,	horizontal	velocity	magnitude	diminishes	fast	away	from	the	maximum,	but	the	
resulting,	radial	pattern	does	not	explain	the	misfit	(adding	complexities	does	not	im-
prove	these	patterns	[Hickey	and	Gottsman	2014]).	Therefore,	Etna	does	not	present	
a	cause	for	the	misfit.		

Active	mantle	flow?		

Model	studies	show	that	toroidal	mantle	flow	arises	around	slab	edges	[e.g.,	Piromal-
lo	et	al.	2006;	Strak	and	Schellart	2014].	Horizontal	components	of	 the	mantle	 trac-
tion	acting	on	the	base	of	the	lithosphere	correspond	with	return	flow.	Vertical	com-
ponents	of	the	mantle	traction	increase	the	GPE	in	an	elongated	region	alongside	the	
slab	edge	[e.g.,	Piromallo	et	al.	2006;	Strak	and	Schellart	2014,	2016].	Radial	stratifica-
tion	of	the	mantle	[King	1995]	heavily	affects	the	extent	and	magnitude	of	the	toroi-
dal	flow	[Piromallo	et	al.	2006].	The	actual	expression	of	the	mantle	tractions	on	geo-
detic	velocities	is	unclear	from	model	studies,	but	we	would	expect	opposite	imprints	
above	the	two	regional	slab	edges:	most	 likely	a	clockwise	rotation	 in	the	Peloritani	
region	 and	 a	 counterclockwise	 rotation	 in	 NE	 Calabria.	 Our	model	 neglects	mantle	
tractions,	 but	 it	 does	 not	 show	 these	 systematic	misfits	 near	 the	 slab	 edges.	 Even	
though	our	distribution	of	fault	shear	tractions	may	cloak	a	mantle	contribution,	we	
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consider	that	the	misfit	patterns	present	for	other	choices	of	fault	traction	magnitude	
do	not	 strongly	evidence	 the	expected	opposite	 imprint	of	 toroidal	 flow.	We	 there-
fore	 think	 that	mantle	 tractions	are	not	 the	cause	of	 the	misfit	 in	 regional	geodetic	
velocities.	Different	from	what	Palano	et	al.	[2017]	conclude,	this	means	that	mantle	
tractions	contribute	little	to	the	geodetic	observations.		

Errors	in	lithospheric	GPE?		

Lateral	variations	in	crust	and	mantle	structure	cause	horizontal	gradients	in	GPE,	re-
sulting	 in	 lithospheric	 body	 forces.	 Our	 GPE	 calculation	 is	 based	 the	 assumption	 of	
Airy	isostatic	compensation.	Flexural	support	would	increase	the	GPE	because	flexure	
counteracts	gravity.	Spatial	variations	in	flexural	rigidity	are	very	likely	because	of	the	
different	 lithospheres	 in	 this	 region.	 This	makes	 it	 difficult	 to	 determine	whether	 it	
can	explain	the	misfit	of	our	model,	but	it	is	a	reasonable	candidate.		

4.7	Conclusions	

The	GNSS	velocity	field,	seismicity	and	sense	of	slip	on	regional	faults	result	from	the	
following	driving	forces:	(1)	convergence	of	Africa	and	Eurasia,	(2)	GPE	variations	and	
(3)	pull	by	the	Calabrian	and	Aegean	slabs.	Our	most	important,	novel	finding	is	that	
regional	 variations	 in	 resistive	 shear	 tractions	 on	 faults	 are	 required	 to	 fit	 observa-
tions:	 very	 low-magnitude	 tractions	on	 the	Calabria	 subduction	 contact,	 locked	Tin-
dari	and	Cittanova	 faults	and	variable	 traction	values	 in	 the	Apennines,	and	 the	Ce-
falu-Etna,	 Ionian	 and	 Sicily-Tyrrhenian	 offshore	 thrust	 front	 fault	 zones.	 Our	model	
results	 suggest	 limited	 hazard	 of	 a	 large	 subduction	 earthquake,	 but	 a	 buildup	 to-
wards	an	𝑀𝑀! >	7	earthquake	in	the	Calabrian	fore-arc.	We	also	find	that	the	Calabrian	
net	slab	pull	force	is	strongly	reduced	(compared	to	the	value	possible	in	view	of	the	
slab’s	 dimensions)	 and	 that	 trench	 suction	 tractions	 are	 negligible.	 Such	 very	 small	
contributions	 to	 the	 present-day	 force	 balance	 in	 the	 south-central	Mediterranean	
suggest	that	the	Calabrian	arc	is	now	further	transitioning	towards	a	setting	dominat-
ed	by	Africa-Eurasia	plate	convergence,	whereas	during	the	past	30	Myr	slab	retreat	
continually	was	the	dominant	factor.		

4.8	Glossary		

GNSS	 Global	 Navigation	 Satellite	 System,	 including	 the	 United	
States’	Global	Positioning	System	 	 (GPS),	 the	European	Un-
ion’s	Galileo	system,	and	the	Russian	GLONASS	system.	



	 138	

Interseismic	period	 The	 interval	 between	 earthquakes	 after	 transient,	 post-
seismic	processes	have	ended.	During	this	period	fault	trac-
tions	build	up	towards	the	next	earthquake.	

Locking	 When	 tectonic	 plates	 cannot	 slide	 across	 the	 interfacial	
boundary	 due	 to	 frictional	 resistance,	 they	 are	 “locked”	 to	
each	 other.	 Plates	 that	 can	 slide	 past	 each	 other	 are	 “un-
locked”.		The	seismic	cycle	centers	on	the	locking,	unlocking,	
and	re-locking	of	the	seismogenic	zone.	

Net	slab	pull	force		 Residual	 force	 acting	 on	 the	 surface	 plate	 (transmitted	
through	 the	bending	hinge)	after	 summation	of	 the	driving	
gravitational	pull	of	 the	slab	and	resisting	mantle	 tractions.	
The	plate	contact	friction	is	not	included	in	the	summation.	

Seismic	cycle	 A	 repeated	 pattern	 of	 elastic	 strain	 energy	 accumulation	
and	 subsequent	 release	 in	 an	 earthquake,	 consisting	 of	
characteristic	 periods:	 the	 co-seismic	 period	 (rapid	 slip	 on	
the	fault	plane:	i.e.,	an	earthquake),	the	post-seismic	period	
after	an	earthquake	(when	the	stresses	driven	by	the	earth-
quake	are	relaxed	through	transient	deformation	processes)	
and	the	interseismic	period	between	earthquakes.	The	dura-
tion	 of	 one	 cycle	 varies	 strongly,	 i.e.,	 the	 seismic	 cycle	 is	
non-periodic.	

Slab	rollback				 The	 apparent	 backwards	 motion	 of	 the	 subducting	 plate,	
perpendicular	to	the	trench.	This	is	observed	at	the	surface	
by	 the	movement	of	 the	 trench	 and	 volcanic	 arc	 (opposite	
to	the	subduction	direction),	and	caused	by	vertical	sinking	
of	the	subducting	plate.	

STEP	 Subduction-Transform	 Edge	 Propagator:	 the	 locus	 of	 con-
tinual	active	lithospheric	tearing	at	the	lateral	termination	of	
a	subduction	zone,	which	enables	subduction	of	one	part	of	
a	 tectonic	 plate,	 while	 the	 juxtaposed	 part	 remains	 at	 the	
surface.		

STEP	fault	 A	plate	boundary	fault	that	develops	in	the	wake	of	a	prop-
agating	STEP	between	the	overriding	and	subducting	plates,	
showing	predominantly	strike-slip	motion.	

Surface	creep	 Fault	 slip	 rates	 measured	 on	 the	 surface	 along	 the	 fault	
trace	that	do	not	match	the	long-term	slip	rate	on	the	fault,	
indicating	that	a	portion	of	the	fault	(at	deeper	levels	of	the	
brittle	zone)	is	locked.	
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Appendix	4.A:	Estimating	post-seismic	velocity	contributions	

To	evaluate	the	possible	 imprint	of	seismicity	on	geodetic	observations	due	to	post-
seismic	transients,	we	use	the	seismic	catalogue	of	Pondrelli	et	al.	[2006],	as	shown	in	
Fig.	4.A1.	For	our	purpose	of	estimating	the	post-seismic	velocities	we	use	four	mod-
els:	 a	 20	 or	 30	 km	 thick	 elastic	 layer	 (based	 on	 the	maximum	 depth	 of	 seismicity)	
overlying	 a	 viscoelastic	 half-space	 with	 a	1 ∙ 10!" or	1 ∙ 10!" 	Pa∙s	 viscosity.	 These	
choices	for	thickness	and	viscosity	agree	with	inferences	for	the	southern	Apennines	
[e.g.,	Dalla	Via	et	al.	2005]	and	interpretations	of	global	data	[Wright	et	al.	2013].	Vis-
coelastic	relaxation	in	the	model	thus	occurs	in	the	lower	crust	(with	shear	modulus	
43	GPa	and	bulk	modulus	96	GPa)	or	uppermost	mantle	(with	shear	modulus	73	GPa	
and	bulk	modulus	120	GPa).			

Figure	4.A1	Earthquake	focal	mechanisms	(𝑀𝑀!>	4,	1977-2015;	Pondrelli	et	al.	[2006],	database	down-
loaded	January	2018)	 in	 the	 central	Mediterranean,	scaled	to	magnitude.	 The	 focal	mechanisms	with	
the	year	of	the	event	indicated	above	represent	the	most	notable	events	further	discussed	in	Figs.	4.A2-
4.		
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Results	for	the	largest	magnitude	earthquake		

Fig.	4.A2	shows	the	modeled	surface	velocities	for	the	largest	earthquake	during	the	
instrumental	period,	 the	𝑀𝑀!	6.9	event	near	 Irpinia	 (southern	 Italy)	on	1980	Novem-
ber	23	(epicentre	indicated	in	Fig.	4.A1	by	year	of	earthquake	occurrence).	The	result	
is	for	a	model	with	a	20	km	thick	elastic	layer	and	a	1 ∙ 10!"	Pa∙s	half-space	viscosity	
corresponding	with	 a	~9	 yr	Maxwell	 relaxation	 time	 (uppermost	mantle).	 The	 right	
panel	 of	 Fig.	 4.A2A	 shows	 the	 normal-faulting	 focal	mechanism	 and	 the	model	 do-

Figure	A2.	Evolution	of	the	horizontal,	surface	velocity	field	after	the	Irpinia	1980	𝑀𝑀!	6.9	normal	fault-
ing	event	for	a	model	with	a	20	km	elastic	upper	crust	overlying	a	viscous	lower	crust	with	1 ∙ 10!"	Pa∙s.	
A	Right	map	figure	indicates	the	location	of	the	maps	within	the	study	area	and	the	focal	mechanism.	
Left	panel	shows	co-seismic	displacements.	B	The	horizontal,	surface	velocity	field	(V)	at	1,	5,	10,	20	and	
35	yr	after	the	event.	Note	the	difference	scales	for	the	velocity	vectors.	C	A	comparison	of	(green)	geo-
detic	 observations	 [Métois	 et	 al.	 2015]	 to	model	 predictions	 (blue)	with	 the	 same	velocity	magnitude	
scale	as	in	b.	Velocity	vectors	are	at	the	same	scale.		
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main;	the	left	panel	shows	the	modeled	co-seismic	surface	displacements.	Fig.	4.A2B	
depicts	the	surface	velocity	field	as	a	function	of	time	since	the	Irpinia	event	(1,	5,	10,	
20	 and	 35	 yr).	 The	 maximum	 velocity	 magnitude	 decreases	 from	~ 4.5	 to	~ 2	
mm yr!! after	20	yr,	to	~1	mm yr!!	35	yr	after	the	earthquake.	The	three	panels	in	
Fig.	4.A2C	show	the	modeled	post-seismic	velocities	at	benchmark	locations	together	
with	GNSS	velocities	from	Métois	et	al.	 [2015],	with	the	same	scale	for	velocity	vec-
tors.	 For	 the	given	model	parameters,	 the	contribution	of	post-seismic	deformation	
from	 the	 Irpinia	 earthquake	 to	 the	 observed	 surface	 velocities	 falls	well	within	 the	
velocity	error	ellipses,	except	at	the	station	directly	to	the	east	of	the	epicentre	where	
the	post-seismic	velocity	is	slightly	larger	than	the	ellipse.		

In	 Fig.	 4.A3,	 the	 red	 curve	 in	 the	 left	 panel	 shows	 the	 exponential	 decrease	 of	 the	
maximum	horizontal	surface	velocity.	Other	curves	show	how	this	changes	for	differ-
ent	model	parameter	choices.	For	a	1 ∙ 10!"	Pa∙s	viscosity	(green	curve,	~0.9	yr	Max-
well	time),	the	initial	velocities	are	higher	but	decrease	more	rapidly,	so	that	the	sur-
face	velocities	are	 lower	after	8	yr	and	 thereafter.	For	a	1 ∙ 10!"	Pa∙s	viscosity	 (blue	
curve,	~87	yr	Maxwell	time)	the	stress	relaxation	is	very	slow	during	the	50	yr	interval	
since	the	earthquake.		

Figure	4.A3	Maximum,	horizontal,	surface	velocity	evolution	in	the	model	domain	for	an	𝑀𝑀!	6.9	normal	
faulting	 (Irpinia)	event.	Different	color	 lines	 indicate	different	model	choices	 for	elastic	 layer	 thickness	
and	viscosity	of	the	underlying	half-space.	A	different	choice	of	half-space,	elastic	parameters	is	indicat-
ed	with	circles	(lithospheric	mantle)	and	triangles	(lower	crust).	The	purple	line	indicates	the	moment	of	
GNSS	coverage	after	 the	1980	 Irpinia	 event,	 for	 the	right	 panel.	This	 right	 panel	 shows	a	 comparison	
between	GNSS	and	the	largest	post-seismic	surface	velocities	(different	scale),	corresponding	to	the	20	
km	and	1 ∙ 10!"	Pa∙s	forward	model	setup	in	the	main	panel.		
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A	greater	 thickness	of	30	km	of	 the	elastic	 layer	 in	 combination	with	a	1 ∙ 10!"	Pa∙s	
half-space	viscosity	(orange	line)	results	in	a	different	surface	response.	Surface	veloc-
ities	are	smaller	than	in	the	model	for	a	20	km	elastic	layer	because	the	seismogenic	
fault	is	located	farther	from	the	viscoelastic	material.	For	the	same	reason,	the	veloci-
ties	are	also	smaller	for	a	30	km	thick	elastic	layer	overlying	a	half-space	with	a	viscos-
ity	of	1 ∙ 10!"	Pa∙s	(black	line).	In	case	we	change	the	elastic	parameters	for	the	visco-
elastic	half-space	 from	a	mantle	material	 to	a	 crustal	material,	 the	 response	 is	 very	
similar	(even	though	Maxwell	times	increase	with	a	factor	1.6)	and	maximum	surface	
velocities	remain	small	for	most	setups	(dashed	line	with	triangles	in	Fig.	4.A3).		

In	the	right	panel	of	Fig.	4.A3,	we	show	the	post-seismic	velocities	at	the	time	of	the	
GNSS	solutions	(~35	yr	after	the	Irpinia	event)	per	monument	location	for	the	model	
with	the	highest	post-seismic	velocities.	Noting	the	different	scale	of	the	velocity	vec-
tors,	 it	 is	 clear	 that	 for	all	GNSS	 locations	 (except	 the	one	 closest	 to	 the	event)	 the	
post-seismic	signal	is	much	smaller	than	the	GNSS	vector.	For	all	other	model	setups,	
the	post-seismic	vectors	are	significantly	smaller.	We	thus	conclude	that	the	imprint	
of	viscoelastic	relaxation	following	the	1980	Irpinia	earthquake	is	well	within	the	un-
certainty	of	present-day	GNSS	observations.	This	 result	 indicates	that	 the	 imprint	of	
the	1908	Messina	earthquake,	of	similar	magnitude	[Aloisi	et	al.	2013],	 is	unlikely	to	
have	any	imprint	on	the	present-day	surface	motions.	

Results	for	smaller	magnitude	earthquakes		

The	 second	 largest	 event	 in	 our	 study	 area	was	 an	𝑀𝑀!	6.0	 strike-slip	 event	 in	 1978	
(see	Fig.	 4.A1	 for	epicentre	 location),	 close	 to	 the	Aeolian	 Islands.	 In	 Fig.	 4.A4a,	we	
compare	GNSS	velocities	with	post-seismic	velocities	for	a	model	with	a	20	km	thick	
elastic	layer	overlying	a	half-space	with	a	viscosity	of	1 ∙ 10!"	Pa∙s	at	1,	2	and	5	yr	af-
ter	such	an	event.	It	is	clear	that	after	5	yr,	there	simply	is	no	surface	motion	left	from	
the	post-seismic	transient	that	can	be	observed	in	GNSS	measurements.		

The	 third	 largest	 event	 is	 an	 oblique	 reverse	 thrust	 with	𝑀𝑀! 4.93	 that	 occurred	 in	
2002	(Fig.	4.A1),	in	the	Sicily-Tyrrhenian	offshore	thrust	front.	In	Fig.	4.A4B,	we	show	
the	post-seismic,	surface	velocity	evolution	for	a	model	with	a	20	km	thick	elastic	up-
per	crust	overlying	a	1 ∙ 10!"	Pa∙s	visco-elastic	half-space.	Again,	most	of	the	stresses	
have	dissipated	in	the	first	1-2	yr,	just	as	for	the	normal	faulting,	and	after	5	yr	post-
seismic	velocities	are	non-notable	in	the	geodetic	observations.		

Since	the	forward	modelling	of	post-seismic	velocities	is	a	linear	problem,	the	surface	
velocities	ensuing	from	visco-elastic	flow	also	scale	linearly	with	moment	magnitude	
(since	moment	magnitude	 scales	 directly	 and	 linearly	 with	 slip	 on	 the	 fault	 plane).	
Therefore,	it	is	straightforward	to	predict	the	post-seismic	response	for,	for	example,	
normal	faulting	events	with	a	smaller	magnitude.	We	take	the	𝑀𝑀!  4.6	normal	faulting	
event	of	1998,	not	far	from	the	Irpinia	event,	as	an	example	for	this.	There	is	an	89-
fold	 difference	 in	 seismic	 moment	 between	 these	 events,	 and	 as	 such,	 the	 post-
seismic	surface	velocities	also	decrease	by	this	same	factor.	From	the	maximum	ve-
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locity	evolution	curves	of	Fig.	4.A3	for	the	𝑀𝑀!  6.9	event,	we	ascertain	that	the	maxi-
mum	surface	velocity	 for	any	of	 the	model	 setups	will	be	 far	below	 the	1	mm yr!!	
threshold	we	set	to	represent	any	significant	contribution	to	GNSS	data	(with	the	low-
viscosity	models	holding	the	largest	surface	velocities	right	after	the	event).		

The	same	consideration	of	scaling	holds	for	other	faulting	mechanisms,	but	even	the	
largest	events	do	not	result	in	a	large	enough	post-seismic	transient	(Fig.	4.A4).	Since	
most	events	do	not	reach	𝑀𝑀!	6	in	our	focus	area,	even	multiple	events	that	may	am-
plify	their	postseismic	signals	through	summation	are	thus	unlikely	to	produce	a	sig-
nificant	contribution	to	horizontal	surface	velocity	observations.		

Other	post-seismic	mechanism?		

Afterslip	is	another	potential	mechanism	of	post-seismic	relaxation:	D’Agostino	et	al.	
[2012],	Cheloni	et	al.	 [2014]	and	Gualandi	et	al.	 [2014]	 find	 that	 significant	afterslip	
occurred	following	the	2009	L’Aquila	event.	For	this	event,	the	estimated	equivalent	
moment	magnitude	of	afterslip	 is	 less	 than	20	per	 cent	of	 the	moment	 released	by	
the	main	shock	though.	Effectively,	afterslip	could	increase	the	seismic	moment	only	
slightly,	which	would	not	affect	our	estimated	post-seismic	imprint.		

Métois	et	al.	[2015]	data	represent	interseismic	velocities		

With	the	notions	from	these	forward	models,	we	thus	conclude	that	the	geodetic	ve-
locity	model	of	Métois	et	al.	[2015]	may	be	very	slightly	affected	by	post-seismic	re-

Figure	4.A4	Evolution	of	post-seismic	velocities	(V)	and	comparison	with	(green)	geodetic	observations	
[Métois	et	al.	2015]	to	model	predictions	(blue)	for	two	different	mechanisms:	A	𝑀𝑀!	6.0	strike-slip	and	B	
𝑀𝑀!	4.9	oblique	reverse.	The	three	left	panels	show	the	post-seismic	velocity	magnitudes	at	1,	2	and	5	yr	
after	 the	respective	event.	Right	map	figures	 indicate	the	 locations	of	 the	maps	within	the	study	area	
and	the	focal	mechanisms.		
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laxation	at	the	station	near	the	Irpinia	epicentre	and	that	all	other	benchmark	veloci-
ties	indeed	represent	the	interseismic	surface	velocity	field.		

Supporting	Information	

Introduction	

In	the	supporting	information	we	discuss	several	additional	aspects	of	the	model	set-
up,	results	and	parameter	sensitivity.	Section	4.S1	details	one	of	the	important	forces	
in	our	models,	the	lithospheric	body	force.	Section	4.S2	addresses	how	the	reference	
model	 evolves	 to	 the	 constant	 velocities	 that	we	 show	 in	 the	main	 text.	 In	 Section	
4.S3	we	show	additional	results	of	our	preferred	model,	the	shear	strain	rate	and	ro-
tation	rate.	Sections	4.S4-6	discuss	the	sensitivity	of	the	preferred	model	to	input	pa-
rameters.	Text	4.S4	considers	the	model	sensitivity	to	selecting	a	power-law	rheology	
instead	of	piece-wise	constant	linear	viscous	domains.	In	section	4.S5	we	investigate	
the	effect	of	the	magnitude	of	the	viscosity,	and	of	the	viscosity	contrast	in	the	pre-
ferred	model.	Section	4.S6	discusses	the	role	of	slab	pull	magnitude.		

4.S1	Lithospheric	body	forces	from	gravitational	potential	energy	

We	use	 an	updated	 version	of	 the	 “Lithodens”	method	of	Warners-Ruckstuhl	 et	 al.	
[2012]	(WR12)	to	compute	the	gravitational	potential	energy	(GPE)	and	the	resulting	
lithospheric	 body	 forces.	 The	 original	 Lithodens	 method	 was	 based	 on	 an	 average	
density	 that	was	 constant	 throughout	 the	 lithospheric	mantle.	 The	density	moment	
underlying	the	GPE	calculation	is	however	sensitive	to	the	depth	of	the	density.	In	the	
absence	of	heat	production,	 the	geotherm	 in	 the	 lithospheric	mantle	 likely	 is	 (near-
)linear.	 Our	 updated	 calculation	 of	 GPE	 is	 therefore	 based	 on	 a	 linearly	 decreasing	
lithospheric	mantle	density.	Here	we	give	the	updated	GPE	equations.	We	show	the	
resulting	GPE	as	used	in	the	preferred	model,	and	we	discuss	differences	with	respect	
to	WR12.		

Figure	4.S1	shows	a	reference	column	at	sea	level,	a	thickened	continental	column,	a	
thinned	 continental	 column,	 and	 an	 oceanic	 column.	 Like	 in	WR12	 all	 columns	 are	
assumed	to	be	in	local	isostatic	equilibrium.	Given	their	limited	thicknesses,	all	layers	
except	the	lithospheric	mantle	are	assumed	to	have	a	constant	density	representing	
the	layer	average.	In	the	lithospheric	mantle	the	temperature	(and	therefore	the	den-
sity)	is	assumed	to	vary	linearly	with	depth (𝜌𝜌! =  𝜌𝜌!! 1 − 𝛼𝛼𝛼𝛼 𝑧𝑧 = 𝑐𝑐𝑐𝑐 + 𝑒𝑒). The	re-
sulting	GPE	equations	for	thickened	lithosphere	are: 
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For	the	thinned	lithosphere:	
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For	the	oceanic	lithosphere:	
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using the following input data (where ‘–‘ means that it is a variable input from the crustal 
model or bathymetry/topography) 

	

Fig.	4.S1	shows	higher	pressures	 in	 the	 lithospheric	mantle	 in	 the	 reference	column	
with	 respect	 to	 WR12.	 The	 GPE	 is	 the	 depth-integrated	 pressure,	 so	 our	 updated	

h	 Topography/bathymetry	 -	

	

𝜌𝜌!	
Asthenospheric	

density	 3.2	𝑔𝑔 𝑐𝑐𝑐𝑐!	

ℎ!"	 Crustal	thickness	 -	 𝜌𝜌!,!"#! 	 Asthenospheric	
density	at	0˚C	 3.36	𝑔𝑔 𝑐𝑐𝑐𝑐!	

ℎ!	
Lithospheric	

mantle	thickness	 -	 𝜌𝜌!,!"#	
Reference	crustal	

density	 2.85	𝑔𝑔 𝑐𝑐𝑐𝑐!	

L	 Reference	
lithospheric	thickness	 100	km	 ℎ!,!"#	

Reference	
crustal	thickness	 35	km	

𝜌𝜌!	 Water	density	 1	𝑔𝑔 𝑐𝑐𝑐𝑐!	 𝛼𝛼	 Thermal	expansion	
coefficient	 4	∙ 10!! 1 𝐾𝐾	

𝜌𝜌!"	 Crustal	density	 -	 𝑇𝑇!	
Asthenosphere	
temperature	 1200	˚C	

Figure	 4.S1	 Background	description	 for	 the	 calculation	of	 the	GPE.	 Left	 four	 columns	 represent	 litho-
spheric	columns	with	layer	thicknesses	and	densities.	The	color	of	the	line	beneath	the	columns	is	used	
to	represent	temperature	T,	density 𝜌𝜌	and	pressure	P	as	function	of	depth	in	columns	on	the	right.	The	
yellow	lines	correspond	with	these	quantities	for	the	reference	model	according	to	the	original	Warners-
Ruckstuhl	et	al.	[2012]	approach.	
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pressure	calculation	 results	 in	higher	GPE	 than	WR12.	We	use	crustal	 thickness	and	
density	structure	from	Molinari	and	Morelli	 [2011]	to	calculate	the	crustal	contribu-
tion	to	the	gravitational	potential	energy	(GPE).	Lithospheric	body	forces	are	comput-
ed	 numerically	 by	 taking	 horizontal	 derivatives	 of	 the	GPE.	 Fig	 4.S2	 shows	 sampled	
forces	vectors	in	the	central	Mediterranean	realm	from	resulting	GPE	values	as	color	
contours	draped	over	shaded	topography.		
	
Fig.	4.S3	 shows	 the	absolute	magnitude	difference	of	 the	 lithospheric	body	 force	 in	
our	domain	relative	to	the	method	of	WR12.	Significant	differences	are	found	in	the	
northern	 Apennines	 (outside	 our	model	 domain),	 and	 along	 the	 center	 of	 Calabria	
and	the	transition	into	the	southern	Apennines.	Also,	force	magnitudes	in	the	shallow	
parts	of	the	Tyrrhenian	Sea	near	Sicily	and	mainland	Italy	are	somewhat	larger	in	our	
updated	calculation.	

Figure	 4.S2	 Color	 contours	 indicate	 lithospheric	 body	 force	 magnitudes,	 and	 arrows	 designate	 force	
directions.	Note	large	body	forces	along	the	Malta	Escarpment	and	along	the	Aegean	trench.	
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4.S2	Model	spin-up	towards	constant	velocities		

In	pilot	numerical	experiments	we	used	convergence	tests	to	demonstrate	the	inde-
pendence	of	our	results	to	further	refinement	of	the	grid	and	of	time	step	size.	Here	
we	show	the	converged	solutions.	Fig.	4.S4	shows	the	evolution	of	model	velocities	as	
function	of	model	time.	We	use	the	characteristic	time	𝜏𝜏	of	relaxation	of	shear	stress-
es,	i.e.,	the	Maxwell	time,	to	quantify	the	model	time	–	here	the	Maxwell	time	of	the	
low-viscosity	domain	is	used.	Different	color	arrows	in	Fig.	4.S4	indicate	model	times.	
Especially	the	region	of	Calabria	surrounding	the	trench	and	the	Cittanova	fault	shows	
a	clear	orientation	change	through	time,	suggesting	that	 this	 time	dependence	 is	of	
importance	for	trying	to	match	the	GNSS	observations.	Velocities	do	not	change	fur-
ther	after	10𝜏𝜏	as	shown	by	the	arrows	overprinting	the	previous	arrows.	This	is	espe-
cially	clear	 from	the	model	 time	 t/𝜏𝜏	-graph	 (right).	 In	 this	panel,	we	calculate	a	nor-
malized	sum	of	the	difference	percentage	between	model	vectors	at	t	and	100𝜏𝜏	(simi-
lar	 to	equation	1),	but	comparing	different	 time	step	results	 throughout	 the	model,	
instead	of	comparing	to	GNSS	vectors).	The	model	spin-up	signature	thus	disappears	
after	10	Maxwell	times.	Model	results	in	the	main	text	are	therefore	shown	after	10𝜏𝜏	
of	model	time.		

Figure	4.S3.	The	absolute	difference	between	WR12	based	body	 force	magnitudes	and	forces	that	we	
use	here.		
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4.S3	Additional	preferred	model	results 

Rotation	and	effective	strain	rates	are	both	low	in	magnitude	(Fig.	4.S5).	Only	the	NE	
Sicily	 “block”	 shows	 some	higher	 rotation	 rates,	 induced	by	 the	 increase	 in	 velocity	
magnitude	in	this	block.	

	

Figure	 4.S4	 Preferred	model	 result	 velocities	with	 respect	 to	 different	 time	 steps	 (left	 panel;	 varying	
colors,	see	legend).	Model	misfit	with	respect	to	the	100𝜏𝜏	model	results	vs.	model	time	(t/𝜏𝜏)	(right).		
	

Figure	4.S5	Rotation	rates	(°/Myr)	and	distributed,	effective	shear	strain	rates	(nanostrain/yr)	for	the	
preferred	model	results.	
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4.S4	Model	sensitivity	to	using	a	power-law	rheology	

The	model	 faults	 represent	 fault/shear	 zones	where	 deformation	 has	 localized.	We	
use	 linear	viscoelastic	domains	 in	 combination	with	 these	 faults	 to	 capture	 the	 first	
order	mechanical	response	of	our	study	region.	One	may	consider	that	thin-viscous-
sheet	models	 [e.g.,	 England	and	McKenzie	1982]	 require	non-linear	viscous	 (power-
law)	 rheologies,	 and	 therefore	 we	 investigate	 the	 sensitivity	 to	 using	 a	 power-law	
rheology.	Below	we	will	discuss	the	results	of	such	model	experiment.	In	thin-viscous-
sheet	 models	 the	 power-law	 rheology	 causes	 dynamic	 strain	 localization	 in	 shear	
zones.	Importantly	however,	we	seek	to	investigate	the	mechanical	response	in	a	ge-
ographic	 context,	which	 such	 localization	 has	 already	occurred	–	 as	 represented	by	
the	 fault/shear	 zones	 that	we	 include	upfront.	This	 is	why	we	opted	 to	use	a	 linear	
viscosity:	there	is	no	observational	evidence	that	new	fault/shear	zones	are	develop-
ing	on	the	geodetic	timescale	that	we	consider	here.	However,	stress	differences	do	
occur	away	from	model	faults,	and	these	differences	result	in	viscosity	variations	in	a	
power-law	viscosity	context.	Here	we	investigate	the	sensitivity	of	the	results	of	our	
preferred	model	to	such	stress-induced	viscosity	variations.		

The	results	of	a	model	with	power-law	rheologies	(n=3)	yields	surface	velocities	that	
are	identical	to	the	preferred	model	without	adjusting	any	parameters.	Even	though	
some	 regions	where	 a	 higher	 stress	 difference	was	 observed	 in	 the	 linear	 viscosity	
models,	 are	 now	 lower	 in	magnitude,	 the	 resulting	 displacement	 field	 is	 the	 same.	
Considering	power-law	viscoelastic	 flow	 thus	 results	 in	an	 identical	 range	of	 friction	
on	all	faults	that	are	required	to	explain	the	data.		

4.S5	Model	sensitivity	to	viscosity	magnitude	and	viscosity	contrast		

Viscosity	magnitude	

Fig.	4.S6	illustrates	the	sensitivity	of	the	velocity	field	to	the	assumed	viscosities.	The	
central	panel	shows	our	preferred	model.	The	left	panel	shows	the	result	of	a	model	
with	 tenfold	 lower	 viscosities.	 The	model	 velocities	 align	with	 the	 lithospheric	body	
force	where	it	is	largest,	at	the	Malta	Escarpment,	central	Apennines,	and	the	Ionian	
side	of	Calabria	(see	Fig.	4.S2).	The	expression	of	lithospheric	body	forces	thus	over-
shadows	the	deformation	by	the	other	forces.	Lithospheric	body	forces	drive	an	un-
realistic	 amount	of	 gravity	 collapse	 in	 the	domain,	 and	 the	model	 fit	 to	 the	 surface	
velocities	decreases	significantly.	This	effect	cannot	be	adjusted	for	by	increasing	the	
fault	 friction	since	 it	 is	 inherently	a	feature	of	higher	GPE-forces	that	predominantly	
affect	the	“intra-block”	domains	of	the	model	domain,	on	the	force	balance.		

The	right	panel	in	Fig.	4.S6	shows	the	result	of	a	model	where	we	increase	all	viscosi-
ties	of	the	preferred	model	by	a	factor	of	ten.	In	this	case,	the	model	velocities	start	
aligning	more	with	the	Africa-Europe	relative	motion.	The	deformation	from	far	field	
driving	forces	thus	dominates	over	that	by	the	other	model	forces,	resulting	in	a	de-
crease	in	the	velocity	fit.		A	much	lower	friction	on	the	faults	cannot	account	for	this	
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as	the	Africa-Europe	motion	is	transferred	through	Apulia	so	that	the	Apennines	ex-
tension	is	not	present.	

The	 fit	 to	 the	GNSS	 is	 thus	 sensitive	 to	 the	model	 viscosities.	Viscosities	 in	our	pre-
ferred	model	optimally	balance	the	contributions	of	the	different	driving	forces	to	the	
observed	surface	deformation.	

	

Viscosity	contrast	

Fig.	4.S7	shows	the	sensitivity	of	the	model	fit	to	the	assumed	viscosity	contrast	be-
tween	the	Ionian	basin	and	continental	domains.	We	keep	the	viscosity	of	the	Ionian	
basin	 constant	at	1 ∙ 10!"	Pa∙s,	 i.e.,	 it	 is	elastic	on	 the	model	 time	scale.	 In	our	pre-
ferred	model	the	viscosity	contrast	is	1:4.	Fig.	4.S7	shows	that	a	smaller	viscosity	con-
trast	results	in	a	higher	misfit.	The	misfit	is	insensitive	to	increasing	the	viscosity	con-
trast	beyond	1:8,	while	the	1:4	already	shows	mostly	similar	behavior.	The	improve-
ment	of	the	fit	to	observed	GNSS	data	for	higher	contrasts	is	due	to	the	notion	that	a	
higher	viscosity	Ionian	domain	better	transfers	the	African	plate	motion	into	the	Apu-
lian	and	Sicilian	domains.	The	better	transmission	of	plate	motion	cannot	be	achieved	
by	adjusting	friction	values	on	the	faults	in	the	system.	The	subduction	contact	is	the	
only	fault	where	such	transmission	is	possible,	and	this	should	be	frictionless	in	order	
to	obtain	the	NE-ward	trending	velocities	in	the	Calabrian	domain.	Model	results	are	
thus	 sensitive	 to	 a	 decrease	 in	 the	 viscosity	 contrast	 between	 the	 Ionian	 basin	 and	
surrounding	areas.		

Figure	 4.S6	Model	 results	 for	models	with	 different	 values	 for	 domain	 viscosities,	 with	a	 comparison	
between	model	results	(red)	and	GNSS	(blue)	vectors	(with	respect	to	stable	Europe).	
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4.S6	Slab	pull	magnitude	

In	 Fig.	 4.S8,	we	demonstrate	 the	effect	of	 an	 increase	 in	 the	magnitude	of	 the	 slab	
pull	 acting	 at	 the	 Calabrian	 subduction	 contact.	 While	 the	 preferred	 model	 setup	
(bottom	row)	only	employs	5%	slab	pull	(of	the	maximum	value),	increasing	this	value	
twofold	(middle	row)	or	fourfold	(top	row)	induces	a	larger	misfit	since	the	direction	
of	the	slab	pull	becomes	a	dominating	factor	and	surface	motions	tend	to	follow	the	
direction	of	 the	 slab	pull,	 especially	 in	 the	Sicily	and	Apulia	domains.	 Increasing	 the	
percentage	of	 trench	 suction	will	be	 canceled	by	 increasing	 the	 friction	on	 the	 sub-
duction	contact.	

4.S7	Conclusions	

In	conclusion,	model	results	are	sensitive	to	the	choice	of	domain	viscosities	and	the	
amount	of	slab	pull	acting	on	the	Calabrian	subduction	interface.	Our	updated	meth-
odology	of	calculating	the	lithospheric	body	forces,	through	a	linearly	decreasing	lith-
ospheric	mantle	density,	does	produce	differences	with	respect	to	the	methodology	
with	 an	 average	 density.	 These	 differences	 are	 not	 overwhelmingly	 large	 in	magni-
tude	but	should	not	be	ignored.	
	

Figure	4.S7	Model	misfit	vs.	viscosity	contrast	between	the	Ionian	basin	and	the	continental	domains.	
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Figure	4.S8	Model	 results	 for	model	 setups	with	5%	 slab	pull	 (the	preferred	 setup,	bottom	row),	 10%	
(middle	row)	and	20%	(top	row).	Left	column	shows	model	results,	with	a	sampled	velocity	 field	 (with	
respect	 to	stable	Europe)	and	slip	 rates	 (purple	balls)	on	the	 faults.	Middle	column	shows	comparison	
between	 model	 results	 (red)	 and	 GNSS	 (green)	 vectors	 (with	 respect	 to	 stable	 Europe).	 Right	 panel	
shows	magnitude	of	the	misfit	vectors	at	each	GNSS	station.	
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5.	Estimating	forces	and	rheology	from	crustal	deformation	in	the	
western	Mediterranean:	a	Bayesian	approach3	

5.1	Introduction	

Located	in	between	the	slowly	converging	African	and	Eurasian	continents,	the	west-
ern	Mediterranean	region	contains	a	tight	arcuate	orogeny,	built	mostly	throughout	
the	Late	Cenozoic:	 the	Gibraltar	Arc	 (GA)	 [e.g.,	Andrieux	et	al.	1971;	Dercourt	et	al.	
1986;	Platt	et	al.	2013].	The	GA	runs	from	the	Moroccan	Rif	across	the	Gibraltar	Strait	
towards	the	eastern	Betics	(Fig.	5.1),	thereby	largely	encircling	the	Alboran	Sea	basin.	
The	 present-day	 relative	motion	 between	 the	African	 and	 Eurasian	 plates	 is	mostly	
accommodated	in	narrow	zones	defining	a	plate	boundary,	to	the	East	along	the	Alge-
rian	margin	and	to	the	West	along	the	Gloria	(dextral	transform)	Fault	(Fig.	5.1A;	e.g.,	
Argus	et	al.	[1989]).	This	is	not	the	case	for	the	GA	region,	where	transpressive	strain	
is	distributed	over	a	wide	region	(Fig.	5.1A),	from	the	Gorringe	bank	and	Coral	Patch	
Fault	in	the	west	of	the	Gulf	of	Cadiz,	to	the	strike-slip	faults	of	the	East	Betics	Shear	
Zone	 (EBSZ)	and	 the	Yusuf	 fault	 in	 the	Alboran	Sea	 (Fig.	5.1B)	 [e.g.,	Serpelloni	et	al.	
2007;	Palano	et	al.	2013].	Global	Navigation	Satellite	System	(GNSS)	velocities	in	the	
GA	indicate	ongoing	contraction	 in	the	western	Betics	(NW-SE)	and	the	Rif	 (NE-SW),	
and	~ENE-WSW	extension	 in	the	central	Betics	and	Nekor	basin	[Koulali	et	al.	2011;	
Palano	et	al.	2013;	Kreemer	et	al.	2014].	The	GA	displays	motion	that	deviates	from	
both	stable	Eurasia	and	Africa	(Fig.	5.1C)	[Fadil	et	al.	2006;	Stich	et	al.	2006;	Koulali	et	
al.	2011;	Nocquet	2012].	Deep	seismicity	data	[e.g.,	Buforn	et	al.	1991;	Palano	et	al.	
2013;	Custódio	et	al.	2016]	and	seismic	tomography	[e.g.,	Seber	et	al.	1996;	Gutscher	
et	 al.	 2002;	 Spakman	and	Wortel	 2004]	outline	a	 slab-like	 structure	dipping	 steeply	
and	(mostly)	eastward	beneath	the	Alboran	Sea.	Evidence	at	the	accretionary	wedge	
in	 the	Gulf	 of	 Cadiz	 of	waning	 convergence	 since	 the	Messinian	 is	 commonly	 inter-
preted	 to	 indicate	 that	 subduction	 has	 nearly	 or	 completely	 halted	 [Gutscher	 et	 al.	
2002,	2009a,	2012;	Iribarren	et	al.	2007;	Zitellini	et	al.	2009].		

In	the	western	Mediterranean,	seismic	hazard	is	significant	[Jimenez	et	al.	1999,	2003;	
Martinez	Solares	and	Lopez	Arroyo	2004;	Grünthal	et	al.	2013;	Mourabit	et	al.	2013;	
Stucchi	et	al.	2013].	This	 includes	large	seismic	potential	along	fault	strands	that	are	
known	to	have	Quaternary	fault	activity	in	the	Alboran	basin	and	onshore	Iberia	(the	
Quaternary	Active	Faults	of	Iberia	(QAFI)	database;	Garcia-Mayordomo	et	al.	[2012]),	
in	 the	Gulf	 of	 Cadiz	 [e.g.,	 Rosas	 et	 al.	 2016],	 fault	 strands	 along	 the	 Algerian	 coast	
[e.g.,	 Chimouni	 et	 al.	 2018]	 and	 the	 Rifian	 front	 [Moratti	 et	 al.	 2003;	 Poujol	 et	 al.	
2017].	The	accumulation	of	 slip	deficit	on	seismogenic	 faults	 is	a	 significant	motiva-
tion	for	investigating	the	kinematics	of	the	region.	

																																																								
3	Nijholt,	N.,	Herman,	M.	and	Govers,	R.,	Estimating	forces	and	rheology	from	crustal	deformation	in	the	
western	Mediterranean:	a	Bayesian	approach.	In	preparation	for	publication.	



	 155	

	

Figure	5.1	A	Tectonic	overview	of	 the	western	Mediterranean	with	the	main	deformation	zones	[Mar-
tínez-García	et	al.	2011;	Palano	et	al.	2013;	Custódio	et	al.	2016].	B	Simplified	geological	map	with	the	
main	fault	zones	for	the	blue	box	in	A	as	described	in	the	main	text.	C	GNSS	data	with	their	95%	error	
ellipses	with	respect	to	stable	Europe	[Kreemer	et	al.	2014].	
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Previous	modeling	 studies	 attempted	 to	 capture	 the	present-day	 kinematics	 by	 slip	
on	several	active	 fault	 strand	systems,	using	driving	 forces	 from	Africa-Europe	plate	
convergence	 [Cunha	et	al.	2012],	basal	mantle	 tractions	 [Carafa	et	al.	2015],	and/or	
model-internal	velocity	boundary	conditions	 [Neres	et	al.	2016].	Cunha	et	al.	 [2012]	
and	Neres	et	al.	[2016]	use	a	substantially	more	realistic	fault	distribution	than	Jimé-
nez-Munt	 et	 al.	 [2001a,	 b],	 Negredo	 et	 al.	 [2002]	 and	 Jiménez-Munt	 and	 Negredo	
[2003],	particularly	because	they	incorporate	offshore	active	fault	strands	[Zitellini	et	
al.	2009;	Martínez-Garcia	et	al.	2011].	Also,	they	could	use	a	larger	set	of	GNSS	obser-
vations	to	constrain	their	models	[e.g.,	Stich	et	al.	2006;	Koulali	et	al.	2011].	However,	
Cunha	 et	 al.	 [2012]	 and	 earlier	 studies	 include	 neither	 slab	 pull	 nor	 trench	 suction	
(Carafa	et	al.	[2015]),	nor	mantle	tractions.	Cunha	et	al.	[2012]	find	that	the	presence	
and	location	of	active	fault	strands	in	the	Gulf	of	Cadiz	have	a	strong	control	on	model	
predictions.	Cunha	et	al.	[2012]	obtain	a	good	fit	with	onshore	geodetic	observations	
when	employing	a	low	coefficient	of	friction	(<	0.1).	Neres	et	al.	[2016]	introduce	ve-
locity	boundary	conditions	into	the	Alboran	Sea	domain	and	find	that	a	large,	but	lo-
cal,	 SW-directed	mantle	 traction	acts	on	 the	base	of	 the	Alboran	Sea	domain.	Both	
studies	 assume	 the	 same	 friction	 coefficient	 on	 every	 fault	 strand	 in	 their	models.	
Also,	they	do	not	consider	the	contribution	of	forces	derived	from	lateral	variation	in	
gravitational	potential	energy	(GPE)	[Negredo	et	al.	2002;	Cunha	et	al.	2012;	Carafa	et	
al.	2015;	Neres	et	al.	2016].	GPE-derived	 forces	have	been	established	 to	be	an	 im-
portant	driver	in	other	regions	[e.g.,	Flesch	et	al.	2007;	Özeren	and	Holt	2010;	Warn-
ers-Ruckstuhl	et	al.	2012;	Ghosh	et	al.	2013]	and	should	be	considered	to	play	a	role	
in	the	present-day	stress	and	strain	fields	in	the	Gibraltar	Arc,	specifically	in	the	Betics	
[Sanz	 de	 Galdeano	 and	 Alfaro	 2004;	 Fernández-Ibáñez	 and	 Soto	 2008;	 Neves	 et	 al.	
2014;	Neres	et	al.	2018].	The	above	studies	thus	neither	constrain	the	driving	forces	
nor	the	resistive	forces	(like	fault	friction)	that	act	on	the	Gibraltar	region	in	a	system-
atic	way.	They	also	do	not	address	the	uncertainties	in	these	forces.	It	is	our	aim	to	do	
this.	

Mechanical	properties	of	the	lithosphere	and	fault	zones	connect	forces	to	observed	
surface	 velocities,	 but	 these	 forces	 and	 rheologies	 are	 incompletely	 constrained	 by	
independent	observations	or	theory.	We	employ	a	parameterized	description	of	forc-
es	and	of	 the	mechanical	properties	of	 the	 lithosphere	and	 fault	zones.	We	address	
the	question	whether	these	parameters	can	be	constrained	by	the	available	observa-
tions	 in	the	context	of	the	physics-based	models	that	we	use.	For	parameters	 incor-
porated	in	the	models,	we	estimate	the	uncertainties.	We	focus	on	GNSS	velocity	ob-
servations	[Kreemer	et	al.	2014],	which	have	the	smallest	error	margins	of	all	the	kin-
ematic	observations,	and	the	observationally	constrained	sense	of	shear	at	(potential-
ly)	active	fault	zones.	We	adopt	an	updated	Moho	topography	map	to	obtain	a	best	
estimate	of	GPE-derived	forces.	We	seek	to	estimate	the	physical	parameters	of	our	
models,	and	outline	trade-offs	between	them	(domain	viscosity,	slab	effects	and	fault	
slip	resistance).	Following	the	work	of	e.g.	Baumann	et	al.	 [2014]	and	Baumann	and	
Kaus	[2015],	this	study	presents	one	of	the	first	attempts	of	a	probabilistic	approach	
to	estimate	forces	and	rheology	using	(simplified)	regional	geodynamic	models.	
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5.2	Geodynamic	setting	

The	GA	region	is	a	region	of	distributed	deformation	without	a	clear	plate	boundary	
[Stich	et	al.	2006;	Serpelloni	et	al.	2007;	Nocquet	2012;	Palano	et	al.	2013,	2015].	Two	
main	shortening	directions	are	observed	in	the	GA:	NE-SW	in	the	Rif	and	NW-SE	in	the	
western	Betics	[Nocquet	et	al.	2012].	ENE-WSW	extension	takes	place	 in	the	central	
Betics	[Fernández-Ibáñez	and	Soto	2008],	whereas	the	EBSZ	and	TASZ	are	major,	sin-
istral	strike-slip	systems	crossing	the	Alboran	Sea	basin	[e.g.,	Comas	et	al.	1999;	Mar-
tínez-García	et	al.	2011].		

Africa-Eurasia	 plate	 convergence	 provides	 the	 background	 signature	 of	 surface	mo-
tions	 and	 the	 stress	 field	 for	 the	western	Mediterranean.	 In	 order	 to	 better	 under-
stand	what	drives	 the	deviating	motion	of	 the	GA	and	 the	seismic	hazard	 in	 the	 re-
gion,	we	need	to	consider	which	 tectonic	processes	and	 forces	are	acting	 in	 the	GA	
region.	Could	these	observations	be	explained	solely	through	plate	convergence?	The	
available	geological	record	and	various	geophysical	observations	indicate	that	a	sim-
ple	 extrusion	 of	 the	 Alboran	 domain	 [Andrieux	 et	 al.	 1971;	Meghraoui	 et	 al.	 1996;	
Morel	and	Meghraoui	1996;	Chalouan	et	al.	2006]	is	unlikely	to	be	the	dominant	pro-
cess,	as	this	does	not	account	for	the	presence	of	a	slab-like	structure	or	E-W	exten-
sion	in	the	Betics	and	Nekor	basin.	Even	though	the	observed	structures	for	the	east-
ern	part	of	 the	Alboran	Sea	and	EBSZ	 indicate	a	setting	dominated	by	plate	conver-
gence	[Giaconia	et	al.	2015],	principal	stress	directions	 in	 the	GA	 indicate	that	addi-
tional	 processes	must	 have	 an	 imprint	 [Comas	 et	 al.	 1999;	 Fernández-Ibáñez	 et	 al.	
2007;	Pedrera	et	al.	2011;	Palano	et	al.	2013].	

Within	the	western	Mediterranean	land-locked	domain	[Le	Pichon	1982],	two	domi-
nant	mechanisms	have	been	proposed	to	be	responsible	for	the	observed	surface	and	
marine	geology	[e.g.,	Rehault	et	al.	1984;	Dercourt	et	al.	1986;	Platt	and	Vissers	1989;	
Platt	2003;	 van	Hinsbergen	et	al.	2014;	Medaouri	et	al.	 2014;	 Leprêtre	et	al.	2018],	
upper	mantle	structure	based	on	seismological	data	[Seber	et	al.	1996;	Spakman	and	
Wortel	2004;	Díaz	et	al.	2014;	Radi	et	al.	2015;	Mancilla	et	al.	2015;	Molina-Aguilera	
et	 al.	 2019],	 paleomagnetic	 vertical	 axis	 rotations	 [Platzman	 1992;	 Platzman	 et	 al.	
1993;	Cifelli	et	al.	2016]	and	volcanism	[Araña	and	Vegas	1974;	Lonergan	and	White	
1997;	Duggen	et	al.	2004,	2005,	2008]:	1)	Miocene	delamination	of	 the	 lithospheric	
mantle	 [Platt	and	Vissers	1989;	Seber	et	al.	1996;	Calvert	et	al.	2000]	and	2)	 (west-
ward)	slab	rollback	and	overriding	plate	migration	[Auzende	et	al.	1973;	Royden	1993;	
Gutscher	et	al.	2002;	Chalouan	and	Michard	2004;	Spakman	and	Wortel	2004;	Mauf-
fret	et	al.	2007;	Vergés	and	Fernàndez	2012].		

Platt	and	Vissers	[1989]	invoke	a	continental	delamination	process	to	explain	the	ex-
tension	and	thinning	of	the	Alboran	basin	 in	the	context	of	Africa-Europe	plate	con-
vergence	 and	 the	 emplacement	 of	metamorphic	 rock	 onto	 the	 Iberian	 and	 African	
margins.	The	delamination	process	involves	a	large	increase	in	elevation	and	potential	
energy	of	 the	Alboran	Sea,	which	 then	subsequently	collapsed	onto	 the	 Iberian	and	
Rifian	margins.		
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Seismic	tomography	studies	image	the	Gibraltar	slab	with	a	narrow	but	arcuate	shape	
in	the	upper	mantle	that	connects	to	the	surface	beneath	the	Gibraltar	Strait	[Seber	
et	 al.	 1996;	 Bijwaard	 et	 al.	 1998;	 Piromallo	 and	Morelli	 2003;	 Spakman	and	Wortel	
2004;	Fichtner	and	Villaseñor	2015;	Mancilla	et	al.	2015;	Villaseñor	et	al.	2015].	The	
emplacement	 of	 nappe	 stacks	 onto	 the	 Iberian	 and	 African	margins,	 the	westward	
migration	of	the	Alboran	basin	with	concurrent	spatio-temporal	evolution	of	volcan-
ism,	and	the	build-up	of	the	accretionary	wedge	in	the	Gulf	of	Cadiz	are	interpreted	to	
be	 the	 result	 of	 westward	 slab	 rollback	 [Royden	 1993;	 Lonergan	 and	White	 1997;	
Gutscher	et	al.	2002;	Spakman	and	Wortel	2004;	Platt	et	al.	2013;	Wortel	et	al.	2017].	
The	kinematic	model	proposed	by	Spakman	and	Wortel	[2004],	and	later	Chertova	et	
al.	[2014a]	and	van	Hinsbergen	et	al.	[2014],	suggests	that	a	narrow	subduction	zone	
beneath	the	Baleares	first	rolls	back	in	a	~S	direction.	As	it	radially	grows	and	reaches	
the	African	passive	margin,	 the	Kabylides	dock	and	a	STEP	 fault	 [Govers	and	Wortel	
2005]	develops	along	this	margin	in	the	wake	of	lithospheric	tearing	(sensu	Wortel	et	
al.	[2009]).	This	allows	for	the	continuation	of	subduction	and	accelerated	westward	
slab	 rollback.	 In	 this	 scenario,	a	STEP	 fault	does	not	develop	concurrently	along	 the	
Iberian	margin,	possibly	because	 the	 strong	 Iberian	passive	margin	delayed	 subduc-
tion,	and	mantle	flow	has	an	impact	on	the	evolution	of	the	Gibraltar	slab	[Chertova	
et	al.	2014a,b,	2018;	Spakman	et	al.	2018].	Towards	 the	 final	 stage	of	 slab	 rollback,		
slab	sinking	may	be	related	to	the	opening	of	the	Gibraltar	Strait	following	the	Mes-
sinian	salinity	crises	[Govers	2009].	The	position	of	the	Gibraltar	slab	has	not	changed	
much	since	the	Late	Tortonian	[e.g.,	Chertova	et	al.	2014a;	Spakman	et	al.	2018],	as	
shown	by	observations	of	fading	activity	of	the	accretionary	wedge	and	nappe	front	
[e.g.,	Maldonado	et	 al.	 1999;	Crespo-Blanc	 and	Campos	2001;	 Iribarren	et	 al.	 2007;	
Gutscher	et	al.	2012].		

Present-day	 shortening	 at	 the	western	 Betics	 nappe	 front	 [e.g.,	 Ruiz-Constán	 et	 al.	
2009;	Gonzalez-Castillo	et	al.	2015a]	and	 the	Rifian	 front	 (on	a	Holocene	 time-scale	
[e.g.,	Moratti	et	al.	2003;	Poujol	et	al.	2017]),	and	distributed	uplift	 in	the	whole	GA	
region	since	the	Late	Tortonian-Messinian	[Iribarren	et	al.	2009]	can	be	interpreted	to	
result	from	Africa-Europe	plate	convergence.	The	very	deep	Moho	underneath	the	Rif	
Mountains	(Fig.	5.3)	is	most	likely	the	result	of	past	nappe	stack	building,	and	contin-
uation	of	the	Gibraltar	slab	to	the	surface	[e.g.,	Díaz	et	al.	2016].	Plate	convergence	is	
considered	to	be	a	major	driver	for	the	(predominant)	strike-slip	motion	along	TASZ	
and	EBSZ	[Martínez-García	et	al.	2013;	Giaconia	et	al.	2015;	Borque	et	al.	2019].	Ex-
tension	of	the	central	Betics	most	likely	results	from	lateral	gradients	in	GPE	[Sanz	de	
Galdeano	and	Alfaro	2004;	Fernández-Ibáñez	and	Soto	2007;	Neves	et	al.	2014;	Neres	
et	al.	2018].		

5.3	Model	setup:	parameterization	of	the	mechanical	model		

Previous	 studies	 [e.g.,	 England	and	McKenzie	1982;	 van	Benthem	and	Govers	2010;	
van	Benthem	et	al.	2014;	England	et	al.	2016;	Özbakir	et	al.	2017;	Walters	et	al.	2017;	
Nijholt	et	al.	2018]	 show	that	a	2D	mechanical	 sheet	adequately	captures	 the	 litho-
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spheric	 response	 to	 forces,	 especially	 when	 focusing	 on	 horizontal	 surface	 defor-
mation.	This	means	that	we	can	parameterize	forces	arising	from	3D	structures	as	2D	
line	forces	that	act	on	 lithospheric	columns.	We	focus	on	forces	and	rheologies	that	
are	of	major	importance	for	the	lithosphere:	lateral	variations	in	gravitational	poten-
tial	energy	[e.g.,	Fleitout	and	Froidevaux	1982],	slab	pull	at	the	Gibraltar	subduction	
contact	[e.g.,	Forsyth	and	Uyeda	1975],	regional	viscosity	variations	[e.g.,	England	and	
McKenzie	1982],	and	faults	with	shear	resistance.	Trench	suction	[Elsasser	1971;	Bott	
et	al.	1989]	may	also	act	on	the	overriding	 (Alboran)	plate,	because	the	setting	was	
dominated	 by	 slab	 rollback	 in	 the	 past	 [e.g.,	 Royden	 1993].	We	 opt	 to	 not	 include	
other	 forces,	 such	 as	 mantle	 tractions,	 or	 small-scale	 rheological	 variations	 in	 this	
study.	We	will	return	to	these	forces	in	the	Discussion	section.	We	will	first	describe	
how	 the	mechanical	model	 is	 parameterized,	 after	which	we	describe	 the	Bayesian	
methodology	to	evaluate	parameter	values	from	model	results.	

Figure	5.2	Model	domain	as	explained	in	main	text	with	 fault	groups	 (with	similarly	colored	 lines)	and	
viscosity	domains	with	a	material	number:	1)	Atlantic	ocean,	2)	Iberian	continent,	3)	Provençal-Algerian	
oceanic	back-arc,	4)	Alboran	domain,	5)	African	continent.	Arrows	indicate	velocity	boundary	conditions	
relative	to	stable	Europe	(after	rotation	pole	of	D’Agostino	et	al.	[2008]).	White	numbers	correspond	to	
segments	as	described	in	main	text.	
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Body	forces	and	tractions	on	the	slab	are	represented	in	parameterized	form	(see	be-
low)	by	 line	 forces	 along	 the	plate	 contact	 in	 the	model.	 Vertically	 integrated	body	
forces	 in	 the	 lithosphere	 are	 represented	 by	 shear	 tractions	 along	 the	 base	 of	 the	
model.	These	traction	boundary	conditions	thus	capture	the	three-dimensionality	of	
the	GA	domain	in	our	plane	stress	model.	We	solve	the	mechanical	equilibrium	equa-
tions	 on	 a	 spherical,	 visco-elastic	 shell	 using	 the	 GTECTON	 finite	 element	 platform	
(version	 2018.9)	 [Govers	 and	Meijer	 2001;	 Govers	 et	 al.	 2018].	 Our	model	 domain	
(Fig.	5.2)	straddles	the	Europe-Africa	plate	boundary	and	contains	several	active	fault	
systems	within	the	GA	region	of	distributed	deformation.	Model	velocities	are	com-
puted	with	respect	to	stable	Europe,	and	we	use	the	D’Agostino	et	al.	[2008]	rotation	
pole	 for	African	plate	motion	for	the	velocity	boundary	conditions	along	the	African	
side	of	the	model	domain	(Fig.	5.2).	We	assume	that	GNSS	velocities	are	representa-
tive	for	the	whole	lithosphere.	Active,	lithosphere	scale,	fault	zones	(Fig.	5.1A	and	B)	
in	the	model	are	inferred	from	geological	and	seismological	data,	as	described	in	the	
following	section.	Just	as	in	Chapter	4,	we	coalesce	some	fault	strands	that	display	the	
same	style	of	deformation	observed	in	geology	into	single	fault	strands,	particularly	in	
the	offshore	areas.		

5.3.1	Active	fault	zones	

The	Horseshoe,	Gorringe	and	Coral	Patch	fault	segments	(Fig.	5.1A,	B)	are	structural	
features	that	can	be	clearly	identified	in	seismic	sections	and	in	the	bathymetry	in	the	
Atlantic.	These	display	present-day	activity	with	thrust	(to	oblique-thrust)	behavior	in	
the	 seismicity	 observations	 [Grácia	 et	 al.	 2003;	 Gutscher	 et	 al.	 2012;	 Martínez-
Loriente	 et	 al.	 2014;	 Custódio	 et	 al.	 2015,	 2016].	 A	 Quaternary	 slip	 rate	 of	∼0.2	
mm yr!!	is	inferred	for	the	Horseshoe	fault	[Martínez-Loriente	et	al.	2018],	taking	up	
only	a	fraction	of	the	inferred	∼1.5-3	mm yr!!	convergence	that	is	inferred	from	ge-
odetic	data	and	rotation	poles	[e.g.,	Argus	et	al.	1989;	Serpelloni	et	al.	2007].	Here	we	
take	 the	 neighboring	 Horseshoe	 Fault,	 the	 Horseshoe	 Abyssal	 Plain	 Thrust	 and	
Marquês	 de	 Pombal	 fault	 as	 described	 in	 detail	 by	 Martínez-Loriente	 et	 al.	 [2014,	
2018]	and	Silva	et	al.	[2017]	as	a	single	fault	in	the	offshore	Gulf	of	Cadiz	for	our	mod-
els,	which	we	will	 refer	to	as	the	Horseshoe	model	 fault.	The	accretionary	wedge	 in	
front	of	 the	 subduction	 contact	 in	 the	Gulf	of	Cadiz	 is	probably	 inactive,	or	 at	 least	
with	 very	 low-magnitude	 differential	 slip	 rate	 along	 the	 decollement;	 largely	 unde-
formed	 Plio-Holocene	 sediments	 lie	 on	 top	 of	 the	 accretionary	 wedge,	 with	 some	
gravitational	 instability	 observations	 for	 the	 upper	 sections	 of	 the	wedge.	 This	 sug-
gests	 no	 convergence	 since	 5	Ma	 [Gutscher	 et	 al.	 2012].	Whether	 the	 SWIM	 linea-
ments	 [Zitellini	et	al.	2009]	accommodate	 significant	 recent	deformation	 is	debated	
[e.g.,	 Cunha	 et	 al.	 2012].	 The	 Gloria	 fault	 accommodates	 this	 differential	 motion	
through	a	∼4 mm yr!!	dextral	strike-slip,	west	of	the	Gorringe	bank,	based	on	rota-
tion	vectors	of	Africa	and	Europe	[Argus	et	al.	1989].	In	the	Gulf	of	Cadiz,	a	(oblique-
slip)	thrust	front	(including	the	Portimão	bank	and	the	Cadiz	fault)	 is	 identified	from	
bathymetry,	 seismic	 lines	 [Zitellini	 et	 al.	 2009;	 Gutscher	 et	 al.	 2012]	 and	 seismicity	
[Custódio	et	al.	2016;	Silva	et	al.	2017].	
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In	 the	 eastern	 Betics,	 a	 number	 of	 sinistral	 strike-slip	 faults	 constitute	 the	 Eastern	
Betics	 Shear	 Zone	 (EBSZ	 in	 Fig.	 5.1A;	 Rutter	 et	 al.	 [2012,	 2014]).	 This	 includes	 the	
Alhama	de	Murcia,	Crevillente,	Jumilla,	Palomares	and	Carboneras	fault	systems	(Gar-
cia-Mayordomo	et	al.	2012;	Fig.	5.1B).	The	Carboneras	 fault	continues	offshore	 into	
the	Alboran	Sea,	as	determined	from	swath	bathymetry	[e.g.,	Comas	et	al.	1999]	and	
has	Moho	offsets	 in	 the	basement	 [Gómez	de	 la	Peña	et	al.	2018].	These	 faults	are	
known	to	have	produced	(𝑀𝑀𝑤𝑤 > 6)	earthquakes	(SHEEC	database;	Stucchi	et	al.	2013;	
Grünthal	et	al.	2013).	The	tectonic	fronts	of	the	 internal	and	external	eastern	Betics	
are	currently	inactive	(at	least	since	the	Messinian	[e.g.,	Platt	et	al.	2013]).	Distributed	
geological	 (Quaternary)	 and	 seismic	 (present-day)	 activity	 is	 present	 in	 the	 central	
Internal	Betics,	 at	 the	Granada	basin	 [Fernández-Ibáñez	and	Soto	2008;	Custódio	et	
al.	 2016;	 QAFI],	 characterized	 by	∼E-W	 extension.	 The	 Betics	 actively	 override	 the	
Guadalquivir	foreland	basin	in	the	western	Betics	as	observed	in	geology	from	fault-
ing	 [Ruiz-Constán	 et	 al.	 2009,	 2012;	 Custódio	 et	 al.	 2016]	 and	 folding	 [Gonzalez-
Castillo	 et	 al.	 2015b].	 Geological	 (<200	 ka)	 slip	 rates	 on	 individual	 fault	 strands	 are	
limited	to	0-2	mm yr!!	[e.g.,	Garcia-Mayardomo	et	al.	2012;	Ferrater	et	al.	2017].	

Tomography	studies	 indicate	that	the	Gibraltar	slab	has	a	slab	edge	underneath	the	
Rif	[e.g.,	Spakman	and	Wortel	2004;	Mancilla	et	al.	2015;	Villaseñor	et	al.	2015].	Fol-
lowing	the	notion	that	slab	rollback	along	the	African	margin	has	resulted	in	the	pre-
sent-day	tectonic	setting	[e.g.	Royden	1993;	Gutscher	et	al.	2002,	2012;	Spakman	and	
Wortel	2004;	Chertova	et	al.	2014a],	a	STEP	fault	 is	 likely	 to	exist	as	 the	surface	ex-
pression	of	lithospheric	tearing	[Govers	and	Wortel	2005;	Baes	et	al.	2011],	juxtapos-
ing	 the	overriding	Alboran	domain	and	African	continent.	Several	authors	have	sug-
gested	that	the	(sinistral	strike-slip)	Nekor	fault	is	(part	of)	the	STEP	fault	[e.g.,	Govers	
and	Wortel	2005;	Mancilla	et	al.	2015].	Therefore,	we	connect	the	Nekor	fault	to	the	
southern	 limit	 of	 the	 subduction	 contact	with	 the	 “STEP	 fault”	 in	 Fig.	 5.1,	 approxi-
mately	aligned	at	 the	surface	with	 the	edge	of	 the	slab	 [e.g.,	Villaseñor	et	al.	2015]	
and	 incorporate	this	 feature	 into	the	model	mesh,	 so	that	we	can	test	whether	 this	
inferred	 fault	 strand	 should	 display	 sinistral	 activity.	 The	Nekor	 fault	 continues	 off-
shore,	though	it	is	inactive	east	of	the	Nekor	basin	[d’Acremont	et	al.	2014;	Galindo-
Zaldívar	et	al.	2015;	Lafosse	et	al.	2016].	The	Nekor	basin	(Fig.	5.1B),	filled	with	Plio-
cene-Quaternary	 sediments,	 displays	 E-W	 extension.	 The	 Trougout	 fault	 accommo-
dates	∼0.5	mm yr!!	of	 strike-slip	motion	 [Poujol	 et	 al.	 2014]	 and	 acts	 as	 the	main	
strand	of	a	sinistral,	negative	flower	structure	[Galindo-Zaldívar	et	al.	2015;	Lafosse	et	
al.	 2016],	which	 connects	 offshore	 to	 the	Al-Idrissi	 sinistral	 fault	 [d’Acremont	 et	 al.	
2014].	The	Al-Idrissi	fault	cuts	through	the	Alboran	Ridge	[e.g.,	Martínez-García	et	al.	
2011,	2017;	Estrada	et	al.	2017;	Gómez	de	la	Peña	et	al.	2018].	The	Alboran	ridge	con-
tinues	 at	 its	 eastern	 limit	 into	 the	 dextral	 Yusuf	 fault,	 delimiting	 the	 South	Alboran	
basin	 [Comas	 et	 al.	 1999].	 Recent	 seismic	 line	 data	 from	 Gómez	 de	 la	 Peña	 et	 al.	
[2018]	 indicate	that	the	offshore	Yusuf	 fault	extends	 into	the	basement,	with	Moho	
offsets	 across	 the	 fault.	 Galindo-Zaldívar	 et	 al.	 [2018]	 infer	 that	 the	 Al-Idrissi	 fault	
zone	is	rooted	in	the	crust.	
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Active	 thrusting	 accommodates	 3-4	mm yr!!	[Bougrine	 et	 al.	 2019]	 of	 the	 NW-SE	
Africa-Eurasia	convergence	along	the	Algerian	margin	[Fernández-Ibáñez	et	al.	2007;	
Custódio	et	 al.	 2016].	 This	Offshore	Algeria	 front	 is	 possibly	 active	 as	 a	 set	of	 reac-
tivated	faults	in	a	STEP	fault	zone	[Kherroubi	et	al.	2009;	Medaouri	et	al.	2014].	

5.3.2	Incorporation	of	faults	in	the	numerical	model	

We	include	model	faults	as	discrete	interfaces	using	the	slippery	node	finite	element	
technique	[Melosh	and	Williams	1989].	The	EBSZ	hosts	several	GNSS	stations,	which	is	
why	we	represent	the	EBSZ	faults	by	multiple	model	fault	strands,	to	avoid	introduc-
ing	misfits	 by	 not	 capturing	 the	 partitioning	 of	 fault	 slip.	 Resistance	 to	 fault	 slip	 is	
modeled	as	a	shear	traction	that	works	anti-parallel	to	the	relative	slip	motion	direc-
tion	and	represents	a	lithospheric	average.	

Searching	a	multi-dimensional	parameter	space	may	lead	to	an	enormous	number	of	
models	 to	 assess	 the	 effect	 of	 a	 multitude	 of	 parameters.	 The	 regular	 grid	 search	
method	that	we	adopt	here	is	simple	but	inefficient	in	that	it	requires	many	forward	
model	calculations	in	regions	of	parameter	space	that	may	not	provide	a	good	fit	to	
observations.	 We	 therefore	 seek	 to	 reduce	 the	 number	 of	 forward	 models	 runs,	
whilst	maximizing	the	information	we	can	gain.	The	largest	number	of	model	parame-
ters	sits	 in	the	individual	fault	segments	(Fig.	5.1B).	Since	several	fault	segments	are	
characterized	by	a	similar	type	of	deformation,	we	maintain	six	fault	groups	that	por-
tray	the	same	behavior	as	depicted	in	Fig.	5.2:	

- The	 Offshore	 Algeria	 group,	 taking	 the	 Alboran	 Ridge	 and	 the	 Algerian	 offshore	
thrust	front	together	

- The	 EBSZ	 group:	 this	 includes	 all	 the	 strike-slip	 faults	 of	 the	 EBSZ	 and	 the	 Yusuf	
fault,	the	Granada	basin	extension	and	the	Al-Idrissi	fault.	

- The	STEP	fault	group:	a	strike-slip	fault	connecting	(and	including)	the	Nekor	fault	to	
the	lateral	termination	of	the	subduction	contact.	

- The	subduction	interface	group.	

- The	Gloria	fault	group:	the	Gloria	fault	and	the	middle	SWIM	fault,	including	a	sec-
tion	that	connects	both.	

- The	Gulf	of	Cadiz	group:	this	includes	the	Gorringe	Bank,	Coral	Patch,	North	SWIM	
fault,	Horseshoe,	Gulf	of	Cadiz	and	Portimão	Bank	faults.	

5.3.3	Model	forces	and	rheology	

We	determine	 the	 gravitational	 potential	 energy	 (GPE)	 for	 a	 column	 of	 lithosphere	
assumed	 to	 be	 in	 local	 (Airy)	 isostatic	 equilibrium.	 Lateral	 variations	 in	 topography,	
crustal	structure	and	vertical	density	distribution	generate	horizontal	gradients	in	GPE	
[Artyushkov	1973;	Fleitout	and	Froidevaux	1982],	resulting	in	lithospheric	body	forces	
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(or	GPE-derived	forces)	[Warners-Ruckstuhl	et	al.	2012;	Nijholt	et	al.	2018].	Calculat-
ing	these	forces	requires	a	crustal	model.	The	EPcrust	model	(Fig.	5.3A;	Molinari	and	
Morelli	[2011])	is	the	highest	resolution	crustal	model	available	for	the	western	Medi-
terranean	 region.	 However,	 evidence	 from	 receiver	 functions	 and	 deep	 seismic	
soundings	in	the	Alboran	Sea	[Díaz	and	Gallart	2009,	2014;	Mancilla	et	al.	2012,	2015;	
Mancilla	and	Díaz	2015;	Díaz	et	al.	2016],	and	seismic	lines	in	the	Valencia	basin	[Aya-
la	et	al.	2003,	2015]	and	Algerian	basin	[the	SPIRAL	cruises;	Leprêtre	et	al.	2013;	Badji	
et	al.	2014;	Medaouri	et	al.	2014;	Mihoubi	et	al.	2014;	Bouyahoui	et	al.	2015;	Aidi	et	
al.	2018]	indicates	that	the	Moho	depth	map	of	EPcrust	requires	an	update	to	incor-
porate	regional	Moho	topology	(c.f.	Fig.	5.3A	and	B).	To	avoid	artifacts	introduced	by	
the	insertion	of	new	Moho	depth	data	points	based	on	the	abovementioned	observa-
tions	 (squares	 in	 the	Fig.	 5.3B),	we	 filter	 the	Moho	depth	map	 so	 that	wavelengths	
larger	than	50	km	are	retained.	We	thus	do	not	remove	actual,	observed	features	of	
the	Moho	structures.	We	apply	the	same	filter	to	the	topography,	so	that	all	features	
for	 the	GPE	 calculation	 are	 at	 the	 same	wavelength.	 In	 line	with	our	 choice	 to	 first	
ignore	mantle	tractions,	we	assume	that	no	vertical	mantle	tractions	are	acting	on	the	

Figure	5.3	Moho	depth	map.	A	EPcrust	[Molinari	and	Morelli	2011].	B	Resulting	Moho	depth	map	after	
50-km	low-pass	filtering,	after	the	black	polygons	were	cut	out	and	refilled	on	the	basis	of	seismic	line	
and	receiver	function	data.	
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base	of	the	lithosphere	in	our	model	domain.	Fig.	5.4A	displays	the	lithospheric	body	
force	map,	highlighting	features	arising	mainly	from	lateral	elevation	and	Moho	“to-
pography”	changes:	 for	example,	along	the	 Iberian	and	African	passive	margins,	 the	
Rif	and	Betics	crustal	roots,	the	Gorringe	bank	and	Coral	Patch,	Madeira	and	the	Ca-
nary	Islands,	and	the	High	Atlas.	

The	 (slab-parallel)	 slab	 pull	 force	 is	 transmitted	 to	 the	 surface	 plate	 of	 the	 Atlantic	
Ocean	through	the	bending	area	of	the	Gibraltar	slab.	The	slab	geometry	thus	is	 im-
portant.	Many	geometric	models	have	been	proposed	based	on	the	seismic	velocity	
structure	beneath	the	western	Mediterranean	[Bijwaard	and	Spakman	2000;	Calvert	
et	 al.	 2000;	 Piromallo	 and	Morelli	 2003;	 Spakman	 and	Wortel	 2004;	 Bezada	 et	 al.	
2013;	Thurner	et	al.	2014;	Palomeras	et	al.	2014;	Mancilla	et	al.	2015;	Fichtner	and	
Villaseñor	2015;	Civiero	et	al.	2018].	The	total	slab	pull	force,	however,	is	determined	
by	the	density	anomaly	structure	of	the	slab	integrated	over	the	whole	upper	mantle,	
which	 is	very	similar	 in	all	these	models.	The	mechanical	connectivity	(continuity)	of	

Figure	5.4	A	GPE-derived	forces.	Color	contours	indicate	magnitudes,	and	arrows	designate	force	direc-
tions.	 Note	 the	 large	body	 forces	 along	 the	Moroccan	and	 Iberian	Atlantic	margins,	 surrounding	 the	
Gorringe	 Bank	 and	 Coral	 Patch,	 the	 High	 Atlas,	 the	 Betics	 and	 Rif,	 and	 surrounding	 the	 Provençal-
Algerian	back-arc.	B	Domains	 to	 evaluate	 model	 statistics:	whole	model	 domain	 (blue),	Gibraltar	Arc	
(green)	and	EBSZ	(red).	
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the	slab	to	the	surface	plate	can	be	inferred	from	the	imaged	shallow	structure.	Here	
we	choose	to	employ	the	Gibraltar	slab	dip	and	geometry	from	Spakman	and	Wortel’s	
[2004]	 seismic	 tomographic	 interpretation,	where	 slab	 pull	 is	 transferred	 along	 the	
entire	subduction	contact	of	Figs.	5.1	and	5.2.	Lateral	variations	in	the	degree	of	slab	
detachment,	e.g.,	 in	between	the	western	Betics	and	the	Granada	basin	[Thurner	et	
al.	 2014;	Palomeras	et	al.	 2014],	 is	 a	 feature	we	do	not	 test	 for	 in	 this	 study	as	we	
seek	to	keep	the	parameterization	of	our	model	as	simple	as	possible.	Along	the	sub-
duction	 interface,	we	do	try	out	different	values	 for	 the	 trench	suction.	Trench	suc-
tion	is	essentially	a	GPE-derived	force	induced	by	slab	rollback,	and	must	be	treated	
separately	 from	the	other	GPE-derived	 forces	 (see	section	1.4.5)	as	 it	acts	 solely	on	
the	overriding	plate	at	the	subduction	contact;	it	originates	from	a	depression	in	GPE	
over	 the	 subduction	plate	 contact	 [Elsasser	1971;	Shemenda	1993].	 Just	as	 the	 slab	
pull,	trench	suction	is	parameterized	as	a	line	force	on	the	subduction	plate	contact.	

We	employ	a	visco-elastic	rheology	that	represents	a	lithospheric	average.	Our	model	
viscosity	domains	(Fig.	5.2)	are	derived	from	continental	and	oceanic	domains	along	
the	western	African	and	Iberian	margins	[Müller	et	al.	2008]	and	in	the	Gulf	of	Cadiz	
[Martínez-Loriente	et	al.	2014;	Gómez	de	 la	Peña	et	al.	2018].	The	Algeria	Offshore	
front	delimits	the	Provençal-Algeria	back-arc	basin	[Müller	et	al.	2008;	Medaouri	et	al.	
2014]	up	 to	 the	Yusuf	 fault,	 as	 the	 limit	 of	 the	African	 continental	 domain	 that	 im-
pinges	out	onto	 the	Alboran	Ridge	as	 the	South	Alboran	Basin	 [Estrada	et	 al.	 2017;	
Gómez	de	la	Peña	et	al.	2018].	The	Alboran	domain,	i.e.,	the	West	Alboran	Basin	and	
its	onshore	nappe	limits,	is	outlined	by	the	subduction	contact	and	its	old	thrust	con-
tact	of	the	External	Zones	in	the	Betics,	and	the	STEP,	Nekor	and	Al-Idrissi	fault	in	the	
Rif,	connected	across	the	Alboran	Sea	basin	by	the	strike-slip	 faults	of	the	TASZ	and	
EBSZ.	Given	that	the	lithosphere	of	the	Atlantic	is	oceanic	and	old,	we	allow	it	to	have	
a	 different	 viscosity	 than,	 for	 example	 the	 extended	 continental	 lithosphere	 of	 the	
Alboran	Sea	basin,	or	the	Provençal-Algerian	back-arc.	We	evaluate	our	model	results	
after	 100	Maxwell	 times	𝜏𝜏	(for	 definition	 see	 Chapter	 2)	 of	 the	 lowest	 viscosity	 do-
main	in	the	model,	using	the	elastic	parameters	in	Table	5.1.	Whereas	the	100𝜏𝜏	inte-
gration	 time	mark	 appears	 arbitrary,	 convergence	 tests	 indicate	 that	model	 predic-
tions	 have	 converged,	 i.e.,	 a	 model	 spin-up	 signature	 has	 disappeared	 (just	 as	 in	
Chapters	3	and	4).	

	

	

	

Table	5.1	Elastic	parameters	

Poisson’s	ratio	(𝛎𝛎)	 Young’s	modulus	(E)	

0.25	 50	GPa	
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5.4	A	Bayesian	approach	to	evaluate	parameter	estimations	from	model	re-
sults	

5.4.1	Bayesian	statistics		

We	seek	to	determine	how	well	the	parameters	of	the	model	can	be	constrained	by	
the	 kinematic	 observations	 (as	 depicted	 in	 Fig.	 5.1).	 In	 our	 approach,	 we	 perform	
many	forward	model	calculations	each	with	a	different	set	of	physical	parameter	val-
ues.	With	 the	collection	of	 forward	models,	predicted	velocities,	 and	corresponding	
fits	to	observations,	we	can	assess	the	sensitivity	of	the	kinematic	data	to	model	pa-
rameters	 in	 a	 statistical	 framework.	We	employ	Bayes’	 [1763]	 theorem	 to	 estimate	
the	probability	of	the	model	parameter	values	vector	𝑚𝑚	given	the	data	vector	𝑑𝑑,	i.e.,	
the	 so-called	 “posterior	 probability”	𝑃𝑃 𝑚𝑚 𝑑𝑑 .	 The	posterior	 probability	 is	 computed	
from		

	 	 												𝑃𝑃 𝑚𝑚 𝑑𝑑 = ! ! ! ⋅! !
! !

		 	 	 	 	 (5.1)	

where	𝑃𝑃 𝑑𝑑 𝑚𝑚 	is	the	so-called	“likelihood”,	which	is	the	probability	of	observing	the	
data	𝑑𝑑	given	the	model	𝑚𝑚.	The	“prior	probability”	𝑃𝑃 𝑚𝑚 	contains	a	priori	information	
about	the	model	parameters.	In	our	forward	models,	the	prior	probability	is	a	positive	
constant	 within	 the	 range	 of	 possible	 parameter	 values,	 and	 0	 outside	 this	 range.		
𝑃𝑃 𝑑𝑑 	is	a	normalization	constant.		

In	this	study,	we	perform	a	grid	search	through	the	model	parameter	space	by	choos-
ing	 discrete,	 evenly	 spaced	 values	 for	 each	 parameter.	 The	 parameter	 grid	 encom-
passes	possible	parameter	values	only,	so	that	the	prior	probability	𝑃𝑃 𝑚𝑚 	is	a	positive	
constant.	 Since	𝑃𝑃 𝑑𝑑 	is	 a	 constant	 also,	 the	 only	 quantity	 that	 affects	 the	 posterior	
probability	 distribution	 is	 the	 likelihood	𝑃𝑃 𝑑𝑑 𝑚𝑚 .	 The	 likelihood	 (probability)	 within	
each	grid	cell	is:	

𝑃𝑃 𝑑𝑑 𝑚𝑚 = 𝑝𝑝 𝑑𝑑 𝑚𝑚 𝑑𝑑𝛺𝛺∆! 		 	 	 	 (5.2)	

where	𝑝𝑝 𝑑𝑑 𝑚𝑚 	is	some	probability	density	function,	and	∆𝛺𝛺	is	the	volume	of	the	pa-
rameter	grid	cell.	Because	we	only	have	access	to	one	value	of	the	probability	density	
within	each	grid	cell,	we	approximate	𝑃𝑃 𝑑𝑑 𝑚𝑚 	by:	

𝑃𝑃 𝑑𝑑 𝑚𝑚 ≈ 𝑝𝑝 𝑑𝑑 𝑚𝑚 ∆𝛺𝛺		 	 	 	 	 	(5.3)	

Note	that,	by	design,	∆𝛺𝛺	is	the	same	for	every	cell	in	the	regular	parameter	grid.	

Using	 the	 grid	 search	 approach,	 we	 can	 approximate	 the	 integral	 for	 a	 continuous	
probability	 distribution	 over	 a	 number	 of	 parameters	𝑀𝑀	by	 summation.	 Probability	
integrals	then	generally	take	the	form: 
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𝑃𝑃 𝑑𝑑 𝑚𝑚 = 𝑝𝑝 𝑑𝑑 𝑚𝑚! 𝑑𝑑𝑚𝑚			 	 	 	 	 	 									(5.4)	

= 𝑑𝑑𝑚𝑚! 𝑑𝑑𝑚𝑚!… 𝑑𝑑𝑚𝑚! 𝑝𝑝 𝑑𝑑 𝑚𝑚 	 	 	 	 															(5.5)	

															≈ … Δ𝑚𝑚!
!Δ𝑚𝑚!

! … Δ𝑚𝑚!
! ∙ 𝑝𝑝 𝑑𝑑 𝑚𝑚!!⊆!

!!!
!!⊆!
!!!

!!⊆!
!!! 							 							(5.6)	

										  = … Δ𝑚𝑚!Δ𝑚𝑚!… Δ𝑚𝑚! ∙ 𝑝𝑝 𝑑𝑑 𝑚𝑚!!!!!! 		 		 							 				(5.7)	

where	𝑁𝑁! ⊆ 𝛺𝛺 	is	 the	 number	 of	 values	 for	 parameter	𝑚𝑚! 	with	 equidistant	 steps	
Δ𝑚𝑚!	within	the	multi-dimensional	parameter	space	𝛺𝛺,	𝑁𝑁! ⊆ 𝛺𝛺	is	the	number	of	val-
ues	 for	 parameter	𝑚𝑚!	with	 equidistant	 steps	Δ𝑚𝑚!	within	 the	 multi-dimensional	 pa-
rameter	space	𝛺𝛺,	et	cetera,	et	cetera.		

The	grid	of	models	evenly	samples	a	multi-dimensional	posterior	probability	distribu-
tion	in	our	problem.	Once	we	have	the	approximation	of	this	probability	distribution,	
it	is	difficult	to	visualize	it	for	a	multi-dimensional	parameter	space.	We	can	show	the	
probability	of	each	individual	parameter	by	examining	the	“marginal	distribution”	of	
the	parameter	probabilities	[Tarantola	2005].	

The	definition	for	the	“1D	marginal”	probability	of	parameter	𝑚𝑚!	is:	

𝑝𝑝! 𝑑𝑑 𝑚𝑚! = 𝑑𝑑𝑚𝑚!!!
𝑑𝑑𝑚𝑚!!!

𝑑𝑑𝑚𝑚!!!
… 𝑑𝑑𝑚𝑚!!!

𝑝𝑝 𝑑𝑑 𝑚𝑚 	 	 (5.8)	

Note	that	the	integral	is	over	all	parameters	except	parameter	𝑚𝑚!.	Again,	we	can	ap-
proximate	the	integrals	by	sums:	

𝑝𝑝! 𝑑𝑑 𝑚𝑚! ≈ ∆𝑚𝑚!!! ∆𝑚𝑚!!! ∆𝑚𝑚!!! … ∆𝑚𝑚!!! 𝑝𝑝 𝑑𝑑 𝑚𝑚 	 (5.9)	

In	 an	 evenly	 spaced	 grid	 search,	 all	 increments	 are	 the	 same,	 so	 we	 can	 combine	
them	into	a	constant,	Δ𝛺𝛺#.	For	the	marginal	distribution	of	parameter	𝑚𝑚!:	

𝑝𝑝! 𝑑𝑑 𝑚𝑚! ≈ ∆𝛺𝛺!! … 𝑝𝑝 𝑑𝑑 𝑚𝑚!!!!!!!! 	 	 (5.10)	

where	∆𝛺𝛺!! ≡ ∆𝑚𝑚!∆𝑚𝑚!∆𝑚𝑚!… ∆𝑚𝑚!	 	 	 	

So	 in	a	grid	search	problem	with	a	uniform	grid	spacing,	 the	marginal	probability	of	
each	parameter	grid	point	 is	simply	the	sum	of	fits	over	all	other	models	containing	
that	point,	times	Δ𝛺𝛺#,	which	we	can	simply	incorporate	into	the	probability	normali-
zation	constant,	since	the	sum	of	all	probabilities	must	equal	1:	

𝑃𝑃 𝑑𝑑 𝑚𝑚 ≈ 𝑝𝑝! 𝑑𝑑 𝑚𝑚! ∆𝑚𝑚!!! 	 	 	 												(5.11)	

≈ ∆𝛺𝛺 … 𝑝𝑝 𝑑𝑑 𝑚𝑚!!!!!!!!!! ≡ 1	 		 			(5.12)	

where	∆𝛺𝛺 ≡ ∆𝑚𝑚!∆𝑚𝑚!∆𝑚𝑚!∆𝑚𝑚!… ∆𝑚𝑚!	
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We	 can	 then	 unequivocally	 state	 whether	 some	 parameter	 values	 have	 a	 higher	
probability	 to	produce	a	well-scoring	model	prediction,	or	whether	 the	probabilities	
do	not	indicate	any	sensitivity	to	a	model	parameter.	

We	can	also	calculate	the	marginal	probabilities	in	two	dimensions	to	determine	the	
so-called	 “2D	 marginal”.	 Such	 2D	 marginals	 can	 be	 used	 to	 identify	 trade-offs	 be-
tween	different	model	parameters;	Does	 increasing	the	magnitude	of	one	particular	
parameter	mean	 that	 another	 parameter	 should	 have	 a	 larger	magnitude	 value,	 in	
order	to	obtain	a	similarly	performing	model	result?	We	focus	now	on	two	parame-
ters	𝑚𝑚!	and	𝑚𝑚!,	and	the	2D	marginal	probability	𝑝𝑝! 𝑑𝑑 𝑚𝑚!,𝑚𝑚! 	becomes:	

𝑝𝑝! 𝑑𝑑 𝑚𝑚!,𝑚𝑚!  = 𝑑𝑑𝑚𝑚!!!
𝑑𝑑𝑚𝑚!!!

… 𝑑𝑑𝑚𝑚!!!
𝑝𝑝 𝑑𝑑 𝑚𝑚 		 			(5.15)	

≈ ∆𝑚𝑚!!! ∆𝑚𝑚!!! … ∆𝑚𝑚!!! 𝑝𝑝 𝑑𝑑 𝑚𝑚 	 		 	 			(5.16)	

≈ ∆𝛺𝛺!!,! … 𝑝𝑝 𝑑𝑑 𝑚𝑚!!!!!! 				 				 	 	 			(5.17)	

where		∆𝛺𝛺!!,! ≡ ∆𝑚𝑚!∆𝑚𝑚!… ∆𝑚𝑚!	

We	 can	 calculate	𝑝𝑝 𝑑𝑑 𝑚𝑚 	for	 each	model	 (i.e.,	 per	 combination	 of	 parameters)	 as-
suming	a	Gaussian	distribution	of	the	data	uncertainties:	

𝑝𝑝 𝑑𝑑 𝑚𝑚 ≡ !
!
𝑒𝑒!

!
!∙!

!
		 	 	 	 	 (5.18)	

where	𝐴𝐴	is	 a	 constant	whose	value	depends	on	 the	observation	uncertainties.	 Since	
we	employ	the	same	dataset	throughout	our	grid	search,	the	exact	value	of	𝐴𝐴	is	the	
same	at	each	grid	point,	and	turns	out	to	be	non-important	for	our	application.		

For	Gaussian	data	uncertainties,	the	value	in	the	exponent	depends	on	the	model	fit	
to	data	using	the	chi-squared	statistic	(χ!):	

χ! =  !!
!,!!!!

!,! !

(!!
!)!

+ !!
!,!!!!

!,! !

(!!
!)!

!
!!! 		 	 		 	 (5.19)	

where	we	 sum	over	 all	𝑁𝑁	stations	 in	 the	 geographic	 domain	 considered.	𝑣𝑣!!	and	𝑣𝑣!!	
are	the	observed	and	modeled	horizontal	velocities	at	GNSS	station	𝑖𝑖,	respectively.	𝜎𝜎! 	
is	the	standard	deviation	of	the	GNSS	velocity	component.	Superscripts	𝑥𝑥	and	𝑦𝑦	indi-
cate	the	easting	and	northing	components	of	the	velocity	vector.	We	do	not	take	the	
vertical	component	into	account	since	these	are	less	certain	than	the	horizontal	com-
ponents.	We	do	not	 include	any	other	observable,	e.g.,	 fault	slip	directions	or	maxi-
mum	horizontal	 stress	direction,	 in	 the	misfit	 function,	as	 these	observables	usually	
have	significantly	larger	error	margins	(if	they	are	even	determined).	We	do	use	these	
other	observables	to	verify	our	model	predictions	qualitatively	a	posteriori.	
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5.4.2	A	simple	example	for	dice	

We	 consider	 the	 problem	of	 throwing	 a	 fair	 six-sided	 die	 twice.	 This	 results	 in	 two	
model	parameters	𝑚𝑚!	for	which	we	know	the	exact	probabilities	𝑃𝑃.	This	dice	problem	
differs	 considerably	 from	our	Gibraltar	problem	because	 it	 is	 inherently	discrete	 ra-
ther	than	continuous,	but	it	does	allow	us	to	introduce	the	way	we	will	display	the	1D	
and	2D	marginal	probability	results	of	 the	Gibraltar	problem	later.	We	consider	two	
independent	dice	throws:	

- For	the	first	throw	(𝑚𝑚!),	we	designate	a	value	of	1	(𝑚𝑚!
!)	in	case	the	number	

equals	1,	2	or	3,	a	value	of	2	(𝑚𝑚!
!)	 in	case	the	number	equals	4	or	5,	and	a	

value	3	(𝑚𝑚!
!)	in	case	the	number	equals	6.	

- For	the	second	throw	(𝑚𝑚!),	we	designate	a	value	of	1	(𝑚𝑚!
!)	in	case	the	num-

ber	equals	1,	2,	3	or	4,	and	a	value	2	(𝑚𝑚!
!)	in	case	the	number	equals	5	or	6.	

Through	these	simple	rules,	we	know	exactly	what	the	individual	probabilities	of	each	
of	these	options	are:	

	

Probability	 Value	

𝑷𝑷 𝒎𝒎𝟏𝟏
𝟏𝟏 	 3

6	

𝑷𝑷 𝒎𝒎𝟏𝟏
𝟐𝟐 	 2

6	

𝑷𝑷 𝒎𝒎𝟏𝟏
𝟑𝟑 	 1

6	

𝑷𝑷 𝒎𝒎𝟐𝟐
𝟏𝟏 	 4

6	

𝑷𝑷 𝒎𝒎𝟐𝟐
𝟐𝟐 	 2

6	

	

	

	

This	 is	 displayed	 as	 in	 Fig.	 5.5.	 Fig.	 5.5A	 shows	 the	 discrete	 probability	 distribution	
color-coded	 with	 respect	 to	 the	 absolute	 probability	 value	 (i.e.,	 the	 2D	 marginal,	
which	in	this	case	is	the	full	posterior	probability	distribution).	Fig.	5.5B	and	C	depict	
the	probability	distributions	for	parameters	𝑚𝑚!	and	𝑚𝑚!,	respectively.	The	green	bars	
are	the	1D	marginal	probabilities.	

Note	here	that	the	total	probability	for	each	parameter	equals	one.	For	𝑃𝑃 𝑚𝑚! :	

𝑃𝑃 𝑚𝑚! = 𝑃𝑃 𝑚𝑚!
!!

!!! = 3
6 + 2

6 + 1
6 = 1	 				 	 (5.18)	

where	the	value	𝑖𝑖	of	model	parameter	𝑚𝑚!	is	valid.	And	for	𝑃𝑃 𝑚𝑚! :	
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𝑃𝑃 𝑚𝑚! = 𝑃𝑃 𝑚𝑚!
!!

!!! = 4
6 + 2

6 = 1					 	 	 (5.19)	

Now	we	want	to	determine	what	the	probabilities	are	for	every	possible	combination	
of	parameters	(Fig.	5.5A).	

Note	here	again	that	the	total	probability	equals	1:		

𝑃𝑃 𝑚𝑚 = 𝑃𝑃 𝑚𝑚!
! ,𝑚𝑚!

!!
!!!

!
!!! 	 				 	 						(5.20)	

= 6
36 + 4

36 + 2
36 + 12

36 + 8
36 + 4

36 = 1	 				 (5.21)	

for	the	parameters	𝑚𝑚!	and	𝑚𝑚!.		

Figure	5.5	Probability	distribution	 for	the	dice	model.	A	Probability	distribution	 for	this	 two-parameter	
problem.	B	Probability	distribution	for	parameter	𝒎𝒎𝟏𝟏.	C	Probability	distribution	for	parameter	𝒎𝒎𝟐𝟐.	
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5.4.3	Modeling	procedure	

We	 first	perform	an	exploratory	 search	of	model	parameters	where	we	 restrict	 the	
search	to	extreme	cases	of	fault	state:	completely	locked	or	frictionless	slipping.	This	
helps	us	to	identify	the	relevance	of	viscosity,	slab	pull	and	trench	suction	on	the	sur-
face	 velocities.	We	 subsequently	use	 these	 constraints	 as	prior	probabilities	 for	 the	
main	search,	where	we	do	vary	resistive	fault	tractions.	

We	 compute	 misfits	 and	 evaluate	 the	 statistics	 for	 three	 different	 geographic	 do-
mains	 (as	outlined	 in	Fig.	5.4B):	 the	whole	model	domain,	 the	Gibraltar	Arc	domain	
and	the	EBSZ	domain.	This	allows	us	to	emphasize	local	effects	of	parameters	in	the	
statistics,	and	not	let	a	specific	region	of	the	model	domain	dominate	all	statistics.	We	
therefore	ensure	 that	we	simultaneously	 find	combinations	of	parameters	 that	pro-
duce	 good	 predictions	 for	 the	 whole	model	 domain,	 as	 well	 as	 for	 specific	 subdo-
mains.		

Our	exploratory	search	involves	16,384	models,	and	the	results	are	discussed	in	sec-
tion	5.5.	 In	our	main	search	we	run	36,864	models,	and	the	results	are	discussed	 in	
section	 5.6.	 In	 total,	 we	 thus	 perform	 two	 separate	 grid	 searches	 with	16,384 +
36,864 = 53,248	evolutionary	models.	

5.5	Exploratory	search	of	model	parameters	

5.5.1	1D	probabilities	

First,	we	test	the	model	setup	of	Fig.	5.2	through	an	exploratory	search.	We	test	for	
viscosity	values	of	the	five	distinct	sub-domains	(Table	5.2),	slab	pull	(0	or	90%	of	the	
maximum	value	as	inferred	by	the	Gibraltar	slab	topology)	and	trench	suction	magni-
tude	(0	or	50	MPa),	and	the	possibility	of	a	fully	(un)locked	fault	group.	In	the	explora-
tory	search	we	do	not	group	the	Alboran	Ridge	with	the	Offshore	Algeria	thrust	front	
but	treat	it	as	a	separate	group.		

	
	

Table	5.2	Effective	viscosity	values	for	model	material	sub-domains	in	exploratory	search	

Options	 Atlantic	ocean	 Iberian					
continent	

Provençal-
Algerian	oceanic	

back-arc	

Alboran							
domain	

African									
continent	

High	 1 ∙ 10!" Pa ∙ s	 1 ∙ 10!"P a ∙ s	 1 ∙ 10!" Pa ∙ s	 2 ∙ 10!" Pa ∙ s	 2.5 ∙ 10!" Pa ∙ s	

Low	 1 ∙ 10!! Pa ∙ s	 1 ∙ 10!! Pa ∙ s	 1 ∙ 10!! Pa ∙ s	 2 ∙ 10!! Pa ∙ s	 2.5 ∙ 10!! Pa ∙ s	
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For	all	14	parameters	we	test	two	values.	For	these	214 = 16,384	models	we	will	only	
discuss	the	1D	marginal	probabilities,	i.e.,	which	of	the	two	tested	values	is	more	like-
ly.	Fig.	5.6	depicts	the	1D	marginal	probabilities	for	the	14	parameters.	The	marginal	
probabilities	for	the	viscosity	of	the	Iberian	and	African	domains	have	distinct	peaks;	
it	is	9	times	more	likely	that	these	domains	have	an	effective	viscosity	of	1 ∙ 10!" Pa∙s,	
than	1 ∙ 10!! Pa∙s.	The	marginal	probability	distribution	of	the	Atlantic	Ocean	domain	
viscosity	 is	 nearly	 uniform	when	 using	 observations	 from	 the	whole	model	 domain	
(blue)	 and	 the	Gibraltar	Arc	 region	 (green),	but	when	using	only	 the	 stations	 in	 the	
EBSZ	region	(red),	a	 low-magnitude	viscosity	appears	a	20%	more	 likely	choice	for	a	
better	fit	with	the	observations.	The	Provençal-Algerian	basin	region	has	a	probability	
for	 an	 effective	 viscosity	 of	1 ∙ 10!" Pa ∙ s	that	 is	 9	 times	 larger	 than	 the	probability	
for	an	effective	viscosity	of	1 ∙ 10!! Pa ∙ s,	as	determined	for	the	EBSZ	domain	(red).	
The	EBSZ	region	is	adjacent	to	the	Provençal-Algerian	basin	viscosity	domain.	The	1D	
marginal	 for	 the	 whole	 model	 domain	 shows	 a	 uniform	 distribution	 of	 probability	
though.	The	Alboran	Sea	basin	 is	 the	only	effective	viscosity	domain	 that	displays	a	
probability	 for	 low-viscosity	 value	 that	 is	 four	 times	 larger	 than	 for	 a	 high-viscosity	
value	 (when	evaluated	 for	 the	EBSZ	domain).	Both	1D	marginal	probability	distribu-
tions	for	the	Provençal-Algerian	basin	and	Alboran	Sea	basin	 indicate	an	even	distri-
bution	when	evaluated	for	the	whole	model	domain.	

It	 is	equally	 likely	for	the	trench	suction	to	be	zero	or	50	MPa.	Slab	pull	transmitted	
into	the	surface	plate	is	2-3	times	more	likely	to	equal	0	MPa	rather	than	90%	of	the	
maximum	value	as	inferred	by	the	Gibraltar	slab	topology).	

Most	fault	groups	have	an	equal	probability	of	being	locked	or	unlocked,	although	the	
Gloria	fault	and	Offshore	Algeria	front	group	have	distinctly	greater	likelihood	of	fric-
tionless	slip.	Using	data	from	the	EBSZ	domain	only,	model	predictions	match	obser-
vations	 better	 with	 a	 frictionless	 subduction	 contact,	 whereas	 a	 locked	 subduction	
contact	fits	observations	better	in	the	Gibraltar	Arc.		

For	 all	 the	 parameters	 investigated	 in	 this	 exploratory	 search,	 the	 probabilities	 de-
termined	 by	 using	 data	 in	 the	Gibraltar	 Arc	 subdomain	 is	 similar	 to	 the	 probability	
determined	by	using	data	from	the	whole	model	domain.	

5.5.2	Observational	constraints	

We	only	 consider	 GNSS	 observations	 in	 our	 probabilistic	 approach.	 However,	more	
observational	constraints	exist	 to	verify	our	model	predictions	outside	the	quantita-
tive	 context	 of	 the	 Bayesian	 analysis,	 such	 as	 slip	 vectors	 from	 earthquake	 focal	
mechanisms	and	geological	field	studies.	Whilst	model	predictions	may	be	physically	
sound,	i.e.,	model	predictions	are	valid	on	the	basis	of	the	parameters	supplied,	their	
outcome	may	not	always	be	consistent	with	 the	structural	and/or	seismological	ob-
servations.	
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Low	viscosity	values	for	Iberia,	Africa,	the	Provençal-Algerian	basin	and	Atlantic	Ocean		
lead	to	a	large	imprint	of	the	GPE-derived	forces	in	these	regions.	Slab	pull	also	has	an	
imprint	on	the	surface	velocities	of	the	Iberian	Peninsula:	

Figure	5.6	1D	marginal	probabilities	for	the	parameters	investigated	in	the	exploratory	search.	
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- The	Gorringe	Bank	becomes	an	extensional	fault	system	and	slip	rates	on	the	
Gloria	fault	system	are	sinistral	in	the	region	SW	of	the	Gorringe	Bank.			

- The	magnitude	of	surface	velocities	in	Morocco	and	Algeria	becomes	too	high	
and	azimuths	are	oriented	in	the	direction	of	the	GPE	derivatives.	

- The	 western	 side	 of	 the	 Iberian	 Peninsula	 is	 pulled	 towards	 the	 Atlantic	
Ocean,	whereas	 the	 Iberian	 Peninsula	 is	 simultaneously	 pulled	 towards	 the	
subduction	contact	for	those	models	with	a	non-zero	slab	pull.	

Most	of	 this	mismatch	 is	directly	 taken	 into	account	 through	 the	 fits	 to	 the	 surface	
velocities:	in	case	velocities	are	not	predicted	well,	the	fit	will	be	worse.	The	probabil-
ities	for	the	effective	viscosities	of	the	Iberian	and	African	subdomains	show	this	very	
clearly.		

However,	this	 it	not	always	readily	observed.	For	example,	 it	 is	equally	 likely	for	the	
Atlantic	Ocean	domain	to	have	a	high	or	low	viscosity	based	on	the	kinematic	obser-
vations.	Since	all	of	the	GNSS	observations	are	onshore,	we	rely	on	other	(i.e.,	seismo-
logical,	structural)	observations	to	determine	whether	model	predictions,	and	there-
fore	these	probabilities,	make	sense	qualitatively.	A	high	value	of	the	Atlantic	Ocean	
viscosity	corresponds	to	additional	observations	of	transpressive	deformation	on	the	
Gulf	of	Cadiz	 faults	and	dextral	 slip	on	 the	 fault	 segments	of	 the	Gloria	 fault	group.	
Model	predictions	with	a	 low	viscosity	value	do	not	show	this	deformation	pattern:	
we	consider	the	Atlantic	Ocean	domain	to	have	a	high	viscosity.	

5.5.3	Inferences	

Our	preliminary	search	provides	several	constraints	on	the	prior	parameter	probabili-
ties.	
- A	higher	slab	pull	magnitude	produces	a	significant	 imprint	 in	 the	surface	velocity	
field	that	is	not	observed	in	the	GNSS	observations,	e.g.,	a	low-viscosity	Iberian	Pen-
insula	 is	 pulled	 towards	 the	 plate	 contact.	 This	 pulling	 towards	 the	 plate	 contact	
may	even	occur	(though	fairly	less	significant)	in	case	of	high	effective	viscosity	val-
ues	 for	all	 adjacent	 sub-domains.	As	 this	 is	not	 readily	observed	 in	 the	GNSS	vec-
tors,	we	thus	infer	that	slab	pull	should	be	low,	as	indicated	by	the	marginal	proba-
bilities	of	Fig.	5.6.	

- All	 viscosity	 domains,	 except	 the	 Alboran	 Sea	 basin,	 require	 a	 high	 viscosity	 (i.e.,	
they	are	strong).	The	Alboran	Sea	basin	viscosity	is	equally	likely	to	be	high	or	low	
viscosity,	so	there	may	be	a	viscosity	contrast	between	the	Alboran	Sea	Basin	and	
surrounding	viscosity	sub-domains.	

- Best-fitting	models	have	an	unlocked	Gloria	fault	and	Algerian	offshore	thrust	front.	
The	 available	observations	do	not	 provide	 constraints	 on	whether	 the	other	 fault	
groups	are	locked	or	unlocked.		
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5.5.4	Parameterization	for	the	main	grid	search	

Based	on	 the	 inferences	 from	our	exploratory	 search	we	modify	 the	 search	grid	 for	
our	main	model	run.	We	seek	to	further	study	those	parameters	that	have	an	imprint	
on	 the	 surface	 velocities,	 ignoring	 variations	 in	 the	 parameters	 that	 we	 previously	
established	through	the	exploratory	search:	we	already	know	that	these	will	result	in	
predictions	that	do	not	match	structural	and	seismological	constraints.	

We	 add	 the	 Alboran	 Ridge	 to	 the	 Offshore	 Algeria	 thrust	 front	 group	 and	 test	 the	
magnitude	of	 resistive	 fault	 tractions	 for	all	 six	 fault	groups	 (i.e.,	 six	model	parame-
ters)	with	four	values	each.	These	resistive	fault	tractions	are	designed	to	 lower	the	
slip	rates	along	the	entire	fault/fault	group.	However,	because	of	strike	changes	with-
in	faults/fault	groups	this	means	that	specific	segments	may	require	a	higher	value	of	
resistive	 tractions	 compared	 to	 the	 rest	 of	 the	 segments:	we	 require	 to	 reduce	 the	
fault	slip	magnitude	by	an	equal	percentage	along	the	fault	group.	For	this,	we	treat	
separate	segments	(as	indicated	in	Fig.	5.2)	of	the	Gloria	fault	group,	Offshore	Algeria	
front	 and	 Alboran	 Ridge,	 and	 the	 subduction	 contact	 with	 increased	 or	 decreased	
magnitudes	of	resistive	tractions:	

- Segments	2	 and	3	of	 the	Gloria	 fault	 group	have	a	 resistive	 traction	magni-
tude	1.5	and	3	times	the	value	of	the	whole	fault	group,	respectively.	The	val-
ue	for	the	group	is	designated	for	segment	1	

- Segment	 2	 of	 the	 subduction	 contact	 has	 a	 traction	magnitude	 4	 times	 the	
value	of	the	traction	in	segment	1	(the	value	designated	to	the	fault	group)	

- The	Alboran	Ridge	has	resistive	fault	traction	magnitude	0.1	times	the	value	
of	the	Offshore	Algeria	front	group.	

We	 vary	 the	 effective	 viscosity	 of	 the	 Alboran	 Domain	 (one	 model	 parameter),	 in	
three	 steps	 from	1 ∙ 10!!	to	1 ∙ 10!"	Pa∙s,	while	keeping	 the	other	 sub-domains	at	a	
high	viscosity	as	in	Table	5.3.	We	set	the	Atlantic	Ocean	viscosity	at	2.5 ∙ 10!"	Pa∙s,	to	
highlight	its	rigidity	as	old	oceanic	lithosphere.	This	implies	that	we	investigate	a	vis-
cosity	ratio	of	1:100,	1:10	and	1:1	between	the	Alboran	Sea	domain	and	the	Iberian	
and	African	domains.	

We	set	the	slab	pull	magnitude	to	zero	so	that	it	is	not	a	free	parameter	anymore.	

In	 our	 exploratory	 search,	 the	 probabilities	 for	 different	 trench	 suction	magnitudes	
are	similar.	However,	this	 force	acts	on	the	Alboran	Sea	side	of	the	subduction	con-
tact,	and	we	consider	through	the	above	observations	that	this	domain	is	likely	to	be	
characterized	by	a	relatively	low	effective	viscosity	value.	Therefore,	we	test	values	of	
the	 trench	 suction	magnitude	 in	our	 subsequent	model	 run	 (one	model	parameter)	
that	are	somewhat	 lower	than	 in	our	exploratory	search	(0-12	MPa),	 in	three	steps.	
These	lower	values	also	ensure	that	it	will	not	tear	the	low-viscosity	Alboran	Sea	do-
main	apart.	
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Our	main	parameter	search	thus	requires	an	additional	46 ∙ 32 = 36,864	models.	

	
Table	5.3	Effective	viscosity	values	for	model	material	sub-domains	in	main	grid	search	

	

	

5.6	Model	results	for	the	main	grid	search	

5.6.1	Sensitivity	to	model	parameters	

1D	marginal	probabilities	

Fig.	 5.7	 depicts	 the	 1D	marginal	 probabilities	 for	 each	model	 parameter	 computed	
using	 the	 statistical	 framework	 described	 in	 section	 5.4.1.	 These	 1D	marginal	 plots	
effectively	 indicate	 the	 sensitivity	 of	 model	 predictions	 to	 model	 parameters.	 We	
consider	the	results	using	observations	from	the	whole	model	domain	(blue)	and	the	
two	 sub-domains	 of	 the	 EBSZ	 (red)	 and	 the	Gibraltar	 Arc	 (green).	 The	 break	 in	 the	
horizontal	 axis	 on	 panels	 that	 describe	 resistive	 tractions	 on	 fault	 groups	 indicates	
that	we	 cannot	 constrain	 the	 exact	 value	 of	 the	 resistive	 fault	 traction	 of	 a	 locked	
fault.	 However,	 this	 value	 is	 always	 higher	 than	 the	 highest	 value	 of	 resistive	 fault	
traction	imposed	during	the	search.	We	therefore	choose	to	put	the	“locked”	proba-
bilities	at	the	far	end	of	these	panels,	whilst	we	do	not	know	their	exact	value,	which	
may	even	vary	from	model	to	model.		

Model	predictions	are	very	sensitive	 to	 the	magnitude	of	 the	Alboran	Sea	basin	vis-
cosity:	 a	 viscosity	 of	1 ∙ 10!" 	Pa∙s	 is	 over	 4	 times	 more	 likely	 than	 a	 viscosity	 of	
1 ∙ 10!!	or	1 ∙ 10!"	Pa∙s.	A	viscosity	value	of	1 ∙ 10!!	Pa∙s	greatly	deteriorates	the	po-
tential	of	producing	a	good	match	with	the	observed	horizontal	surface	velocities	and	
the	same	observation	holds	in	case	the	effective	viscosity	equals	1 ∙ 10!"	Pa∙s.		

The	distribution	of	probabilities	for	the	trench	suction	magnitude	is	uniform,	i.e.,	the	
data	 fit	 is	 insensitive	 to	 the	 trench	 suction.	 This	means	 that	 the	 kinematic	data	 are	
unable	to	constrain	the	force	of	the	slab	rollback	acting	on	the	overriding	plate.	

The	marginal	probabilities	for	the	Gulf	of	Cadiz	fault	group	and	Gloria	fault	group	in-
dicate	that	it	is	most	likely	for	the	resistive	tractions	to	have	magnitudes	of	zero	(i.e.,	
faults	are	 frictionless).	The	probabilities	of	 zero	 resistive	 traction	are	especially	high	
when	considering	observations	from	only	the	GA	domain	(we	find	that	it	is	90%	likely	
for	the	Gloria	fault	system	to	be	frictionless),	which	is	directly	adjacent	to	these	fault	

Atlantic	ocean	 Iberian															
continent	

Provençal-Algerian	
oceanic	back-arc	

Alboran	
domain	

African															
continent	

2.5 ∙ 10!" Pa ∙ s	 1 ∙ 10!" Pa ∙ s	 1 ∙ 10!" Pa ∙ s	 #	 1 ∙ 10!" Pa ∙ s	
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systems.	 A	 uniform	 distribution	 of	 probabilities	 is	 observed	 when	 considering	 only	
data	from	the	EBSZ	domain	(which	lies	much	further	away	from	these	fault	systems).	

Figure	5.7	1D	marginal	probabilities	for	parameters	investigated	in	the	main	grid	search.	A	locked	state	
of	a	fault	group	is	set	separate	from	the	other	resistive	fault	tractions	as	we	do	not	know	the	exact	value	
acting	on	the	fault	group.	
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The	resistive	traction	on	the	EBSZ	fault	group	has	a	nearly	uniform	marginal	probabil-
ity	distribution.	When	considering	observations	from	only	the	EBSZ	domain,	a	value	of	
10-20	MPa	 is	slightly	 (5%)	more	probable.	The	probability	distribution	becomes	uni-
form	when	considering	data	from	the	GA	and	whole	model	domains,	 indicating	that	
these	observations	are	insensitive	to	the	value	of	this	parameter.	

The	marginal	probabilities	are	uniformly	distributed	for	the	tractions	on	the	Offshore	
Algeria	 front	 fault	 group	when	 considering	 observations	 from	 the	GA	 or	 the	whole	
model	 domain,	 but	 there	 is	 a	 peak	 in	 probability	 for	 a	 frictionless	Offshore	 Algeria	
front	when	considering	only	the	stations	in	the	EBSZ	domain.	Clearly,	the	stations	in	
the	EBSZ	domain	have	a	minor	 imprint	on	 the	whole	model	 statistic,	but	do	have	a	
major	imprint	on	the	statistics	of	the	EBSZ	domain.	

The	marginal	probability	distributions	for	the	friction	on	the	subduction	contact	and	
the	STEP	+	Nekor	fault	groups	are	bimodal,	with	slight	peaks	(just	above	30%	proba-
bility)	in	case	these	fault	groups	are	either	frictionless	or	locked.		

We	note	that	the	1D	marginal	probability	distributions	computed	using	observations	
from	the	GA	and	the	whole	model	are	typically	similar,	more	so	than	the	probability	
distributions	determined	using	data	from	the	EBSZ	domain.	Thus,	the	velocity	vectors	
in	the	Gibraltar	Arc	have	a	strong	imprint	in	the	marginal	probabilities	for	the	whole	
model	domain	even	though	the	larger	domain	to	determine	the	statistics	results	in	a	
less	peaked	probability	distribution.	

Parameter	trade-offs:	2D	marginal	probabilities	

To	determine	whether	we	can	 identify	trade-offs	between	different	parameters,	we	
calculate	2D	marginal	probabilities	for	all	of	the	pairs	of	model	parameters.	We	con-
tour	 these	2D	marginal	probabilities	 to	highlight	 trade-offs.	Trade-offs	appear	as	di-
agonal	 contour	 lines	 that	depict	an	anti-correlation	between	parameters.	 In	Fig.	5.8	
we	display	the	results	for	the	whole	model	domain.	Just	as	for	the	1D	marginal	prob-
abilities,	the	axes	for	the	resistive	fault	tractions	are	broken	since	we	do	not	know	the	
exact	values	for	locked	faults.	

We	 find	 the	 strongest	 trade-off	 between	 the	 resistive	 tractions	 on	 the	 Gloria	 fault	
group	and	the	Gulf	of	Cadiz	fault	group.	The	Gulf	of	Cadiz	fault	group	displays	some	
slight	trade-offs	with	the	Offshore	Algeria	front,	subduction	contact	and	STEP	+	Nekor	
fault	groups	although	the	 increase	 in	probability	 is	not	 that	 large.	The	marginals	 for	
the	 subduction	 contact	 only	 indicate	 a	 slight	 trade-off	with	 the	 STEP	 +	 Nekor	 fault	
group,	but	no	other	trade-offs	can	be	observed.	All	other	parameter	pairs	are	essen-
tially	 independent	 and	 display	 similar	 sensitivity	 as	 depicted	 for	 the	 1D	 marginals,	
with	 a	 high	 probability	 for	 a	 viscosity	 value	1 ∙ 10!"	Pa∙s	 for	 the	 Alboran	 Sea	 basin.	
Trench	 suction	 appears	 to	 be	 completely	 unconstrainable:	 there	 are	 only	 contour	
lines	parallel	to	the	axis	of	the	trench	suction	magnitude,	 indicating	no	sensitivity	at	
all	to	varying	the	magnitude	of	trench	suction.	
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In	 case	we	 only	 consider	 the	 GA	 domain	 for	 the	 2D	marginals,	 we	 observe	mostly	
similar	behavior,	even	though	the	trade-off	signal	is	clearer	as	there	are	some	larger	
differences	 in	the	marginal	probabilities	(Fig.	5.9).	The	resistance	to	fault	slip	on	the	
Gulf	of	Cadiz	again	display	a	 trade-off	with	 the	 resistance	 to	 fault	 slip	on	 the	Gloria	
fault,	whereas	the	other	plots	for	the	Gulf	of	Cadiz	and	Gloria	fault	groups	indicate	a	
high	probability	for	frictionless	slip	on	them.	As	in	Fig.	5.8,	the	Alboran	Sea	basin	dis-
plays	a	clear	high	in	probability	for	a	value	of	1 ∙ 10!"	Pa∙s,	without	any	clear	trade-off	
with	 other	 parameters.	 Confirming	what	we	 observe	 in	 Fig.	 5.8,	 the	 trench	 suction	
plots	indicate	no	sensitivity.	

Figure	 5.8	 2D	marginal	 probabilities	 for	 the	 parameters	 investigated	 in	 the	main	 grid	 search,	 deter-
mined	for	the	whole	model	domain.	
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Fig	5.10	displays	the	2D	marginals	for	the	EBSZ	domain.	 It	very	strongly	depicts	high	
probability	for	a	frictionless	Algeria	Offshore	front,	a	feature	not	readily	observed	for	
the	2D	marginal	probabilities	determined	for	the	other	observational	domains.	There	
is	also	a	high	in	probability	for	a	value	of	1 ∙ 10!"	Pa∙s	for	the	Alboran	Sea	basin,	but	
we	do	not	observe	any	clear	trade-off	between	other	parameters	as	these	were	dis-
played	in	Figs.	5.8	and	5.9.	For	the	EBSZ	fault	group,	all	other	plots	also	indicate	only	
very	limited	sensitivity	to	changing	other	parameters.	

Figure	5.9	2D	marginal	probabilities	for	the	parameters	investigated	in	the	main	grid	search,	determined	
for	the	Gibraltar	Arc	domain.	
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5.6.2	Well-scoring	model	results	

In	 our	 grid	 search	 we	 determine	 1D	 and	 2D	marginal	 probability	 distributions	 that	
display	sensitivity	to	some	parameters,	whereas	other	parameters	do	not	display	any	
sensitivity.	This	however	does	not	directly	indicate	what	characterizes	the	best,	well-
scoring	models.	We	 choose	 to	 look	 at	 the	 best-scoring	 50	models	 to	 determine	 by	
which	 parameter	 values	 they	 are	 characterized.	 Our	 choice	 to	 discuss	 the	 best	 50	
models	 is	 subjective,	 but	we	 verified	 that	 the	 spectrum	of	model	 responses	 is	well	
captured	by	these	by	also	looking	at	the	best	10,	20	or	100	models.	The	best	50	mod-
els	have	a	χ2-value	between	3.63	and	3.71,	corresponding	to	an	average	rms-misfit	of	

Figure	5.10	2D	marginal	probabilities	for	the	parameters	investigated	in	the	main	grid	search,	determined	
for	the	EBSZ	domain.	
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0.23	mm yr!!.	The	ensemble	of	50	models	consists	of	two	groups	with	some	specific	
characteristic	parameter	combinations:	 the	green	group	(Group	1	 in	Fig.	5.11)	has	a	
viscosity	 for	 the	Alboran	Sea	basin	of	1 ∙ 10!!	Pa∙s,	a	 locked	subduction	contact	and	
frictionless	 Algeria	 offshore	 front,	 Gloria	 fault	 and	 Gulf	 of	 Cadiz	 faults.	 The	 purple	
group	(Group	2	in	Fig.	5.11)	has	a	viscosity	for	the	Alboran	Sea	basin	of	1 ∙ 10!"	Pa∙s,	
frictionless	Algeria	offshore	front,	Gloria	fault	and	Gulf	of	Cadiz	faults,	and	a	low	(15-
30	MPa)	resistive	traction	on	the	subduction	contact.		

Fig.	 5.11	 shows	 the	misfit	 vectors	 between	 observations	 and	model	 predictions	 for	
two	models	that	are	representative	of	the	two	well-performing	groups.	Black	circles	
indicate	stations	for	which	the	model	predictions	are	within	the	95%	error	ellipses	of	
the	GNSS	 observations.	 The	 insets	 depict	 zooms	 of	 the	misfit	 vectors	 overlying	 the	
geological	map	of	Fig.	5.1.	The	pattern	of	misfit	is	very	similar	for	both	groups:	in	the	
Rif	we	observe	on	average	a	3 mm yr!!	SW-directed	vector	that	appears	to	translate	
to	a	S-directed	vector	on	the	Alboran	coast	of	the	central	Betics.	In	the	EBSZ,	velocity	
magnitudes	are	much	smaller	and	the	misfit	vectors	are	generally	N-E	directed	with	a	
maximum	 magnitude	 of	∼1	mm yr!!.	 Inland	 of	 the	 Iberian	 continent,	 we	 observe	

Figure	5.11	Misfit	vectors	for	two	models	representing	the	main	model	groups	that	score	well.	Geological	
map	insets	using	the	legend	of	Fig.	5.1.	
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some	misfit	vectors	for	stations	that	do	not	follow	the	trend	of	a	non-moving	Iberia,	
but	these	do	not	appear	to	have	a	systematic	trend.		

We	 first	 show	 that	 the	 fault	 slip	 rates	 are	 very	 similar	 for	 two	models	 representing	
both	groups,	and	subsequently	we	indicate	the	strain	and	rotation	rates	for	one	mod-
el	of	group	2.	Model	fault	slip	rates	and	a	sampled	surface	velocity	field	are	shown	in	
Fig.	5.12A	and	B.	Surface	velocities	display	a	clear	gradient	across	the	EBSZ	from	east-
erly-directed	velocities	in	the	central	Betics	to	velocities	with	a	smaller	magnitude	and	
a	more	northward-directed	azimuth.		

The	model	parameters	are	constrained	from	GPS	velocities	only.	The	resulting	sense	
of	slip	on	the	model	faults	can	be	tested	against	observed	neotectonic	fault	slip.	Qua-
ternary	fault	activity	[e.g.,	Garcia-Mayardomo	et	al.	2012])	and	seismological	(seismic	
moment	release	[e.g.,	Custódio	et	al.	2016])	observations	are	summarized	in	Fig.	5.1:	
dextral	 strike-slip	 along	 the	 Gloria	 fault,	 sinistral	 strike-slip	 along	most	 of	 the	 EBSZ	
fault	strands	and	the	Nekor	fault,	a	transpressive	style	of	deformation	for	the	Gulf	of	
Cadiz	 features,	 (low-magnitude)	 extension	 in	 the	 Granada	 basin	 and	 compression	
with	a	component	of	strike-slip	along	the	Algerian	front	and	Alboran	Ridge.	Some	dis-
tributed	deformation	exists	 (Fig.	5.12C)	but	 it	 is	 small-magnitude.	The	 first	 group	 in	
the	ensemble	has	 a	 lower	 viscosity	Alboran	Sea	Basin,	 and	 therefore	displays	 some	
higher	effective	shear	strain	rates	 in	the	 internal	domains.	This	 is	highlighted	by	the	
higher	slip	rates	on	the	EBSZ	fault	strands.	Model	 fault	slip	predictions	 for	our	well-
scoring	models	show	a	sense	of	shear	that	agrees	with	the	independent	observations.	

There	is	an	anti-clockwise	rotation	of	the	velocities	in	the	SW	Rif	and	Gibraltar	Straits	
region	(as	observed	in	the	velocities	of	Fig.	5.12A	and	B),	induced	by	the	African	rota-
tion	with	respect	to	stable	Iberia,	but	this	is	very	small-magnitude	(Fig.	5.12D).	Pale-
omagnetic	observations	for	the	Gibraltar	Arc	are	limited	and	measurements	dated	to	
the	Pleistocene	do	not	exist	[e.g.,	Cifelli	et	al.	2016].	In	their	review	of	paleomagnetic	
area	in	the	Gibraltar	Arc	region,	Cifelli	et	al.	[2016]	indicate	that	rotations	in	the	Betics	
and	Rif	were	induced	primarily	during	previous	stages	of	nappe	emplacement,	with	a	
progressive	decrease	in	rotations	during	the	Neogene,	whereas	the	Guadalquivir	(Ibe-
rian)	foreland	and	Saïss-Rharb	(African)	foreland	did	not	experience	vertical	axis	rota-
tions	since	the	Miocene.	This	is	in	agreement	with	our	observations.	

Because	of	a	lack	of	larger	magnitude	rotation	rates	for	the	Alboran	domain,	the	mis-
fit	in	the	SW	Rif	(Fig.	5.11)	remains.	Additionally,	this	lowers	the	amount	of	potential	
convergence	along	the	southern	segment	of	the	subduction	contact,	and	the	poten-
tial	strike-slip	deformation	along	the	STEP	and	Nekor	fault	strands.		

The	high	probability	for	 low	resistance	to	slip	on	the	Algeria	Offshore	front	suggests	
that	 the	 Africa-Europe	 plate	 convergence	 is	 mostly	 taken	 up	 there,	 whereas	 only	
some	 of	 the	 African	 plate	motion	 is	 translated	 through	 the	 Alboran	 basin	 into	 the	
EBSZ	[e.g.,	Borque	et	al.	2019].	The	western	Betics	accommodate	the	majority	of	Afri-
ca-Iberia	plate	convergence	translated	through	the	Alboran	domain.	
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Figure	5.12	Sampled	model	velocity	field	with	horizontal	slip	rates	and	rakes	on	faults	(colored	balls)	for	
group	1	 (A)	and	group	2	 (B).	C	Effective	shear	strain	rate	 for	a	model	 representing	group	2.	D	Rotation	
rate	for	a	model	representing	group	2.		



	 185	

In	conclusion,	our	most	probable	force-based	models,	constrained	by	GNSS	observa-
tions,	 are	 in	 good	 agreement	 with	 the	 location	 and	 style	 of	 deformation	 as	 deter-
mined	through	geological	and	seismological	 (kinematic)	observations	 in	 the	western	
Mediterranean.	

5.6.3	Model	analysis	

Can	 we	 understand	 why	 the	mechanical	 model	 predictions	 display	 the	 sensitivities	
and	 relative	marginal	 probabilities	 in	 Figs.	 5.7-10?	 The	 parameter	 that	 is	 best	 con-
strained	quantitatively	by	the	data	in	the	context	of	our	models	(i.e.,	has	the	narrow-
est	peak	in	its	1D	marginal	probability	distribution)	is	the	viscosity	of	the	Alboran	Sea	
basin.	At	an	 intermediate	viscosity	of	1 ∙ 10!"	Pa∙s	we	note	the	 following	responses:	
1)	the	domain	resists	shortening	from	the	squeezing	between	the	stronger	Iberia	and	
Africa	domains	–	this	behavior	is	what	we	observe	at	lower	effective	viscosities	of	the	
Alboran	 Sea	 basin;	 2)	 GPE-derived	 forces	 have	 a	 clear	 local	 imprint	 in	 the	 Betics,	
where	 extension	 takes	 place;	 3)	 model	 velocities	 in	 the	 Rif	 largely	 reflect	 Africa-
Europe	convergence	because	the	relatively	high	viscosity	suppresses	local	collapse	by	
the	high	GPE-derived	forces	surrounding	the	deep	crustal	root	in	the	Rif.	Through	this	
internal	deformation,	the	intermediate	value	of	the	viscosity	of	the	Alboran	Sea	basin	
thus	has	a	direct	effect	on	the	azimuths	of	the	velocities	in	the	Betics;	a	rigid	Alboran	
domain	displays	motion	 in	 line	with	African	 rotation	 (which	 is	 then	 taken	up	at	 the	
western	Betics	front)	and	velocities	in	the	EBSZ	show	a	larger	misfit.		

The	magnitudes	of	slip	rates	on	faults	are	a	direct	consequence	of	the	magnitudes	of	
the	resistive	fault	tractions	imposed	on	them.	The	optimal	parameter	choice	of	a	fric-
tionless	Algeria	Offshore	front	results	in	complete	accommodation	of	the	relative	Af-
rica-Europe	plate	motion	on	the	model	fault,	but	at	the	western	part	some	of	the	rel-
ative	plate	motion	is	transferred	across	the	Yusuf	and	Al-Idrissi	faults.	With	some	re-
sistance	along	the	Algeria	Offshore	front,	part	of	the	relative	plate	motion	 is	passed	
on	 to	 the	Algerian	basin	 and	 the	Baleares,	 and	modeled	 velocities	 consequently	do	
not	match	the	GNSS	velocities	there.	

Although	all	of	 the	GNSS	 stations	are	 located	onshore	at	 substantial	distances	 from	
the	Gloria	and	Gulf	of	Cadiz	fault	groups	and	might	be	expected	to	have	low	resolu-
tion	of	offshore	model	parameters,	we	 find	 that	 there	 is	a	high	probability	 that	 the	
resistive	 traction	on	 these	 fault	 systems	 is	nearly	 zero.	 This	 sensitivity	 indicates	 the	
importance	of	the	choice	for	the	magnitude	of	the	effective	viscosity	of	the	Atlantic	
Ocean	 domain;	 a	 high-viscosity	 Atlantic	 domain	 transfers	 the	 African	 plate	 motion	
into	 the	 Iberian	 domain	 in	 case	 of	 (partially)	 locked	Gloria	 and	Gulf	 of	 Cadiz	 faults.	
This	causes	the	distributed	deformation	to	become	widely	spread	in	between	the	two	
velocity	boundary	conditions	at	the	sides	of	the	model	domain.	In	order	to	separate	
the	surface	motions	of	Africa	from	Iberia	(i.e.,	decouple	the	African	and	Iberian	sides	
of	the	Atlantic	Ocean),	relative	plate	motion	needs	to	occur	across	the	Gulf	of	Cadiz	
and	Gloria	 fault	 systems.	 This	 is	 particularly	 highlighted	 by	 the	marginal	 probability	
distributions	determined	using	data	 from	 the	Gibraltar	Arc	domain	 (Fig.	 5.9),	which	
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indicates	a	high	relative	probability	for	frictionless	slip	on	the	Gloria	and	Gulf	of	Cadiz	
faults.	 The	 correlation	 between	 the	 resistive	 fault	 tractions	 on	 both	 fault	 groups	 is	
therefore	logical;	marginal	probabilities	are	at	a	high	when	both	fault	systems	are	fric-
tionless	(Fig.	5.8).		

The	marginal	 probabilities	 for	 the	 resistive	 tractions	on	 the	 subduction	 contact	 and	
the	Nekor	+	STEP	fault	groups	have	similar	distributions;	these	fault	groups	are	con-
nected	SW	of	 the	Rif,	 thereby	enclosing	 the	Alboran	domain.	High	 fault	 slip	on	one	
fault	group	can	only	occur	when	slip	on	the	other	fault	group	is	possible.	

The	present-day	data	do	not	appear	 to	be	sensitive	 to	 the	magnitude	of	 the	 trench	
suction,	as	 indicated	by	 its	uniform	marginal	probability	distribution,	both	in	1D	and	
in	2D.	 In	other	words,	 the	choice	of	 trench	suction	traction	acting	on	the	overriding	
plate	does	not	affect	the	fit	to	GNSS	velocities	in-	and	outside	the	Alboran	domain.		

5.7	Discussion	

5.7.1	Limitations	of	the	parameter	search	and	models,	and	possible	future	solutions	

Through	 this	 grid	 search,	we	 obtain	model	 predictions	 that	 are	 in	 good	 agreement	
with	horizontal	GNSS	velocities.	The	best-fitting	models	also	agree	well	with	the	loca-
tion	and	style	of	deformation	as	determined	through	other	geological	and	seismologi-
cal	(kinematic)	observations	in	the	western	Mediterranean	(Fig.	6.1).	This	grid	search	
was	 intentionally	designed	to	only	 include	—	and	vary	—	a	 limited	set	of	model	pa-
rameters	in	order	to	determine	whether	there	is	any	chance	of	estimating	model	pa-
rameter	 values	 and	 uncertainties	 that	 produce	model	 predictions	 close	 to	 observa-
tions,	given	the	set	of	observations	available	to	us	today.	Some,	but	not	all,	parame-
ters	turn	out	to	affect	the	surface	velocity	field.	

Our	 search	 has	 limitations	 because	 we	 make	 several	 simplifications	 to	 keep	 our	
search	manageable	in	terms	of	the	number	of	models.	One	of	these	is	the	limited	size	
of	the	model	ensemble,	which	controls	the	number	of	model	parameters	and	the	de-
tail	with	which	we	resolve	their	values.	The	remaining	misfit	 in	 the	SW	Rif	 indicates	
that	there	are	still	places	to	refine	and	improve	the	model.		

Expanding	the	search	within	the	current	model	context	

The	current	model	context	involves	first	order	lithospheric	forces,	faults,	and	rheolo-
gies,	and	these	attributes	should	be	part	of	any	model	that	aims	to	reproduce	obser-
vations	 of	 crustal	 kinematics.	Within	 this	 context,	we	 recognize	 various	 limitations.	
Our	inference	of	very	low	resistive	tractions	on	many	of	the	regional	faults	in	the	GA	
conflicts	with	the	high	seismic	hazard	determined	in	this	region	[Jimenez	et	al.	1999,	
2003;	Martinez	Solares	and	Lopez	Arroyo	2004;	Grünthal	et	al.	2013;	Mourabit	et	al.	
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2013;	Stucchi	et	al.	2013;	Rosas	et	al.	2016].	This	mismatch	is	only	apparent.	We	at-
tribute	it	to	several	characteristics	of	our	modeling	approach:		
- Our	grouping	of	 several	 fault	 strands	 into	groups	with	 the	 same	uniform	 resistive	
fault	traction,	which	is	especially	relevant	for	the	EBSZ	and	Gulf	of	Cadiz	faults.		

- Representation	 of	 several,	 smaller-scale	 faults	 by	 a	 single,	 long	 and	 continuous	
model	 fault	 precludes	 the	 accumulation	 of	 slip	 deficit.	We	 note	 here	 that	 such	 a	
continuous	fault	segment	would	not	be	a	realistic	representation	of	the	EBSZ	as	the	
separate	segments	have	not	been	shown	to	be	connected.	

- The	GNSS	stations	are	unfavorably	 located	with	respect	to	active	fault	strands,	es-
pecially	for	the	EBSZ	and	Gulf	of	Cadiz	faults,	to	constrain	the	fault	traction	on	the	
basis	 of	 these	 data	 only.	 It	 would	 be	 possible	 to	 use	 the	 occurrence	 of	 previous	
earthquakes	as	a	prior	for	the	fault	tractions.		

- The	model	is	2D,	so	the	resistance	on	faults	represents	a	lithospheric	average.	If	the	
fault	is	locked	at	some	depths	but	sliding	smoothly	elsewhere	along-dip	the	fault	in-
terface,	the	lithospheric	averaged	shear	resistance	might	appear	to	be	low	despite	
the	accumulation	of	shallow	elastic	strain	and	corresponding	seismic	hazard.	

The	most	 likely	next	 steps	would	be	 to	ungroup	model	 faults	and	 to	 search	 the	pa-
rameter	space	using	smaller	increments	of	the	resistive	tractions;	we	can	then	better	
identify	 the	 trade-offs	 between	 the	 shear	 resistance	on	 such	 separate	 fault	 strands	
(e.g.,	 in	 the	ESBZ	and	Gulf	of	Cadiz	 regions).	This	 includes	 testing	 the	activity	of	 the	
STEP	 fault,	 separate	 from	 the	 Nekor	 fault.	 Additionally,	 by	 dividing	 the	 subduction	
contact	into	multiple	segments	we	can	test	for	variable	(along-strike)	relative	motion	
accommodation.	We	then	also	have	the	opportunity	to	test	other	options	for	variable	
slab	pull	as	 suggested	by	some	models	 for	Gibraltar	 slab	 [Thurner	et	al.	2014;	Palo-
meras	et	al.	2014;	Heit	et	al.	2017].	The	notion	that	slab	pull	 is	not	transmitted	effi-
ciently	to	the	surface	plate	indicates	that	along-trench	variable	slab	pull	transmission	
may	not	be	a	key	factor	in	explaining	present-day	surface	kinematics.	

Expanding	the	number	of	parameters	would	make	a	grid	search	approach	infeasible,	
but	this	search	could	be	accomplished	using	a	more	efficient	strategy,	such	as	simu-
lated	annealing	[Kirkpatrick	et	al.	1983].	

Expanding	the	search	beyond	the	current	model	context	

There	is	a	wide	range	of	suggestions	in	the	literature	on	the	western	Mediterranean	
of	sub-lithospheric	forces	that	may	be	relevant,	and	these	can	be	tested	by	expanding	
the	current	model	context.		

Mantle	flow.	Neres	et	al.	[2016]	attribute	the	velocities	of	the	Alboran	crust	to	trac-
tions	from	local	mantle	flow.	SKS	splitting	data	in	the	wider	GA	region	indicate	toroi-
dal	flow	around	the	Gibraltar	slab	(see	Díaz	and	Gallart	[2014]	for	an	overview),	prob-
ably	 induced	 by	 a	 previous	 stage	 of	 slab	 rollback.	We	 could	 include	 basal	 tractions	
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based	on	Díaz	and	Gallart	[2014]	in	our	model;	this	would	produce	a	SE-ward	traction	
in	the	Rif	and	a	(E)NE-ward	traction	in	the	Betics.	The	parameter	search	could	be	used	
to	constrain	the	magnitude.	However,	seismic	tomography	models	indicate	warm	up-
wellings	 surrounding	 the	Gibraltar	 slab	 [Civiero	 et	 al.	 2018,	 2019],	 possibly	 “sucked	
in”	from	the	Canary	mantle	plume	during	the	slab	rollback	stage	[Duggen	et	al.	2009;	
Mériaux	et	al.	2015].	The	presence	of	warm	asthenospheric	material	would	result	in	a	
lower	viscosity	upper	mantle	surrounding	the	Gibraltar	slab	—	an	indication	that	the	
lithosphere-asthenosphere	coupling	could	be	greatly	reduced,	or	at	least	highly	varia-
ble,	 in	this	area.	This	complication	would	call	 for	a	 laterally	variable	coupling	magni-
tude.	

Continental	delamination-induced	forcing.	Pérouse	et	al.	[2010]	attribute	part	of	the	
GA	surface	motion	to	a	traction	acting	on	the	Alboran	basin	lithosphere	in	a	SW	direc-
tion,	induced	by	progressive	delamination	and	rollback	of	the	African	continental	lith-
osphere.	 Petit	 et	 al.	 [2015]	 argue	 that	 this	 progressive	 delamination	 causes	 lower	
crustal	flow	and	may	explain	relative	motion	of	the	Rif	section	of	the	GA	with	respect	
to	stable	Africa.	It	should	be	noted	though	that	the	Betics	side	of	the	Alboran	Sea	ba-
sin	has	a	similar	step	in	crustal/lithosphere	thickness	[Thurner	et	al.	2014;	Mancilla	et	
al.	 2015]	 through	 rollback-induced	delamination	of	 the	adjacent	 Iberian	 lithosphere	
[Bezada	et	al.	2014;	Thurner	et	al.	2014],	inferred	to	be	the	cause	of	geochemical	zo-
nation	of	volcanism	[Duggen	et	al.	2005,	2008].	This	mechanism	should	then	also	pro-
vide	a	clear	imprint	on	the	Iberian	side	of	the	Gibraltar	slab,	or	at	the	southern	edge	
of	 the	Lesser	Antilles	 subduction	zone	 [Levander	et	al.	2014],	but	 this	has	yet	 to	be	
reported.	We	can	parameterize	such	delamination-induced	forcing	through	a	traction	
acting	in	the	Rif	area,	just	S	and	SW	of	the	Moho	keel	beneath	the	Rif,	in	the	direction	
of	Moho	thinning	towards	the	Saïss	basin,	i.e.,	S-to-SW	(see	Figs.	5.1	and	5.3).	There	is	
no	trade-off	with	other	forces	currently	parameterized	in	our	models.	

Slab	dragging.	Slabs	sink	into	the	asthenosphere	due	to	gravity.	They	may	also	have	a	
lateral	velocity	relative	to	the	asthenosphere	because	of	the	trench-parallel	motion	of	
surface	 plates	 to	 which	 the	 slabs	 are	 connected.	 The	 viscous	 resistance	 to	 such	
transport	was	dubbed	slab	dragging	[Chertova	et	al.	2014b]	and	may	result	in	internal	
deformation	of	 the	slab	 [e.g.,	Santos-Bueno	et	al.	2019].	Spakman	et	al.	 [2018]	sug-
gest	 that	 slab	dragging	contributes	 to	 the	surface	kinematics	of	 the	GA.	These	 trac-
tions	 act	 anti-parallel	 to	 the	 transport	 direction	 and	 could	 be	 presented	 in	 a	 litho-
spheric	model	after	down-dip	integration	along	the	contact	area	of	the	slab	sides	and	
the	asthenosphere.	The	resulting	force	is	probably	minor	because	the	Gibraltar	slab	is	
narrow,	and	because	the	absolute	velocity	of	the	African	and	Eurasian	plates	 is	 low.	
We	find	that	the	slab	pull,	another	force	that	acts	on	the	Atlantic	Ocean	lithosphere,	
does	not	affect	the	GNSS	velocities	of	the	overriding	plate.	The	way	we	interpret	this	
is	that	the	slab	pull	is	hardly	transmitted	to	the	surface	plate.	We	expect	it	to	be	un-
likely	that	slab	drag	is	transmitted	more	efficiently.	As	Spakman	et	al.	[2018]	indicate,	
the	 actual	 azimuth	 and	magnitude	 of	 the	 slab’s	 transport	 direction	 depend	 on	 the	
plate	motion	model	used.	The	resistive	slab	dragging	force	would	be	~SW-directed	in	



	 189	

our	stable	Eurasia	reference	frame	(using	rotation	poles	of	Wang	et	al.	[2018]).	As	it	
acts	along	the	(Atlantic	Ocean)	subduction	side	of	the	subduction	contact,	the	trench-
perpendicular	component	of	the	slab	dragging	counteracts	the	slab	pull	force	because	
they	 are	 opposite	 in	 this	 geodynamic	 setting.	 The	 trench-parallel	 component	 may	
thus	act	along	the	trench.	

Slab	 edge	 push.	 Lateral/sideways	 transport	 of	 the	 slab	 through	 the	 asthenosphere	
may	also	be	transmitted	to	the	lithospheric	level,	and	generate	a	force	along	the	STEP	
fault	(the	so-called	“slab	edge	push”	[van	Benthem	et	al.	2014]).	Slab	edge	push	was	
established	to	be	a	key	factor	in	explaining	the	complex	surface	motions	of	the	North	
Caribbean	plate	boundary	zone	[van	Benthem	et	al.	2014].	The	slab	may	thus	exert	a	
traction	on	 the	African	plate,	parameterized	as	a	 line	 force	at	 the	STEP	 fault,	 in	 the	
direction	 of	 relative	 plate	motion	 between	 the	 Gibraltar	 slab	 and	 Africa.	 Slab	 edge	
push	 thus	would	 thus	be	SE-directed.	As	 it	derives	 from	 the	 low	 relative	velocity	of	
the	slab	and	the	asthenosphere,	the	magnitude	of	the	slab	edge	push	is	expected	to	
be	low.	

5.7.2	Do	 inherited	nappe	 contacts	 accommodate	present-day	 relative	 surface	mo-
tion?	

Most	of	the	post-Miocene	deformation	in	the	GA	involved	nappe	stacking	[Andrieux	
et	 al.	 1971;	Chalouan	et	 al.	 2008;	Platt	 et	 al.	 2013;	Wortel	 et	 al.	 2017].	 This	means	
that	 there	 is	 a	 distinct	 possibility	 that	 present-day	GNSS	 velocities	 represent	 nappe	
kinematics	 rather	 than	 lithospheric-scale	quantities,	especially	 in	 the	western	Betics	
and	in	the	Rif.	Geological,	historical	seismicity	and	geomorphological	studies	indicate	
that	 the	 Pre-Rif	 front,	 the	 southernmost	 extent	 of	 the	 Rifian	 nappe	 stack	 front,	 is	
characterized	by	Holocene	activity	[Moratti	et	al.	2003;	Bargach	et	al.	2004;	Ruano	et	
al.	2006;	Chalouan	et	al.	2006,	2014;	Poujol	et	al.	2017].	The	largest	GNSS	misfit	vec-
tors	are	located	on	top	of	the	Rifian	nappes,	i.e.,	 in	front	of	the	external	nappe	con-
tact	with	the	Rharb	and	Saïss	basins	 (see	Fig.	5.11).	The	active	convergence	front	 in	
the	western	Betics	 is	 located	along	 the	southern	outskirts	of	 the	Guadalquivir	Basin	
[e.g.,	Ruiz-Constán	et	al.	2009,	2012;	Gonzalez-Castillo	et	al.	2015a,	b].	Although	it	is	
often	 considered	 to	 be	 the	 surface	 expression	 of	 subduction,	 the	 nappes	 that	 are	
thrust	over	the	Iberian	massif	basement	are	internally	deformed	and	the	decollement	
dips	shallowly	towards	the	Alboran	Sea	basin	[Ruiz-Constán	et	al.	2009,	2012;	Gonza-
lez-Castillo	et	al.	2015b].	High-resolution	bathymetry	and	seismic	profiling	of	the	Al-
boran	 Sea	 basin	 also	 displays	 distributed	 internal	 deformation:	 it	 is	 yet	 unknown	
whether	 the	 smaller,	 tectonically	 recent	 features	are	 rooted	 in	 the	basement	 [Mar-
tínez-García	 et	 al.	 2011,	 2013,	 2017;	 Estrada	 et	 al.	 2017;	 Gómez	 de	 la	 Peña	 et	 al.	
2018].	This	could	mean	that	 the	entire	curved	“subduction	contact”	of	Figs.	5.1	and	
5.2	may	actually	not	be	an	active	feature	corresponding	to	deformation	accommoda-
tion	of	 subduction,	 but	 rather	 (with	 some	 small	 redrawing	 in	 the	 SW	Rif)	 a	 contact	
that	represents	the	outermost	active	features	of	the	GA	domain	[Ruiz-Constán	et	al.	
2011].	This	activity	along	the	nappe	fronts	would	then	be	accommodated	by	distrib-
uted	deformation	within	the	Alboran	domain.		
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The	Alboran	Domain	could	 therefore	be	 thrust	separately	over	 the	underlying	 litho-
spheric	basement	in	between	the	converging	African	and	Iberian	domains,	while	the	
basement	 itself	 is	 thickening	 through	plate	convergence.	This	would	also	mean	that	
inferred	forces	as	mantle	tractions	and	slab	edge	push	are	irrelevant	in	producing	sur-
face	 kinematics	 as	 they	would	 be	decoupled.	 This	would	 not	 preclude	 a	 seismically	
deforming	 slab	 segment	 still	 attached	 to	 the	 adjacent	 continental	 lithospheric	 do-
mains	[Ruiz-Constán	et	al.	2011;	Custódio	et	al.	2016;	Heit	et	al.	2017;	Santos-Bueno	
et	al.	2019].	

In	the	western	Betics,	observations	and	model	predictions	would	have	a	similar	out-
come	if	we	consider	the	fault	contact	to	be	a	subduction	contact,	but	in	the	SW	Rif	we	
would	expect	different	behavior.	Since	we	consider	only	lithospheric-scale	processes	
to	have	an	imprint	in	our	numerical	simulations,	it	may	therefore	not	come	as	a	sur-
prise	that	we	fail	to	reproduce	the	GNSS	observations	in	the	SW	Rif.	

The	2D	plane	stress	approximation	in	our	forward	model	imposes	a	significant	limita-
tion	in	that	we	cannot	include	crustal	nappes.	

5.8	Conclusions	

The	grid	search	methodology	outlined	and	employed	 in	this	chapter	shows	that	 it	 is	
possible	 to	constrain	 the	rheology,	 resistive	 fault	 tractions,	and	slab	pull	and	trench	
suction	forces	for	the	Gibraltar	Arc	domain	in	light	of	the	available	kinematic	observa-
tions.			

The	 ensemble	 of	 the	 best	 50	 models	 has	 an	 average	 rms-misfit	 of	 0.23	mm yr!!,	
which	 is	mostly	due	to	a	systematic	SW-ward	motion	of	up	to	4	mm yr!!	in	the	SW	
Rif.	The	ensemble	consists	of	two	solution	groups	with	a	characteristic	distribution	of	
model	parameter	values:	the	first	group	has	an	Alboran	Sea	basin	viscosity	of	1 ∙ 10!!	
Pa∙s,	a	 locked	subduction	contact	and	 frictionless	Algeria	offshore	 front,	Gloria	 fault	
and	Gulf	of	Cadiz	faults.	The	second	group	of	solutions	has	a	viscosity	for	the	Alboran	
Sea	basin	of	1 ∙ 10!"	Pa∙s,	a	frictionless	Algeria	offshore	front,	Gloria	fault	and	Gulf	of	
Cadiz	 faults,	 and	 a	 low	 resistive	 traction	 on	 the	 subduction	 contact.	 Both	 solution	
groups	 produce	 senses	 of	 slip	 on	model	 fault	 that	 agree	with	 observations.	Dextral	
slip	rates	up	to	4	mm yr!!	are	predicted	on	the	Gloria	fault	system,	up	to	3	mm yr!!	
thrusting	on	the	Offshore	Algeria	Front,	and	either	0	or	up	to	2	mm yr!!	thrusting	on	
the	northern	end	of	the	subduction	interface.		

The	observed	GNSS	velocity	field,	seismicity	and	sense	of	slip	on	regional	faults	in	the	
Gibraltar	Arc	thus	appear	to	result	mainly	from	Africa-Europe	plate	convergence	and	
lateral	GPE	variations.	Slab	pull	from	the	Gibraltar	slab	is	very	likely	transmitted	poor-
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ly	 into	the	surface	plate	and	probability	distributions	for	the	trench	suction	force	do	
not	display	any	favorable	value	to	affect	the	kinematics	in	the	Gibraltar	Arc	region.		
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6.	Faults	and	slip	resistance	in	GTECTON	finite	element	models	

6.1	Introduction		

The	 lithosphere	 is	 faulted	 and	 an	 expression	 of	 this	 is	 that	 plate	 boundaries	 often-
times	 house	 enormous	 seismic	 potential.	 In	 mechanical	 studies	 of	 the	 lithosphere,	
faults	represent	discontinuities	within	an	otherwise	continuous	medium.	One	of	the	
approaches	to	solving	problems	involving	faults	is	the	finite	element	method.	The	fi-
nite	element	platform	GTECTON	uses	a	“slippery	node”	technique	to	represent	fault	
slip	by	sharp	displacement	discontinuities	across	discrete	interfaces	[Melosh	and	Wil-
liams	1989].	The	discussion	below	revolves	around	 resistive	 shear	 tractions	on	 fault	
interfaces.	We	present	a	new	method	to	handle	variable	resistance	to	fault	slip	in	the	
context	 of	 GTECTON,	 applicable	 for	 future	 modeling	 studies.	We	 verify	 this	 imple-
mentation	using	a	simple	benchmark	model.		

6.2	Resistive	fault	traction	

In	the	real	Earth,	the	onset	of	slip	on	a	pre-existing	fault	is	opposed	by	the	static	shear	
strength	(S)	of	the	fault	plane.	There	will	be	no	slip	when	the	magnitude	of	the	shear	
traction	on	the	fault	is	lower	than	S.	If	the	stresses	in	the	wall	rock	increase,	the	shear	
traction	on	the	fault	may	consequently	increase	to	the	point	that	it	exceeds	S,	so	that	
fault	slip	may	occur.	Resistive	shear	tractions	during	fault	slip	(“kinematic”)	can	differ	
significantly	 from	S;	 resistive	 shear	 tractions	 that	decrease	with	 increasing	 fault	 slip	
(rate)	result	in	catastrophic	failure	(i.e.,	accelerating	fault	slip)	as	in	earthquakes.	Sta-
ble	fault	slip	corresponds	to	creeping	faults	where	resistive	shear	tractions	during	slip	
are	equal	to,	or	greater	than,	the	static	shear	strength.		

Ample	experimental	 results	on	the	mechanics	of	 rocks	demonstrate	that	both	static	
and	 kinematic	 resistive	 shear	 tractions	 (𝜏𝜏)	 are	 proportional	 to	 the	 effective	 normal	
traction	(𝜎𝜎!) on	the	fault	interface	(e.g.,	Byerlee	[1978]):	𝜏𝜏 = 𝜇𝜇 ∙ 𝜎𝜎!,	where	compres-
sion	is	taken	to	be	positive.	The	proportionality	constant	𝜇𝜇	is	the	(static	or	kinematic)	
coefficient	of	friction.	We	do	not	use	such	friction	relations	in	the	regional	studies	of	
Chapters	4	and	5,	and	just	focus	on	constraining	the	average	resistive	shear	tractions	
on	 faults.	The	 first	 reason	 for	 this	 simplification	 is	 the	 focus	on	 time	scales	 that	are	
substantially	 longer	than	many	earthquake	cycles.	Given	the	time-variable	character	
of	kinematic	 friction	during	 the	earthquake	cycle,	 it	would	be	necessary	 to	use	sub-
stantially	more	complex	models	(sensu	van	Dinther	et	al.	[2013])	to	capture	variable	
friction	at	the	expense	of	insight	in	the	primary	controls	on	the	regional	tectonics.	The	
second	reason	for	focusing	on	average	resistive	shear	tractions	is	that	the	data	avail-
able	 in	 regional	 studies	 typically	 have	 very	 limited	depth	 information.	 Therefore,	 in	
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the	 finite	element	models,	we	consider	vertical	averages	of	 the	 resistive	shear	 trac-
tions	only.	

In	 the	Calabria	 (Chapter	4)	and	Gibraltar	 (Chapter	5)	 studies,	we	assume	 that	 faults	
are	either	inactive	over	long	time	scales	(“locked”),	or	that	fault	slip	is	opposed	by	a	
constant	 resistive	 shear	 traction.	 This	 resistive	 shear	 traction	 is	 imposed	 a	 priori,	
which	necessitates	that	we	verify	afterwards	whether	the	fault	slip	actually	is	orient-
ed	in	the	direction	opposite	to	 it.	The	result	 is	completely	correct,	but	the	modeling	
procedure	is	cumbersome,	which	is	why	we	develop	a	new	procedure	here	where	the	
resistive	 shear	 traction	 is	 intrinsically	oriented	 in	 the	direction	opposite	 to	 the	 fault	
slip	direction.	Another	benefit	of	the	new	procedure	is	that	we	do	not	need	to	specify	
a	priori	whether	a	fault	is	locked	or	not,	because	it	only	requires	a	specification	of	the	
fault	shear	strength	(S).	The	procedure	works	as	follows;	when	the	shear	traction	on	a	
fault	 is	 smaller	 than	the	shear	strength,	a	stiff	 spring	keeps	both	sides	of	a	 fault	 to-
gether.	When	 the	 shear	 traction	 exceeds	 the	 shear	 strength	 of	 the	 fault,	 kinematic	
fault	slip	occurs	such	that	the	resistive	shear	traction	is	equal	to	the	shear	strength.	In	
the	following,	the	procedure	will	be	explained	in	greater	detail.	We	first	introduce	the	
finite	element	context	related	to	slippery	nodes.	

Figure	6.1	Example	of	a	1D	problem	of	a	truss	consisting	of	two	linear	elements.	Black	balls	indicate	the	
global	node	numbers.	Node	2	is	slippery.	The	local	numbers	in	an	element	are	as	follows:	every	left	node	
is	node	1	of	the	specific	element,	and	the	right	node	is	node	2.	This	then	means	that	the	global	node	2	is,	
at	the	same	time,	node	2	of	element	1	and	node	1	of	element	2.	Hence	also	the	description	of	the	forces	
at	either	side	of	the	linear	body:	𝑭𝑭𝟏𝟏𝟏𝟏	acts	on	node	1	(subscript)	in	element	1	(superscript)	whereas	𝑭𝑭𝟐𝟐𝟐𝟐	acts	
on	node	2	in	element	2.	The	displacement	of	the	nodes	follows	the	same	convention:	𝒖𝒖𝟏𝟏𝟏𝟏	is	the	incremen-
tal	displacement	of	node	1	(subscript)	in	element	1	(superscript),	whereas	𝒖𝒖𝟐𝟐𝟏𝟏 is	the	incremental	displace-
ment	of	node	2	in	element	1.	Notably,	𝒖𝒖𝟐𝟐𝟏𝟏	and	𝒖𝒖𝟏𝟏𝟐𝟐	both	represent	the	displacement	of	global	node	2.	
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6.3	The	slippery	node	technique	for	internal	interfaces	

Melosh	and	Williams	 [1989]	 introduced	a	method	to	handle	discrete	 faults	 that	can	
slip	in	response	to	tractions.	Nodes	in	the	finite	element	mesh	that	are	part	of	a	fault	
get	 additional	 degrees	 of	 freedom	 to	 allow	 differential	 slip	 in	 fault	 parallel	 and/or	
fault	perpendicular	directions.	A	one-dimensional	truss	consisting	of	two	elements	is	
used	 as	 an	 example	 (Fig.	 6.1).	 Here,	 (differential)	 motion	 is	 allowed	 in	 the	 truss-
parallel	direction	between	element	1	(yellow)	and	2	(green).	Global	node	2	is	taken	to	
be	 slippery.	 The	 forces	 and	 displacements	 at	 the	 shared	 node	 (2)	 are	 written	 as	 a	
mean	 force	 (𝐹𝐹!)	and	a	mean	displacement	 (𝑢𝑢!),	and	a	differential	 force	 (∆𝐹𝐹!)	and	a	
differential	displacement	(∆𝑢𝑢!),	defined	as:		

	𝑢𝑢! =		
!
!
𝑢𝑢!! + 𝑢𝑢!! 					∆𝑢𝑢! =	

!
!
𝑢𝑢!! − 𝑢𝑢!! 				 𝐹𝐹! = 𝐹𝐹!! − 𝐹𝐹!! 					∆𝐹𝐹! = 𝐹𝐹!! + 𝐹𝐹!! 	 	(6.1)	

Subscripts	refer	to	nodes	and	superscripts	to	elements.	The	local	element	equations	
are	defined	as:	

𝐾𝐾!!! 𝐾𝐾!"!

𝐾𝐾!"! 𝐾𝐾!!!
∙
𝑢𝑢!!

𝑢𝑢!!
=

𝐹𝐹!!

𝐹𝐹!!
	 &	

𝐾𝐾!!! 𝐾𝐾!"!

𝐾𝐾!"! 𝐾𝐾!!!
∙
𝑢𝑢!!

𝑢𝑢!!
=

𝐹𝐹!!

𝐹𝐹!!
								 (6.2)	

Assembling	 these	 local	element	equations	 into	 the	global	 stiffness	matrix	 for	 this	2-
element	truss	problem	yields:	

   𝐾𝐾!!!   𝐾𝐾!"!

   𝐾𝐾!"!   𝐾𝐾!!! + 𝐾𝐾!!!
−𝐾𝐾!"! 0

𝐾𝐾!!! − 𝐾𝐾!!! 𝐾𝐾!"!

 −𝐾𝐾!"! 𝐾𝐾!!! − 𝐾𝐾!!!

  0 𝐾𝐾!"!
𝐾𝐾!!! + 𝐾𝐾!!! 𝐾𝐾!"!

𝐾𝐾!"! 𝐾𝐾!!!

∙

𝑢𝑢!!
𝑢𝑢!
∆𝑢𝑢!
𝑢𝑢!!

=

𝐹𝐹!!

𝐹𝐹!
∆𝐹𝐹!
𝐹𝐹!!

																			(6.3)	

The	total	differential	slip	𝜁𝜁 = 2∆𝑢𝑢!.	

6.4	Differential	Winkler	forces	

The	first	step	towards	the	development	of	fault	resistive	tractions	is	to	add	a	differen-
tial	force	that	opposes	differential	slip	of	a	slippery	node	using	linear	elastic	springs.	
In	the	finite	element	literature,	such	forces	are	named	after	the	German	engineer	E.	
Winkler	 [Winkler,	 1867],	 who	 used	 them	 to	 represent	 rebound	 forces	 on	 railroad	
tracks.	We	extend	the	Winkler	support	method	of	Hall	Wallace	and	Melosh	[1994].	A	
restoring	 force	 counteracts	 instantaneous	differential	motion	between	 two	 slippery	
nodes,	 specified	by	 the	differential	 spring	constant	 (∆𝐹𝐹 = −𝐶𝐶 ∙ 2Δ𝒖𝒖).	Note	 that	 this	
restoring	force	is	calculated	from	the	cumulative	differential	displacement	vector.	Its	
magnitude	increases	with	increasing	slip	on	the	fault	plane.	In	the	context	of	the	two-
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element	truss	example,	the	finite	element	equation	after	adding	the	differential	Win-
kler	force	is	

   𝐾𝐾!!!   𝐾𝐾!"!

   𝐾𝐾!"!   𝐾𝐾!!! + 𝐾𝐾!!!
−𝐾𝐾!"!  0

      𝐾𝐾!!! − 𝐾𝐾!!!      𝐾𝐾!"!

 −𝐾𝐾!"! 𝐾𝐾!!! − 𝐾𝐾!!!

  0 𝐾𝐾!"!
𝐾𝐾!!! + 𝐾𝐾!!! + 2𝐶𝐶 𝐾𝐾!"!

𝐾𝐾!!! 𝐾𝐾!!!

∙

𝑢𝑢!!
𝑢𝑢!
∆𝑢𝑢!
𝑢𝑢!!

=

𝐹𝐹!!

𝐹𝐹!
∆𝐹𝐹!
𝐹𝐹!!

	 	 	(6.4)	

The	 large	deformation	 formalism	 [Hall	Wallace	 and	Melosh	 1994]	 requires	 that	 the	
differential	Winkler	 force,	 resulting	 from	 the	 differential	 displacement,	 is	 added	 to	
the	global	load	vector	after	computation	of	the	displacements.	

6.5	Tractions	and	equivalent	nodal	forces	

When	solving	tectonic	problems	numerically,	the	finite	element	method	can	be	used	
to	discretize	the	mechanical	equilibrium	equations.	When	augmented	by	constitutive	
equations,	 these	 equations	 relate	 dynamic	 quantities	 like	 stresses,	 tractions,	 and	
body	forces	to	kinematic	quantities	 like	strain	and	rotation	rates.	The	core	of	the	fi-
nite	element	method	 is	built	on	 relations	between	different	dynamic	and	kinematic	
quantities,	namely	 forces	on,	 and	displacements	of,	nodes	 (e.g.,	𝐾𝐾 ∙ 𝑢𝑢 = 𝐹𝐹,	where	K	
represents	 the	 stiffness	 matrix	 again).	 Resistive	 shear	 tractions	 on	 fault	 interfaces	
therefore	need	to	be	represented	by	equivalent	nodal	forces.	This	is	accomplished	by	
computing	the	total	force	corresponding	to	the	resistive	shear	traction	(𝜏𝜏)	on	the	fault	
segment	 by	multiplying	𝜏𝜏	and	 the	 surface	 area	 of	 the	 fault	 segment	A,	 and	 equally	
distributing	this	 force	over	the	N	nodes	at	the	corners	of	the	fault	segment.	The	re-
sulting	differential	force	per	node	from	this	fault	segment	is	

∆𝐹𝐹 = ! ∙ !
!
	 	 	 	 	 (6.5)	

The	total	differential	force	on	a	slippery	node	follows	from	the	summation	of	differ-
ential	forces	from	all	fault	segments.		

6.6	Equivalent	Winkler	forces	from	Winkler	tractions	

The	restoring	force	is	actually	a	restoring	traction	as	it	is	a	force	acting	on	a	fault	seg-
ment.	 The	 argumentation	 is	 similar	 to	 that	 for	 traction	boundary	 conditions.	 In	 the	
slippery	node	formalism,	a	resistive	differential	traction	results	in	differential	Winkler	
forces	the	N	nodes	that	outline	the	fault	segment:	
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∆𝐹𝐹 =  − !!∙!∙∆!
!

	 	 	 									 				(6.6)	

The	total	differential	Winkler	force	on	a	slippery	node	follows	from	the	summation	of	
differential	Winkler	forces	from	all	 fault	segments.	The	 large	deformation	formalism	
requires	 that	 the	 differential	Winkler	 force	 resulting	 from	 the	 differential	 displace-
ment	 of	 the	 node	 is	 added	 to	 the	 global	 load	 vector	 after	 computation	 of	 the	 dis-
placements.	

6.7	Resistive	fault	tractions	during	static	and	kinematic	fault	slip	

Figure	 6.2	 illustrates	 the	 new	 algorithm	 to	 incorporate	 resistive	 tractions	 on	 faults.	
The	 figure	 shows	 a	 series	 of	 solutions	 (blue	 blocks)	 in	 response	 to	 an	 increasing	
amount	of	(externally	driven)	shear	tractions	on	a	fault.	Resistive	(Winkler)	tractions	
are	expressed	in	terms	of	equivalent	(Winkler)	differential	forces.	Starting	from	zero	
at	the	origin	the	differential	shear	traction	increases	and	drives	differential	fault	slip	
(horizontal	axis).	The	elastic	spring	results	 in	a	restoring	 force	 in	 the	opposite	direc-
tion	(vertical	axis).	The	slope	of	the	purple	line	is	defined	by	the	spring	constant.	For	
the	first	solution,	the	(nodal	force	equivalent	to	the)	shear	traction	is	lower	than	the	
(nodal	force	equivalent	to	the)	shear	strength.	Although	the	fault	 is	thus	locked,	the	
slippery	node	does	accumulate	some	differential	slip	even	in	the	static	regime.	How-
ever,	by	selecting	a	very	high	spring	constant	(corresponding	to	a	very	stiff	spring)	the	
amount	of	slip	can	be	made	very	small	yielding	a	good	approximation	in	practice.	The	
second	and	third	block	show	the	result	of	incremental	steps	in	driving	shear	tractions	
on	the	fault	that	result	in	a	higher	differential	slip	and	a	higher	restoring	force.		

The	 initial	 response	 to	 the	 fourth	 increase	 in	 driving	 force	 is	 that	 the	 (differential	
force	equivalent	 to	 the)	 resistive	 shear	 traction	 is	 larger	 than	 the	 (differential	 force	
equivalent	to	the)	shear	strength	of	the	fault.	The	fault	enters	the	kinematic	regime.	
Iterative	solutions	of	the	finite	element	equations	are	now	employed,	as	follows;	the	
excess	differential	force	(or	“overshoot”)	is	used	to	update	the	finite	element	solution	
and	the	overshoot	is	recalculated.	Corrections	for	this	overshoot	are	repeated	until	it	
becomes	sufficiently	small	 (norm	of	the	 load	vector	smaller	than	a	pre-specified	tol-
erance).	 In	 the	example	 in	Fig.	6.2	 the	 fourth	 solution	has	 converged.	Two	 iterative	
solution	series	for	subsequent	increments	in	the	driving	force	are	given	by	the	other	
green	balloons.	An	intermediate	decrease	of	the	driving	force	does	not	require	itera-
tive	solution.	

The	differential	forces	on	slippery	nodes	can	be	converted	to	give	the	shear	tractions	
at	the	end	of	the	calculations.	This	 is	done	in	the	post-processing	software	of	GTEC-
TON.			
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6.8	Benchmark	problem:	two	sliding	blocks		

To	verify	the	implementation	of	the	fault	traction	procedure,	we	consider	a	problem	
where	two	blocks	are	separated	by	a	horizontal	 strike-slip	 fault	 interface	 that	 is	 im-
plemented	 by	 slippery	 nodes	 (purple	 and	 open	 semi-circles	 in	 Fig.	 6.3A).	 A	 shear	
strength	of	10	MPa	is	imposed	on	the	fault	interface,	through	a	spring	constant	of	10	
MPa m!! .	 The	 bottom	 block	 is	 fixed	 along	 the	 bottom	 boundary	 and	 a	 velocity	
boundary	condition	of	1	m s!!	is	applied	to	the	top	boundary	of	 the	top	block.	This	
top	segment	is	also	not	allowed	to	move	in	the	vertical	direction	(as	indicated	by	the	

Figure	6.2	Cumulative	nodal	slip	|𝛇𝛇!|	versus	cumulative	differential	force	|Δ𝐅𝐅!|	(both	are	the	norm	of	the	
respective	vectors)	per	slippery	node.	Through	the	springs,	the	restoring	force	increases	with	slip	between	
the	slippery	nodes.	This	means	that	the	fault	remains	essentially	locked	up	to	the	point	that	the	cumula-
tive	restoring	 force	 is	 as	 large	as	 the	 shear	strength	on	 the	 fault	 (grey	domain).	When	 it	 surpasses	the	
strength,	the	computed	(ghost)	solution	does	not	correspond	to	the	imposed	physical	problem	anymore,	
as	there	is	an	unintended	overshoot	from	this	restoring	differential	force	added	to	the	system.	Therefore,	
new	solutions	are	calculated	iteratively	by	decreasing	the	restoring	force	in	the	system	to	the	level	of	the	
shear	 strength	 of	 the	 fault.	 At	 this	 point,	 the	 computed	 solution	 corresponds	 to	 the	 imposed	 physical	
problem	again,	and	the	fault	is	in	a	state	of	dynamic	slip	under	the	prescribed	shear	strength.	Changing	
far-field	boundary	conditions	may	impose	a	different	slip	vector,	causing	a	re-locking	of	the	fault,	as	the	
shear	strength	is	not	reached	anymore.	The	purple	line	signifies	the	trajectory	of	solutions	obtained	from	
this	model	calculation.	
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rollers).	With	0.1	s	 time-steps,	we	 follow	 the	evolution	of	 the	velocity	and	effective	
shear	stress	(𝜎𝜎! = 1 2 𝜎𝜎𝑖𝑖𝑖𝑖′𝜎𝜎𝑖𝑖𝑖𝑖′	where	𝜎𝜎!"′	is	the	deviatoric	stress	tensor	and	summa-
tion	convention	is	assumed)	in	Fig.	6.3B.	

At	time	step	number	1,	as	per	the	boundary	conditions,	the	top	segment	of	the	top	
block	moves	 at	 a	 velocity	 of	 1	m s!!	and	 the	 bottom	 segment	 of	 the	 bottom	block	
remains	fixed	(Fig	6.2B).	For	a	fault	interface	that	experiences	stable	sliding,	a	discon-

Figure	6.3	A	Model	setup	of	the	two	blocks:	the	bottom	block	is	fixed	at	the	bottom	boundary	and	is	con-
nected	 through	 slippery	nodes	 (purple	 and	open	 semi-circles)	 to	 the	 top	block.	 The	 slippery	nodes	only	
have	a	horizontal	degree	of	freedom.	A	velocity	boundary	condition	of	1	𝒎𝒎 𝒔𝒔!𝟏𝟏	in	the	horizontal	direction	
acts	on	the	top	boundary	of	the	top	block.	Thin	black	lines	denote	element	boundaries.	B	Model	results	at	
given	 time	 step	 numbers	 (left	 column)	 showing	 the	 velocity	 field	 (middle	 column)	 and	 effective	 shear	
stress	 field	 (right	 column)	 in	 deformed	 model	 meshes.	 This	 mesh	 deformation	 is	 exaggerated	 two	
hundredfold.	 C	 Cumulative	 slip	 vs.	 the	 cumulative	 differential	 traction.	 Green	 lines	 indicate	 time	 step	
numbers	from	B.	

	



	 199	

tinuity	in	velocities	across	the	interface	would	appear.	At	time	step	1,	however,	both	
the	lower	end	of	the	top	block	and	the	top	end	of	the	lower	block	have	velocities	of	
~0.5 m s!!.	This	indicates	coupling	at	the	slippery	nodes:	the	blocks	are	deforming	in	
a	nearly	simple	shear	regime.	The	effective	shear	stress	magnitude	is	low.		

In	the	subsequent	time	step	numbers	3,	10	and	18,	the	boundary	condition	at	the	top	
of	the	model	imposes	that	the	velocity	remains	1	m s!!,	and	the	velocity	in	the	mid-
dle	of	 the	model	 is	 intermediate	 to	0	and	1	m s!!.	 The	 fault	 remains	partly	 locked.	
During	these	time-steps,	the	effective	shear	stress	within	the	two	blocks	is	increasing	
(as	 the	blocks	are	 continuing	 to	be	 loaded	by	 the	velocity	boundary	 condition):	 the	
blocks	continue	to	be	progressively	sheared.	The	two	blocks	also	experience	a	slight	
torque	from	the	imposed	boundary	conditions;	a	consequence	of	this	is	that	the	mid-
dle,	originally	horizontal	 line	of	 slippery	nodes	 slightly	 tilts	 as	 the	blocks	are	 loaded	
with	the	topside	velocity.	

At	 time	 step	 number	 22,	 the	 blocks	 now	 show	a	 different	 velocity	 distribution:	 the	
entire	top	block	still	moves	at	1	m s!!,	whereas	the	entire	bottom	block	now	remains	
fixed.	The	effective	shear	stress	is	higher	than	at	time	step	18.	Comparing	the	results	
for	time	step	numbers	22	and	30,	 it	 is	clear	that	all	quantities	are	the	same	besides	
the	further	sliding	of	the	top	block.	The	blocks	have	stopped	deforming	as	testified	by	
the	 effective	 shear	 stress	 and	 are	 now	 sliding	 in	 a	 stable	manner	 (in	 the	 kinematic	
regime).	To	check	whether	 the	overshoot	 is	effectively	 removed	 from	the	system,	a	
tolerance	level	is	set	at	0.01.	As	such,	this	means	that	it	takes	about	18	iterations	to	
iteratively	remove	the	differential	force	overshoot.	

The	behavior	of	the	system	as	described	above	is	depicted	in	Fig.	6.2C.	During	the	first	
time	steps	(1-18),	the	cumulative	differential	traction	stayed	below	the	shear	strength	
of	10	MPa.	The	model	was	set	in	the	static	regime.	Whereas	some	of	the	relative	mo-
tion	 between	 the	 top	 and	 bottom	 boundary	 conditions	was	 taken	 up	 in	 the	 defor-
mation	of	the	two	blocks	during	these	first	steps,	the	cumulative	differential	traction	
eventually	 overshoots	 the	 imposed	 10	MPa	threshold.	 Subsequently,	 the	 first	 over-
shoot	 is	 iteratively	 reduced	 to	 the	 fault’s	 shear	 strength,	and	 the	 fault	 slips	with	 its	
expected	 0.1	m.	 The	 iterations	 continue	 as	 the	 calculations	 progress	 through	 time,	
but	the	fault	remains	in	the	kinematic	regime	and	continues	its	stable	sliding	with	a	1	
m s!!	velocity.	

We	conclude	from	the	benchmark	problem	that	the	 implementation	of	the	resistive	
fault	 traction	works	 very	well	 and	 holds	 great	 potential	 for	 future	 applications;	 the	
fault	slips	in	a	stable	manner	when	it	has	passed	the	shear	strength	threshold.		
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Summary	

At	 the	 lateral	 terminations	 of	 subduction	 zones,	 an	 oceanic	 lithosphere	 continually	
tears	as	a	 result	of	subduction	of	one	part	of	 the	 lithosphere,	whilst	 the	 juxtaposed	
section	remains	at	the	surface.	The	locus	of	active	tearing	is	dubbed	a	STEP,	and	the	
surface	trace	left	in	the	wake	of	a	propagating	STEP	is	called	the	STEP	fault.	This	par-
ticular	type	of	plate	boundary	has	been	invoked	to	be	relevant	for	the	tectonic	history	
of	 the	 Mediterranean,	 a	 plate	 boundary	 region	 where	 present-day	 deformation	 in	
between	the	converging	Eurasian	and	African	plates	is	distributed.	This	thesis	focuses	
on	the	effect	of	passive	margins	on	the	propagation	of	STEPS,	and	lithosphere	dynam-
ics	in	the	Mediterranean.	Both	topics	are	studied	through	mechanical,	finite	element	
models	(FEMs).	In	this	section,	I	enumerate	the	research	questions	posed	in	this	the-
sis,	and	their	answers.		

Many	STEP	settings	observed	on	Earth	today	display	a	geometry	in	which	the	trench	is	
oriented	approximately	perpendicularly	to	the	STEP	fault.	This	raises	two	questions:	Is	
the	observed	orthogonality	a	transient	feature	or	the	preferred	setup	for	a	STEP	sys-
tem,	and	will	domains	with	contrasts	 in	material	properties	ahead	of	an	active	STEP	
steer	its	propagation	(e.g.,	a	continental	margin)	and	result	 in	a	different	geometry?	
FEM	geometries	are	based	on	the	common	STEP	settings	and	include	a	passive	mar-
gin	that	 is	oriented	at	some	angle	with	respect	to	the	trench.	Models	that	 include	a	
straight	passive	margin	indicate	that	STEPs	will	propagate	along	such	passive	margin	if	
its	 orientation	 is	 within	 15˚	 from	 an	 orthogonal	 setup.	 In	 case	 the	 passive	 margin	
changes	 strike	 ahead	 of	 the	 active	 STEP	with	 a	 radius	 of	 curvature	 larger	 than	 the	
lithospheric	thickness,	STEPs	will	propagate	along	the	passive	margin.	In	case	the	ra-
dius	of	curvature	is	smaller	than	the	lithospheric	thickness,	STEPs	will	only	propagate	
along	the	passive	margin	in	case	the	change	in	strike	is	less	than	25˚.	In	other	cases,	
STEPs	will	 continue	 to	 propagate	 in	 their	 original	 direction,	 that	 is,	 straight	 into	 an	
oceanic	 basin	 or	 a	 passive	margin.	 The	mechanical	 FEMs	 show	 that	 the	 orthogonal	
setup	 of	 STEP	 fault	 and	 subduction	 trench	 is	 one	 that	 STEP	 systems	will	 evolve	 to-
wards,	 as	 is	 widely	 observed	 in	 nature.	 Slab	 pull	 is	 the	 main	 factor	 in	 active	 STEP	
propagation,	whereas	the	magnitude	of	the	strength	contrast	across	the	passive	mar-
gin	ahead	of	the	active	STEP	and	the	subduction	history	play	a	minor	role;	small-scale	
details	are	overprinted	by	the	 large-magnitude	stresses	 induced	by	slab	pull.	A	STEP	
propagating	along	a	rugged	passive	margin	is	thus	likely	to	be	insensitive	to	the	high-
frequency	undulations	in	its	strike,	and	propagates	as	a	straight	feature.		

Tectonic	reconstructions	based	on	geology,	paleomagnetism	and	seismic	tomography	
suggest	that	STEP	activity	has	played	a	major	role	in	creating	the	present-day	geome-
try	of	the	Calabrian	subduction	zone.	Recent	observations	of	high-resolution	bathym-
etry	 and	 crustal	 structure	 profiles	 in	 the	 offshore	 area	 south-southeast	 of	 Calabria	
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and	east	of	Sicily	show	that	the	Calabrian	accretionary	wedge	 is	cut	by	two,	crustal-
scale,	strike-slip	fault	systems	characterized	by	varying	degrees	of	transtension.	One	
key	 question	 remains:	 Is	 it	 likely	 that	 the	 STEP	 along	 the	 SW	 end	 of	 the	 Calabrian	
trench	 has	 propagated	 along	 the	 African	 passive	 margin	 up	 to	 the	 point	 where	 it	
changes	its	strike	to	the	Malta	Escarpment,	and	then	continued	into	the	Ionian	basin?	
Therefore,	FEM	setups	are	tailored	to	resemble	the	geometry	of	the	Africa	continen-
tal	margin.	FEM	predictions	indicate	that	the	SW	STEP	of	the	Calabrian	trench	propa-
gated	eastward	along	 the	African	 (Sicilian)	passive	margin,	up	 to	 the	point	where	 it	
changes	 its	strike	to	the	Malta	Escarpment.	Because	of	the	 large	orientation	change	
ahead	of	 the	 active	 STEP	 at	 this	 point,	 the	 STEP	 favors	 propagation	 into	 the	 Ionian	
basin	in	the	direction	of	the	Ionian	Fault	(IF).	This	probably	occurred	~1.0-0.8	Ma.	The	
Alfeo-Etna	Fault,	 to	the	west	of	the	 Ionian	Fault,	 is	not	oriented	favorably	to	be	the	
result	of	STEP	propagation.	Only	the	section	in	the	lithosphere	beneath	the	NW	part	
of	the	 Ionian	Fault	represents	a	STEP	fault,	whereas	 IF	activity	 in	the	ESE	part	 is	the	
expression	 of	 differential	 deformation	 between	 the	 two	 lobes	 of	 the	 accretionary	
wedge.	Alfeo-Etna	Fault	activity	then	is	envisaged	to	result	from	the	regional	tecton-
ics,	as	it	connects	the	thrust	zone	along	the	northern	margin	of	Sicily	with	the	Calabri-
an	subduction	contact.		

With	a	better	understanding	of	the	factors	that	play	a	major	role	in	the	propagation	
direction	 of	 STEPs	 in	 general,	 and	 the	 SW	Calabrian	 STEP	 specifically,	we	 infer	 that	
one	 important	 notion	 about	 STEP	 faults	 is	 that	 they	 often	 represent	 locations	 of	
ephemeral	or,	at	 least,	transient	activity.	Can	we	understand	the	kinematic	observa-
tions	 in	 the	 Calabrian	 arc	 to	 result	 from	 tectonic	 forces	 that	 drive	 and	 resist	 these	
present-day	 deformation	 patterns?	 The	GNSS	 velocity	 field,	 seismicity	 and	 sense	 of	
slip	 on	 regional	 faults	 in	 the	 south-central	 Mediterranean	 can	 be	 reproduced	 by	
force-based	FEMs.	Whereas	these	FEMs	were	intentionally	designed	as	simple	as	pos-
sible,	 they	 show	 that	 the	 regional	 imprint	 of	 tectonic	 forces	 is	 driven	 by	 1)	 Africa-
Eurasia	plate	convergence,	2)	 lateral	variations	 in	gravitational	potential	energy	and	
3)	 slab	 pull.	 Regional	 variations	 in	 resistive	 fault	 tractions	 are	 required	 to	 obtain	 a	
good	fit	with	the	observed	kinematics.	This	includes	very	low-magnitude	tractions	on	
the	Calabria	 subduction	 contact	 and	variable	 traction	values	 in	 the	Apennines.	 FEM	
results,	 based	 on	 the	 kinematic	 observations,	 then	 suggest	 a	 buildup	 towards	 a	
𝑀𝑀! > 7	earthquake	in	the	Calabrian	fore-arc	with	only	limited	hazard	of	a	large	sub-
duction	earthquake.	The	Calabrian	net	slab	pull	force	is	strongly	reduced	(compared	
to	 the	 value	possible	 in	 view	of	 the	 slab’s	dimensions)	 and	 trench	 suction	 tractions	
are	negligible.	Such	very	small	contributions	to	the	present-day	force	balance	 in	the	
south-central	Mediterranean	suggest	that	the	Calabrian	arc	is	now	further	transition-
ing	towards	a	setting	dominated	by	Africa-Eurasia	plate	convergence,	whereas	during	
the	past	30	Myr	slab	retreat	continually	was	the	dominant	factor.		

In	the	westernmost	Mediterranean,	the	formation	of	the	Gibraltar	arc	was	also	domi-
nated	by	 slab	 rollback	and	STEP	activity.	However,	 slab	 rollback	has	 faded	and	pre-
sent-day	deformation	 is	distributed.	Again,	we	use	 force-based	FEMs	 to	understand	
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the	kinematics	 in	terms	of	the	dynamics,	but	we	ask	an	additional	question:	Can	we	
estimate	 the	 physical	 parameters	 of	 our	 models,	 and	 outline	 trade-offs	 between	
them	(domain	viscosity,	slab	effects	and	fault	slip	resistance)?	The	grid	search	meth-
odology	employed	shows	that	 it	 is	possible	 to	constrain	 the	rheology,	 resistive	 fault	
tractions,	and	slab	pull	and	trench	suction	forces	for	the	Gibraltar	Arc	domain	in	light	
of	the	available	kinematic	observations.	The	ensemble	of	the	best	50	models	has	an	
average	 rms-misfit	 of	 0.23	mm yr!!,	which	 is	mostly	 due	 to	 a	 systematic	 SW-ward	
motion	of	up	to	4	mm yr!!	in	the	SW	Rif.	The	observed	GNSS	velocity	field,	seismicity	
and	sense	of	slip	on	regional	faults	 in	the	Gibraltar	Arc	appear	to	result	mainly	from	
Africa-Europe	plate	convergence	and	lateral	variations	in	gravitational	potential	ener-
gy.	Slab	pull	from	the	Gibraltar	slab	is	very	likely	transmitted	poorly	into	the	surface	
plate	 and	 probability	 distributions	 indicate	 that	 the	 kinematics	 in	 the	 Gibraltar	 Arc	
region	are	insensitive	to	variations	in	the	magnitude	of	the	trench	suction	force.		

In	this	thesis,	finite-element	models	are	the	tool	to	investigate	both	conceptual	mod-
els	of	underlying	geodynamical	processes,	as	well	as	 the	 tectonic	 forces	 that	act	on	
the	lithosphere	in	light	of	the	available	kinematic	observations,	with	particular	inter-
est	for	the	Mediterranean	region.	Adding	the	probabilistic	approach	to	simultaneous-
ly	test	a	multitude	of	model	parameters	offers	great	potential	to	expand	such	studies	
in	 the	 future,	 and	 increase	our	 insight	 into	 the	underlying	 lithosphere	dynamics	 re-
sponsible	for	the	present-day	surface	kinematics.	
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Samenvatting	

De	theorie	van	de	plaattektoniek	beschrijft	hoe	de	lithosfeer,	de	buitenste	laag	van	de	
vaste	 Aarde	 met	 een	 dikte	 van	 ongeveer	 100	 km,	 bestaat	 uit	 verschillende	 tek-
tonische	platen	die	bewegen	ten	opzichte	van	elkaar.	Het	grootste,	 interne	gedeelte	
van	een	plaat	beweegt	als	een	starre	eenheid.	 In	deze	theorie	 is	vervorming	van	de	
platen	 geconcentreerd	 op	 en	 nabij	 de	 randen	 van	 de	 platen.	 De	 hedendaagse	 be-
weging	en	vervorming	van	de	platen	worden	gemeten	uit	aardbevingen	en	met	geo-
detische	 technieken,	 terwijl	 vervorming	 in	het	verleden	 is	 vastgelegd	 in	de	geologie	
van	 de	 aardkorst.	 Deze	 observaties	 bevestigen	 de	 plaattektonische	 theorie	 in	 de	
meeste	gebieden.	Dit	is	niet	zo	in	het	Middellandse	Zeegebied	dat	het	brede	grensge-
bied	van	de	Afrikaanse	en	de	Euraziatische	platen	vormt	en	waar	de	vervorming	ge-
distribueerd	is	(Fig.	1.4).	De	plaatgrenzen	reorganiseren	zich	hier	(geologisch)	snel	en,	
extensie	is	één	van	de	belangrijkste	vormen	van	korstdeformatie,	ondanks	de	voort-
durende	convergentie	van	de	 twee	grote	platen!	Het	Middellandse	Zeegebied	heeft	
alle	soorten	plaatgrenzen	en	dat	is	uniek	voor	zo’n	(relatief)	klein	gebied.	

Eén	type	plaatgrens	is	een	subductie-zone.	Bij	een	subductie-zone	schuift	oceanische	
lithosfeer	de	diepere	aardmantel	 in.	Dergelijk	onderschuiven	gaat	vaak	gepaard	met	
veel	weerstand	op	het	plaatcontact,	wat	zware	aardbevingen	tot	gevolg	kan	hebben.	
In	 het	Middellandse	 Zeegebied	 bevinden	 zich	 ook	 laterale	 uiteinden	 van	 subductie-
zones	(Fig.	1.7).	Hier	breekt	(of	scheurt)	de	lithosfeer	voortdurend.	De	plaats	waar	het	
scheuren	 plaatsvindt	 heet	 een	 STEP	 en	 de	 plaatgrens	 die	 achterblijft	 aan	 het	 aard-
oppervlak	 in	 het	 spoor	 van	 de	 zich	 ontwikkelende	 scheur	 heet	 de	 STEP	 breuk	 (Fig.	
1.1).	Deze	STEP	breuk	is	de	nieuw	gevormde	plaatgrens	tussen	de	overliggende	plaat	
en	het	niet-onderschoven	deel	van	de	gebroken	lithosfeer.	

De	waarnemingen	 laten	 zien	dát	het	 gebied	bijzonder	 is,	maar	 verklaren	niet	waar-
door	dat	komt.	In	dit	proefschrift	richt	ik	me	op	twee	vragen:	1)	welke	factoren	heb-
ben	 invloed	 op	 de	 ontwikkeling	 van	 een	 STEP-scheur,	 en	 2)	 zijn	 de	 geobserveerde	
korstbewegingen	 te	begrijpen	als	de	gemeenschappelijke	bijdrage	van	bekende	 tek-
tonische	krachten?	 In	mijn	onderzoek	van	beide	vragen	gebruik	 ik	numerieke	 simu-
laties	 (fysische	computermodellen)	van	de	krachten	 (dynamica)	op	de	 lithosfeer	om	
de	observaties	te	verklaren.	

Ten	 eerste	 onderzoek	 ik	 de	 evolutie	 van	 de	 laterale	 uiteindes	 van	 subductie-zones.	
Veel	 gebieden	 op	 Aarde	 waar	 een	 STEP	 geïdentificeerd	 is	 (zogenaamde	 “STEP	 sys-
temen”;	Fig.	1.2)	worden	gekarakteriseerd	door	een	geometrie	waarbij	het	subductie-
contact	ongeveer	loodrecht	staat	op	de	STEP	breuk.	Een	belangrijke	vraag	die	hierbij	
opkomt	is	of	de	geometrie	een	vergankelijk	kenmerk	is,	of	de	structuur	die	een	con-
sequentie	is	van	de	wisselwerking	van	de	relevante	tektonische	krachten.	Met	behulp	
van	simulaties	die	een	vereenvoudigde	representatie	vormen	van	de	“echte”	Aarde,	
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bestudeer	ik	het	effect	van	een	contrast	in	materiaal	eigenschappen	–	op	lithosfeer-
schaal	wel	 te	 verstaan	 –	 in	het	pad	 van	de	 voortschrijdende	 STEP	op	de	ontwikkel-
ingsrichting.	 In	de	echte	Aarde	 zijn	dergelijke	 contrasten	 in	materiaaleigenschappen	
te	vinden	bij	overgangen	van	continentale	naar	oceanische	lithosfeer	(ofwel	“passieve	
marges”).	De	invloed	van	een	passieve	marge	op	het	scheuren	bij	de	STEP	blijkt	af	te	
hangen	van	de	bochtigheid	van	de	passieve	marges	 in	het	kaartbeeld.	De	simulaties	
geven	aan	dat	de	op	Aarde	geobserveerde	orthogonale	geometrie	niet	een	vergan-
kelijk	kenmerk,	maar	eerder	een	voorkeurstoestand	is	voor	een	STEP	systeem.	Klein-
schalige	details	hebben	geen	invloed,	wat	niet	vreemd	is	gezien	de	dominantie	van	de	
grootschalige	 tektonische	 krachten.	 Een	 voortschrijdende	 STEP	 blijkt	 ongevoelig	 te	
zijn	voor	scherpe	bochten	in	een	passieve	marge	en	zal	zich	simpelweg	rechtdoor	on-
twikkelen.	

De	oceanische	lithosfeer	van	de	Afrikaanse	plaat	onderschuift	Calabrië	bij	de	huidige	
Calabrische	subductie-zone	(Fig.	1.10).	Regionaal	heet	dit	de	Ionische	lithosfeer,	het	is	
het	gebied	ten	zuid-zuidoosten	van	Calabrië	en	ten	oosten	van	Sicilië.	Tektonische	re-
constructies	van	het	gebied	suggereren	dat	een	STEP	zich	in	het	verleden	heeft	ont-
wikkeld	langs	de	passieve	marge	van	de	Afrikaanse	continentale	lithosfeer	direct	ten	
noorden	van	Sicilië.	Echter,	de	hedendaagse	expressie	van	de	STEP	breuk	aan	het	op-
pervlak,	in	de	Ionische	Zee,	is	het	onderwerp	van	hevig	wetenschappelijk	debat.	Mijn	
simulaties	geven	aan	dat	een	STEP	zich	inderdaad	kan	hebben	ontwikkeld	in	de	richt-
ing	van	het	Ionische	bekken,	en	nog	bezig	is	zich	verder	te	ontwikkelen.	De	gevonden	
oriëntatie	en	locatie	komen	overeen	met	geobserveerde	structuren	in	de	accretiewig	
–	een	wigvormige	structuur	die	zich	vormt	boven	een	subductie-contact	door	het	af-
schrapen	van	sedimenten	en	gesteenten	van	de	onderschuivende	lithosfeer.	De	aan-
wezigheid	 van	 de	 STEP	 en	 STEP	 breuk	 verklaart	 meerdere	 observaties,	 van	 hoge	
resolutie	bathymetrie	tot	aardbevingen	en	profielen	van	de	korst	structuur	in	de	Ion-
ische	 Zee.	 Activiteit	 op	 andere,	 nabijgelegen	 breuksystemen	 en	 de	wig	 volgt	 uit	 de	
regionale	tektoniek.	

Naast	 het	 plaatsen	 van	 de	 kinematische	 observaties	 rondom	 de	 Calabrische	 sub-
ductie-zone	in	het	licht	van	de	ruimtelijke	evolutie	van	een	STEP	systeem,	zijn	er	ook	
veel	kinematische	observaties	met	betrekking	tot	de	hedendaagse	vervorming	van	de	
lithosfeer	 in	 dit	 gebied.	 Deze	 kinematische	 observaties	 bestaan	 uit	 GPS-metingen,	
aardbevingen	 en	 geologische	 indicaties	 voor	 recente,	 relatieve	 bewegingen	 op	 re-
gionale	breuksystemen.	Passen	deze	hedendaagse	observaties	 in	het	kader	van	een	
wisselwerking	 van	 tektonische	 krachten?	 Hierbij	 rijst	 ook	 de	 vraag	 hoe	 groot	 het	
aardbevingsgevaar	 is	 in	 deze	 regio;	 immers,	 de	 zwaarste	 aardbevingen	 ter	 wereld	
vinden	 plaats	 in	 subductiezones.	 Voor	 de	 Calabrische	 subductie-zone	 zijn	 geen	 his-
torische	aanwijzingen	 voor	een	grote	 aardbeving,	 ook	al	 hebben	er	wel	 grote	 aard-
bevingen	plaatsgevonden	op	andere	breuksystemen	zoals	bij	de	Messina	aardbeving	
in	1908.	Er	 zijn	dus	 twee	mogelijkheden;	óf	er	 is	geen	weerstand	op	het	 subductie-
contact	en	de	gesteenteblokken	glijden	soepel	langs	elkaar,	óf	de	breuk	zit	al	millen-
nia	vast.	Deze	zal	dan	op	een	bepaald	moment	 losschieten,	met	een	aardbeving	als	
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gevolg.	 Simulaties	 geven	 aan	 dat	 de	 grootte	 van	 de	weerstand	 op	 regionale	 breuk-
systemen	 zeer	 verschillend	 is,	 en	 dat	 de	 weerstand	 op	 het	 Calabrische	 subductie-
contact	 zeer	 laag	 is.	Een	dergelijke	 lage	weerstand	wijst	op	een	zeer	kleine	kans	op	
een	 toekomstige	 grote	 aardbeving	op	het	 subductie-contact.	 Tegelijkertijd	 is	 er	wel	
degelijk	opbouw	naar	toekomstige,	en	potentieel,	grote	aardbevingen	op	andere	re-
gionale	breuksystemen	in	dit	gebied.	

Naast	 de	 Calabrische	 subductie-zone,	 is	 er	 nog	 een	 domein	 in	 het	 Middellandse	
Zeegebied	 dat	 gekarakteriseerd	 wordt	 door	 een	 smalle	 strook	 van	 onderschoven	
lithosfeer:	de	Gibraltar	boog.	De	Gibraltar	boog	loopt	van	de	Marokkaanse	Rif	in	het	
zuiden	 van	 de	 boog,	 via	 de	 straat	 van	 Gibraltar,	 tot	 de	 Betische	 Cordillera	 in	 het	
zuiden	 van	 Spanje.	 In	 tegenstelling	 tot	 de	 Calabrische	 subductie-zone,	waar	 actieve	
onderschuiving	onderstreept	wordt	door	complexe	activiteit	van	de	accretiewig,	is	er	
maar	weinig	 activiteit	 geobserveerd	 voor	 de	 accretiewig	 van	 de	Gibraltar	 boog.	 Dit	
suggereert	dat	het	onderschuiven	van	de	Atlantische,	oceanische	 lithosfeer	wellicht	
gestopt	 is.	 In	 de	 Gibraltar	 boog	 tonen	 de	 GPS	 snelheidsvectoren	 aan	 het	 aard-
oppervlak	 echter	 een	 beweging	 die	 afwijkt	 van	 zowel	 de	 Afrikaanse	 als	 de	 Eur-
aziatische	plaatbeweging	(Fig.	1.11).	Door	middel	van	een	probabilistische	aanpak,	in	
een	poging	om	vele	verschillende	parameters	tegelijk	te	testen,	onderzoek	ik	vervol-
gens	 of	 het	mogelijk	 is	 deze	 kinematische	 observaties	 te	 plaatsen	 in	 het	 kader	 van	
een	wisselwerking	van	tektonische	krachten	en	daarbij	vat	te	krijgen	op	de	onzeker-
heden	 in	 de	 krachten	en	materiaal	 eigenschappen	die	 geparameteriseerd	 zijn	 in	 de	
simulaties.	De	focus	 ligt	hierbij	op	de	GPS	snelheidsvectoren,	die	de	kleinste	fouten-
marges	 hebben	 van	 alle	 kinematische	 observaties,	 en	 de	 relatieve	 verplaatsing	 op	
bekende,	 actieve	 breuk	 zones.	 De	 resultaten	 die	 volgen	 uit	 deze	 probabilistische	
aanpak	geven	aan	dat	het	 inderdaad	mogelijk	 is	om	een	vinger	 te	krijgen	achter	de	
wisselwerking	 tussen	 de	materiaaleigenschappen,	 weerstand	 op	 breuksystemen	 en	
aandrijvende	tektonische	krachten	op	basis	van	de	beschikbare	observaties.	De	aan-
wezigheid	 van	 een	 ondergeschoven	 oceanische	 lithosfeer	 onder	 de	 Gibraltar	 boog	
blijkt	geen	groot	effect	te	hebben	op	de	hedendaagse	kinematica	in	dit	gebied.	Zelfs	
de	simulaties	die	het	best	overeenkomen	met	de	observaties	bevatten	een	systema-
tische	fout	in	de	voorspelde	snelheidsvectoren	in	het	zuidwestelijke	gedeelte	van	de	
Rif.	Dit	zou	wellicht	kunnen	komen	omdat	de	simulaties	alleen	breuk-zones	bevatten	
op	de	schaal	van	de	 lithosfeer,	terwijl	 in	dit	specifieke	gebied	activiteit	op	de	schaal	
van	de	korst	zou	kunnen	plaatsvinden.	

In	dit	proefschrift	heb	ik	simulaties	gebruikt	als	middel	om	zowel	conceptuele	model-
len	voor	de	achterliggende	geodynamische	processen	als	de	tektonische	krachten	die	
aangrijpen	op	de	lithosfeer	te	onderzoeken	in	het	licht	van	beschikbare	kinematische	
observaties.	Het	toevoegen	van	een	probabilistische	aanpak	om	een	groot	aantal	pa-
rameters	 tegelijkertijd	 te	 testen	 toont	 grote	 potentie	 om	 dergelijke	 studies	 in	 de	
toekomst	uit	te	breiden,	en	een	betere	grip	te	krijgen	op	de	achterliggende	lithosfeer-
dynamica	die	tot	deze	observaties	leidt.	
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