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Motivation: rift localization  
•  Observa(on:		

•  FaulBng	occurs	along	
pre-exisBng	weak-
nesses	(e.g.	in	the	
East	African	RiL)	

•  Ques(ons:	
•  What	type	of	
weaknesses?	Crust,	
mantellic,	or	both?	

•  Do	these	interact,	
how?	

	
2	
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Motivation: rift localization  
•  Previous	(modelling)	studies	generally	either	

•  Focus	on	either	mantle	or	crustal	weaknesses,	or	
•  Do	not	fully	explore	the	3D	components	of	riL	systems	

•  Our	aim	is:	
•  To	study	the	interacBons	between	mantle	and	crustal	
weaknesses	through	3D	analogue	models	
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•  Stable	con(nental	lithosphere	
contains	two	strong	layers:	
•  (1)	Upper	bri1le	crust	
•  (2)	Strong	upper	mantle	

•  Inherited	weaknesses	in	these	
layers	will	control	deforma(on	
•  Suture	zones	
•  Older	faults	
•  Etc.	 4	

Brun	(1999)	in	Phil.	Trans.	Mat.	Phys.	Eng.	Sci.		

Model design: lithospheric structure 

(1)	

(2)	
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Zwaan	et	al.	(2021)	in	Solid	Earth	Discussions	

Model design: basic set-up 
•  Base	plate	configura(on	

•  Edge	of	base	plate	represents	
weakness	in	the	upper	mantle	

•  BriCle-viscous	layering	
•  3	cm	thick	sand	cover			

represents	bri1le	upper	crust	
•  1	cm	thick	viscous	layer	

represents	ducBle	lower	crust		

•  Weaknesses	in	the	briCle	layer		
•  Represent	crustal	weaknesses	
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Zwaan	et	al.	(2021)	in	Solid	Earth	Discussions	

Model design: basic set-up 
•  Two	crustal	weakness	types	

•  (1)	Pre-cut	faults	in	the	bri1le		
sand	cover	

•  (2)	“Seeds”	rods	viscous	
material	locally	weakening	the	
strong	sand	layer	

•  Models	are	deformed	as	the	
(leH)	sidewall	moves	apart	
•  VD:	velocity	disconBnuity	

(deformaBon	represents	a	
shear	zone	in	the	upper	
mantle)	
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•  Two	model	mantle	weakness	
orienta(ons:	
•  Parallel	to	model	axis		
•  30˚	oblique	to	model	axis	

Zwaan	et	al.	(2021)	in	Solid	Earth	Discussions	

Model design: 3D weakness 
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Zwaan	et	al.	(2021)	in	Solid	Earth	Discussions	

•  Three	crustal	weakness	
orienta(ons:	
•  Parallel	to	model	axis		
•  -30˚	oblique	to	model	axis	
•  30˚	oblique	to	model	axis			

(not	shown	here)	

•  Various	3D	combina(ons	with										
the	two	mantle	weakness	
orienta(ons	
	

Model design: 3D weakness 
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Model procedure: example of a model run 
1.   Prepare	viscous	layer	

2.   Add	seeds	

3.   Add	sand	layer	

4.   Deform	model	
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Model analysis 
•  Surface	photography	

•  See	previous	slides	

	
•  Par(cle	Image	Velocimetry	(PIV)	

•  Analysis	of	surface	pictures	to	
extract	displacement	and	strain	

•  X-Ray	CT-scanning	
•  Unique	insights	into	internal	model	

evoluBon	during	a	model	run	

	

PIV	analysis	
(strain	map		

shows	ac(ve		
faults)	

CT	sec(on	

3D	CT	scan	

CT	sec(on	
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Model results: effects of crustal weaknesses (PIV) 

Zwaan	et	al.	(2021)	in	Solid	Earth	Discussions	

Model	axis-parallel	
VD	only		
	-	RiL	along	VD	
	
	
VD	+	oblique	
precut	faults	
	-	RiL	along	VD	slightly	
overprinted	by	oblique	
structures	
	
	

VD	+	oblique	seeds			
	-	RiL	along	VD	
strongly	overprinted	
by	oblique	structures	
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Model results: interacting structures (CT) 

Zwaan	et	al.	(2021)		
in	Solid	Earth	Discussions	

	

•  Crustal	structures	ac(vate	first,	followed	by	a	VD-induced	riH	zone	
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Model results: thicker viscous layer 

Zwaan	et	al.	(2021)	in	Solid	Earth	Discussions	

Normal	viscous	
layer	
		-	RiL	along	VD	
	

	
Thicker	viscous	
layer	
	-	Graben	are	farther	
apart	

	
	

Thicker	viscous	
layer	
	-	seeds	localize	graben	
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Model results: effects of oblique VD (PIV) 

Zwaan	et	al.	(2021)	in	Solid	Earth	Discussions	

Oblique	VD	only		
	-	RiL	along	VD																	
(en	echelon	structures)	

	
	

VD	+	precut	faults	
	-	RiL	along	VD	strongly	
overprinted	by	pre-cut-
induced	faults	

	
	

VD	+	oblique	seeds			
	-	RiL	along	VD	very	
strongly	overprinted	by	
seed-induced	faults	
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Model results: extra weakness orientations! 

Zwaan	et	al.	(2021)	in	Solid	Earth	Discussions	

Oblique	VD	and	
seeds	
-	Complex	interacBon	
	
	

Parallel	VD	and	
seeds	
	-	Enhancement	of	
deformaBon	
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Model results: effects of extension velocity 

Zwaan	et	al.	(2021)	in	Solid	Earth	Discussions	

Normal	extension	
	-	RiL	along	VD	very	
strongly	overprinted	by	
seed-induced	faults	
	
	

Fast	extension	
	-	RiL	along	VD	much	
less	overprinted	by	
seed-induced	faults	
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Discussion (effect of VD only) 

Zwaan	et	al.	(2021)		
in	Solid	Earth	Discussions	•  Orthogonal	vs.	Oblique	extension	structures	

•  Ini(al	deforma(on	localizes	along	distributed	deforma(on	zones	
•  Thicker	viscous	layer:	more	spaced-out	graben	(Model	E)	
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Discussion (combined effects of VD and crustal weaknesses) 
 

Zwaan	et	al.	(2021)		
in	Solid	Earth	Discussions	

  Complex	interac(ons,	
depending	on:		
•  Type	of	(crustal)	

weaknesses	
•  OrientaBon	of	

(crustal)	weakness	
•  Extension	velocity	
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Discussion (structural weaknesses vs. multiphase extension) 
 

Different	structural	
graben	orienta(ons	in	
previous	models	and	
nature	might	suggest	
mul(phase	extension	
(i.e.	involving	rota(ng	
extension	direc(ons	
during	riHing)	
	
	
Yet	our	model	results	
highlight	that	such	
structures	can	also	
develop	in	a	single	
riHing	phase	

Zwaan	et	al.	(2021)		
in	Solid	Earth	Discussions	

Phase	1	
	

Phase	2	
	

Mul(phase	extension	
	

Single-phase	extension	(our	models)	
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Conclusion 

  •  Mantle	VD	orienta(ons	affect	basis	riH	structures:	
•  Model-axis	parallel	VD:	parallel	graben	along	VD	
•  Oblique	VD:	en	echelon	graben	along	VD	

•  Crustal	weakness	type	affects	deforma(on	in	the	crust:	
•  Pre-cut	faults:	moderate	reacBvaBon;	Seeds:	strong	reacBvaBon	
	

•  Extra	parameters:	
•  Extension	velocity	may	change	which	weakness	is	dominant	(crust	vs.	mantle)	
•  Lower	crust	thickness	affects	style/spacing	of	faulBng	

•  Simultaneous	ac(va(on	of	mangle-	and	crustal	weaknesses	can	account	
for	complex	riH	structures	
•  No	direct	need	for	mulBphase	extension	
•  Strong	moBvaBon	to	reevaluate	the	history	of	natural	examples	
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Further reading: Solid Earth Discussion paper 

Link	to	paper:	h1ps://doi.org/10.5194/se-2020-214	
	

Ques(ons/comments?	frank.zwaan@geo.unibe.ch	
	
		


