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ABSTRACT	 We	 performed	 analogue	 experiments	 to	 investigate	 the	genesis	 and	 the	progressive	
formation	of	piedmonts.	A	silicone-sand	parallelepiped	was	bounded	by	wood	strips.	
The central part of the front strip was removed to permit the analogue material to flow 
through a gate, by gravity only in the first experiment, and also pushed from behind 
in	the	second	one.	In	both	cases,	a	piedmont	arc	formed	in	front	of	the	gate,	whose	
end	points	 represented	 the	arc	 tips	of	natural	piedmonts.	Deformation	 in	 the	brittle	
layer (sand) was mostly accommodated by normal faults in the first experiment, versus 
oblique-slip	faults	in	the	second	experiment.	Extension	separated	blocks	that	rotated	in	
opposite	directions.	In	the	piedmont,	arc-parallel	and	arc-perpendicular	stretching	was	
observed.	Our	results	can	be	applied	to	toe	thrust	belts	or	collapsed	foreland	fold-and-
thrust belts, floored by evaporites and/or overpressured shale formations.

Key words:	 analogue	 model,	 piedmont	 arc,	 normal	 fault,	 arc-perpendicular	 and	 arc-parallel	 stretching,	
block	rotation.
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1. Introduction

A	 salient	 is	 an	 arcuate	 component	 of	 a	 curved	 fold-and-thrust	 belt,	 convex	 towards	
the	 foreland	 [see	 review	 in	 Marshak	 (2004)].	 It	 is	 a	 purely	 descriptive	 term	 based	 on	 the	
geometric	elements	which	characterize	it	(Macedo	and	Marshack,	1999).	In	order	to	classify	
such	structures	in	terms	of	the	mechanism	of	curvature	formation,	various	authors	highlight:	
a)	the	geometry	of	the	displacement	field	and	the	strain	trajectory	path	(Hindle	and	Burkhard,	
1999), and/or b) the angular relationship between the structural trend and secondary imposed 
curvatures	through	vertical-axis	rotations	(Weil	and	Sussman,	2004).	Following	these	criteria,	
three	 end-member	 types	 of	 curved	 fold-and-thrust	 belt	 are	 distinguished:	 1)	 oroclines,	
formed	by	pure	bending	of	an	initially	straight	belt;	2)	primary	arcs,	formed	during	uniform	
displacement	direction;	3)	progressive	arcs,	whose	curvature	is	acquired	progressively	during	
the	orogenic	formation	through	strongly	divergent	displacement	directions.	Within	progressive	
arcs,	piedmonts	are	a	particular	case	characterized	by	divergent	transport	direction,	resulting	
in	 foreland-ward	 increasing	 arc-parallel	 extension	 [“spreading”	 arc:	 Hindle	 and	 Burkhard	
(1999)].
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Among	 the	 wide	 range	 of	 approaches	 for	 the	 understanding	 of	 the	 genesis	 of	 curved	
fold-and-thrust	 belts,	 analogue	 modelling	 permits	 researchers	 to	 investigate	 the	 progressive	
deformation	of	 arcs	 at	different	 scales	 (Keep,	2000;	Lickorish	et al.,	 2002;	Crespo-Blanc	and	
González-Sánchez,	2005;	Pastor-Galán	et al.,	2012;	Toscani	et al.,	2014).	In	particular,	piedmont	
arcs	 were	 modelled	 through	 the	 horizontal	 spreading	 of	 viscous	 analogue	 material	 through	 a	
free	boundary,	either	to	model	the	spreading	of	a	continental	lithosphere	with	layers	of	honey,	
silicone,	and	sand	(Gautier	et al.,	1999)	or	to	model	spreading	nappes	in	ductile	conditions	only	
with	silicone	(Gilbert	and	Merle,	1987;	Merle,	1989).

No	 analogue	 experiments	 were	 conducted	 to	 simulate	 the	 formation	 of	 a	 piedmont	 arc	
at	 upper	 crustal	 conditions,	 which	 are	 those	 at	 which	 fold-and-thrust	 belts	 develop.	 In	 this	
paper,	 we	 present	 the	 results	 of	 brittle-viscous	 (sand-silicone)	 experiments,	 which	 simulate	
the	formation	of	piedmont	arcs	in	front	of	a	gate	through	which	the	analogue	material	spreads	
out.	In	natural	cases,	the	two	sides	of	the	gate	represent	the	arc	end	points	of	natural	piedmonts	
floored	 by	 a	 weak	 layer	 (evaporitic	 formations	 or	 water-saturated	 shales).	The	 wooden	 strip	
which	bound	the	gate	represents	basement	obstacles	[e.g.,	Brasilia	foreland	fold-and-thrust	belt:	
Reis and Alkmim (2015)], areas without weak rocks and/or with high thickness variation of the 
sedimentary	rocks	forming	the	fold-and-thrust	belt	[e.g.,	Zagros	fold-and-thrust	belt:	Navabpour	
et al.	(2014)]	or	any	structure	which	impedes	the	horizontal	flow	of	the	weak	rocks	lying	below	
the	sedimentary	rocks	[e.g.,	the	delta	flanks	and	shale	pinch-out	in	the	Niger	Delta:	Corredor	et 
al.	(2005)].

Our	experimental	approach	permits:	a)	a	study	of	the	progressive	deformation	that	takes	place	
during	the	development	of	the	piedmont	arc	and	of	the	resulting	highly	partitioned	deformation	
mode	 in	 the	upper	brittle	 layer,	 and	b)	a	comparison	of	our	 results	with	 those	obtained	either	
in	purely	ductile	or	 lithospheric	analogue	models.	Finally,	a	comparison	with	natural	cases	of	
foreland	and	toe	fold-and-thrust	belts	will	be	presented	(Niger	Delta	and	Sulaiman	Arc).

2. Model set-up, material properties, and scaling

A	simplified	sketch	of	 the	experimental	apparatus	and	model	setting	can	be	seen	in	Fig.	1.	
The	brittle	behaviour	of	the	sedimentary	rocks	characteristic	of	fold-and-thrust	belts	is	simulated	
by quartz sand (grain size between 0.2 and 0.3 mm; internal friction coefficient Φ=37º), 
while	 silicone	 putty	 reproduces	 the	 ductile	 flow	 of	 shales	 saturated	 in	 water	 and	 evaporites	
(transparent	Rhodosil	Gum	FB	of	Rhone-Poulenc).	Table	1	 shows	 the	characteristic	values	of	
the	length,	density,	viscosity,	and	velocity	(this	latter	only	for	the	second	group	of	experiments)	
for	both	natural	case	(n	subscript)	and	analogue	materials	(m	subscript),	by	assuming	a	length	
ratio	 (Ln/Lm)	 of	 5x104	 (2	 cm	 in	 the	 experiment	 represents	 1	km	 in	nature).	We	calculated	 the	
different	parameters	of	Table	1	according	to	the	following	equations.

For	brittle	materials	(Merle,	2015):	

[τ0m = (τ0n) / (ρ
* g* l*)]	 (1)

where τ0 is the cohesion; ρ*,	 g*,	 l*	 are	 the	 scaling	 factors	 between	 the	 model	 and	 the	 natural	
cases	 of	 the	 density	 of	 the	 brittle	 layer,	 the	 gravity,	 and	 the	 length,	 respectively.	 Cohesion	 in	
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dry	sand	for	normal	stress	less	than	250	Pa	is	zero,	and	using	a	1.5-cm	thick	layer	of	sand,	the	
normal	stress	is	260	Pa	at	its	base,	assuming	the	density	of	the	dry	sand	shown	in	Table	1.	Using	
the minimum τ0n	for	weak rocks (Davis and Engelder, 1985), 5 MPa, the calculated cohesion τ0m	
is	74	Pa,	and	thus	the	cohesion	of	the	dry	sand	used	in	our	experiments	is	quite	low	to	reproduce	
the	natural	cases.	However,	this	lower	cohesion	does	not	significantly	change	the	experimental	
results.	

For	ductile	materials,	according	to	the	approach	of	Weijemars	and	Schmeling	(1986)	where:	

ηm = ηn	{(vn/vm) / [(ρn	gn	l²n)/(ρm	gm	l²m)]}	 (2)

the	viscosity	for	 the	analogue	material	using	a	range	of	viscosities	of	shales	and	evaporites	 in	
nature	 from	1017	 to	1021	Pa·s	 (Table	1)	 is	between	103	and	108	Pa·s.	Hence,	 the	 silicone	putty	
used	in	our	experiments	(5·104	Pa·s)	would	be	appropriate.	

The	pre-deformational	package,	33	cm	long	and	42.5	cm	wide,	was	made	up	of	a	2-cm	thick	
silicone layer overlaid by a 1.5-cm thick layer of sand (Fig. 1). This silicone/sand ratio of 1.33 
is the maximum ratio of weak rocks/post-extensional sequences observed in the fold-and-thrust 
belts	with	which	we	will	compare	our	results,	that	is,	ratios	from	0.8	to	1.5	in	the	Niger	Delta	
(Corredor	et al.,	2005)	and	ca.	1	in	the	Sulaiman	Arc	(Humayon	et al.,	1991).	A	grid	with	a	scale	
of	3	cm	placed	on	top	of	the	initial	parallelepiped	was	used	as	a	passive	marker.	A	Mylar	sheet	
floored	 the	 sandbox,	 and	 sand	 was	 used	 to	 confine	 the	 lateral	 portions	 of	 the	 parallelepiped,	
while	 its	 frontal	 part	 was	 bounded	 by	 a	 wooden	 strip	 divided	 into	 three	 parts	 (Fig.	 1).	The	
central	 part	 (20	 cm	 long,	 Rf	 in	 Fig.	 1)	 was	 removed	 at	 the	 beginning	 of	 the	 experiments;	
whereas	 the	 other	 two	 were	 fixed	 (Ff	 in	 Fig.	 1).	This	 permitted	 the	 free	 flow	 of	 the	 material	
that	constituted	the	initial	parallelepiped	out	of	this	gate	in	the	frontal	part	of	the	experiment.	In	
the first experiment, the sand/silicone package only flowed by gravity. In order to observe the 
influence	of	convergence	in	the	same	direction	as	the	symmetry	axis	of	the	piedmont	(Fig.	1),	
we	carried	out	a	second	group	of	experiments,	in	which	the	package	was	pushed	from	behind	by	
a	rigid	backstop	at	the	rear	of	the	model	(wood	piece	B	in	Fig.	1)	during	the	whole	experiment.	
In this case, the velocity used for the second experiments was 0.82 cm/hour, at which the 
silicone	behaves	like	a	viscous	material	(Luján	et al.,	2006).

Both	 types	 of	 experiments	 were	 stopped	 when	 approximately	 half	 of	 the	 piedmont	 area	
was	 occupied	 by	 silicone	 (240	 minutes	 in	 Experiment	 1;	 330	 minutes	 in	 Experiment	 2	 with	

Table 1 - Scaling parameters between nature and the model. Legend: a = Bonini (2001); b = Weijermars et al.	(1993);	
c = Cotton and Koyi (2000); d = Mukherjee et al., (2010); e = Davis and Engelder (1985).

 Parameters Symbol Unit Nature (N) Model (M) Scaling factor (N/M)

 Length L m 1 x 103 2 x 10-2 5 x 104 (length ratio)

 Density (sand) δsan kg/m3 2400 (a)  1770 1.35

 Density (silicone) δsil kg/m3 2200 (b, c) 980 2.24

 Viscosity η Pa s From 1017 to 1021 (d) 0.5 x 105 2 x 108 to 2 x 1013

 Convergence  Vc m/s 3.1 x 10-10 (a)  2.27 x 10-6 1.36 x 10-4 
 velocity (only for    to 7.2 x 10-10 (0.82 cm / h) 
 Experiment 2)   (1.0-2.3 cm/y) (b)

 Cohesion (sand) τ Pa 5 x 106 (e) - 1 x 105
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a	 backstop	 movement	 of	 4.75	 cm).	The	 progressive	 deformation	 was	 recorded	 by	 time	 lapse	
photography	in	zenithal	view,	and	oblique	photographs	were	taken	at	the	end	of	the	experiments.	
To	check	the	consistency	of	the	results,	the	experiments	were	repeated.	The	most	representative	
ones	are	shown	below.	The	experiments	were	carried	out	in	the	Analogue	Modelling	Laboratory	
located	in	Granada	(Geodynamics	Department,	Andalusian	Earth	Science	Institute).

3. Results

Fig.	 1	 shows	 the	 terms	 used	 in	 the	 description	 of	 the	 experiment	 results.	The	 progressive	
deformation	of	both	experiments	is	illustrated	with	photographs	together	with	line	drawings	in	
which	the	chronology	of	the	structures’	nucleation	is	indicated	with	numbering	(Figs.	2,	3,	and	4	
and	videos	of	the	experiments	available	in	Supplementary	Materials).	In	Fig.	3,	the	line	drawings	
were	made	at	the	beginning	(after	60	minutes)	and	the	end	of	the	experiments.	Additionally,	an	
intermediate	 stage	 chosen	 after	 the	 development	 of	 characteristic	 structures	 was	 represented	
for	both	experiments	(after	150	and	120	minutes	in	experiments	1	and	2,	respectively).	Particle	
paths	have	been	drawn	from	successive	photographs	of	zenithal	views	(Fig.	5).

In	both	types	of	models,	the	silicone	overlaid	by	sand	flowed	from	the	inner	domain	through	
the	 gate	 from	 the	 very	 beginning	 of	 the	 experiment.	A	 piedmont	 structure	 formed,	 in	 which	
arc-parallel	 lengthening	 accompanied	 by	 opposite-direction	 rotations	 took	 place	 as	 shown	 by	
the	grid	on	top	of	the	parallelepiped	and	the	corresponding	particle	displacement	(Figs.	2	to	5).	

Fig. 1 - Simplified sketch of the experimental apparatus and model setting in plan view and cross-section.
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Fig.	2	-	Photographs	of	the	very	early	stages	(t	30	min)	of	Experiment	1	(A)	and	Experiment	2	(B).	Grid:	3	cm.	

The	vertical	axis	rotations	in	the	piedmont	were	as	expected	(e.g.,	Hindle	and	Burkhard,	1999):	
clockwise	to	the	left	of	 the	piedmont	symmetry	axis	as	positioned	in	Fig.	3	and	anticlockwise	
to	the	right.	In	the	most	frontal	part	of	the	piedmont,	 the	upper	sand	levels	were	driven	to	the	
bottom	of	 the	deformed	parallelepiped	producing	a	frontal	 recumbent	fold	[rolling	zone	sensu	
Merle	(1989);	Video	1	in	Supplementary	Materials].	

The	 transfer	 of	 material	 produced	 extension,	 subparallel	 to	 the	 flow	 direction	 in	 both	 the	
inner	domain	and	the	piedmont,	accommodated	by	normal,	oblique,	and	strike-slip	fault	systems	
(Fig.	 3).	These	 fault	 systems	 favoured	 the	 ascent	 of	 silicone	 that	 separated	 blocks	 capped	
by	 sand,	 which	 rotated	 differentially	 during	 progressive	 deformation	 and	 in	 which	 discrete	
structures	were	recognized.	These	latter	are	described	according	to	each	type	of	experiment.	

3.1. Experiment 1: gravity-driven model
The	 first	 structures	 to	 form	were	millimetric-spaced,	dipping	 to	 the	 front	 (i.e.,	 southwards),	

normal	faults	situated	in	the	most	frontal	part	of	the	inner	domain	(Fig.	2A).	They	formed	straight	
around	the	gate	(faults	1	and	2	in	Fig.	3A)	and	concave	with	respect	to	the	sense	of	movement	in	
the	inner	part	of	the	model	(Fault	3	in	t1	of	Fig.	3A).	Extension	quickly	propagated	to	the	rear	of	
the	parallelepiped	(i.e.,	northwards)	and	a	conjugated	asymmetric,	normal	fault	system	developed	
inwards,	 forming	a	 slightly	 concave	graben	with	 the	master	 fault	 dipping	 towards	 the	 front	of	
the	model	(Fig.	2A;	Fault	System	4	in	Fig.	3A).	The	system	was	situated	17	cm	from	the	gate,	
that	is	approximately	the	gate	width,	and	bounded	the	deformed	part	of	the	inner	domain.	During	
progressive	 deformation,	 the	 faults	 grew	 laterally	 while	 a	 left-lateral	 strike-slip	 fault,	 located	
at	 the	right	part	of	 the	model,	 linked	 the	rear	 fault	system	with	 the	structures	developed	at	 the	
frontal	part	of	the	sandpack	(Fault	5	in	Fig.	3A).	This	strike-slip	fault	accommodated	differential	
displacement	between	blocks	A	and	B,	and	hence	acted	as	a	tear	fault.

With	 ongoing	 flow	 of	 the	 material	 through	 the	 gate,	 the	 piedmont	 grew	 and	 extension	
proceeded	in	the	rear	part.	The	rear	normal	fault	system	grew	laterally,	drawing	a	mirror	arc	with	
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respect	to	the	piedmont,	although	wider	(see	t2	in	Fig.	3A).	Enhanced	by	its	buoyancy,	silicone	
reached	 the	 surface	 in	 both	 the	 piedmont	 and	 the	 inner	 domain	 normal	 faults.	Tear	 Fault	 5	
became	oblique,	acquiring	a	dominant	normal	dip-slip	component,	as	shown	by	the	grid	markers	
and	 particle	 displacement	 (Figs.	 3A	 and	 5,	 respectively).	At	 the	 same	 time,	 another	 oblique	
normal	 fault	 developed	 close	 and	 subparallel	 to	 the	 first	 one	 (Fault	 6	 in	 Figs.	 3A	 and	 5A),	

Fig.	3	-	Line	drawings	of	Experiment	1	(A)	and	Experiment	2	(B)	at	different	stages.	Numbering	indicates	the	nucleation	
sequence	of	the	faults.
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Fig. 4 - Oblique view of the final stage of Experiment 1 
pointing	out	arc-parallel	normal	faults	(A).	Oblique	view	of	
the final stage of Experiment 2 (B) and a detailed picture of 
the	 piedmont	 highlighting	 arc-perpendicular	 normal	 faults	
(C).	

Fig.	5	-	Pattern	of	particle	displacement	distinguishing	four	stages	for	Experiment	1	(A)	and	Experiment	2	(B).		We	
show	the	passive	markers	that	may	be	followed	during	the	deformation	or	that	are	useful	to	delve	into	the	kinematics.
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defining	a	narrow	graben,	and	a	normal-dextral	fault	developed	to	the	left	of	the	model	(Fault	7	
in	Figs.	3A	and	5A).	The	array	of	faults	within	the	inner	domain	produced	the	individualization	
of	 two	 blocks,	 which	 suffered	 vertical	 axis	 rotations	 during	 progressive	 deformation.	 The	
amount	 of	 rotation	 and	 velocity	 were	 estimated	 by	 measuring	 the	 grid	 marker	 orientation	
over	 time	 and	 are	 illustrated	 in	 Fig.	 6A.	 Block	A	 rotated	 clockwise,	 while	 Block	 B	 rotated	
anticlockwise.	At	the	completion	of	the	experiment,	a	third	block	was	isolated	by	silicone	in	the	
piedmont	(Block	C	in	t3 of Fig. 3A). Block C together with Block A rotated 23º clockwise, while 
Block B rotated 20º anticlockwise (Fig. 6A). 

The	 estimated	 bulk	 extension	 along	 the	 symmetry	 axis	 of	 the	 model,	 from	 its	 rear	 (fixed	
wood	strip,	Fig.	1)	 to	 the	apical	part	of	 the	piedmont	was	around	156%.	The	silicone	invaded	

Fig.	 6	 -	 Graphs	 showing	 block	 rotations	 in	
Experiment	1	(A)	and	Experiment	2	(B)	during	
the	time	and	the	variation	of	protrusion	together	
with	 the	 piedmont	 outline	 during	 progression	
of	deformation	(C).	
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most	 of	 the	 piedmont	 zone	 (Figs.	 3A	 and	 4A),	 where	 arc-parallel	 extension	 was	 evidenced	
by	both	 the	grid	 pattern	 and	 the	 lengthening	of	 its	 outer	 boundary	 (53	 cm	 long	vs.	 20	 cm	of	
gate	width,	that	is,	a	265%	extension).	No	normal	faults	striking	perpendicular	to	the	arc	were	
detected	within	 the	brittle	 layer	of	Block	C	(Fig.	4A).	Thus,	arc-parallel	 stretching	must	have	
been	accommodated	by	deformation	in	the	silicone	which	surrounded	this	block.	The	protrusion	
grade	of	 the	piedmont	outer	boundary	can	be	estimated	 in	 the	 sense	of	Macedo	and	Marshak	
(1999),	 that	 is,	 the	 ratio	 between	 the	 amplitude	 and	 the	 cord	 line	 length.	 Its	 evolution	during	
time	is	shown	in	Fig.	6C.

3.2. Experiment 2: gravity-driven and pushed-from-behind model 
At	 the	 onset	 of	 the	 experiment,	 normal	 faults	 with	 a	 millimetric	 spacing	 formed,	 with	 a	

similar	 geometry	 to	 those	 above	 the	 piedmont	 of	 Experiment	 1	 (Fig.	 2B	 and	 t1	 of	 Fig.	 3B,	
Faults	1	to	3).	When	the	experiment	proceeded,	the	volume	change	due	to	the	outward	flow	of	
the	silicone	associated	with	the	piedmont	formation	was	partly	compensated	in	the	rear	part	by	
the	backstop	movement.	Extension	propagated	backwards	into	the	inner	domain,	triggering	the	
nucleation of two conjugated and symmetrical normal fault systems, at approximately 45º in 
relation	to	the	backstop	movement	(fault	systems	4	and	5;	Fig.	2B	and	t1	of	Fig.	3B).	Together	
with	Fault	System	2,	they	formed	a	triangle	that	bounded	Block	C.	At	the	intersection	zone	of	
these	 fault	 systems,	 two	other	 symmetrical	 frontal-dipping	normal	 faults	 formed	 (faults	7	and	
8	 in	Fig.	3B).	They	were	concave	with	respect	 to	 the	backstop	movement.	When	deformation	
proceeded,	faults	7	and	8	lengthened	towards	the	lateral	parts	of	the	model,	isolating	two	other	
blocks	(A	and	B;	t2	of	Fig.	3B).	Additionally,	a	dextral	strike-slip	fault	zone	nucleated	at	the	left	
side	of	the	model	(Fault	6;	t1	of	Fig.	3B).	At	this	stage,	it	constituted	a	transtensional	fault	zone,	

Fig.	7	-	Detailed	photographs	of	the	strike-slip	fault	
zones	developed	at	both	laterals	of	Experiment	2.
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given	that	the	block	on	the	left	side	remained	roughly	immobile	while	the	one	on	the	right	side	
moved	towards	the	gate	(see	grid	in	Fig.	3B	and	particle	displacement	in	Fig.	5B).

With	 progressive	 deformation,	 the	 development	 of	 normal	 faults	 favoured	 the	 ascent	 of	
silicone	 (t2	of	 Fig.	 3B).	As	 the	 orientation	 of	 these	 normal	 faults	 was	 oblique	 with	 respect	 to	
the	 symmetry	 axis,	 their	 movement	 also	 showed	 a	 strike-slip	 component	 which	 produced	 the	
progressive	clockwise	and	anticlockwise	vertical-axis	rotation	of	blocks	A	and	B,	respectively	
(fault systems 7 and 8). They rotated up to 38º and 65º, respectively, while in the centre of the 
model,	Block	C	did	not	rotate	considerably	(Figs.	3B	and	6B).	In	the	right	part	of	the	model,	a	
sinistral	strike-slip	fault	zone	nucleated	(Fault	9),	conjugated	in	respect	to	Fault	6.	Fault	9	had	
a	subordinated	reverse	dip-slip	component	in	its	central	segment,	 thus	forming	a	transpressive	
fault	zone	(Figs.	3B	and	5B).	Both	fault	zones,	slightly	oblique	with	respect	to	the	convergence	
direction (5º to 15º), played the role of transfer faults. In the piedmont, the silicone pierced its 
front	while	a	normal	fault	developed	in	its	rear	part	(Fault	10	in	Fig.	3B).

	Because	of	the	orientation	variations	along	strike	of	the	strike-slip	Fault	Zone	9	with	respect	
to	 the	 backstop,	 a	 restraining	 bend	 developed	 associated	 with	 subordinated	 thrust,	 which	
produced	the	uplift	of	its	central	part	(Figs.	3B	and	7).	By	contrast,	in	the	strike-slip	Fault	Zone	
6,	 the	 left	 block	 remained	 roughly	 immobile,	while	 the	 right	 one	moved	 towards	 the	gate,	 as	
shown	by	the	opening	of	the	N-S	grid	from	one	part	to	the	other	of	the	strike-slip	fault	(Fig.	7)	
and	the	convergent	pattern	of	the	particle	displacement	field	(Fig.	5B),	thus	causing	the	silicone	
outcrop.

It	 is	 worth	 noting	 that,	 even	 though	 the	 backstop	 pushed	 from	 behind	 the	 deformed	
parallelepiped,	 neither	 folds	 nor	 thrusts	 developed	 in	 the	 inner	 domain.	The	 undeformed	 grid	
on	the	sand	showed	that	most	of	the	rear	part	of	the	model	acted	as	a	pushed-from-behind	rigid	
body	(Fig.	3B),	limited	by	the	backstop	and	bounded	by:	a)	the	normal	faults	situated	in	the	rear	
part	of	the	inner	domain	(faults	7	and	8,	Fig.	3B),	and	b)	the	strike-slip	fault	zones	(faults	6	and	
9).	The	estimated	bulk	extension	along	the	symmetry	axis	of	the	model	was	around	119%,	lower	
than	the	156%	of	Experiment	1.

Within	 the	 piedmont,	 arc-perpendicular	 normal	 faults	 developed	 (Figs.	 3B,	 4B,	 and	 4C).	
They	remained	preserved	on	 the	surface	of	Block	C,	and	produced	an	extension	of	120%	and	
160%	in	 the	northern	and	southern	markers,	 respectively.	Nevertheless,	at	 the	outer	boundary,	
the	piedmont	showed	an	extension	of	230%	(final	length	of	46	cm	vs.	20	cm	of	gate	width).	The	
arc-parallel	 stretching	 must	 have	 been	 mainly	 accommodated	 by	 deformation	 in	 the	 silicone,	
which	occupied	a	great	part	of	the	piedmont	(Figs.	3B,	4B,	and	4C).

4. Discussion

4.1. Comparison between experiments 1 and 2
In	 both	 experiments,	 the	 deformation	 in	 the	 brittle	 layer	 (sand)	 was	 accommodated	 by	

discrete	 normal,	 strike-slip,	 and	 oblique	 faults,	 with	 a	 variable	 orientation	 and	 movement	
from	 one	 type	 of	 experiment	 to	 the	 other.	 Indeed,	 these	 faults	 showed	 a	 dominant	 normal	
component	in	the	gravity-driven	model	(Experiment	1)	and	dominant	oblique	and	strike-slip	in	
the	gravity-driven	and	pushed-from-behind	model	(Experiment	2).	In	the	inner	domains	of	both	
experiments,	 these	 fault	 systems	 individualized	 blocks	 which	 rotated	 differentially.	 It	 is	 also	
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remarkable	that	the	presence	of	discrete	normal	faults	in	sand	producing	arc-parallel	extension	
was	limited	to	the	model	of	Experiment	2.	The	fact	that	the	analogue	material	of	the	inner	part	
was	 forced	 to	go	 through	 the	gate	produced	a	convergent	pattern	of	 the	particle	displacement	
field	 in	 both	 experiments,	 although	 it	 was	 more	 pronounced	 in	 the	 pushed-from-behind	
model	(Experiment	2;	Fig.	5).	In	the	latter,	the	analogue	material	first	moved	straight	in	a	N-S	
direction,	channeled	by	the	strike-slip	fault	zones,	and	then	changed	its	flow	direction	abruptly,	
converging	towards	the	gate	(see	arrows	in	Fig.	8B).	Hence,	the	induced	E-W	shortening	in	the	
inner	domain	when	the	material	was	approaching	the	gate	was	solved	by	the	opposite	rotation	
of	blocks	A	and	B	(Fig.	3B),	as	no	folds	have	been	recorded	(see	the	evolution	of	the	distance	
points	marked	on	Fig.	3).	

Within	the	piedmont,	arc-perpendicular	normal	faults	developed	in	Experiment	2,	while	they	
were	 not	 observed	 in	 Experiment	 1	 (Figs.	 3B,	 4B,	 and	 4C).	Additionally,	 a	 lower	 protrusion	
grade	 of	 the	 piedmont	 was	 observed	 in	 Experiment	 2	 with	 respect	 to	 Experiment	 1.	 Finally,	
even	with	a	backstop	actuated	in	the	rear	of	Experiment	2,	neither	folds	nor	thrusts	developed	
in	 the	 inner	 domain.	 By	 contrast,	 in	 both	 experiments,	 the	 large	 N-S	 extension	 favoured	
the	 development	 of	 isolated	 blocks	 capped	 by	 sand	 and	 separated	 by	 silicone	 walls.	 Both	
experiments	may	 represent	 the	 first	 stages	 of	 raft	 tectonics,	 even	 if	 such	 tectonics	 need	more	
than	 200%	 of	 stretching	 (Duval	 et al.,	 1992;	 Guglielmo	 et al.,	 1997)	 and	 lower	 values	 were	
reached	in	both	experiments.

Fig.	8	-	Diagram	comparing	ductile	models,	using	silicone,	and	our	brittle-ductile,	sand-silicone	models.	
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4.2. Comparison of our results with previous analogue models
The	experiments	performed	by	Merle	(1986,	1989)	and	Gilbert	and	Merle	(1987)	generated	

piedmont	 arcs,	 although	 in	 their	 models	 only	 silicone	 was	 used	 as	 analogue	 material	 and	 the	
inner	 part	 consisted	 of	 a	 channel	 (opened	 at	 the	 beginning	 of	 the	 experiment),	 instead	 of	 a	
rectangle	bounded	by	a	gate.	Moreover,	 this	channel	was	eventually	squeezed,	which	reduced	
the	area	of	the	inner	domain	during	the	experiment.	Their	results	are	summarized	and	compared	
with	 ours	 in	 Fig.	 8.	The	 gravity-driven	 experiments	 of	 these	 authors	 display	 homogeneous	
deformation	and	the	particle	displacement	in	the	inner	domain	is	parallel	to	the	channel	walls.	
The	difference	in	particle	velocity	within	the	channel	is	accommodated	by	ductile	shear	zones	
parallel	 and	 close	 to	 the	 channel	 walls	 (Fig.	 8C).	When	 the	 channel	 is	 squeezed,	 the	 particle	
displacement	pattern	shows	shortening	across	the	channel	and	the	silicone	is	affected	by	folds	
(Fig.	8D).	This	contrasts	with	the	rigid-block	rotations	which	characterized	the	inner	domain	in	
our	 brittle-ductile	 experiments.	 Moreover,	 in	 our	 experiments,	 the	 development	 of	 piedmonts	
in	brittle-ductile	conditions	is	accommodated	by	discrete,	regularly	spaced	normal	faults	in	the	
sand	layer,	which	produced	both	arc-parallel	and	arc-perpendicular	extension.	The	protrusion	in	
our	models	is	lower	than	in	the	silicone	experiments.	Finally,	in	both	silicone	and	sand-silicone	
models,	 a	 more	 divergent	 pattern	 of	 particle	 displacement	 can	 be	 observed	 in	 gravity-driven	
models	(Figs.	8A	and	8C	vs.	8B	and	8D).

We	have	no	 information	along	vertical	 sections	of	our	models	 concerning	 the	deformation	
of	 the	 silicone.	 Nevertheless,	 the	 asymmetric	 development	 of	 the	 normal	 faults	 systems	 in	
the	 sand	 layer	 (e.g.,	 Fault	 Zone	 4	 of	 Experiment	 1;	 Fig.	 3A)	 suggests	 simple	 shear	 in	 the	
uppermost	 levels	 of	 the	 silicone,	 with	 southward	 transport	 of	 the	 hanging	 wall	 (towards	 the	
gate).	 If	 correct,	 this	 would	 imply	 that	 the	 presence	 of	 a	 detached	 rigid	 body	 on	 top	 of	 the	
viscous	 layer	 could	 have	 modified	 the	 vertical	 distribution	 of	 the	 silicone	 strain	 pattern	 in	
comparison	with	silicone	models,	where	pure	shear	dominates	the	upper	levels	of	silicone	[see	
the	mechanical	model	governed	by	viscous	 spreading	 in	Fig.	8	 (Merle,	1986)].	The	existence	
of	 a	 mechanical	 discontinuity	 between	 sand	 layer	 and	 silicone	 might	 induce	 a	 simple	 shear-
dominated	deformation	in	the	silicone	levels	lying	just	below	the	sand.	

Hatzfeld	 et al.	 (1997)	 and	 Gautier	 et al.	 (1999)	 modelled	 the	 horizontal	 spreading	 of	 a	
continental	lithosphere	towards	a	free	boundary	leading	to	the	formation	of	a	piedmont	arc	with	
honey,	silicone,	and	sand	models.	Similar	 to	our	experiments,	 the	 transfer	of	material	 towards	
the	piedmont	is	balanced	by	normal	to	oblique	faults	within	the	inner	domain.	Nevertheless,	as	
these	authors	chose	to	model	lithospheric	scale	processes,	the	thickness	of	the	brittle	layer	with	
respect	to	the	silicone	is	relatively	small	(3	to	4	times	smaller).	Consequently,	the	deformation	is	
much	more	distributed	than	in	our	models,	and	no	silicone	wall	pierces	the	brittle	layer.

4.3. Applicability of brittle-ductile models to shallow-crustal natural cases
A	natural	analogue	of	Experiment	1	may	be	 toe	fold-and-thrust	belts	 floored	by	evaporites	

and/or shales saturated in water. Indeed, their deformation is achieved exclusively by gravity 
and	they	do	not	require	additional	shortening	(Worrall	and	Snelson,	1989;	Cobbold	et al.,	1995).	
Within	a	toe	fold-and-thrust	belt,	three	zones	are	differentiated	downslope	(e.g.,	Connors	et al.,	
2009;	Krueger	and	Grant,	2011;	Mahanjane	and	Franke,	2014;	Wu	et al.,	2015):	

1)	 a	 zone	 of	 extension	 characterized	 by	 the	 growth	 of	 normal	 faults	 whose	 traces	 are	
generally	concave	with	respect	to	the	flow	direction,	and	in	which	weak	rocks	(silicone)	
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can	be	present	(raft	tectonics).	In	our	model	this	zone	is	simulated	by	the	inner	domain,	
characterized	by	the	extension	that	balances	the	transfer	of	material	from	the	inner	zone	
to	the	piedmont	(Figs.	2A	and	3A).	Overall,	the	normal	faults	of	the	inner	domain	draw	
a	 mirror	 arc	 with	 respect	 to	 the	 arc	 (Figs.	 2A	 and	 3A)	 outlined	 by	 the	 toe	 fold-and-
thrust	belt	(Wu	et al.,	2015).	In	natural	cases	comparable	to	our	model,	passive	rotation	
of	 structures	 and	 block	 rotation	 have	 been	 described	 with	 similar	 features	 to	 those	
observed	during	our	model	evolution	[Okari	oil	field	in	the	Niger	Delta:	e.g.,	Aminu	and	
Olorunniwo	(2011);	Figs.	2A,	3A,	and	6A];

2)	 a	zone	characterized	by	radial	outward	transport	direction	and	strong	raft	tectonics,	akin	
to	the	piedmont	of	our	experiment	(Figs.	3A	and	4A).	In	this	zone,	both	arc-perpendicular	
and	 arc-parallel	 extension	 have	 been	 detected	 in	 toe	 fold-and-thrust	 belts	 (Wu	 et al.,	
2015);

3)	 a	 zone	 where	 the	 extension	 in	 the	 first	 two	 zones	 is	 balanced	 with	 shortening,	 which	
generates	a	fold-and-thrust	belt.	In	our	model,	these	compressive	structures	correspond	to	
the	curved	topographic	high	(Fig.	4A).	

At	plan	view,	the	curvature	of	some	toe	fold-and-thrust	is	considered	to	be	a	primary	feature	
(Wu	et al.,	2015)	and,	therefore,	spreading	would	have	played	a	limited	role	in	its	progressive	
curved	shape.	In	the	Niger	Delta	case,	however,	the	existence	of	two	clearly	differentiated	lobes	
of	higher	curvature	in	the	outer	part	seems	to	be	related	to	the	interference	between	the	toe	fold-
and-thrust	belt	 and	basement	obstacles	 in	 the	 topography	of	 the	underlying	oceanic	crust	 [the	
Charcot	 and	 Chain	 fracture	 zones:	Wu	 et al.	 (2015)].	 Even	 though	 the	 degree	 of	 blocking	 is	
different,	the	gate	sides	of	our	model	would	have	played	a	comparable	role.

In	Experiment	2,	 shortening	generated	by	 the	backstop	movement	did	not	 compensate	 for	
the	extension	produced	by	gravitational	spreading,	and	fold-and-thrust	belts	are	not	developed.	
Nevertheless,	the	transport	of	material	from	the	inner	domain	towards	the	piedmont	is	governed	
by	 two	 nearly	 parallel	 strike-slip	 fault	 zones	 (faults	 6	 and	 9	 of	 Fig.	 3B;	 Fig.	 7).	 In	 natural	
cases,	similar	arrays	of	structures	are	observed	in	the	Sulaiman	Arc.	The	pattern	of	this	arc	has	
been	modelled	 and	 interpreted	by	Copley	 (2012)	 as	 the	 result	 of	 gravitational	 spreading	of	 a	
mountain	 range,	 composed	 of	 viscous	 rocks,	 onto	 a	 rigid	 footwall,	 crystalline	 rock	 domains.	
Macedo	and	Marshack	(1999)	proposed	that	the	thickness	variation	of	a	pre-deformational	basin	
whose	depocentre	was	located	at	the	apex	of	the	arc	mainly	controlled	the	progressively	curved	
shape	 of	 the	 Sulaiman	Arc.	These	 two	 models	 of	 curvature	 formations	 are	 not	 exclusive.	 In	
this	sense,	it	is	noteworthy	that	our	experiments	induce	the	formation	of	an	obstacle-controlled	
curve	(the	piedmont)	due	to	the	disposal	of	the	fixed	sides	of	the	gate.	In	natural	fold-and-thrust	
arcuate	belts,	 these	obstacles	 are	 commonly	basement	highs,	 similar	 to	 the	basin	 sides	of	 the	
Sulaiman	Arc.

5. Conclusions

We	 simulated	 the	 progressive	 deformation	 in	 piedmont	 arcs	 with	 analogue	 models	 that	
include	 a	 parallelepiped	 made	 up	 of	 silicone	 overlaid	 by	 sand,	 and	 a	 gate	 through	 which	 the	
material	 can	 flow	 freely.	We	 conducted	 two	 types	 of	 experiments:	 a)	 gravity-driven	 and	 b)	
gravity-driven	and	push-from-behind	models.
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In	both	types	of	experiments,	the	transfer	of	material	towards	the	piedmont	was	achieved	in	
the	inner	domain	by	transfer	faults	together	with	normal	fault	systems	that	propagated	towards	
the	rear	of	the	model.	Both	types	of	faults	developed	in	the	sand	layer.	Extension	favoured	the	
development	of	isolated	blocks	capped	by	sand	separated	by	silicone	walls,	similar	to	the	first	
stages	of	raft	tectonics.

In	 the	 inner	 domain,	 the	 converging	 displacement	 pattern	 behind	 the	 gate	 produced	
shortening,	 which	 was	 accommodated	 by	 the	 opposite-direction	 rotation	 of	 blocks.	 Outwards	
from	the	gate,	 the	development	of	 the	piedmonts	 resulted	 in	a	divergent	particle	displacement	
which	generated	both	arc-parallel	and	arc-perpendicular	extension.

The	 deformation	 accommodated	 by	 discrete	 structures	 in	 the	 sand	 layer	 situated	 over	
the	 silicone	 contrasts	 with	 the	 homogeneous	 deformation	 described	 in	 previously	 published	
experiments	of	piedmont	arcs	made	up	of	only	silicone.	

The	deformation	mode	observed	in	our	models	can	be	applied	to	natural	cases.	The	gravity-
driven	experiment	 is	 similar	 to	 toe	 thrust-belts	 such	as	 the	Okari	oil	 field	 in	 the	Niger	Delta,	
while	our	gravity-driven	and	push-from-behind	experiment	developed	some	features	observed	
in	 convergent	 fold-and-thrust	 belts,	 such	 as	 the	 Sulaiman	Arc,	 whose	 arcuate	 shape	 has	 been	
explained	as	gravitational	spreading	triggered	by	a	topographic	gradient.
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