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ABSTRACT	9	

	10	

The	structure	and	geology	of	former	rifted	continental	margins	can	11	

exert	significant	influence	on	their	subsequent	incorporation	into	12	

collisional	orogens.	While	thinned	continental	crust	attached	to	the	13	

subducting	mantle	lithosphere	may	be	incorporated	into	subduction	14	

channels,	the	weakly	rifted	parts	of	the	margin	are	likely	to	resist	15	

subduction	and	thus	deform	ahead	of	the	main	orogenic	front.	This	16	

expectation	is	corroborated	by	a	case	study	from	the	external	western	Alps.	17	

The	former	Dauphinois	basins	have	inverted	to	form	external	basement	18	

massifs.	Much	of	the	deformation	was	widely	distributed,	with	few	19	

localised	thrust	structures.	Existing	models	that	invoke	distinct	20	

deformation	events,	separated	in	time	by	a	major	(late	Eocene,	21	

“Nummulitic”)	unconformity	are	abandoned	here	in	favour	of	crustal	22	

shortening	that	was	continuous	in	time.	Integrated	stratigraphic,	23	

paleothermal	and	geochronological	data	reveal	that	basin	inversion	was	24	

protracted	over	6-10	Myr,	coeval	with	deformation	in	the	more	internal	25	

parts	of	the	chain.	The	notion	of	continuous,	rather	than	episodic,	26	

deformation	raises	issues	for	how	rates	and	tectonic	activity	may	be	27	

evaluated	within	ancient	orogens.		28	

	29	

Keywords:	tectonic	inversion,	Alps,	foredeep,	basement	deformation	30	

	31	

INTRODUCTION	32	



	 2	

	33	

There	is	a	tacit	assumption	in	tectonic	models	of	mountain	belts	that	34	

deformation	simply	steps	out	into	the	foreland	with	time.	But	such	assumptions	35	

are	also	implicit	in	many	orogenic	reconstructions	and	in	strategies	adopted	for	36	

balancing	and	restoring	regional	cross-sections.	Indeed	structures	that	may	not	37	

conform	to	this	assumption	are	generally	referred	to	as	being	“out-of-sequence”,	38	

reinforcing	the	notion	that	simple	forelandward	migration	is	the	norm.	The	aim	39	

of	this	paper	is	to	discuss	the	issue	of	the	migration	of	deformation	in	mountain	40	

belts	and	how	it	has	been	influenced	by	pre-existing	structures.		41	

Large-scale	structural	inheritance	and	its	impact	on	the	patterns	of	crustal	42	

shortening	are	inferred	for	many	orogens	(Appalachians,	e.g.,	Hatcher	and	43	

Hooper,	1992;	Papua	New	Guinea,	e.g.,	Hill	and	Hall,	2002;	Pyrenees,	e.g.	Roure	44	

et	al.,	1989).	However,	in	many	cases	the	basement	regions	have	been	exhumed	45	

from	the	once	deeply-buried	internal	parts	of	mountain	belts	(e.g.	McBride	et	al.,	46	

2005)	so	that	erosion	has	removed	much	of	the	key	evidence	for	inherited	basin	47	

faults.	The	Alps	are	a	rare	example	where	critical	geological	relationships	are	48	

preserved,	not	least	because	the	former	rifted	continental	margin	that	existed	49	

prior	to	deformation	was	highly	sediment-starved	(e.g.	Lemoine	et	al.,	1986).	50	

They	may	therefore	inform	the	interpretation	and	future	investigation	of	other	51	

orogens.		52	

The	external	western	Alps	provide	the	case	study.	The	region	has	seen	a	53	

number	of	contrasting	interpretations	of	basement-cover	tectonics	that	have	54	

different	implications	for	crustal	structure.	These	are	reviewed	and	a	preferred	55	

model	is	then	integrated	with	a	variety	of	existing	paleothermal	and	56	

geochronological	data,	together	with	important	stratigraphic	relationships.	This	57	

in	turn	informs	a	discussion	of	deformation	migration	within	the	western	Alps.	58	

Many	of	these	relationships	are	well-known	in	the	existing	literature	but	are	59	

generally	viewed	as	resulting	from	pulsed	tectonics	that	operated	in	distinct	60	

episodes.	The	aim	here	is	to	show	that	the	geological	relationships	are	better	61	

understood	in	terms	of	a	continuum.	Protracted	deformation	that	is	62	

heterogeneously	distributed	both	in	space	and	time	is	an	expectation	of	orogenic	63	

evolution	of	former	rifted	continental	margins	with	their	inherent	heterogeneity	64	

in	lithosphere	structure.	This	re-evaluation	raises	issues	of	how	the	evolution	of	65	
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orogenic	belts	can	be	resolved,	especially	when	syn-tectonic	sedimentation	is	no	66	

longer	preserved.		67	

It	is	increasingly	recognised	that	simple	thrust	evolution	is	strongly	68	

controlled	by	the	presence	of	pre-existing	structures	(Butler	et	al.,	2006,	and	69	

references	therein).	These	can	act	to	localise	thrusts	or	influence	their	70	

trajectories.	Most	studies	assume	that	these	inherited	structures	simply	71	

influence	the	detail	of	local	thrust	trajectories	rather	than	necessarily	controlling	72	

the	overall	development	of	the	orogen.	However,	recent	advances	in	73	

understanding	the	structure	of	rifted	continental	margins	emphasise	the	74	

presence	of	heterogeneities	beyond	simple	rift	faults	that	could	exert	more	75	

fundamental	influences	on	orogenic	structure	(e.g.	Péron-Pinvidic	and	76	

Manatschal,	2010,	and	references	therein).	These	include	abrupt	changes	in	77	

crustal	thickness	and	large-scale	tracts	of	serpentinized	upper	mantle	that	could	78	

influence	coupling	between	crust	and	mantle	in	evolving	orogens.		Two	recent	79	

studies	explore	the	significance	of	these	heterogeneities.	80	

Butler	et	al.	(2013)	show	from	modelling	that	large-scale	rifted	margin	81	

structure	can	exert	a	first-order	control	on	how	the	continental	crust	deforms	82	

within	a	convergent	system.	Previously	thinned	crust	can	be	subducted,	83	

recording	this	burial	through	the	acquisition	of	ultra-high-pressure	metamorphic	84	

mineral	assemblages.		Return	of	these	deeply	buried	segments	of	crust	requires	85	

their	decoupling	from	the	otherwise	subducting	plate	(Fig.	1).	In	contrast,	the	86	

weakly	rifted	landward	components	of	the	rifted	margin	resist	subduction	and	87	

thicken	at	the	top	of	the	subduction	channel,	while	the	subduction	of	the	88	

previously	thinned	crust	can	continue.	The	deformation	of	the	continental	crust	89	

at	the	mouth	of	the	subduction	channel	can	continue	over	a	protracted	time.	90	

Butler	(2013)	notes	that	the	original	coupling	between	crust	and	mantle	that	has	91	

been	inherited	from	the	rifting	phase	will	limit	these	behaviours	(Fig.	1).	This	92	

coupling	is	likely	to	vary,	perhaps	reflecting	differing	amounts	of	water	ingress	93	

into	the	upper	mantle	and	its	associated	serpentinization,	during	the	later	stages	94	

of	rifting	(e.g.,	Péron-Pinvidic	and	Manatschal,	2010).		95	

In	the	western	Alps,	the	focus	of	this	study,	it	is	the	external	zones	and	96	

their	basement	massifs	that	represent	the	weakly	rifted	parts	of	the	former	97	

continental	margin	(e.g.	Lemoine	et	al.,	1986;	Mohn	et	al.,	2010).	While	rift	98	
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structures	and	their	influence	on	Alpine	compressional	tectonics	have	long	been	99	

recognised	(e.g.	Gillcrist	et	al.,	1987;	Butler,	1989;	Dumont	et	al.,	2008;	Bellahsen	100	

et	al.,	2012;	Butler,	2013),	the	significance	of	protracted	deformation	is	less	well-101	

established.	Many	other	orogens	have	similarly	developed	by	contractional	102	

deformation	acting	upon	pre-existing	basin	systems	and	other	forms	of	inherited	103	

structures	that	collectively	represent	significant	lateral	heterogeneities	in	104	

continental	crustal	structure.	Thus,	although	the	focus	in	this	paper	is	on	an	105	

Alpine	case	study,	it	is	likely	that	the	deductions	reached	here	are	relevant	to	106	

many	other	orogenic	systems.		107	

	108	

ALPINE	CONTEXT	109	

	110	

The	western	Alps	are	a	classic	example	of	a	basement-cover	thrust	111	

system,	derived	from	stacked	portions	of	the	former	European	margin	of	the	112	

Tethyan	ocean	system.	The	chain	has	developed	between	the	Apulian	continental	113	

block	(essentially	the	Italian	peninsular	and	Adriatic	region)	and	the	rest	of	114	

Europe.	The	outer	parts	of	the	mountain	belt,	the	focus	of	this	paper,	are	found	in	115	

SE	France.		116	

	117	

Pre-orogenic	basement	and	cover	units	118	

	119	

The	regional	geological	and	stratigraphic	context	for	the	western	Alps	is	120	

widely	described	(see	de	Graciansky	et	al.,	2013	for	a	readable	account).	121	

Basement	rocks	of	the	foreland	outcrop	in	the	French	Massif	Central	where	they	122	

record	a	complex	history	of	metamorphism,	magmatism	and	deformation.	This	123	

culminated	with	the	Variscan	orogeny	that	deformed	most	of	what	is	now	124	

western	and	central	Europe	during	the	late	Paleozoic	(e.g.	Schulmann	et	al.,	125	

2014,	and	references	therein).		This	heterogeneous	crust	is	incorporated	into	the	126	

Alps	and	is	exposed	in	the	so-called	“external	basement	massifs”	(e.g.	Raumer	et	127	

al.,	2009;	Fig.	2).		128	

The	external	Alpine	basement	is	overlain	unconformably	by	a	Mesozoic	129	

cover	succession.	This	begins	with	a	thin	(<50m)	Triassic	sequence	chiefly	130	

comprising	shallow-marine	quartz	sandstones,	dolostones	and	local	evaporites	131	
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that	chart	both	planation	of	the	pre-existing	Variscan	chain	and	marine	132	

transgression.	The	overlying	Jurassic	and	Lower	Cretaceous	strata	chart	133	

heterogeneous	subsidence	across	the	region	–	with	modern	accounts	stressing	134	

the	importance	of	early	Jurassic	rifting	followed	by	a	protracted	phase	of	post-135	

rift	thermal	subsidence.	This	period	is	characterised	by	limestone	and	shale	136	

deposition,	with	virtually	no	siliciclastic	input.	A	series	of	carbonate	platforms	137	

are	widely	interpreted	to	have	built	out	from	less	rifted	Europe	(represented	138	

now	by	central	France)	towards	the	fledgling	Tethyan	ocean.	In	the	NW	Alps,	the	139	

most	recent	of	these	platforms	forms	a	lithostratigraphic	unit	termed	the	140	

“Urgonian”,	of	Hauterivian-Barremian	(Early	Cretaceous)	age.	The	maximum	141	

extent	of	the	carbonate	platforms	is	well	constrained	by	a	few	spectacular	142	

outcrops	(Clavel	et	al.,	2013)	within	the	Subalpine	chains.	Oceanward	of	the	143	

platforms,	sedimentation	rates	are	inferred	to	decrease	so	that,	across	much	of	144	

the	region,	the	Mesozoic	rift	basins	were	under-filled.		In	the	SW	Alps,	platform	145	

carbonates	that	built	out	from	Provence	(Fig.	2)	continued	into	the	Late	146	

Cretaceous.	Thick	basinal	sediments	accumulated,	essentially	keeping	pace	with	147	

subsidence	to	accumulate	over	9	km	of	Mesozoic	strata	in	the	Vocontian	Basin	148	

(e.g.	de	Graciansky	et	al.,	2013,	and	references	therein;	Fig.	2).	Thus	not	all	the	149	

continental	margin	was	starved	of	platform-derived	sedimentation,	as	implied	in	150	

some	syntheses	(e.g.	Lemoine	et	al.,	1986).	151	

Contractional	deformation	in	SE	France,	that	culminated	in	the	formation	152	

of	the	Alps,	is	generally	viewed	as	having	had	a	long	and	complex	history.	Much	153	

significance	is	placed	on	an	angular	unconformity	in	the	Dévoluy	area	(Gidon	et	154	

al.,	1970;	Fig.	2)	that	truncates	folded	strata	up	to	Early	Cretaceous	in	age	and	is	155	

overlain	by	Upper	Cretaceous	pelagic	limestones.	The	tectonic	status	of	this	156	

deformation,	demonstrably	of	Cretaceous	age,	is	controversial.	Although	157	

classically	ascribed	to	“Pyrenean”	tectonics	and	the	initial	convergence	between	158	

Iberia	and	France,	Dumont	et	al.	(2011)	consider	them	to	be	large-scale	slump	159	

structures.	Cretaceous	deformation	has	also	been	proposed	on	the	flanks	of	what	160	

is	now	the	Ecrins	basement	massif	(Fig.	2),	although	stratigraphic	considerations	161	

here	only	indicate	that	deformation	pre-dated	late	Priabonian	(Late	Eocene)	162	

times.	Further	discussion	of	the	timing	and	significance	of	these	ages	of	163	

deformation	is	reserved	until	later.	164	
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The	main	Alpine	deformation	in	SE	France	dates	from	the	Eocene	to	165	

earliest	Pliocene	(e.g.	Dumont	et	al.,	2011,	and	references	therein).	The	onset	is	166	

marked	by	a	transgressive	sequence	of	deposits	generally	ascribed	to	the	167	

fledgling	Alpine	foredeep	and	termed	the	“Nummulitic”	(reviewed	by	Joseph	and	168	

Lomas,	2004).	It	classically	comprises	three	formations:	a	basal	shallow	water	169	

(Nummulitic)	limestone;	blue	marls	(the	“Marnes	Bleues”)	and	a	sequence	of	170	

turbiditic	sandstones	that	include	the	much-studied	“Grès	d’Annot”	(Annot	171	

Sandstone).	These	lithostratigraphic	units	are	diachronous,	charting	the	lateral	172	

migration	of	the	ancestral	foredeep	basin	foreland-ward	from	the	Lutetian	to	173	

Priabonian	(Mid-Late	Eocene)	(e.g.	Sinclair,	1997;	Ford	and	Lickorish,	2004;	174	

Dumont	et	al.,	2011).	Deposition	is	terminated	by	an	olistostromal	unit	(the	175	

“Schistes	a	blocs”)	and	the	arrival	of	thrust	sheets.	Deformation	continued	176	

through	to	the	Pliocene	,	the	age	of	strata	in	the	footwall	to	the	Digne	thrust	(Fig.	177	

2).	However,	in	the	NW	Subalpine	chains	it	is	likely	that	thrusting	terminated	in	178	

latest	Miocene	times	(e.g.	Dumont	et	al.,	2011).		179	

	180	

Subalpine	chains		181	

	182	

The	external	NW	Alps	can	be	divided	into	two	distinct	domains:	The	outer	183	

thrust	belt	of	the	Subalpine	Chains;	and	the	basement	–involved	structures	of	the	184	

Dauphinois.	The	Subalpine	Chains	are	generally	considered	to	be	a	“thin-185	

skinned”	fold	and	thrust	belt	detached	on	either	thin	Triassic	evaporites	or	186	

Jurassic	shales	(Gratier	et	al.,	1989).	Deformation	incorporates	syn-orogenic	187	

sandstones	–	with	thrusts	over-riding	these	Miocene	strata	in	the	Grenoble	area	188	

(Fig.	2).	These	structures	were	broadly	WNW-directed	(Butler,	1992).			189	

The	Mesozoic	stratigraphy	changes	markedly	across	the	Subalpine	fold-190	

thrust	belt.	In	the	foreland-ward	side	the	strata	are	chiefly	platform	carbonates	191	

and	reach	a	thickness	of	no	more	than	2	km.	In	the	east	the	stratigraphy	expands	192	

to	a	thickness	of	around	6	km,	and	lies	in	more	basinal	facies	(reviewed	by	de	193	

Graciansky	et	al.,	2011).	These	variations	chart	the	transition	from	the	stable	194	

European	continent	towards	the	more	rifted	regions	on	the	margins	of	the	195	

former	Tethys	ocean.		196	
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Most	probably,	thrust	detachment	under	the	Subalpine	Chains	roots	197	

beneath	the	westernmost	basement	units	of	the	Alps	–	the	Belledonne	massif	198	

(Figs.	2	and	3;	e.g.	Butler	et	al.,	1986;	Gratier	et	al.,	1989).	This	interpretation	is	199	

consistent	with	deep	seismic	reflection	profiling	(Bayer	et	al.,	1987)	and	is	a	200	

general	component	of	modern	sections	through	the	region	(e.g.	Schmid	and	201	

Kissling,	2000;	Schmid	et	al.,	2004;	Butler,	2013;	Bellahsen	et	al.,	2014).	This	202	

Basal	Belledonne	Thrust	was	presumably	responsible	for	the	main	uplift	of	the	203	

Dauphinois	region	that	lies	in	its	hanging	wall.	Sustained	exhumation	of	the	204	

Dauphinois	domain	has	been	identified	through	inverse	modelling	of	data	from	205	

diverse	thermochronological	systems	and	dated	at	13Ma	–	8Ma	(van	der	Beek	et	206	

al.,	2010).	This	Miocene	age-range	is	consistent	with	the	inferred	coeval	207	

relationship	between	displacements	on	the	Basal	Belledonne	Thrust	and	the	208	

emergent	Subalpine	Thrust	system.	209	

	210	

Dauphinois	basement-cover	system	211	

	212	

While	the	Subalpine	fold-thrust	belt	is	dominated	by	outcrops	of	Cretaceous	213	

strata,	especially	of	prograding	carbonate	platforms,	the	Dauphinois	region	to	214	

the	east	is	characterised	by	outcrops	of	basement	rocks,	overlain	locally	by	a	few	215	

metres	of	Triassic	shallow-water	quartz	sandstones	and	dolostones	(with	local	216	

basaltic	lavas),	together	with	basinal	Jurassic	shales.	Over	the	past	50	years	there	217	

have	been	competing	structural	interpretations	of	the	relationship	between	218	

crystalline	basement	and	the	Jurassic	sedimentary	cover.	Early	ideas	considered	219	

the	cover	to	lie	within	“pinched-in”	synclines	whose	geometry	simply	reflected	220	

rheological	variations	(e.g.	Ramsay,	1963;	Fig.	4a).	With	the	popularisation	of	221	

thrust	tectonic	models,	Beach	(1981)	interpreted	the	juxtaposition	of	basement	222	

and	cover	as	the	result	of	westward-directed	thrust	imbrication	(Fig.	4b).	He	223	

went	on	to	interpret	the	northward	limit	of	the	Ecrins	to	be	the	result	of	lateral	224	

ramps,	with	crustal-scale	imbricates	cutting	up-section	to	the	north.	This	model	225	

was	subsequently	followed	by	Butler	et	al.	(1986)	in	their	regional	study	of	226	

Alpine	thrusting.	However,	consideration	of	stratigraphic	relationships	within	227	

the	Jurassic	rocks	and	the	recognition	of	Jurassic-age	normal	faults	(Barféty	et	al.,	228	

1979)	established	that	many	of	the	cover	slices	in	the	Ecrins	were	compressed	229	
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half-graben.	Thrusting,	although	important	further	east	in	the	Ecrins,	was	230	

generally	abandoned	as	an	explanation	of	basement-cover	contacts	for	much	of	231	

the	massif	(Gillcrist	et	al.,	1987,	Coward	et	al.,	1991;	Fig.	4c).	Since	then	it	has	232	

generally	been	assumed	that	the	cover	and	basement	of	the	Ecrins	have	233	

shortened	together,	with	limited	detachment	between	them	(e.g.	Butler	et	al.,	234	

2006;	Dumont	et	al.,	2008;	Fig.	4d).	In	these	approximations,	deformation	is	235	

considered	to	involve	heterogeneous	sub-horizontal	shortening.	Since	then	236	

Bellahsen	et	al.,	(2014)	have	argued	for	more	localised	simple-shear	zones	237	

cutting	the	basement	and	then	distributing	the	deformation	upwards	into	the	238	

Jurassic	cover	(Fig.	4e).			239	

Normal	faults	are	increasingly	being	invoked	within	the	pre-orogenic	240	

templates	for	orogenic	belts	(e.g.	Butler	et	al.,	2006).	In	the	Dauphinois	area	241	

many	of	the	pre-orogenic	faults	preserve	normal-sense	(rift-related)	throws	(e.g.	242	

Dumont	et	al.,	2008).	However,	it	is	not	established	whether	some	of	the	rift-243	

related	throw	has	been	recovered	by	contractional	reactivation	of	these	faults	244	

during	Alpine	orogenesis.	Most	workers	have	long	assumed	that,	because	these	245	

faults	preserve	a	net	normal	throw,	they	have	not	reactivated	as	thrusts	–	but	246	

this	is	an	arbitrary	assumption.		Nevertheless,	there	is	certainly	significant	247	

basement	deformation	distributed	away	from	these	pre-existing	faults	(Dumont	248	

et	al.,	2008;	Bellanger	et	al.,	2015).	This	implies	that	the	faults	were	not	249	

significantly	weaker	–	either	because	of	their	frictional	state	or	their	orientation	250	

–	than	the	host	crystalline	basement	(Butler	et	al.,	2006).	Distributed	basement	251	

weakening	is	consistent	with	mineralogical	studies	of	the	external	Alpine	252	

basement.	Former	feldspars	within	granitic	components	in	the	basement	have	253	

been	altered	to	sericite	suggesting	significant	hydrothermal	alteration	either	254	

before	or	during	Alpine	deformation	(Wibberley,	1997;	Francois	and	Lemet,	255	

1999).	256	

Despite	significant	Alpine	deformation,	some	of	the	Mesozoic	rift	257	

structures	are	famously	well-preserved,	with	stratigraphic	relationships	258	

interpreted	as	recording	syn-rift	deposition	(Barféty	et	al.,	1979).	The	best	of	259	

these	is	the	Ornon	fault	(Fig.	5a).	This	east-dipping	structure	serves	as	the	260	

eastern	limit	to	the	Taillefer	massif	(Fig.	3).	Jurassic	sediments	in	the	hanging	261	

wall	to	the	fault	(Fig.	5b)	are	strongly	deformed	by	upright	folds	and	steeply-262	
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dipping	cleavage	that	is	attributed	to	Alpine	contraction	buttressed	against	the	263	

Jurassic	fault	block	(e.g.	Barféty	et	al.,	1979).	These	geometries	are	similar	to	the	264	

‘mushwad’	deformations	within	Cambrian	shales	deformed	against	basement	265	

faults	in	the	Appalachian	thrust	belt	(e.g.	Pashin	et	al.,	2012).	Basement	in	the	266	

hanging	wall	to	the	Ornon	fault	forms	the	composite	Grandes	Rousses	–	Rochail	267	

block	(Fig.	4d).	This	block	bounded	to	its	east	by	the	Mizoen	fault	that	in	turn	has	268	

the	Emparis	basement	block	in	its	hangingwall.	Further	eastwards	the	effects	of	269	

Alpine	deformation	become	more	pronounced	so	that	the	former	presence	of	270	

Jurassic	half-graben	becomes	more	conjectural.	The	Meije	block	has	been	carried	271	

by	its	eponymous	thrust	(Fig.	5c)	to	lie	structurally	above	the	Emparis	block	272	

(Plateau	d’Emparis	on	Fig.	4d).	Likewise,	the	Combeynot	block	has	been	273	

juxtaposed	to	structurally	overlie	the	Meije	(Fig.	5c).	274	

The	Combeynot	basement	block	is	statigraphically	overlain	by	the	275	

Nummulitic	strata,	with	the	local	omission	of	the	entire	Mesozoic	succession.	276	

These	turbidites	(locally	termed	the	Aiguilles	d’Arves	Sandstone)	are	tectonically	277	

overlain	by	more	internal	Alpine	units	of	the	so-called	Sub-Brianconnais	domain.	278	

The	contact	is	generally	considered	to	be	one	of	the	fundamental	structures	of	279	

the	Western	Alps,	termed	the	Frontal	Pennine	Thrust.	Note	however	that	some	280	

compilations	consider	the	Combeynot	basement	and	its	Tertiary	cover	to	also	lie	281	

in	the	hanging	wall	to	the	Frontal	Pennine	Thrust	(e.g.	Schmid	et	al.,	2004)	–	an	282	

interpretation	that	will	be	revisited	later.		283	

Notwithstanding	general	understanding	of	the	regional	Alpine	structure	284	

of	the	Ecrins,	there	has	been	long-standing	disagreement	as	to	the	timing	and	285	

significance	of	these	structures.	The	key	stratigraphic	marker	for	these	286	

deliberations	has	been	the	unconformity	beneath	the	Nummulitic	limestone	and	287	

its	overlying	foredeep	turbidites.	For	some	researchers	(e.g.	Beach,	1981),	288	

basement	thrusting	and	the	formation	of	the	Ecrins	was	exclusively	“post	289	

Nummulitic”.	Other	researchers	have	emphasised	the	importance	of	pre-290	

Nummulitic	deformation.	In	recent	times	this	complex	history	has	been	291	

interpreted	as	distinct	tectonic	phases,	one	pre-Nummulitic	and	another	post-292	

dating	the	youngest	turbidites,	which	were	deposited	during	the	Oligocene	(e.g.	293	

Dumont	et	al.,	2011).	These	relationships	are	central	to	the	theme	of	this	paper	294	

and	further	discussion	is	reserved	for	later.	295	
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	296	

A	SECTION	THROUGH	THE	EXTERNAL	FRENCH	ALPS	297	

	298	

A	composite	cross-section	is	presented	here	(Fig.	6)	on	the	east-west	299	

transect	across	the	external	French	Alps,	passing	close	to	the	city	of	Grenoble	300	

(Fig.	2).	The	western	part	of	this	section	illustrates	the	structure	of	the	Vercors	301	

segment	of	the	Subalpine	chains	(after	Butler,	1987).	Outcrop	across	the	Vercors	302	

is	dominated	by	the	gently	folded	Urgonian	platform	carbonates.	The	frontal	303	

thrusts	are	shown	with	rather	small	displacements	(c.f.	Deville	and	Sassi,	2006)	304	

as	they	show	en	echelon	map	patterns	and	lateral	tips	just	a	few	kms.	out	of	the	305	

plane	of	section	(Butler,	1987).	Likewise	thrusts	within	the	Vercors	show	little	306	

displacement	–	the	total	shortening	implied	by	the	cross-section	is	around	8	km	307	

(Butler,	1987).	This	figure	is	significantly	lower	than	equivalent	sections	further	308	

north	along	the	Subalpine	chains	(Gratier	et	al.,	1989;	Butler,	1992),	yet	all	these	309	

structures	appear	to	root	beneath	the	Basal	Belledonne	thrust.	It	is	likely	that	310	

this	major	thrust	retained	much	of	its	displacement	along	strike	–	as	the	uplift	of	311	

the	basement	rocks	(the	Belledonne	massif)	is	sustained	laterally.	Butler	(1987)	312	

proposed	that	the	Vercors	transect	contains	further	shortening	than	is	recorded	313	

in	the	broadly	WNW-directed	thrusts	and	that	this	segment	of	the	Subalpine	314	

chains	has	also	been	partly	backthrust	over	the	leading	edge	of	the	Belledonne	315	

massif.	These	interpretations	are	also	followed	by	Bellahsen	et	al.	(2014).	A	total	316	

displacement	on	the	Basal	Belledonne	Thrust,	as	accommodated	within	the	317	

Vercors	fore-thrust	–	backthrust	system,	is	estimated	as	18	km.	318	

The	structure	of	the	Dauphinois	region	is	illustrated	on	Fig.	6	using	the	319	

Romanche	valley	transect	that	runs	between	Bourg	d’Oisans	and	La	Grave	(Fig.	320	

3).	Earlier	interpretations	of	this	specific	section	are	shown	on	Fig.	4d,e.	This	321	

profile	has	seen	significant	attention	in	recent	years.	Bellahsen	et	al.	(2012)	322	

restored	a	section	along	this	transect	using	the	Triassic	as	a	marker	against	323	

which	the	underlying	basement	was	reconstructed.	Unlike	much	earlier	attempts	324	

that	used	this	method	(e.g.	Butler,	1986),	these	authors	incorporated	the	concept	325	

that	this	Triassic	marker	was	offset	by	pre-orogenic	rift	faults.	Consequently	326	

their	restored	section	shows	the	Ecrins	in	its	pre-orogenic	state	containing	an	327	

array	of	half-graben	bounded	by	east-dipping	normal	faults.	In	this	way	the	328	
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restored	section	length	across	the	Ecrins	consists	of	the	sum	of	the	Triassic	bed-329	

lengths	together	with	all	the	heaves	on	the	pre-orogenic	normal	faults.	These	330	

heave	values	are	arbitrary	because	the	original	dip	of	the	Jurassic	structures	is	331	

uncertain.	332	

Boutoux	et	al.	(2014)	present	a	revision	of	the	Bellahsen	et	al.	(2012)	333	

restoration,	based	on	integrated	strain	analyses	in	the	strongly	deformed	lower	334	

Jurassic	cover	sediments	that	represent	the	original	fill	to	the	various	half-335	

graben.	Comparison	between	the	two	restorations	is	difficult	using	percentage	336	

shortening	as	they	use	different	reference	points.	However,	the	effective	337	

horizontal	shortening	may	be	compared.	Boutoux	et	al’s	(2014)	strain-based	338	

restoration	yields	a	shortening	estimate	of	8	km	across	the	composite	Ornon	and	339	

Mizoen	half-graben.	In	contrast,	Bellahsen	et	al’s	(2012)	restoration	using	the	340	

Triassic	layer	yields	a	shortening	value	of	9.7	km	across	the	same	half-graben.		341	

While	strain	studies	are	useful	for	restoring	the	distributed	contractional	342	

deformation	within	the	Jurassic	half-graben,	they	do	not	address	displacements	343	

on	discrete	fault	structures.	It	is	unclear	if	the	Jurassic	normal	faults	have	344	

themselves	been	reactivated.	The	section	also	contains	two	major	thrusts	that	345	

carry	the	Combeynot	and	La	Meije	basement	units.	Direct	determination	of	their	346	

displacements	from	matching	footwall	and	hanging-wall	cut-offs	is	not	possible.	347	

Most	interpretations	(e.g.	Fig.	4)	indicate	total	displacements	across	these	348	

thrusts	in	excess	of	10km.	349	

	350	

Balancing	the	crust	351	

	352	

The	structural	geology	exposed	along	the	Romanche	transect	can	now	be	353	

incorporated	into	a	crustal	scale	section	with	the	aim	of	establishing	large-scale	354	

shortening	patterns	in	the	outer	parts	of	the	western	Alps.	The	workflows	laid	355	

out	by	Butler	(2013)	are	followed	here.	For	these	purposes	the	top	of	the	356	

basement	on	the	transect	is	taken	from	the	regional	cross-section	(Fig.	7).	The	357	

depth	to	the	Moho	across	the	Ecrins	is	taken	from	existing	maps	of	crustal	358	

thickness	for	the	western	Alps	(Cavazza	et	al.,	2004).	It	increases	from	around	30	359	

km	beneath	the	foreland	to	about	45	km	beneath	the	Frontal	Pennine	Thrust	and	360	

the	eastern	Ecrins.		Recent	receiver	function	seismic	modelling	reported	by	Zhao	361	
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et	al.	(2015)	also	shows	a	gradual	increase	in	crustal	thickness	beneath	the	Alps	362	

from	the	foreland.	However,	this	experiment	was	located	on	a	profile	that	runs	363	

across	the	inverted	Vocontian	basin	rather	than	Ecrins.	Thus	it	generally	shows	364	

lower	values	for	crustal	thickness	compared	to	those	used	here	for	the	Ecrins	365	

section	(Fig.	7).		366	

The	uncertainty	on	Moho	depth	on	Fig.	7	is	likely	to	be	about	1-2km	367	

across	the	section	as	a	whole.	As	the	section	is	120	km	across,	this	equates	to	an	368	

uncertainty	in	estimates	of	crustal	area	of	100-200	km2.	In	contrast,	graphical	369	

measuring	errors	for	crustal	area	are	estimated	at	about	50	km2.	For	the	370	

following	construction	a	pin-line	is	established	in	the	foreland	of	Bas	Dauphine.	371	

The	positioning	of	this	pin	is	arbitrary,	therefore	percentage	shortening	values	372	

will	not	be	reported	for	the	cross-section	as	a	whole.	Rather,	shortening	is	373	

reported	in	parameterised	km.		374	

The	total	area	of	crust	shown	on	the	cross-section	(Fig.	7)	from	a	pin	line	375	

in	the	Alpine	foreland	to	a	trail	line	beneath	the	Guisane	valley	(Frontal	Pennine	376	

Thrust)	is	4178	km2.	Using	the	inferred	shortening	in	the	Vercors	system	(18	377	

km)	as	a	proxy	for	displacement	on	the	Basal	Belledonne	Thrust,	the	foreland	378	

crust	has	a	top-basement	length	of	65	km	from	the	pin	line.	This	frontal	portion,	379	

ahead	of	the	footwall	ramp	to	the	Basal	Belledonne	Thrust,	is	considered	to	have	380	

not	experienced	significant	distortional	strain	so	it	retains	its	lengths	of	top-381	

basement	and	Moho.	This	distance	of	65	km	overlies	a	cross-sectional	area	of	382	

crust	of	1717	km2.	The	average	thickness	of	this	foreland	crust	is	therefore	26.4	383	

km.	Assuming	a	pre-rifting	(Triassic)	depth	to	Moho	of	30	km	and	uniform	384	

stretching	(Jurassic),	the	crustal	stretching	factor	is	(30/26.4)	=	1.14.		385	

The	remaining	(4178-1717)	2461	km2	of	crust	on	the	Ecrins	transect	(Fig.	386	

7)	represents	the	material	that	underlies	the	shortened	Jurassic	basins	now	387	

found	across	the	Ecrins	massif.	The	present	width	of	this	basement,	from	an	388	

intermediate	reference	line	at	the	leading	edge	of	La	Mure	massif	to	the	trail	line	389	

in	the	Guisane	valley,	is	74	km.	Bellahsen	et	al.	(2012,	2014,	modified	by	Boutoux	390	

et	al.,	2014)	estimate	that	the	net	shortening	of	the	top	basement	along	this	391	

transect	is	22	km.	This	yields	a	restored	length	of	top	basement	of	(74	+22)	96	392	

km	and	an	average	restored	thickness	for	the	sub-Ecrins	crust	of	(2461/96)	25.5	393	

km.		394	
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The	shortening	estimates	used	above	are	conservative	and	probably	395	

underestimate	displacements	on	Alpine	thrusts.	Additionally,	they	do	not	396	

consider	any	contractional	reactivation	along	the	Jurassic	normal	faults.	397	

Allowing	for	these	additional	factors,	the	restored	width	of	the	former	398	

Dauphinois	basins	illustrated	in	Figure	7	is	110	km,	with	an	implicit	shortening	399	

of	36	km.	Using	the	cross-sectional	area	of	2461	km2,	the	mean	restored	crustal	400	

thickness	beneath	the	Dauphinois	basin	can	be	estimated	at	(2461/110)	=	22.4	401	

km.	This	equates	to	a	mean	crustal	stretching	factor	of	1.34	for	uniform	402	

extension.		403	

	404	

PALEOTHERMAL	AND	GEOCHRONOLOGICAL	CONSTRAINS	ON	ECRINS	405	

DEFORMATION	406	

	407	

The	following	account	relies	heavily	on	the	recent	comprehensive	study	408	

by	Bellanger	et	al.	(2015),	although	the	interpretations	offered	here	differ	from	409	

these	authors.	They	present	a	suite	of	estimates	for	peak	temperatures,	using	410	

Raman	spectroscopy	applied	to	carbonaceous	material	sampled	from	Jurassic	411	

and	Tertiary	strata	around	the	Ecrins.	A	subset	of	these	data	are	displayed	on	412	

Fig.	6.	The	highest	peak	temperatures	(338°C)	are	recorded	by	the	Jurassic	strata	413	

of	the	Dauphinois	basins.	To	the	east	of	the	Ornon	fault,	peak	temperatures	414	

experienced	by	Jurassic	rocks	range	between	319°C	and	338°C.	It	is	tempting	to	415	

relate	this	thermal	pattern	to	Alpine	shortening	(Bellanger	et	al.,	2015).		416	

Peak	temperature	data	are	also	available	for	the	eastern	Subalpine	417	

domain,	from	Cretaceous	strata	adjacent	to	the	Vercors	plateau	down	into	lower	418	

Jurassic	strata	in	the	Drac	valley	(Fig.	6;	Bellanger	et	al.,	2015).	These	display	a	419	

systematic	cooling,	with	the	deepest	strata	recording	peak	temperatures	of	329	420	

°C.		This	peak	value	is	consistent	with	estimates	of	deep	burial	during	Mesozoic	421	

basin	filling	(Butler	1987;	Bellahsen	et	al.,	2012)	together	with	relatively	steep	422	

geothermal	gradients	(40°C	/km;	Phillippe	et	al.,	1998)	derived	from	high	heat	423	

production	in	underlying	basement	(Deville	and	Sassi,	2006).		424	

Elevated	geotherms	and	high	burial	temperatures	are	also	supported	by	425	

peak	temperature	data	from	the	Jurassic	cover	of	the	Dome	de	la	Mure	(Fig.	6).	426	

Bellanger	et	al.	(2015)	report	peak	temperatures	here	of	279°C.	These	strata	lay	427	
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on	a	Jurassic	fault	block	(e.g.	de	Graciansky	et	al.,	2011).	Adjacent,	age-equivalent	428	

strata	from	the	former	basin	areas	record	peak	temperatures	of	329°C.	These	429	

units,	from	fault	block	and	basin,	have	been	juxtaposed	by	the	backthrust	that	430	

carried	the	Vercors	system	eastwards	onto	the	Belledonne	(Fig.	6).	The	thermal	431	

structure	must	largely	have	been	established	before	this	Alpine	deformation.	432	

Note	also	that	the	peak	temperatures	experienced	by	Jurassic	strata	in	both	the	433	

hanging	wall	and	footwall	to	the	Meije	Thrust	are	indistinguishable	(both	are	434	

328°C;	Fig.	6).	This	pattern	is	consistent	with	peak	temperatures	for	Jurassic	435	

strata	that	achieved	similar	burial	depths	before	significant	displacement	on	the	436	

thrust.		437	

Bellanger	et	al.’s	(2015)	data	do	however	show	that	the	thermal	history	of	438	

the	Dauphinois	Jurassic	strata	is	more	complex	than	being	simply	inherited	from	439	

Mesozoic	basin	subsidence.	Indeed	the	absolute	values	would	imply	burial	440	

depths	of	around	8km,	assuming	a	geothermal	gradient	of	40	°C	/km.	Such	441	

stratal	thicknesses	are	evident	in	the	Vocontian	basin,	to	the	south	of	the	Ecrins	442	

(Fig.	2;	e.g.,	de	Graciansky	et	al.,	2011),	although	they	are	generally	regarded	as	443	

having	been	greater	than	those	achieved	by	the	Dauphinois	successions	444	

considered	here.	Simple	uniform	stretching	models	can	relate	the	thicknesses	of	445	

crust	and	basin	fill	(e.g.	McKenzie,	1978).		The	crustal	restoration	(Fig.	7)	implies	446	

a	stretching	factor	of	1.34	for	the	Dauphinois	crust,	for	which	a	sediment	447	

thickness	of	around	5	km	could	be	accommodated.	This	however	can	be	448	

increased	by	inversion	and	thickening	of	the	basin	sediments.	25%	shortening,	449	

as	estimated	by	Boutoux	et	al.	(2014),	increases	sediment	thicknesses	to	6.25	450	

km.	For	the	more	eastern	sites,	further	burial	may	have	been	achieved	by	thrust	451	

repetition	of	Jurassic	strata.	However	to	achieve	temperatures	of	330°C	a	452	

geothermal	gradient	of	around	50°C/km	is	required	during	inversion,	together	453	

with	no	erosion	of	the	overburden.	So,	even	using	the	strain	values	of	Boutoux	et	454	

al.	(2014),	the	choice	of	appropriate	geothermal	gradient	and	the	original	(pre-455	

inversion)	thickness	of	Mesozoic	strata	across	the	Dauphinois	basins	remain	456	

unknown	and	thus	further	quantitative	consideration	of	thermal	evolution	is	457	

premature.	There	are	however,	other	aspects	that	demand	attention.			458	

Strikingly,	the	Eo-Oligocene	units	that	lie	directly	upon	the	Jurassic	strata	459	

to	the	east	of	the	study	area	(Fig.	6)	chart	maximum	temperatures	of	298±4	°C,	460	
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immediately	adjacent	to	Jurassic	strata	that	record	peak	temperatures	some	40	461	

°C	higher.	This	suggests	that	the	Dauphinois	Jurassic	strata	have	experienced	two	462	

distinct	heating	episodes.	The	first	of	these	pre-dates	not	only	the	deposition	of	463	

the	Eo-Oligocene	strata	but	also	the	period	of	erosion	that	is	represented	by	its	464	

underlying	unconformity.	The	second	heating	episode	was	presumably	465	

accompanied	by	tectonic	burial	by	the	over-riding	thrust	sheets	derived	from	the	466	

internal	Alps	and	was	experienced	by	the	Jurassic	and	Eo-Oligocene	strata	467	

together.	It	is	not	clear	how	much	of	the	Dauphinois	area	experienced	this	468	

second	episode:	The	full	extent	of	the	internal	Alpine	thrust	sheets	is	not	469	

preserved	nor	are	there	further	Eo-Oligocene	deposits	preserved	across	the	470	

western	Dauphinois	area.		471	

The	two-phase	thermal	evolution	might	be	expected	to	have	been	472	

recorded	by	geochronological	data.	Various	radiometric	techniques	have	been	473	

applied	to	establish	the	timing	of	Alpine	deformation	in	the	Ecrins	massif,	as	474	

recently	reviewed	by	Bellanger	et	al.	(2015).	These	authors	complement	existing	475	

data	with	their	own	substantial	data	set	of	Ar-Ar	mica	ages	from	selected	shear	476	

zones	within	the	Ecrins	(Fig.	8).	The	compilation	shows	significant	spread,	with	a	477	

tail	of	old	ages	that	presumably	reflects	both	the	incorporation	of	old	radiogenic	478	

Ar	from	the	basement	and	the	incomplete	recrystallization	of	relict	mica.	479	

However,	their	study	shows	a	strong	cluster	of	Ar-Ar	ages	between	20	Ma	and	480	

40Ma.		Bellanger	et	al.	(2014)	suggest	that	the	main	deformation	phase	was	at	481	

30-36	Ma.	These	data	do	not	identify	polyphase	deformation	–	an	issue	to	which	482	

we	shall	return	after	consideration	of	stratigraphic	relationships	from	the	483	

southern	Ecrins.		484	

	485	

INTEGRATING	STRATIGRAPHIC	RELATIONSHIPS	486	

	487	

The	geochronological	data	pose	significant	problems	for	interpreting	the	488	

deformation	history	of	the	Ecrins,	when	considered	alongside	stratigraphic	489	

relationships.	The	peak	deformation	age	(30-35	Ma)	straddles	the	late	Eocene-	490	

early	Oligocene	(Gradstein	et	al.,	2012).	This	was	the	time	during	which	the	491	

Nummulitic	strata	accumulated	in	the	Dauphinois	realm.	The	key	location	for	492	
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understanding	the	relationship	between	deformation	and	deposition	of	these	493	

strata	lies	on	the	southern	flank	of	the	Ecrins,	in	the	Champsaur	district	(Fig.	9).		494	

A	regional	unconformity	at	the	base	of	the	Nummulitic	strata	has	long	495	

been	described	from	the	Champsaur	district.	The	unconformity	oversteps	496	

synclines	that	hold	Jurassic	and	Triassic	strata	(e.g.	Ford,	1999;	Fig.	10a).		The	497	

Nummulitic	strata	are	folded	and	overthrust	by	far-travelled	thrust	sheets	(so-498	

called	Embrunais-Ubaye	nappes).	These	relationships	are	generally	interpreted	499	

to	imply	two	distinct	phases	of	Alpine	tectonics	–	one	“pre-Nummulitic”	and	500	

another	“post-Nummulitic”	(e.g.	Dumont	et	al.,	2008,	2011).	Furthermore,	some	501	

interpretations	infer	that	the	Ecrins	massif	was	continuously	high-standing	502	

during	Alpine	deformation,	so	that	it	acted	not	only	as	a	generally	rigid	503	

obstruction	to	thrust	sheets	emplaced	from	more	internal	parts	of	the	Alpine	504	

chain,	but	also	a	barrier	to	the	northward	passage	of	turbidity	currents	in	the	505	

ancestral	foredeep	basin	(e.g.	Ford	and	Lickorish,	2004).	Consideration	of	the	506	

depositional	architecture	of	the	turbidite	sandstones	of	the	Champsaur	area	507	

suggest	a	different	interpretation.		508	

The	Champsaur	district	contains	two,	broadly	coeval	turbidite	sequences	509	

contained	within	two	distinct	basin	areas	separated	by	an	Alpine	thrust	zone	510	

(the	Selle	fault,	e.g.,	Ford,	1999;	Fig.	9).	The	Eastern	Champsaur	Basin	represents	511	

a	northern	continuation	of	the	main	Annot	sand	fairway	(Vinnels	et	al.,	2010).	512	

Sand	compositions	are	chiefly	quartz-rich,	consistent	with	the	Annot	correlation	513	

and	are	presumed	to	be	similarly	sourced	from	the	same	Corsican	landmass.	The	514	

island	archipelago	of	Corsica	and	Sardinia	lay	immediately	south	of	the	modern	515	

southern	French	coast	during	late	Eocene-early	Oligocene	times	(e.g.	Joseph	and	516	

Lomas,	2004).	In	contrast	the	Western	Champsaur	basin	has	a	distinctive	517	

volcanic	sand	component	(e.g.	Lami	et	al.,	1987;	Brunt	et	al.,	2009,	and	518	

references	therein).	The	structural-stratigraphic	relationships	of	these	basins	are	519	

considered	in	turn.	520	

The	Eastern	Champsaur	basin	lies	directly	beneath	thrust	sheets	derived	521	

from	the	internal	Alps	and	is	deformed	into	a	series	of	WSW-facing	folds	(e.g.	522	

Bürgisser	and	Ford,	1998).	These	folds	deform	the	turbiditic	component	of	the	523	

Nummulitic	succession,	detaching	along	the	Blues	Marls.	The	underlying	524	

Nummulitic	limestone	rests	unconformably	on	basement	rocks,	seen	in	the	525	
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windows	of	the	Fournel	and	Dourmillouse	valleys	(Fig.	9a).	Local	accumulations	526	

of	continental	deposits	lie	within	incised	portions	of	this	unconformity,	beneath	527	

the	limestone.	Notwithstanding	the	deformation,	regional	onlap	of	the	turbidites	528	

onto	the	Blue	Marls	is	evident,	so	that	they	are	discordant	to	the	underlying	529	

Nummulitic	limestone.		This	indicates	that	the	substrate	to	the	Eastern	530	

Champsaur	Basin	was	deforming	during	deposition.		531	

Vinnels	et	al.	(2010)	document	onlap	of	the	turbidite	sandstones	and	532	

provide	paleoflow	data	collected	from	their	sole	structures	(Fig.	9).	These	533	

broadly	confirm	that	the	turbidites	of	the	Eastern	Champsaur	are	the	northern	534	

continuation	of	the	Annot	sand	fairway	(e,g,	Sissingh,	2001).	The	quartz-rich	535	

composition	of	the	Champsaur	turbidite	sandstones	is	also	consistent	with	this	536	

provenance.	Paleocurrents	indicate	that	the	turbidity	currents	that	supplied	the	537	

Eastern	Champsaur	basin	were	repeatedly	deflected	by	minor	intrabasin	538	

bathymetry	but	that	overall	these	flows	were	not	impeded	by	a	basin	margin	to	539	

the	north.	This	means	that,	during	turbidite	deposition,	the	Ecrins	massif	was	not	540	

high-standing.	Indeed	it	must	have	been	lower-lying	than	the	Annot	basin	541	

systems	further	south	in	the	Alps.	But	the	deflection	of	individual	flows	by	542	

transient	basin-floor	bathymetry	is	consistent	with	the	large-scale	stratigraphic	543	

motif	–	that	the	underlying	Ecrins	basement	was	deforming	during	deposition.	544	

This	bathymetry	could	not	have	been	inherited	from	the	Mesozoic	for	example,	545	

as	the	turbidites	of	the	eastern	Champsaur	basin	are	underlain	by	shallow-water	546	

Nummulitic	limestone.	Furthermore,	the	onlap	angles	described	by	Vinnels	et	al.	547	

(2010)	–	with	400m	of	strata	pinching	out	over	4	km	–	are	too	high	to	be	548	

explained	by	regional	foredeep	flexure	alone,	especially	when	decompacted.		549	

The	Western	Champsaur	basin	is	distinct	from	the	eastern	basin	because	550	

its	constituent	sandstones	are	volcaniclastic.	Although	early	stratigraphic	551	

syntheses	(e.g.	Sinclair	1997)	assumed	these	sediments	were	derived	from	a	552	

now-eroded	arc	volcanic	source	in	the	Alps,	paleocurrent	and	stratigraphic	553	

studies	indicate	a	SW	provenance,	most	probably	from	Oligocene	volcanic	554	

terrains	on	Sardinia.	Lami	et	al.	(1987)	describe	the	onlap	of	the	sandstones	of	555	

the	western	basin	onto	the	Blue	Marls	together	with	slumps	inferred	to	have	556	

been	derived	from	paleoslopes	adjacent	to	the	Ecrins.	As	with	the	eastern	basin,	557	

the	onlap	angles	for	the	Western	Champsaur	are	too	high	to	be	the	product	of	558	
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regional	flexure	alone	–	and	are	strongly	oblique	to	the	regional	foredeep	(e.g.	559	

Joseph	and	Lomas;	2003).	These	stratal	relationships	(Fig.	10b),	together	with	560	

the	systematic	decrease	in	bedding	inclination	up	section,	are	strong	indicators	561	

that	the	southern	flank	of	the	Ecrins	was	deforming	during	deposition.	While	this	562	

provided	a	local	confining	slope	to	turbidite	deposition,	the	flows	continued	to	563	

pass	to	the	NE,	as	indicated	by	paleoflow	data	(Fig.	9a)	together	with	the	564	

geometry	of	incisional	canyons	within	the	system	(e.g.	Brunt	et	al.,	2007).	Thus,	565	

as	with	the	Eastern	Champsaur	Basin,	its	western	counterpart	indicates	that	the	566	

adjacent	Ecrins	massif	offered	no	significant	barrier	for	the	passage	of	turbidity	567	

currents	in	the	ancestral	foredeep	basin	and	that	it	continued	to	deform	during	568	

their	passage.		569	

All	three	lithostratigraphic	components	of	the	Nummulitic	system	are	570	

found	on	the	northern	side	of	the	Ecrins	–	with	the	turbities	here	known	as	the	571	

Aiguilles	d’Arves	sandstone	(Fig.	3).	These	units	are	very	poorly	described	in	the	572	

literature	and	have	seen	no	published	modern	sedimentological	studies.	573	

Reconnaissance	work	by	the	author	has	discovered	a	very	similar	bed-set	motif	574	

to	the	turbidites	of	the	Eastern	Champsaur	Basin.	Coarse	to	medium-grained	575	

sandstones	are	quartz	rich.	Sole	marks	imply	paleoflow	from	the	south	and	SE.	576	

These	observations	are	consistent	with	the	Aiguilles	d’Arves	sandstone	being	577	

further	down	the	same	sand	fairway	as	the	Eastern	Champsaur	and	Annot	578	

systems.		It	is	likely	then	that,	during	the	deposition	of	the	Aiguilles	d’Arves	and	579	

Eastern	Champsaur	sandstones,	the	Ecrins	basement	did	not	impede	their	co-580	

genetic	turbidity	currents.		The	down-system	continuation	of	the	volcaniclastic	581	

turbidites	of	the	Western	Champsaur	Basin	has	yet	to	be	identified,	although	582	

similar	rocks	are	found	in	the	northern	Subalps	(the	Taveyanne	Sandstone,	583	

reviewed	by	de	Graciansky	et	al.,	2013).		584	

The	turbidites	of	both	the	Eastern	and	Western	Champsaur	basins,	585	

despite	showing	distinctly	different	provenances,	both	chart	deformation	of	the	586	

underlying	basement	during	their	deposition.	However,	both	basins	also	chart	587	

deformation	that	preceded	the	Nummulitic.	Not	only	has	the	Mesozoic	cover	588	

been	largely	removed	by	erosion,	both	basins	contain	minor	amounts	of	589	

continental	deposits	directly	beneath	the	Nummulitic	limestone	that	chart	590	

subaerial	exposure	and	denudation	(e.g.	Gupta	and	Allen,	2000).	In	the	Cedera	591	
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area	the	Nummulitic	succession	of	the	Western	Champsaur	basin	oversteps	folds	592	

cored	by	Triassic	and	Jurassic	strata	(e.g.	Ford,	1999;	Fig.	10a).		593	

Field	relationships	in	Champsaur	are	classically	interpreted	as	the	result	594	

of	two	distinct	phases	of	Alpine	deformation,	separated	by	a	significant	period	of	595	

time	represented	by	the	sub-Nummulitic	unconformity	(e.g.	Dumont	et	al.,	596	

2008).	The	recognition	of	active	basement	deformation	during	turbidite	597	

deposition	and	the	long-recognised	onlap	of	tubidites,	not	onto	basement	but	598	

onto	the	Blue	Marls	(Lami	et	al.,	1987),	indicates	that	deformation	continued	599	

during	the	Nummulitic.	Perhaps	the	geological	history	is	better	explained	by	600	

continuous	rather	than	episodic	deformation.	601	

	602	

A	CONTINUUM	MODEL	FOR	ALPINE	DEFORMATION	IN	THE	ECRINS	603	

	604	

The	field	relationships	in	the	Champsaur	district	inspire	a	model	for	the	605	

tectono-stratigraphic	relationships	across	the	Ecrins	that	may	in	turn	inform	606	

discussion	of	the	thermal	history	(Fig.	11).		The	section	is	based	on	a	single	607	

hypothetical	inverting	half	graben.	This	geometry	has	been	proposed	for	the	608	

tract	of	Jurassic	sediments	that	lie	between	Combeynot	and	La	Meije	basement	609	

blocks	in	the	NE	of	the	Ecrins	area	(e.g.	Coward	et	al.,	1991).	In	this	case	the	610	

hanging	wall	to	the	normal	fault	becomes	the	Combeynot	block.	The	Mesozoic	611	

cover	to	Combeynot	is	only	found	along	its	western	and	northern	margins.	On	its	612	

eastern	side	Nummulitic	strata	lie	unconformably	on	basement.	In	the	model	613	

presented	here,	contractional	deformation	of	the	basin	began	in	the	mid-to-late	614	

Eocene	without	significant	denudation,	allowing	the	Jurassic	strata	to	thicken,	615	

burying	their	deeper	portions.	It	is	at	this	stage	that	the	Jurassic	strata	achieved	616	

their	peak	temperatures	(Fig.	11b).	These	early	parts	of	the	compression	are	617	

presumably	marked	either	with	contractional	uplift	being	outpaced	by	regional	618	

subsidence	(e.g.	because	of	flexural	loading	of	the	foreland	lithosphere)	or	619	

because	there	was	significant	bathymetry	across	the	Mesozoic	strata.	As	620	

deformation	continued	the	evolving,	contractional	structure	was	denuded,	so	621	

that	uplift	presumably	outpaced	any	regional	subsidence	(Fig.	11c).	Eventually	622	

little	of	the	Mesozoic	cover	was	preserved.	This	stage	is	marked	by	the	subaerial	623	

unconformity	at	the	base	of	the	Nummultitic	sequence,	during	Priabonian	(Late	624	
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Eocene)	times.	The	transgression	of	this	sequence	and	its	progressive	foundering	625	

charts	a	period	in	the	continuing	deformation	where	uplift	due	to	contraction	626	

was	outpaced	by	regional	subsidence	–	most	probably	due	to	flexural	loading	of	627	

the	foreland	lithosphere	(e.g.	Ford	and	Lickorish,	2004).	Contractional	628	

deformation	continued	through	the	accumulation	of	turbidites	across	the	area	629	

(early	Oligocene).	The	deposition	terminated	with	the	emplacement	of	thrust	630	

sheets	from	the	internal	zones	of	the	Alps.	Up	until	then	all	the	deformation	had	631	

been	emergent.	Further	deformation	of	the	basin	(not	illustrated	in	Fig.	11)	will	632	

have	continued	beneath	this	tectonic	cover	of	thrust	sheets	but,	being	buried,	is	633	

not	explicitly	recorded	by	stratigraphic	relationships	at	this	location.		634	

The	kinematic	model	can	be	tied	to	the	thermal	evolution	of	the	basin.	A	635	

key	result	of	the	analysis	of	Bellanger	et	al.	(2015;	Fig.	6)	is	that,	despite	their	636	

close	proximity,	the	Nummulitic	turbidites	north	of	the	Combeynot	massif	show	637	

maximum	paleotemperatures	c	40	°C	lower	than	their	immediately	underlying	638	

Jurassic	substrate.	The	simplest	explanation	of	these	results	is	that	the	two	units	639	

reached	their	thermal	maximum	at	different	times.	A	qualitative	thermal	model	640	

is	presented	alongside	the	kinematic	representation	(Fig.	11)	to	illustrate	how	641	

this	might	have	been	achieved.		642	

Deformation	with	different	levels	of	denudation	and	burial	through	time	643	

is	likely	to	lead	to	a	complex	thermal	history	in	the	uppermost	crust.	A	more	644	

rigorous	treatment	is	currently	unwarranted	in	the	absence	of	heat	flow	and	heat	645	

production	data	for	the	Ecrins.	However,	the	region	probably	has	values	for	646	

these	parameters	that	are	high	relative	to	most	continental	crust.		The	Ecrins	647	

basement	contains	significant	volumes	of	granite	and	micaceous	schists.	These	648	

units	contribute	to	elevated	heat	production	in	analogous	basement	elsewhere	in	649	

the	Alpine	chain	(Corsica	and	Maures-Esterel;	e.g.,	Lucazeau	and	Vasseur,	1989).	650	

Deville	and	Sassi	(2006)	use	the	relatively	high	heat	flow	estimate	of	80mW	per	651	

square	metre	for	their	models	for	hydrocarbon	maturation	in	the	Vercors.	High	652	

heat	production	in	basement	and	high	heat	flow	into	the	overlying	cover	units	is	653	

likely	to	lead	to	elevated	near	surface	temperatures	during	periods	of	654	

denudation	(Fig.	11c)	and,	for	subsequent	burial	under	thrust	sheets	(Fig.	11e),	655	

rapid	re-heating	of	the	Jurassic	strata.	That	these	strata	did	not	achieve	their	656	

thermal	maximum	during	this	subsequent	burial	suggests	that	the	overlying	657	
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thrust	sheet	was	substantially	denuded	relatively	soon	after	its	emplacement,	as	658	

deformation	continued	into	the	Miocene.		659	

	660	

THE	ALPINE	SUBDUCTION	CHANNEL	AND	CONTINUOUS	FORELAND	661	

DEFORMATION	662	

	663	

The	pattern	of	long-lived	continuous	deformation	and	tectonic	inversion	664	

within	the	external	basement	massifs	can	now	be	placed	in	a	broader	Alpine	665	

context	(Fig.	12).	Although	this	deformation	straddled	the	Eocene-Oligocene	666	

boundary	(c.	34	Ma,	Gradstein	et	al.,	2012),	it	is	unclear	how	much	earlier	it	667	

started.	Elsewhere	in	the	Annot	system	deformation	appears	to	have	begun	only	668	

after	the	Nummulitic	transgression	(e.g.	Salles	et	al.,	2014)	–	suggesting	an	onset	669	

only	within	the	Priabonian	(i.e.,	after	38	Ma,	Gradstein	et	al.,	2012).	Thus	most	670	

plausibly	deformation	in	the	Ecrins	began	in	the	Priabonian	(around	37±1	Ma).	671	

Likewise	the	termination	of	significant	deformation	within	the	Dauphinois	672	

basins	is	difficult	to	establish,	although	consideration	of	the	Ar-Ar	data	(Fig.	8)	673	

indicate	it	had	ended	by	20	Ma.	Bellanger	et	al.	(2015)	suggest	that	deformation	674	

was	concentrated	in	the	period	of	c	36-30	Ma	during	the	Oligocene.	After	this	675	

time,	it	is	likely	that	deformation	had	localised	onto	the	Basal	Belledonne	Thrust	676	

(Fig.	7)	and	that	this	simply	elevated	the	Ecrins	massif,	as	charted	by	its	late-677	

stage	denudation	history	(van	der	Beek	et	al.,	2010).		Therefore	deformation	of	678	

the	Ecrins	basement	was	probably	protracted	over	a	period	of	6-10	Myr	during	679	

which	time	around	35	km	of	crustal	shortening	was	accommodated.	The	680	

shortening	rate	was	therefore	around	0.35	-	0.5	cm/yr.	681	

While	the	Nummulitic	succession	was	being	accumulated	across	the	682	

inverting	Dauphinois	basins,	the	more	distal	parts	of	the	former	rifted	683	

continental	margin	of	Europe	were	being	taken	into	the	subduction	channel	of	684	

the	Alps.	Peak	burial	to	3.5-4.4	GPa	of	the	Dora	Maira	massif,	equating	to	depths	685	

of	c	120	km,	is	dated	at	34-35	Ma	(reviewed	by	McClelland	and	Lappin,	2013).	686	

Exhumation	to	c.	1.5	GPa	(c	45	km	depth)	occurred	within	the	following	2-3	Myr,	687	

at	rates	of	2-3	cm/yr.	Thus	both	the	original	subduction	of	continental	crust	and	688	

a	significant	part	of	its	exhumation	within	the	subduction	channel	was	coeval	689	

with	crustal	shortening	in	the	Ecrins	(Fig.	12).	However,	only	a	small	part	of	the	690	
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exhumation	of	the	Dora	Maira	massif	could	have	been	accompanied	by	thrusting	691	

in	the	external	basement	massifs.	Significantly	more	displacement	may	have	692	

been	partitioned	onto	the	Frontal	Pennine	Thrust	and	yet	more	within	the	693	

internal	Alps.	Establishing	these	displacements	is	a	task	for	future	investigations.			694	

	695	

DISCUSSION	696	

	697	

The	study	presented	here	confirms	and	develops	the	general	notion	that	698	

the	former	rifted	margin	structure	of	Europe	influenced	the	tectonic	evolution	of	699	

the	western	Alps	(Gillcrist	et	al.,	1987;	Butler	et	al.,	2006;	Bellahsen	et	al.,	2014).	700	

For	the	former	Dauphinois	basins,	contractional	deformation	was	broadly	701	

distributed	within	the	upper	crust	and	unlike	some	other	basin	settings,	did	not	702	

localise	exclusively	onto	the	pre-existing	extensional	fault	systems	(Coward	et	703	

al.,	1991;	Butler	et	al.,	2006).	Area	balancing	the	crust	beneath	the	external	704	

Western	Alps,	with	the	assumptions	of	whole	crustal	deformation	and	plane	705	

strain,	gives	a	prediction	of	the	pre-orogenic	crustal	thickness	and	therefore	an	706	

estimate	of	stretching	factors	during	the	earlier	development	of	the	rifted	707	

margin.	These	restorations	are	broadly	consistent	with	illustrations	of	crustal	708	

thickness	on	qualitative	representations	of	this	part	of	the	former	rifted	709	

continental	margin	of	Europe	(e.g.	Lemoine	et	al.,	1986;	Mohn	et	al.,	2010).		710	

The	key	conclusion	here	is	that	inversion	of	the	Dauphinois	basins	was	711	

protracted,	continuing	for	c.	6-10	Myr.	Much	of	this	deformation	was	distributed	712	

with	no	discernable	“sequence”.	There	is	no	evidence	for	simple	forelandward	713	

migration	of	inversion.	Rather	deformation	appears	to	have	been	continuous,	714	

only	localising	onto	a	few	structures	(the	Combeynot,	La	Meije	and	Basal	715	

Belledonne	thrusts).	This	deformation	occurred	in	tandem	with	subduction	and	716	

exhumation	of	originally	more	distal	(oceanward)	parts	of	the	former	717	

continental	margin	of	Europe.	This	synchronicity	of	deformation	within	the	718	

former	continental	margin	is	consistent	with	previously	hypothetical	predictions	719	

of	how	the	inherited	heterogeneous	structure	can	influence	deformation	styles	720	

and	timing	(Butler,	2013;	Fig.	1).		721	

	 Descriptions	of	deformation	within	mountain	belts	have	generally	722	

inferred	a	simple	forelandward	migration	(e.g.	Ford	and	Lickorish,	2004).	723	
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However,	in	regions	where	deformation	can	be	dated	directly	by	stratigraphic	724	

relationships	in	syn-kinematic	deposits	(e.g.	Butler	and	Lickorish,	1997	and	725	

references	therein),	simple	thrust	sequences	are	not	evident.	Rather	deformation	726	

can	be	shown	to	have	occurred	synchronously	across	an	array	of	folds.	727	

Furthermore,	distributions	of	earthquakes	and	geodetic	measurements	reveal	728	

that,	in	the	modern	world,	active	contraction	does	not	simply	occur	on	a	single	729	

structure.	These	data	too	show	broadly	synchronous	activity	across	an	array	of	730	

faults	(e.g.	Ansari	and	Zamani,	2014).	The	deductions	for	structural	evolution	in	731	

the	Ecrins	presented	here	are	consistent	with	these	studies.	732	

Classical	stratigraphic	approaches	of	deducing	the	timing	of	tectonics	rely	733	

on	unconformities	(e.g.	Stille,	1924),	a	focus	that	has	fostered	consideration	of	734	

orogenic	evolution	as	a	progression	of	distinct	events.	This	is	misleading	as	735	

unconformities	in	progressive	deformation	simply	chart	the	interplay	between	736	

erosion	and	this	deformation.	The	recognition	of	growth	strata	is	critical	–	but	737	

complex	-	as	different	styles	of	deposition,	both	in	terms	of	distribution	and	rate,	738	

create	different	growth	stratal	patterns	(e.g.	Butler	and	Lickorish,	1997),	which	739	

necessitate	protracted	stratigraphic	studies.	These	may	be	difficult	where	the	740	

key	strata	subsequently	become	incorporated	into	the	developing	orogen.	Within	741	

the	Alpine	system,	the	syn-kinematic	status	of	various	successions	is	becoming	742	

recognised	(e.g.	Salles	et	al.,	2014).	But	in	many	settings	these	succession	have	743	

been	eroded	during	subsequent	periods	of	deformation.		744	

	 A	complementary	approach	to	using	stratigraphy	to	chart	deformation	745	

histories	is	to	integrate	geochronology,	such	as	the	study	of	Bellanger	et	al.	746	

(2015)	used	here.	The	limitation,	however,	is	that	a	few	spot-dates	may	be	747	

insufficient	for	tracking	the	deformation	activity	and	its	migration	across	an	748	

array	of	structures.	This	is	equivalent	to	obtaining	a	few	biostratigraphic	ages	for	749	

a	sedimentary	succession.	Without	establishing	the	stratal	geometries,	the	750	

necessary	deduction	of	syn-kinematic	successions	is	highly	ambiguous.	The	751	

challenge	for	evaluating	the	timescales	for	continuous	deformations	is	to	develop	752	

better	investigative	strategies	that	incorporate	substantially	larger	and	more	753	

diverse	datasets.		754	
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	982	
	983	
Figures	984	

	985	

Figure	1.	Schematic	model	for	the	timing	of	deformation	(a-c	in	time)	in	a	986	

subduction	channel	containing	segments	of	an	originally	rifted	continental	987	

margin.	Modified	after	Butler	(2013).	X	represents	the	leading	edge	of	the	988	

down-going	rifted	continental	margin	(e.g.	future	Dora	Maira	massif	of	989	

Western	Alps).	Y	represents	the	former	oceanward	extent	of	the	weakly	990	

rifted	continental	crust	(future	external	basement	massifs	of	the	Western	991	

Alps).	Ellipses	qualitatively	represent	strain	states	within	the	crust.		992	

	993	

Figure	2.	Simplified	geo-tectonic	map	of	the	western	Alps	(modified	after	Schmid	994	

et	al.,	2004),	showing	locations	discussed	in	the	text.	DT	=	Digne	Thrust.		995	

	996	

Figure	3.	Simplified	geological	map	of	the	external	basement	massifs	centred	on	997	

the	Ecrins	(chiefly	after	Gidon,	1977).	See	Fig.	2	for	location.		998	

	999	

Figure	4.	Compilation	of	interpretations	of	basement-cover	relationships	in	the	1000	

Ecrins	area.	a)	Ramsay’s	(1963)	concept	of	“pinched-in	synclines”;	b)	1001	

Beach’s	(1981)	thrust	model;	c)	Coward	et	al.’s	(1991)	vision	of	tectonic	1002	

inversion	of	Jurassic	fault	blocks;	d)	Dumont	et	al.’s	(2008)	model	of	1003	

heterogeneous	distributed	strain;	e)	Bellahsen	et	al.’s	(2012)	model	of	1004	

simple-shear	dominant	deformation	in	the	basement.		1005	

	1006	

Figure	5.	Basement	cover	relationship	in	the	Ecrins	district.	a)	Classical	view	1007	

looking	SE	(e.g.	Lemoine	et	al.,	1986)	of	the	Ornon	fault	in	its	type	location	1008	

(La	Chalp	village).	The	fault	plane	is	represented	by	the	main	escarpment,	1009	

with	the	gentle	low	ground	containing	the	Jurassic	sediments	of	the	Ornon	1010	

basin.	The	visible	hillside	(eastern	margin	of	the	Taillefer	basement	block)	1011	

is	c	1700m	high.	b)	detail	of	the	Ornon	fault	(boxed	area	on	Fig.	5a)	1012	

showing	the	Jurassic	fault	plane	(figures	for	scale,	reverse	angle	to	Fig.	5a).	1013	

The	hanging	wall	to	the	fault	contains	deformed	sedimentary	breccias	of	1014	

Jurassic	age	with	a	pronounced	slaty	cleavage	that	is	sub-parallel	to	the	1015	
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plane	of	the	Ornon	Fault.		c)	Looking	east	into	the	upper	Romanche	valley	1016	

above	the	village	of	La	Grave.	Most	units	dip	away	from	the	viewer.	The	1017	

foreground	contain	the	Emparis	basement	block,	overlain	by	its	1018	

sedimentary	cover	(chiefly	Jurassic	shales).	These	in	turn	are	tectonically	1019	

overlain	by	the	La	Meije	basement,	carried	on	the	La	Meije	Thrust	(MT).	1020	

This	basement	unit	is	overthrust	by	the	Combeynot	Thrust	(CT)	that	1021	

carries	the	Combeynot	Bock	(CB).	Note	that	the	main	thrusts	climb	laterally	1022	

(northwards)	in	their	hanging	walls,	from	basement	out	into	Jurassic	cover	1023	

rocks.		1024	

	1025	

Figure	6.	Simplified	regional	cross	section	(located	on	Fig.	3)	showing	the	chief	1026	

structural	elements	in	the	external	western	Alps,	along	a	transect	from	the	1027	

Vercors	to	the	Frontal	Pennine	Thrust	just	east	of	the	Combeynot	massif	1028	

(Fig.	5).	The	thermal	data	are	after	Bellanger	et	al.	(2015)	and	display	peak	1029	

temperatures	recorded	in	sedimentary	rocks.		1030	

	1031	

Figure	7.	A	simplified	balanced	and	restored	cross	section	for	the	continental	1032	

crust	along	the	Ecrins-Vercors	transect	(Fig.	6).	See	text	for	discussion.		1033	

	1034	

Figure	8.	Compilation	of	Ar-Ar	age	data	from	the	Ecrins	and	Combeynot	areas,	1035	

after	Bellanger	et	al.	(2015).		1036	

	1037	

Figure	9.	a)	Simplified	geological	map	of	the	southern	Ecrins	district	showing	the	1038	

two	Champsaur	turbidite	basins.	Paleoflow	data	is	after	Brunt	et	al.	(2007)	1039	

and	Vinnels	et	al.	(2010).	The	section	(b)	is	after	Gidon	(Géol.	Alp	website).		1040	

	1041	

Figure	10.	Relationships	between	the	Nummulitic	succession	and	its	substrate	in	1042	

the	southern	Ecrins.	The	viewpoints	are	shown	on	Fig.	9.	a)	looking	onto	1043	

the	west	face	of	Cedera	from	the	hamlet	of	Les	Fermons	(c	1400m).	b)	1044	

looking	towards	the	main	tract	of	the	Western	Champsaur	Basin	from	1045	

Sommet	Drouvet	(2655m).	The	lolly-pops	denote	bedding	dip.		1046	

	1047	
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Figure	11.	Schematic	tectono-thermal	model	for	continuous	deformation	(a-e	in	1048	

time)	of	the	Ecrins	domain	–	based	on	structural	and	stratigraphic	1049	

relationships	applied	to	a	single	inverting	half-graben.	J	represents	Jurassic	1050	

strata	on	the	thermal	model,	while	e	represents	the	Eo-Oligocene	strata.	1051	

See	text	for	further	details.		1052	

	1053	

Figure	12.	Placing	the	Ecrins	in	a	subduction	channel	context.	a)	is	a	schematic	1054	

illustration	of	the	rifted	European	continental	margin	before	orogenic	1055	

contraction	(after	Butler,	2013).	b)	schematically	illustrates	the	tectonic	1056	

situation	at	c	34	Ma,	as	Dora	Maira	achieves	its	peak	burial	while	1057	

deformation	progresses	with	inversion	of	the	former	Dauphinois	basins,	at	1058	

the	mouth	of	the	subduction	channel.	Subsequent	return	flow	of	the	Dora	1059	

Maira	crust	as	a	pip	within	the	subduction	channel	generates	significant	1060	

“late”	deformation	in	units	further	up	(as	sketched	in	Fig.	1c).		1061	

	1062	
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