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ABSTRACT	OF	THE	THESIS	

3D	SEISMIC	EVIDENCE	FOR	MULTIPLE	MOVEMENT	DIRECTIONS	AND	DETACHED	

EXTENSION	DURING	MESOZOIC	RIFTING	IN	THE	JEANNE	D’ARC	BASIN,	OFFSHORE	

NEWFOUNDLAND,	CANADA	

	

By	NATALIE	ELIZABETH	STIER	

	

Thesis	Directors:		

Dr.	Martha	O.	Withjack	and	Dr.	Roy	W.	Schlische		

	

The	Jeanne	d’Arc	rift	basin	formed	during	the	breakup	of	Pangea	from	Late	

Triassic	through	Early	Cretaceous	time.	My	study	focuses	on	the	Flying	Foam	region,	

which	lies	east	of	the	NNE-striking,	ESE-dipping	Mercury	fault	in	the	northwestern	

section	of	the	basin.	Multiple	phases	of	deformation,	along	with	the	presence	of	

evaporites	within	the	latest	Triassic	to	earliest	Jurassic	Argo	Formation,	make	it	

difficult	to	constrain	the	timing	of	tectonic	activity	and	the	extension	direction	in	the	

basin.	Using	3D	seismic	data	(donated	by	WesternGeco).	I	focused	on	constraining	

the	slip	on	faults	through	time	to	better	understand	the	evolution	of	the	basin.		

Previous	3D	seismic	studies	have	identified	corrugations	subparallel	to	the	

slip	direction	on	the	surface	of	a	fault.	I	identified	corrugations	on	the	Mercury	fault	

that	indicate	an	ESE-movement	direction	during	the	first	phase	of	rifting	from	the	

Late	Triassic	to	the	earliest	Jurassic.	During	the	second	phase	of	rifting	(earliest	

Jurassic	–	latest	Jurassic),	a	relay	ramp	formed	in	the	southern	part	of	the	study	
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area,	between	the	basement-involved	Mercury	and	Murre	faults,	resulting	in	a	

northeastward	tilt	of	strata	in	the	hanging	wall	of	the	Mercury	fault.	During	the	third	

phase	of	rifting	(latest	Jurassic	–	Early	Cretaceous),	evaporites	within	the	Argo	

formation	acted	as	a	detachment	fault	zone.	N-directed	gravity	sliding	along	the	

detachment	fault	zone	tilt	resulted	in	NE-oriented	extension.	Concurrently,	the	N-

striking,	basement-involved	Flying	Foam	fault	imparted	a	component	of	top-to-the	

east	motion	on	the	detachment	fault	zone.	This	resulted	in	geographic	and	temporal	

variation	in	the	movement	direction	on	the	detachment	fault	zone	from	the	latest	

Jurassic	through	the	Early	Cretaceous.	As	the	Flying	Foam	fault	propagated	

southward,	the	Flying	Foam	anticline	formed	above	it.	Breakup	in	the	northern	part	

of	the	Jeanne	d’Arc	basin	occurred	in	the	earliest	Aptian.	However	basement-

involved	faulting	with	a	dip-slip	normal	component	continued	through	the	Aptian,	

and	offset	of	a	late	Albian	unconformity	indicates	that	NNE-directed	detached	

faulting	continued	into	the	Albian.	
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1.	Introduction	

The	petroliferous	Jeanne	d’Arc	rift	basin	is	part	of	the	passive	margin	of	

eastern	North	America	(Figs.	1	and	2).	The	basin	has	a	protracted	geologic	history,	

and	controversy	surrounds	the	number	of	rifting	phases	and	their	extension	

directions	(e.g.,	Hubbard	et	al.,	1985;	Tankard	and	Welsink,	1987;	Hubbard,	1988;	

Sinclair,	1988;	Grant	and	McAlpine,	1990;	McAlpine,	1990;	Sinclair	and	Riley,	1995;	

Sinclair	et	al.,	1999;	Welsink	and	Tankard,	2012;	Withjack	et	al.,	2012;	Serrano	

Suarez,	2013).	Reactivation	of	preexisting	zones	of	weakness	during	rifting	in	the	

Jeanne	d’Arc	basin	(Enachescu,	1987;	Tankard	and	Welsink,	1989;	Withjack	and	

Schlische,	2005)	makes	determining	the	slip	on	faults	difficult.	During	fault	

reactivation,	slip	on	the	preexisting	structure	depends	on	the	angle	between	the	

extension	direction	and	the	strike	of	the	preexisting	structure	(e.g.,	Ratcliffe	and	

Burton,	1985;	Henza	et	al.,	2010).	Therefore,	the	strike	of	a	fault	is	an	unreliable	

indicator	of	the	slip	direction	during	reactivation.	Unfortunately,	more	reliable	slip	

indicators,	such	as	slickenlines,	are	below	seismic	resolution.	

The	presence	of	the	ductile,	latest	Triassic	–	earliest	Jurassic	Argo	Formation	

(Fig.	3)	adds	another	complication	to	the	Jeanne	d’Arc	basin	(Tankard	and	Welsink,	

1987;	Withjack	and	Callaway,	2000;	Withjack	and	Schlische,	2005;	Serrano	Suarez,	

2013).	Ductile	units	decouple	deep	deformation	from	shallow	deformation,	possibly	

resulting	in	contrasting	structural	styles	in	overlying	and	underlying	strata	(e.g.,	

Withjack	et	al.,	1990;	Withjack	and	Callaway,	2000).	Closely	examining	fault-surface	

topography,	along	with	interpretation	of	growth	packages	and	secondary	structures,	
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provides	a	way	of	determining	the	slip	on	faults	in	the	Jeanne	d’Arc	basin	while	

taking	the	effects	of	a	ductile	unit	(i.e.,	the	Argo	Formation)	into	consideration.	

	

2.	Background	information	

2.1	The	eastern	North	American	rift	system		

The	eastern	North	American	rift	system	extends	from	northern	Florida	to	the	

Grand	Banks	of	Canada,	and	formed	in	the	Mesozoic	during	the	break	up	of	Pangea	

when	eastern	North	America	separated	from	northwestern	Africa	and	Iberia	(Fig.	1	

inset)	(e.g.,	Louden,	2002;	Seton	et	al.,	2012;	Withjack	et	al.,	2012a).	Rifting	was	

underway	along	the	entire	rift	system	by	the	Late	Triassic.	Magnetic	anomalies	in	

oceanic	crust	and	the	age	of	preserved	syn-rift	strata	indicate	that	the	rift/drift	

transition	was	diachronous,	beginning	in	the	latest	Triassic	in	the	south	and	the	

Early	Cretaceous	in	the	north	(Withjack	et	al.,	1998;	Schlische	et	al.,	2002;	Withjack	

and	Schlische,	2005;	Withjack	et	al.,	2012a).	Withjack	et	al.	(2005)	divided	the	rift	

system	into	the	southern,	central,	and	northern	geographic	segments,	based	on	the	

inferred	timing	of	breakup	(Fig.	1).		

Previous	studies	divided	rifting	in	the	Jeanne	d’Arc	basin,	part	of	the	

northern	segment	of	the	eastern	North	American	rift	system	(Figs.	1	and	2),	into	

multiple	tectonic	phases:		

1)	active	rifting	from	the	Late	Triassic	to	the	earliest	Jurassic;	

2)	tectonic	quiescence	with	thermal	subsidence	from	the	earliest	Jurassic	to	

the	latest	Jurassic;	

3)	active	rifting	from	the	latest	Jurassic	to	the	Early	Cretaceous	
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	(e.g.,	Hubbard	et	al.,	1985;	Tankard	and	Welsink,	1987;	Hubbard,	1988;	Sinclair,	

1988;	Grant	and	McAlpine,	1990;	McAlpine,	1990;	Sinclair	and	Riley,	1995;	Sinclair	

et	al.,	1999;	Welsink	and	Tankard,	2012;	Withjack	et	al.,	2012).	However,	Serrano	

Suarez	(2013),	using	3D	seismic	data	from	the	Flying	Foam	region	of	the	Jeanne	

d’Arc	basin,	concluded	that	rifting	in	the	basin	was	continuous	from	the	Late	

Triassic	through	the	Early	Cretaceous	(Fig.	3).	She	identified	growth	beds	within	

Upper	Triassic	through	Lower	Cretaceous	strata	indicating	syn-rift	deposition.		

	

2.2	Flying	Foam	region	of	the	Jeanne	d’Arc	Basin		

The	Flying	Foam	region	is	in	the	northwestern	part	of	the	Jeanne	d’Arc	basin	

(Fig.	2).	Several	basement-involved	normal	faults	were	active	in	the	Flying	Foam	

region	during	the	breakup	of	Pangea	from	Late	Triassic	through	Early	Cretaceous	

time	(e.g.,	Enachescu,	1987;	Driscoll	et	al,	1995;	Serrano	Suarez,	2013).	The	NNE-

striking,	ESE-dipping	Mercury	fault	bounds	the	Flying	Foam	region	in	the	west	(Figs.	

2,	4c,	and	5).	The	N-striking,	E-dipping	Murre	fault	is	only	present	in	the	

southeastern	part	of	the	basin	(Figs.	2	and	4c).	Several	other	NNW-striking,	ENE-

dipping	basement-involved	faults	are	present	between	the	Murre	and	Mercury	

faults	in	the	southern	part	of	the	study	area	(Fig.	4c).	Another	NNE-striking,	ESE-

dipping,	basement-involved	fault,	the	Flying	Foam	fault,	underlies	the	Flying	Foam	

anticline	(Fig.	5)	(see	section	7.3	for	further	discussion).	Additionally,	a	set	of	

approximately	E-striking,	N-dipping	minor	detached	normal	faults	is	present	

between	the	Mercury	fault	and	the	Flying	Foam	anticline	(Fig.	4c).			
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The	Flying	Foam	anticline	developed	above	the	sub-salt	basement-involved	

Flying	Foam	fault	(Fig.	5)	(see	section	7.2	for	further	discussion).	It	is	both	an	

extensional	forced	fold	and	an	extensional	fault-bend	fold	(Withjack	and	Callaway,	

2000;	Serrano	Suarez,	2013).	After	running	scaled	experimental	models	with	both	

sand	and	clay,	Withjack	and	Callaway	(2000)	concluded	that	in	the	presence	of	a	

ductile	layer,	movement	on	a	basement-involved	fault	will	likely	fold	the	cover	layer,	

producing	a	forced	fold	(Fig.	6).	The	ductile	unit	decouples	deep,	faulted	strata	from	

shallow,	folded	strata	as	it	does	in	the	southern	Rhine	graben	and	the	Suez	rift	(e.g.,	

Laubscher,	1982;	Withjack	et	al.,	1990;	Maurin,	1995).	The	fault-bend	fold	(e.g.,	Xiao	

and	Suppe,	1992;	Schlische,	1995)	formed	because	of	movement	of	the	lower	

Jurassic	and	younger	cover	strata	above	the	non-planar	detachment	fault	zone	

between	the	Mercury	fault	and	Flying	Foam	fault	concurrent	with	displacement	on	

the	Flying	Foam	fault.	Withjack	and	Callaway	(2000)	and	Serrano	Suarez	(2013)	

describe	the	development	of	the	Flying	Foam	anticline	in	greater	detail.		

	

2.3	Strain	state	in	the	Jeanne	d’Arc	basin	

Some	studies	suggest	that	the	extension	direction	in	the	Jeanne	d’Arc	basin	

changed	through	time	(Sinclair,	1995a,b;	Sinclair	et	al.,	1999;	Tankard	and	Welsink,	

1987;	Withjack	and	Schlische,	2005);	these	studies	used	the	strike	of	basement-

involved	faults,	the	orientation	of	dykes	and	secondary	faults,	and	growth	patterns	

within	syn-rift	strata.	However,	this	conclusion	is	suspect	given	the	likely	presence	

of	preexisting	zones	of	weakness	and	a	ductile	layer	that	likely	decoupled	the	deep	

and	shallow	deformation.	
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Identifying	the	sense	and	direction	of	slip	on	faults	would	improve	our	

understanding	of	the	strain	state,	but	determining	slip	on	faults	is	especially	difficult	

when	using	seismic	data	because	slip	indicators,	such	as	slickenlines,	are	below	

seismic	resolution.	Previous	studies	have	documented	fault-surface	undulations	

with	axial	traces	parallel	or	sub-parallel	to	the	slip	direction	on	faults	in	natural	

exposures	and	experimental	models	(Fig.	7)	(Marchal	et	al.,	1998	and	2003;	

Granger,	2006;	Granger	et	al.,	2008;	Fossen,	2010;	Withjack	et	al.,	in	prep).	In	this	

thesis,	I	call	undulations	that	parallel	the	slip	direction	fault-surface	corrugations.	

Large-scale	fault-surface	corrugations	likely	result	from	linkage	of	originally	

isolated	fault	segments	(Marchal	et	al.,	1998,	2003).	If	two	faults	with	sub-parallel	

strikes	are	propagating	radially,	they	can	link	up	and	create	a	larger	undulating	fault	

(Fig.	8)	(Marchal	et	al.,	1998,	2003).		

Granger	(2006)	conducted	scaled	experimental	clay	models	with	a	known	

extension	direction.	She	observed	small	faults	linking	together	as	the	model	

progressed	resulting	in	a	larger,	undulating	fault	surface.	These	undulations	had	

axial	traces	sub-parallel	to	the	slip	direction,	and	to	the	extension	direction.	

Therefore,	by	definition,	these	undulations	were	fault-surface	corrugations	(Fig	9).		

Withjack	et	al.	(in	prep)	also	observed	the	formation	of	fault	surface-corrugations	in	

scaled	experimental	clay	models	with	two	phases	of	non-coaxial	extension.	Small	

and	large-scale	corrugations	trending	parallel	to	the	slip	direction	formed	during	

the	first	phase	of	extension.	During	the	second	phase	of	extension	small-scale	

corrugations	were	overprinted,	but	the	large-scale	corrugations,	which	formed	

during	fault-linkage,	were	mostly	preserved	(Fig.	8).			
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I	am	not	the	first	to	use	large-scale	undulations	to	define	slip	direction.	Lohr	

et	al.	(2008)	inferred	slip	on	a	fault	in	the	Northwest	German	Basin	using	large-scale	

undulations	on	the	fault	surface.	Lohr	et	al.	(2008)	mapped	the	fault	using	3D	

seismic	data	and	then	created	a	3D	rendering	of	the	fault	surface.	They	then	inferred	

the	slip	direction	using	the	principal	orientation	of	the	axial	traces	of	the	

undulations	by	assuming	that	the	undulations	were	actually	corrugations.	Although	

not	every	axial	trace	is	continuous	along	the	fault	surface,	they	calculated	a	slip	

direction	with	an	overall	trend	of	089°	(Fig.	10).		

	

2.4.	Tectonostratigraphic	packages	defined	by	Serrano	Suarez	(2013)	

Serrano	Suarez	(2013)	studied	the	spatial	and	temporal	evolution	of	the	

Flying	Foam	region	using	3D	seismic	and	well	data.	She	divided	the	strata	in	the	

study	area	into	tectonostratigraphic	packages	A-E	based	on	previously	defined	

phases	of	rifting	(e.g.,	Hubbard	et	al.,	1985;	Tankard	and	Welsink,	1987;	Hubbard,	

1988;	Sinclair,	1988;	Grant	and	McAlpine,	1990;	McAlpine,	1990;	Sinclair	and	Riley,	

1995;	Sinclair	et	al.,	1999;	Welsink	and	Tankard,	2012)	(Fig.	3).	Serrano	Suarez	

(2013)	then	studied	the	characteristics	of	the	reflections	within	each	package	and	

the	3D	geometry	of	the	packages.	She	concluded	that	rifting	in	the	Jeanne	d’Arc	

basin	was	not	episodic	as	suggested	in	many	previous	studies.	Instead,	she	

determined	that	rifting	was	continuous	from	the	Late	Triassic	through	the	Early	

Cretaceous,	because	she	observed	growth	beds	within	the	Upper	Triassic	through	

Lower	Cretaceous	strata.	Following	are	interpretations	of	each	package	from	

Serrano	Suarez	(2013):	
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Package	A	–	pre-rift	basement	rock		

Package	B	–	syn-rift	strata	deposited	during	the	first	phase	of	rifting	from	the	

Late	Triassic	to	the	earliest	Jurassic	

Package	C	–	syn-rift	strata	deposited	during	the	second	phase	of	rifting	from	

the	earliest	Jurassic	to	the	latest	Jurassic		

Package	D	–	syn-rift	strata	deposited	during	the	third	phase	of	rifting	from	

the	latest	Jurassic	through	the	Aptian	

Package	E	–	post-rift	strata	deposited	from	the	Albian	to	the	present	

Additionally,	Serrano	Suarez	(2013)	concluded,	because	the	top	of	package	B	

behaved	ductilely	and	decoupled	the	deep	deformation	from	the	shallow	

deformation,	that	both	basement-involved	and	detached	structures	formed	in	the	

study	area.	My	study	uses	the	same	3D	seismic	survey	studied	by	Serrano	Suarez	

(2013)	in	the	Flying	Foam	region	of	the	Jeanne	d’Arc	basin.	After	my	own	detailed	

analysis	of	this	data	set,	I	concur	with	Serrano	Suarez’s	major	conclusions.	However,	

I	made	several	changes	to	her	interpretations	(see	section	3.2)	and	divided	package	

E	into	subpackages	E1	and	E2	(see	section	7.3).	Table	1	and	Figure	3	give	the	

formations	included	in	each	package.			

	

3.	Data	and	methodology	

3.1	3D	seismic	data	

The	3D	seismic	data	from	the	Flying	Foam	region,	interpreted	in	this	study,	

consist	of	1532	E-W	inlines,	3150	N-S	crosslines,	and	2250	time	slices	acquired	by	

WesternGeco	in	1995.	Table	2	lists	the	main	seismic-acquisition	parameters,	and	
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Appendix	1	gives	the	seismic	processing	report	(Schlumberger	and	Geco-Prakla,	

1996).	Inlines	and	crosslines	are	seismic	profiles,	or	cross	sections,	from	a	3D	

seismic	volume.	Inlines	are	parallel	to	the	movement	direction	of	the	ship	during	

data	acquisition,	and	crosslines	are	perpendicular	to	the	inlines.	A	time	slice	is	a	

horizontal	slice	through	the	3D	seismic	volume	at	a	given	two-way	travel-time.	The	

inlines	and	crosslines	from	the	Flying	Foam	seismic	survey	are	39	km	long	with	

interpretable	lengths	of	approximately	30	km	and	36	km,	respectively.	Therefore,	

the	interpretable	area	of	the	3D	survey	is	approximately	1080	km2.		

	

3.2	Seismic	interpretation	and	methodology	

The	seismic	interpretation	and	methodology	included	the	following:		

1)	interpreting	the	surfaces	that	divide	the	study	area	into	tectonostratigraphic	

packages	A-E2	modified	from	Serrano	Suarez	(2013)	(Table	1);	

2)	mapping	the	basement-involved	faults	and	detached	faults	throughout	the	

study	area;	

3)	generating	contour	maps	of	two-way	travel	time	to	the	Mercury	fault	surface	

and	to	the	top	of	the	detachment	fault	zone	in	in	order	to	analyze	the	fault	

surfaces;	

4)	identifying	growth	packages	to	constrain	timing	of	deformation.	

Figure	4b	gives	the	locations	of	the	six	fully	interpreted	seismic	profiles	presented	in	

this	study	(Figs.	11-16).	All	seismic	profiles	are	displayed	at	1:1	using	a	velocity	of	

4.0	km/s.	Velocity	analyses	from	line	HBV83-195,	located	near	seismic	line	B,	

support	this	average	velocity	(Serrano	Suarez,	2013)	(Appendices	2	and	3).	
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Serrano	Suarez	(2013)	constructed	time-depth	functions	for	the	West	Flying	

Foam	I-13	and	Flying	Foam	L-23	wells	(Fig.	4b)	to	tie	the	well	data	to	the	seismic	

data	in	two-way	time	by	using	velocity	data	from	line	HBV83-195	(Appendices	2	

and	3).	I	used	formation	tops	from	these	wells	to	identify	and	trace	the	base	

Paleogene,	late	Albian,	Aptian	and	Tithonian	unconformities	throughout	the	study	

area	(Fig.	12b)	(Appendix	4)	(McAlpine,,1990;	CNLOPB,	2012).	No	wells	in	the	study	

area	reached	the	basement	or	the	Argo	Formation.	A	high-amplitude	reflection	

separates	package	B	and	package	C	in	the	northwestern	part	of	the	study	area	(Figs.	

11-16).	In	other	parts	of	the	study	area,	the	position	of	this	horizon	was	less	clear	

because	of	problems	with	data	quality	and	the	nature	of	seismic	imaging	of	ductile	

units.	Tying	inlines,	crosslines,	and	time	slices	and	interpreting	arbitrary	lines	

(seismic	profiles	with	orientations	other	than	that	of	the	inlines	and	crosslines)	

helped	define	surfaces	in	areas	of	uncertainty.			

Interpreted	faults	include	the	Mercury	fault,	Murre	fault,	Flying	Foam	fault,	and	

detached	faults.	Some	faults	produce	high-amplitude	fault-surface	reflections	on	

seismic	profiles	and	time	slices;	other	faults	were	interpreted	based	on	offset	strata.	

The	Mercury	fault	is	well	imaged	on	inlines	and	time	slices	(Figs.	4	and	11-14).	The	

Mercury	fault	has	several	per-leg	multiples;	therefore,	I	interpreted	the	first	high-

amplitude	reflection	encountered	as	the	fault	surface	(Fig.	17).	The	Murre	fault	is	

well	imaged	on	time	slices	(Fig.	4).	Therefore,	I	loop	tied	the	fault	from	time	slices	to	

seismic	profiles,	making	sure	not	to	mistake	high-amplitude	reflections	from	

package	B,	which	overlies	the	Murre	fault,	as	the	fault	surface	(Figs.	4	and	14).	The	

Flying	Foam	fault	is	poorly	imaged	in	the	study	area.	Although	the	exact	location	of	
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the	fault	is	unknown,	I	interpreted	the	tip	of	the	fault	to	lie	approximately	beneath	

the	bisector	of	the	two	limbs	of	the	Flying	Foam	anticline,	and	assumed	a	dip	

magnitude	similar	to	other	basement-involved	faults	in	the	study	area.	My	

interpretation	of	the	Flying	Foam	fault	is	similar	to	that	of	Withjack	and	Callaway	

(2000),	who	interpreted	the	fault	location	using	the	results	of	experimental	models	

involving	basement-involved	faulting	beneath	a	ductile	unit.	Detached	faults	are	

well	imaged	in	the	study	area	(Figs.	4	and	15).	The	numerous	detached	faults	made	

mapping	individual	faults	throughout	the	study	area	difficult.	I	chose	two	

particularly	well-imaged	detached	faults,	labeled	1	and	2,	and	mapped	them	

throughout	the	study	area	(Figs.	4c	and	15b).		

Figure	18	compares	the	interpretation	of	line	B	from	Serrano	Suarez	(2013)	to	

line	B	from	my	study,	at	the	same	location	in	both	studies.	I	divided	package	E	into	

package	E1	and	E2.	In	my	interpretation,	the	base-Paleogene	is	stratigraphically	

higher	based	on	my	interpretation	of	the	base-Paleogene	unconformity.	

Additionally,	I	interpreted	a	suprasalt,	detached	fault	offsetting	the	Flying	Foam	

anticline	after	observing	offset	strata	in	the	crest	of	the	anticline.	I	also	placed	the	

Flying	Foam	fault	(called	the	Murre	fault	in	Serrano	Suarez	(2013)	and	Withjack	and	

Callaway	(2000))	closer	to	the	Mercury	fault.	My	interpretation	is	similar	to	the	

interpretation	of	Withjack	and	Callaway	(2000).		

After	interpreting	the	faults	in	the	3D	seismic	data,	I	generated	structure-

contour	maps	for	the	Mercury	fault	and	the	top	of	the	detachment	fault	zone	(top	of	

package	B),	which	allowed	for	detailed	analysis	of	the	fault	surfaces	(Figs.	19-22).	

Construction	of	these	maps	involved	placing	traces	from	seven	time	slices,	from	2	s	
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to	5	s	in	0.5	s	intervals	of	two-way	travel	time,	on	the	same	map.	Filling	in	

topographic	lows	and	highs	on	the	fault	surfaces	with	blue	and	red,	respectively,	

highlighted	any	undulations	or	irregularities.	To	decrease	uncertainty	in	my	

structure-contour	map	of	the	top	of	the	detachment	fault	zone,	I	did	not	include	the	

part	of	the	study	area	east	of	the	Flying	Foam	fault,	because	of	poor	imaging	of	the	

top	of	the	detachment	fault	zone	in	that	part	of	the	study	area.	Undulations	on	

uncertain	contours	on	the	detachment	fault	zone	(dotted	black	lines)	are	not	

highlighted	with	red	or	blue.	In	this	study,	I	refer	to	any	undulation,	or	irregularity	

on	a	fault	surface,	with	potential	kinematic	significance	as	a	corrugation.		

While	corrugations	assist	in	constraining	the	slip	direction	on	a	fault	(Marchal	et	

al.,	1998	and	2003;	Granger,	2006;	Granger,	2008;	Fossen,	2010),	growth	beds	

provide	information	on	the	timing	of	deformation.	For	example,	reflections	within	

hanging-wall	strata	deposited	during	faulting	diverge	toward	the	fault,	whereas	

fold-related	growth	beds	thin	toward	the	crest	of	antiforms	(e.g.	Withjack	et	al.,	

2002).								

	

4.	Mercury	fault	

	 All	six	tectonostratigraphic	packages	are	present	on	the	downthrown	side	of	

the	Mercury	fault,	but	only	packages	A	and	E	are	present	on	the	footwall	(Figs.	11-

14).	Because	normal	separation	on	the	Mercury	fault	juxtaposed	packages	B	through	

D	in	the	hanging	wall	against	package	A	(basement)	in	the	footwall,	it	is	a	basement-

involved	fault.	The	Mercury	fault	has	an	irregular	trace	(Fig.	4c),	but	it	generally	

strikes	NNE	and	dips	ESE.	With	the	seismic	section	plotted	at	1:1	assuming	a	
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velocity	of	4	km/s,	the	Mercury	fault	dips	about	25°	at	6	s	two-way	travel	time,	and	

50-60°	at	2	s	two-way	travel	time	(Fig.	11-14).	Using	a	higher	or	lower	velocity	

would	increase	or	decrease	the	dips,	respectively.	However,	velocity	analyses	from	

line	HBV83-195	support	an	average	velocity	of	4	km/s	(Serrano	Suarez,	2013)	

(Appendices	2	and	3).	The	dip	of	the	deep	segments	of	the	Mercury	fault	are	

anomalously	low	for	a	normal	fault	(e.g.,	Anderson,	1951).	The	Murre	fault,	present	

in	the	southern	part	of	the	Flying	Foam	region	(Figs.	4c	and	14),	also	has	an	

anomalously	low	dip	for	a	normal	fault.	Previous	studies	proposed	that	the	Murre	

fault	is	a	reactivated	Paleozoic	thrust	fault	to	explain	its	low	dip	(Enachescu,	1987;	

Tankard	and	Welsink,	1989;	Withjack	and	Schlische,	2005).	This	reasoning	likely	

also	explains	the	anomalously	low	dip	of	the	Mercury	fault.		

	 The	structure-contour	map	of	the	surface	of	the	Mercury	fault	shows	

undulations	on	the	fault	surface	(Figs.	19	and	20).	The	wavelengths	of	the	

undulations	generally	decrease	up-dip	and	to	the	south.	Similar	to	the	fault	surface	

interpreted	by	Lohr	et	al.	(2008)	(Fig.	10),	not	all	undulations	are	continuous	along	

the	entire	fault	surface	(Fig.	20b).	Overall,	continuous	ESE-trending	axial-traces	

connect	the	longer	wavelength	undulations	(Fig.	20b).	Although	not	quite	as	

continuous,	axial	traces	connecting	the	shorter	wavelength	undulations	still	trend	

ESE	(Fig.	20b).	With	the	exception	of	a	topographic	low	and	high	on	the	

northeastern	part	of	the	fault	surface,	the	undulations	are	fairly	low	amplitude	(Fig.	

20).			
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5.	Detachment	fault	zone	

The	evaporites	within	the	Argo	Formation,	deposited	during	the	first	phase	

of	rifting,	acted	as	a	detachment	fault	zone	during	the	third	phase	of	rifting	(Serrano	

Suarez,	2013).	The	strike	of	the	top	of	the	detachment	fault	zone	parallels	the	strike	

of	the	Mercury	fault,	NNE,	in	the	northwestern	part	of	the	study	area.	The	strike	

becomes	NW	to	ESE	in	the	south.	Finally,	it	becomes	parallel	to	the	strike	of	the	

Flying	Foam	fault,	NNE,	in	the	northeastern	part	of	the	study	area	(Fig.	4c).	The	

structure-contour	map	of	the	top	of	the	detachment	fault	zone	shows	that	these	

changes	in	strike	occur	farther	north	at	deeper	levels	because	the	surface	tilts	

toward	the	NE	(Figs.	21	and	22).	The	shaded	structure-contour	map	illustrates	the	

trough-shaped	surface	of	the	detachment	fault	zone	resulting	from	this	NE	tilt	and	

the	changes	in	strike	(Fig.	23).	Short-wavelength,	low-amplitude	undulations	are	

present	on	the	surface	of	the	detachment	fault	zone	(Fig.	22a).	In	the	southern	part	

of	the	study	area,	fairly	continuous	NE-trending	axial	surfaces	connect	the	

undulations	(Fig.	22b).	Sharp	irregularities	on	the	surface	of	the	detachment	fault	

zone	in	the	northeastern	part	of	the	study	area	are	associated	with	detached	faults	

(Fig.	22b).		

Stratigraphic	patterns	within	package	D,	in	the	hanging	wall	of	the	

detachment	fault	zone,	vary	from	north	to	south	(Figs.	11-13	and	24).	On	line	A,	the	

reflections	within	package	D	diverge	toward	the	detachment	fault	zone	below	the	

late	Albian	unconformity	and	above	the	Tithonian	unconformity	and	converge	

toward	the	crest	of	the	Flying	Foam	anticline	(Figs.	11	and	24).	On	line	B,	reflections	

between	the	Aptian	and	late	Albian	unconformities	diverge	toward	the	detachment	
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fault	zone	and	converge	toward	the	Flying	Foam	anticline	(Figs.	12	and	24),	whereas	

reflections	below	the	Aptian	unconformity	are	sub-parallel	(Figs.	12	and	24).	On	line	

C,	reflections	within	the	strata	below	the	Aptian	unconformity	diverge	toward	the	

Flying	Foam	anticline	(Figs	13	and	24).	Some	shallow	reflections	toward	the	top	of	

the	strata	between	the	Aptian	and	late	Albian	unconformities	likely	diverge	toward	

the	detachment	fault	zone,	but	are	obscured	by	peg-leg	multiples	from	the	base	

Paleocene	unconformity	(Figs.	13	and	24).		

On	line	E,	reflections	within	package	D	terminate	against	the	top	of	the	

detachment	fault	zone	in	the	southern	part	of	the	study	area	(Fig.	15).	Termination	

of	reflections	is	either	due	to	onlap	or	faulting.	In	this	case,	onlap	implies	

unrealistically	deep	water	(almost	4	km	assuming	a	velocity	of	4	km/s)	for	the	

deposition	of	the	lithologies	that	compose	package	D	(Deptuck,	et	a.,	2003;	CNLOPB,	

2012)	(Fig.	1).	Therefore,	faulting	likely	resulted	in	the	southward	termination	of	

reflections	against	the	top	of	the	detachment	fault	zone.									

	

6.	Detached	faults	

	 	A	set	of	approximately	E-striking,	N-dipping	normal	faults	are	present	in	the	

study	area	between	the	Mercury	fault	and	the	Flying	Foam	anticline	(Figs.	4c	and	

15b).	They	are	slightly	curved	in	map	view	and	mostly	planar	in	cross-sectional	

view	(Fig.	4c	and	15b).	Most	detached	faults	have	an	apparent	dip	of	approximately	

60°	in	a	N-oriented	seismic	section.	However,	several	faults	dip	only	30°	(Fig.	15b),	

which	is	possibly	a	result	of	fault	rotation.	Faults	1	and	2,	two	representative	

detached	faults,	offset	the	late	Albian,	Aptian	and	Tithonian	unconformities	and	the	
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top	of	package	B	before	detaching	within	ductile	package	B	(Fig.	15b).	Offsets	of	the	

top	of	package	B	associated	with	these	detached	faults	are	visible	on	the	contour	

map	of	the	detachment	fault	zone	(Fig.	22b).	None	of	the	faults	offset	the	basement	

(Fig.	15b).		

Normal	offset	on	the	detached	faults	is	consistent	for	most	affected	

reflections	(Fig.	15b).	Thus,	the	faults	formed	after	deposition	of	these	reflections.	

Strata	in	package	E1,	above	the	late	Albian	unconformity,	clearly	thicken	across	

detached	fault	2	on	line	E	(Fig.	25).	No	obvious	growth	related	to	the	detached	faults	

is	present	within	the	section	between	the	Aptian	and	late	Albian	unconformities	

even	though	the	thickness	of	this	unit	varies	slightly	(Figs.	15b	and	25).	Because	the	

late	Albian	unconformity	is	an	angular	unconformity,	erosion	likely	explains	these	

thickness	changes.			

	

7.	Discussion	

7.1	 When	was	the	Mercury	fault	active?	What	was	the	movement	direction	on	the	

Mercury	fault?	

I	propose	that		ESE-trending	undulations	on	the	surface	of	the	Mercury	fault	

(Fig.	20b)	are	corrugations	reflecting	fault	slip	during	the	first	phase	of	rifting	for	

the	following	reasons:	

1)	The	geometry	of	these	undulations	resembles	corrugations	formed	during	

fault	linkage	in	experimental	models	of	normal	faulting	(Fig.	8);			

2)	The	geometry	of	these	undulations	resembles	those	observed	on	fault	

surfaces	defined	by	3D	seismic	data	(Fig.	10);		
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3)	This	ESE-movement	direction	during	the	first	phase	of	rifting	is	consistent	

with	previous	literature	on	the	Jeanne	d’Arc	basin	(Tankard	and	Welsink,	

1987;	Sinclair,	1995a;	Sinclair	et	al.,	1999)	and	the	strain	state	during	

intrusion	of	the	earliest	Jurassic,	NE-striking	Avalon	dyke	exposed	in	

Newfoundland	(Pe-Piper	et	al.,	1992;	Sinclair,	1995a;	Pe-Piper	and	Piper,	

1999)	(Fig.	1).	

Breaching	of	relay-zones	during	fault	linkage	produces	an	undulating	fault	

surface	with	topographic	lows	and	highs	similar	to	those	present	on	the	Mercury	

fault	(Fig.	8).	For	example,	on	the	northern	part	of	the	fault	surface	a	prominent	

topographic	low	lies	between	two	topographic	highs	(Fig.	20).	Three	overlapping	

fault	segments	with	similar	strikes	possibly	existed	during	initial	faulting,	but	the	

center	fault	was	slightly	farther	to	the	west	than	the	other	faults	(Fig.	20c).	

Formation	of	relay	ramps	between	the	fault	segments	and	subsequent	breaching	of	

these	relay	ramps	likely	resulted	in	this	topographic	low	(Fig.	20c).		Experimental	

models	show	that	even	though	many	faults	link	during	extension,	the	linkages	

perpendicular	to	the	slip	direction	have	the	best	chance	of	preservation	(Withjack	et	

al.,	in	prep).	If	these	undulations	formed	during	fault	linkage,	then	they	are	

corrugations,	and	indicate	an	ESE-movement	direction	on	the	Mercury	fault	when	

the	corrugations	formed	(Fig.	20b).		

Why	were	the	corrugations	not	overprinted	during	subsequent	extension?	

Package	B	is	a	ductile	syn-rift	unit	(Serrano	Suarez,	2013).	In	addition	to	decoupling	

the	basement	from	the	cover	layer,	the	evaporites	preferentially	accumulated	or	

were	preserved	in	the	topographic	low	areas	on	the	Mercury	fault	(Fig.	26).	I	
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hypothesize	that	the	evaporites	prevented	overprinting	of	the	corrugations	during	

later	phases	of	rifting	by	not	allowing	the	cover	layer	to	come	into	direct	contact	

with	the	basement.	Additionally,	experimental	models	show	large-scale	corrugation	

formed	during	fault	linkage	are	not	completely	overprinted	during	a	second	phase	

of	deformation	(Fig.	8)	(Withjack	et	al.,	in	prep).		

Although	the	Mercury	fault	is	likely	a	reactivated	Paleozoic	structure,	these	

corrugations	are	probably	not	preserved	Paleozoic	features	for	the	following	reason.		

A	shallowly-dipping	reflection	possibly	related	to	an	old	Paleozoic	thrust	fault	exists	

beneath	the	reflection	of	the	Mercury	fault	(Fig.	27)	and	appears	to	merge	with	the	

Mercury	fault	at	about	6	s	TWT.	This	is	similar	to	the	extensional	reactivation	of	a	

preexisting	thrust,	with	a	new	normal	fault	splaying	off	the	thrust,	as	described	by	

Morley	(2014).	The	branchpoint	for	the	splay	occurs	at	6	s	TWT,	but	the	structure-

contour	map	(showing	the	ESE-trending	corrugations)	only	covers	the	interval	

between	2s	and	5	s	TWT	(Figs.	19	and	20).	Thus,	the	structure-contour	map	likely	

only	represents	features	on	the	new	normal	fault,	not	the	reactivated	thrust.		

Relay	ramps,	present	between	adjacent	normal	faults	that	overlap	in	map	

view,	produce	inclined	zones	between	overlapping	faults	(e.g.,	Peacock	and	

Sanderson,	1991,	1994).	The	northeastward	tilt	of	strata	in	the	hanging	wall	of	the	

Mercury	fault	(Fig.	15),	along	with	northward	diverging	reflections	within	package	C	

(Fig.	16	and	28),	reflect	the	formation	of	a	relay	ramp	between	the	overlapping	

Mercury	and	Murre	faults	in	the	southern	part	of	the	study	area	during	the	second	

phase	of	rifting	(Fig.	29).	Formation	of	this	relay	ramp	provides	evidence	for	

continued	movement	on	the	Mercury	fault	during	the	second	phases	of	rifting	from	
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the	earliest	Jurassic	to	the	latest	Jurassic.	However,	without	slip	indicators,	

determining	an	exact	movement	direction	on	the	Mercury	fault	during	the	second	

phase	of	rifting	is	not	possible.			

	

7.2	 When	did	the	Flying	Foam	fault	form?	

Lack	of	a	thickness	change	in	package	C	across	the	Flying	Foam	fault	(Figs.	

11-13	and	24)	indicates	this	fault	was	not	active	until	deposition	of	package	D	

during	the	third	phase	of	rifting.	Previous	studies	refer	to	this	fault	as	the	northern	

extent	of	the	Murre	fault	(Withjack	and	Callaway,	2000;	Serrano	Suarez,	2013)	but,	

in	this	study,	I	refer	to	it	as	the	Flying	Foam	fault	because	it	appears	it	moved	

independently	of	the	Murre	fault.	Movement	on	the	detachment	fault	zone	in	the	

northern	part	of	the	study	area	was	likely	coupled	with	movement	on	the	Flying	

Foam	fault	(see	section	7.3	for	further	discussion).		

	

7.3	 When	was	the	detachment	fault	zone	active?	What	was	the	slip	direction	on	the	

detachment	fault	zone?	

Formation	of	the	relay	ramp	between	the	Mercury	and	Murre	fault	tilted	

strata	in	the	hanging	wall	of	the	Mercury	fault	to	the	NE	during	the	second	phase	of	

rifting	(Fig.	29).	Tilted	strata	included	the	ductile	Argo	Formation,	which	acted	as	

the	detachment	fault	zone	during	the	third	phase	of	rifting	from	the	latest	Jurassic	to	

the	Albian.	The	northeastward	tilt	of	the	detachment	fault	zone	possibly	resulted	in	

gravity-driven,	NE-directed	movement	on	the	detachment	fault	zone	throughout	

deposition	of	package	D.	On	line	E	(Fig.	15),	faulting	with	a	normal	dip-slip	
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component	likely	resulted	in	the	southward	termination	of	reflection	against	the	top	

of	the	detachment	fault	zone	in	the	southern	part	of	the	study	area.	Additionally,	if	

the	undulations	with	NE-trending	axial	traces	present	on	the	surface	of	the	

detachment	fault	zone	in	the	southern	part	of	the	study	area	are	corrugations,	they	

support	NE-directed	movement	on	the	detachment	fault	zone	during	the	third	phase	

of	rifting	on	the	southern	part	of	the	detachment	fault	zone	(Fig.	22b).	As	top-to-the	

northeast	movement	occurred	on	the	detachment	fault	zone	in	the	southern	part	of	

the	study	area	package	D	filled	the	available	accommodation	space.		

Westward	diverging	growth	beds	within	package	D	indicate	an	E-directed	

component	of	movement	on	the	detachment	fault	zone	beginning	in	the	northern	

part	of	the	study	area,	concurrent	with	NE-directed	movement	on	the	detachment	

fault	zone	in	the	south	(Fig.	24).	As	movement	began	on	the	Flying	Foam	fault	in	the	

north,	non-planar	movement	with	an	E-directed	component	began	on	the	

detachment	fault	zone.	An	extensional	forced	fold,	the	Flying	Foam	anticline,	

developed	above	the	Flying	Foam	fault	as	movement	on	the	detachment	fault	zone	

and	the	sub-salt	Flying	Foam	fault	progressed	(Fig.	30)	(Withjack	and	Callaway,	

2000;	Serrano	Suarez,	2013).	As	the	Flying	Foam	anticline	developed,	the	flanks	of	

the	structure	were	down-dropped	relative	to	the	crest,	producing	the	trough-shaped	

detachment	fault	zone	(Fig.	31).	

Movement	with	an	E-directed	component	on	the	detachment	fault	zone	

beginning	in	the	north,	concurrent	with	movement	on	the	Flying	Foam	fault	and	

formation	of	the	Flying	Foam	anticline,	explains	why	the	westward	divergence	of	

reflections	within	package	D	involves	younger	parts	of	the	section	toward	the	south	
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(Figs.	24).	The	E-directed	component	of	movement	on	the	detachment	fault	zone	

beginning	in	the	north	also	explains	why	strata	beneath	the	Aptian	unconformity	on	

line	C	thicken	toward	the	Flying	Foam	anticline	(Fig.	24),	indicating	that	at	the	time	

of	their	deposition,	this	area	was	a	low.	This	means	that	E-directed	movement	on	

the	underlying	basement-involved	fault	had	not	started	this	far	south,	and	motion	

on	the	detachment	fault	zone	only	had	a	NE-directed	component.		

	

7.4	 When	were	the	detached	faults	active?	

The	offset	of	the	late	Albian	unconformity,	along	with	growth	within	package	

E2	(Fig.	25),	indicates	active	faulting	occurred	during	late	Albian	time,	and	ended	

sometime	after	the	deposition	of	the	beds	above	the	unconformity.	Additionally,	

because	these	detached	faults	strike	approximately	E-W	(Fig.	8)	and	are	N-dipping	

(Fig.	4c	and	15b),	their	slip	had	a	northward	component.	Because	the	detached,	

normal	faults	are	not	reactivated	faults,	their	strike	is	likely	to	be	perpendicular	to	

the	slip	direction	(i.e.,	N-S).	Offset	from	detached	faults	1	and	2	are	visible	on	the	

structure-contour	map	of	the	top	of	the	detachment	fault	zone	(Fig.	22b).	These	

offsets	are	not	corrugations,	and	would	give	an	incorrect	movement	direction	if	

interpreted	as	such.		
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7.5	 How	are	faults	in	the	Flying	Foam	region	of	the	Jeanne	d’Arc	basin	related	to	

each	other	temporally?		

7.5.1	Late-Triassic	–	earliest	Jurassic	(phase	1)	

	 Syn-rift	deposition	of	package	B	and	ESE-oriented	corrugations	suggest	

mostly	normal	slip	and	ESE	extension	on	the	Mercury	fault	during	the	first	phase	of	

rifting	(Figs.	32	and	33).	The	Flying	Foam	fault,	previously	referred	to	as	the	

northern	Murre	fault,	was	likely	not	active	in	the	study	area	during	the	first	phase	of	

rifting	(Edwards,	1989;	Sinclair,	1995a).	Additionally,	the	detachment	fault	zone	

was	not	active	during	the	first	phase	of	rifting.		

	

7.5.2	Earliest	Jurassic	–	Tithonian	(phase	2)	

	 Stratigraphic	patterns	in	package	C	indicate	movement	on	the	Mercury	fault	

continued	during	the	second	phase	of	rifting	(Figs.	28	and	34a)	(Serrano	Suarez,	

2013).	A	relay	ramp	developed	between	the	overlapping	parts	of	the	Mercury	and	

Murre	faults	in	the	southern	part	of	the	study	area	during	the	second	phase	of	rifting	

(Fig.	34b).	The	development	of	this	relay	ramp	produced	a	northward	tilt	of	all	the	

strata	in	the	hanging	wall	of	the	Mercury	fault,	including	the	Argo	Formation	that	

later	acted	as	the	detachment	fault	zone	(15	and	34a).	Without	any	slip	indicators,	

the	exact	movement	direction	during	this	phase	of	rifting	is	unknown.	Most	

previous	literature	labels	this	a	period	of	thermal	subsidence	without	active	faulting	

(Hubbard	et	al.,	1985;	Tankard	and	Welsink,	1987;	Hubbard,	1988;	Tankard	et	al.,	

1989;	Grant	and	McAlpine,	1990;	Sinclair,	1995a;	Sinclair	and	Riley,	1995;	Sinclair	et	

al.,	1999),	and	therefore,	those	authors	did	not	specify	a	movement	direction.	
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7.5.3	Tithonian	–	Aptian	(phase	3)	

Movement	on	the	detachment	fault	zone	occurred	during	phase	three	of	

rifting,	and	the	movement	direction	varied	geographically	through	time	(Figs.	15,	

22,	24	and	32).	Tilting	of	package	B	during	the	second	phase	of	rifting	resulted	in	

NE-directed	movement	on	the	detachment	fault	zone	during	the	third	phase	of	

rifting,	possibly	due	to	gravity	sliding	(Fig.	15,	32	and	34)	(Tankard	and	Welsink,	

1987).	NE-trending	corrugations	on	the	surface	of	the	detachment	fault	zone,	along	

with	the	termination	of	reflections,	likely	due	to	faulting,	between	the	detachment	

fault	zone	and	the	top	of	package	D	in	the	southern	part	of	study	area,	support	this	

NE-oriented	movement	of	the	detachment	fault	zone	in	the	southern	part	of	the	

study	area	(Figs.	15,	24,	and	32).	

Growth	beds	in	package	D	indicate	movement	on	the	detachment	fault	zone	

had	an	E-directed	component	in	the	northern	part	of	the	study	area,	concurrent	

with	the	NE-directed	movement	in	the	south	(Fig.	24	and	32).	Once	extension	with	

an	E-directed	component	began	on	the	Flying	Foam	fault,	top-to-the	east	movement	

began	on	the	non-planar	detachment	fault	zone,	and	the	Flying	Foam	anticline	

developed	above	the	Flying	Foam	fault	(Fig.	32	and	35a).	Growth	beds	in	package	D	

indicate	that	this	component	of	E-directed	movement	on	both	the	Flying	Foam	fault	

and	the	detachment	fault	zone,	along	with	the	development	of	the	Flying	Foam	

anticline,	began	in	the	north	and	propagated	southward.	This	resulted	in	temporal	

and	spatial	variation	in	the	movement	direction	on	the	detachment	fault	zone	

throughout	the	third	phase	of	rifting	(Fig.	32	and	35b).			
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Magnetic	anomalies	give	the	age	of	the	oldest	oceanic	crust	adjacent	to	the	

continent-ocean	boundary.	Magnetic	anomaly	0	(M-0),	in	oceanic	crust	directly	

adjacent	to	the	northeastern	Grand	Banks	(Fig.	1),	suggests	that	breakup	in	this	

region	began	in	the	early	Aptian	(Fig.	1)	(e.g.,	Driscoll	et	al.,	1995;	Srivastava	et	al.,	

2000;	Shipboard	Scientific	Party,	2003;	Withjack	and	Schlische,	2005).	Usually	

breakup	implies	the	end	of	tectonic	activity.	However,	my	work	shows	basement-

involved	movement	on	the	Flying	Foam	fault	with	a	dip-slip	normal	component	

continued	through	the	Aptian	(Fig.	35).	

	

7.5.4	Albian	–	Present	(post-rift)	

By	late	Albian	time	drifting	was	underway	(e.g.,	Driscoll	et	al.,	1995;	

Srivastava	et	al.,	2000;	Shipboard	Scientific	Party,	2003;	Withjack	and	Schlische,	

2005)	and	basement-involved	had	ceased	in	the	northern	part	Jeanne	d’Arc	basin.	

Therefore,	the	detached	faults	indicate	that	minor	faulting	in	the	basin	continued	

after	rifting	ended.	Post-rift	strata	make	up	all	of	package	E,	but	growth	beds	and	

offset	of	the	late	Albian	unconformity	indicate	deposition	of	package	E1	occurred	

during	small-magnitude,	approximately	NNE-oriented	detached	extension	(Figs.	25,	

32,	and	36).	In	contrast,	deposition	of	package	E2	occurred	during	tectonic	

quiescence	(Serrano	Suarez,	2013).		

Detached	faults	are	likely	related	to	either	post-rift	salt	movement	(Tankard	

and	Welsink,	1987;	Withjack	and	Schlische,	2005)	or	separation	of	northern	Canada	

from	Greenland	(Tankard	and	Welsink,	1987;	Foster	and	Robinson,	1993;	Sinclair,	

1995b;	Withjack	and	Schlische,	2005).	If	the	faults	reflect	deep-seated	extension	
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related	to	separation	of	northern	Canada	from	Greenland,	then	a	basement-involved	

normal	fault,	accommodating	a	component	of	N-directed	extension,	must	lie	outside	

of	the	study	area.			

	

8.	Conclusions	

In	an	extensional	basin	with	reactivated	faults,	fault	slip	need	not	be	

perpendicular	to	the	strike	of	the	faults.	Additionally,	the	presence	of	a	ductile	unit	

complicates	structural	development	by	decoupling	deep	structures	from	shallow	

structures.	Thus,	strata	above	a	ductile	unit	may	move	and	deform	independently	

from	strata	beneath	the	ductile	unit.	Interpretation	of	fault-surface	topography,	

growth	packages,	and	secondary	structures	provides	a	way	of	constraining	slip	

direction	and	timing.		

ESE-oriented	corrugations	on	the	surface	of	the	Mercury	fault,	most	likely	

formed	during	linkage	of	smaller	fault	segments,	indicate	ESE-oriented	movement	

during	the	first	phase	of	rifting	in	the	Jeanne	d’Arc	basin	(Late	Triassic	–	earliest	

Jurassic).	These	corrugations	provide	a	slip	indicator	independent	of	the	strike	of	

the	fault.	The	upper	part	of	package	B,	deposited	during	this	first	phase	of	rifting,	is	

a	highly	ductile	evaporitic	unit	and	acted	to	decouple	the	basement	and	cover	layer,	

thus	preserving	the	corrugations.	

Northward	tilting	of	strata	in	the	hanging	wall	of	the	Mercury	fault	in	the	

southern	part	of	the	study	area,	along	with	northward	diverging	reflections	in	

package	C,	indicates	the	formation	of	a	relay	ramp	between	the	Mercury	and	Murre	

faults	in	the	southern	part	of	the	study	area	during	the	second	phase	of	rifting	
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(earliest	Jurassic	–	latest	Jurassic).	Formation	of	this	relay	ramp	indicates	movement	

continued	movement	on	the	Mercury	fault;	it	also	tilted	package	B,	which	later	acted	

as	a	detachment	fault	zone.		

Detached	extension,	with	a	geographically	and	temporally	varied	movement	

direction,	occurred	on	the	detachment	fault	zone	during	the	third	phase	of	rifting.	

Possible	gravity	sliding	along	the	NE-dipping	detachment	fault	zone	resulted	in	NE-

oriented	detached	extension.	Concurrently,	as	movement	with	an	east-side-down	

component	began	on	the	southward	propagating	Flying	Foam	fault,	westward-

diverging	growth	beds	within	package	D	indicate	the	detachment	fault	zone	also	

gained	a	component	of	top-to-the	east	motion.	The	southward	decrease	in	age	of	

these	westward-diverging	growth	beds	indicate	that,	as	the	Flying	Foam	fault	

propagated	southward,	a	component	of	E-oriented	movement	on	the	detachment	

fault	zone	affected	areas	farther	south.	Also,	as	the	Flying	Foam	fault	propagated	

southward,	the	Flying	Foam	anticline,	an	extensional	forced	fold	and	extensional	

fault-bend	fold,	formed	above	it.	M-0	indicates	breakup	in	the	Jeanne	d’Arc	basin	

occurred	in	the	earliest	Aptian.	However,	this	study	indicates	basement-involved	

faulting	continued	through	the	Aptian.		

Basement-involved	faulting	had	ended	and	drifting	was	underway	by	the	late	

Albian,	but	growth	above	the	late	Albian	unconformity	indicates	detached	faulting	

continued	into	the	Albian.	Detached	faulting	either	relates	to	post-rift	salt	

movement	or	separation	of	Greenland	from	northern	Canada	or	both.		
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Table	1.	Summary	of	the	tectonostratigraphic	units	present	in	the	Flying	Foam	area,	

Jeanne	d’Arc	basin,	offshore	eastern	Canada.	Modified	from	Serrano	Suarez	(2013).		

	

Packages	and	
Horizons	

Seismic-reflection	geometries	 Unit,	lithology,	and	age	

Package	E2	

(post-rift)	

Continuous,	sub-parallel,	low-	to	

high-amplitude	reflections	

	

Banquereau	Fm.	(shales);	

Paleogene	-	Recent	(Paleogene	–	

present)	(CNLOPB,	2012;	

Deptuck,	et	al.,	2003)	

base-Paleogene	

unconformity	

Erosional	truncation	surface	 Early	Paleogene	

Package	E1	

(post-rift)	

Continuous,	mostly	sub-parallel,	

low-	amplitude	reflections	

	

Dawson	Canyon	Fm.	(shales,	

limestones),	Wyandot	Fm.	

(chalks	and	marlstones)	and	

Otter	Bay	Fm.	(sandstones)	(Late		

Cretaceous)	(CNLOPB,	2012;	

Deptuck,	et	al.,	2003)	

late	Albian	

unconformity	

Inferred	unconformity		 Late	Cretaceous	

Package	D	

(syn-rift)	

Continuous,	low-	to	high-amplitude	

reflections;	the	geometry	of	the	

reflections	varies	from	north	to	

south	and	from	west	to	east.	

	

Ben	Nevis	Fm.	(shales	and	some	

sandstones),	Nautilus	Fm.	

(calcareous	shales).	Avalon	Fm.	

(sandstones),	Whiterose	Fm.	

(shales	and	limestones),	Catalina	

Mb.	(sandstones),	Hibernia	Fm.	

(sandstones),	Fortune	Bay	Fm.	

(shales)	and	Jeanne	d’Arc	Fm.	

(sandstones);	Late	Jurassic	–	

Early	Cretaceous	(CNLOPB,	

2012;	McAlpine,	1990;	Sinclair,	

1999)	

Tithonian	

unconformity	

Inferred	unconformity		 Late	Jurassic	

Package	C	

(syn-rift)	

Continuous,	mostly	sub-parallel,	

low-	to	high-amplitude	reflections	

	

Rankin	Fm.	(limestones),	

Downing	Fm.	(shales	with	

interbedded	limestones)	and	

Iroquois	Fm.	(dolomites	and	

limestones);	Early	to	Late	

Jurassic	(?)	(McAlpine,	1990;	

Sinclair	et	al.,	1999)	
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top	of	salt	 Relatively	high-amplitude	reflection		 earliest	Jurassic	

Package	B	
(syn-rift)	

Chaotic	and	locally	grading	to	low-	
to	moderate-amplitude	parallel	
reflections	

	

Eurydice	Fm.	(continental	red	
beds)	and	Argo	Fm.	(mainly	
salt);	Late	Triassic	–	Early	
Jurassic	(?)	(McAlpine,	1990;	
Sinclair	et	al.,	1999)	

	
top	of	basement	 Inferred	angular	unconformity;	

poorly	imaged		
Late	Triassic	

Package	A	
(pre-rift)	

No	primary	reflections	 Pre-Triassic	strata	and	basement	
(Sinclair	et	al.,	1999)	

	
	
	

Table	2.	Main	parameters	of	the	3D	seismic	data	set	from	the	Flying	Foam	area.		
	

Number	of	inlines	(E-W	orientation)	 1532	
Number	of	crosslines	(N-S	orientation)	 3150	
Inline	spacing	 25	m	
Crossline	spacing	 12.5	m	
Processing	record	length	 9	s	
Processing	sample	interval	 4	ms	
Nominal	fold	 32	
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Figure 1. Tectonic setting of Jeanne d’Arc basin. a) Map of the passive margin of eastern North America 
showing Mesozoic rift basins (modified from Withjack et al., 2012). Locations of M-0 and the Avalon 
dyke are from Shipboard Science Party (2003) and Pe-Piper and Piper (1999), respectively. The ages of 
M-0 and M-25 are approximately125 my and 155 my, respectively. See Figure 2 for an enlargement of the
area in the blue polygon. Inset shows Pangea during Late Triassic time (Olsen, 1997) and highlights the
rift zone between eastern North America and northwest Africa and Iberia. b) Regional transect from
offshore Canada (location given by dashed line in part a) showing tectonostratigraphic features of the
Grand Banks basin (modified from Withjack et al., 2012).
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was named in this study. Southern part of map shows faults cutting prominent Middle Jurassic reflection, 
and northern part shows faults cutting Aptian/Albian sequence (modified from Sinclair, 1995b; Withjack 
and Schlische, 2005).

34



Salt
Dolomite
Limestone

ShaleSandstone
Red shales
Basalt

Oil

Gas
Condensate

`

Pre-rift rocks

Lithostratigraphic chart
Jeanne d’Arc basin

Triassic La
te

Jurassic

E
ar

ly
M

id
dl

e
La

te

Cretaceous

Paleogene

Neogene

E
ar

ly
La

te

B
Syn-rift

C
Post-rift

D
Syn-rift

E
Post-rift

S
ou

rc
e

ro
ck

R
es

er
vo

ir
ro

ck

S
ea

lr
oc

k

Tectonic
stages

A

Age

Banquereau Fm.

Eurydice Fm.

Argo Fm.

Downing Fm.

Whale Mbr.

Voyager Fm.

Jeanne d’Arc Fm.
Hibernia Fm.

Whiterose Fm.

Avalon Fm.

Nautilus Fm.

Catalina Fm.

Ben Nevis Fm.

Dawson
Canyon

Fm.
Wyandot Fm.

Fortune Bay Fm.

Egret Mbr.

Missing section
Basement

Rankin Fm.

Iroquois Fm.

Tectonic
  stages

package E2
post-rift

package E1
post-rift

package D
syn-rift

package C
syn-rift

package B
syn-rift

package APaleozoic

Figure 3. Lithostratigraphic chart of the Jeanne d’Arc basin highlighting tectonostratigraphic packages 
and tectonic stages defined by Serrano Suarez (2013). This color scheme applies to all subsequent figures. 
The subdivision of package E into E1 and E2 is new to this study. Modified from Sinclair et al. (1999), 
Magoon et al. (2005), and Serrano Suarez (2013).  

35



5 km

N

Figure 4a. Uninterpreted time slice at 3.5 s in two-way travel time.

36



5 km

N

Line B

Line C

Line D

Line A

                Line F                        

                           Line E                                              

West Flying
Foam

Flying
Foam

Figure 4b. Time slice at 3.5 s in two-way travel time showing locations of seismic sections presented in 
this study. Yellow squares are locations of two exploration wells.  
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Figure 6. Example of an extensional forced fold based on a scaled experimental model (from Withjack 
and Callaway, 2000). a) Geometry after movement on subsalt fault. b) Geometry prior to faulting. In the 
presence of a ductile unit (salt), movement on a fault will fold the cover layer rather than propagating 
through it, producing an extensional forced fold.  

40



a)
 

b)
 

c)
 

Fi
gu

re
 7

. E
xa

m
pl

es
 o

f f
au

lt 
co

rr
ug

at
io

ns
. a

) C
or

ru
ga

tio
ns

 (u
nd

ul
at

io
ns

 in
 

th
e 

fo
ot

w
al

l c
ut

of
f h

ig
hl

ig
ht

ed
 w

ith
 re

d)
 fo

rm
ed

 a
s a

 re
su

lt 
of

 fa
ul

t 
lin

ka
ge

 d
ur

in
g 

an
 e

xp
er

im
en

ta
l m

od
el

 (c
en

tim
et

er
 sc

al
e)

. T
he

 a
xi

al
 tr

ac
e 

of
 th

es
e 

co
rr

ug
at

io
ns

 is
 p

ar
al

le
l t

o 
th

e 
sl

ip
 d

ire
ct

io
n.

 S
ee

 F
ig

ur
e 

9 
fo

r 
de

ta
ile

d 
vi

ew
 a

t t
hi

s f
au

lt 
(G

ra
ng

er
, 2

00
6)

.  
b)

 C
or

ru
ga

tio
ns

 in
 o

ut
cr

op
 in

 
th

e 
En

tra
da

 S
an

ds
to

ne
 lo

ca
te

d 
in

 th
e 

R
af

ae
l D

es
er

t, 
U

ta
h 

(m
et

er
 sc

al
e)

. 
C

om
pa

ss
 sh

ow
n 

fo
r s

ca
le

 (F
os

se
n,

 2
01

0)
. c

) C
or

ru
ga

tio
n 

on
 fa

ul
t s

ur
fa

ce
 

in
te

rp
re

te
d 

in
 3

D
 se

is
m

ic
 d

at
a.

 L
oh

r e
t a

l. 
(2

00
8)

 u
se

d 
th

es
e 

co
rr

ug
at

io
ns

 
to

 d
et

er
m

in
e 

sl
ip

 o
n 

th
e 

fa
ul

t s
ur

fa
ce

 (k
ilo

m
et

er
 sc

al
e)

. S
ee

 F
ig

ur
e 

10
 fo

r 
de

ta
ile

d 
lo

ok
 a

t t
hi

s f
au

lt.
 

41



a)

1 cm 

b)

Figure 8. Examples of fault linkages resulting in an undulating fault surface. a) General model of normal-
fault propagation and linkage (Marchal et al., 2003). As two faults propagate radially, they eventually 
overlap, form a relay fault, and then link. This process of linkage produces large-scale corrugations on the 
fault surface oriented parallel or sub-parallel to the slip direction. This model is based on experimental 
sand models. b) Example of an undulating fault surface formed during an experimental clay model with 
two phases of non-coaxial deformation (from Withjack et al., in prep). Breaching of relay ramps between 
overlapping fault segments resulted in fault linkage and formation of an undulating fault surface. Large-
scale corrugations, formed during fault linkage, parallel the slip direction during the first phase of 
extension (blue arrow). These large-scale corrugations were mostly preserved during the second phase of 
extension. Small-scale corrugations that formed during the first phase of extension were overprinted 
during the second phase of extension (red arrow).

large-scale undulation associated 
with fault linkage  
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Extension 
direction

line x line x

y y
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y’y

y’

line x

fault 1 fault 1

Extension 
direction

Extension 
direction

fault 1

a1) a2)

b)

c)

Figure 9. Corrugated normal 
fault formed during an 
experimental clay model 
(modified from Granger, 
2006). a1) Uninterpreted map 
view of the experimental 
model showing the extension 
direction. a2) Map view of the 
model highlighting the 
undulating trace of fault 1. b) 
Cross section from y to y’ with 
the location of fault 1 
highlighted. c) Fault 1 with 
axial traces of main 
corrugations highlighted with 
red arrows. Corrugations 
formed parallel to the slip 
direction (red arrows), the 
horizontal component of 
which is parallel to the 
extension direction. 
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Figure 10. 3D rendering of a normal fault from the Northwest German basin (modified from Lohr et al., 
2008). Lohr et al. (2008) determined the slip direction of the fault using the orientation of fault-surface 
undulations that they assumed to be corrugations (highlighted with red arrows). The axial traces of the 
corrugations do not necessarily extend the entire way down the fault surface, but overall, their rake is 89°.
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Figure 17. Section of seismic line B showing the the Mercury fault (red line) and peg-leg multiples of 
the Mercury fault (blue dashed lines). See complete line in Figure 12 and line location in Figure 4b.  
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Suarez (2013)(bottom). H1, H2, H3, and H4 in the interpretation by Serrano Suarez (2013) correlate with 
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Figure 22. Structure-contour map of the top of the detachment fault zone. a) Black lines are contours of 
two-way travel time in 0.5 s intervals, and red and blue fill in topographic highs and lows, respectively. 
Undulations on uncertain contours on the detachment fault zone (dotted black lines) are not highlighted 
with red or blue. The fault zone strikes NNE in the northern part of the study area and ESE in the 
southwestern part. This change in strike occurs farther north at deeper levels, which is a result of the 
northwestward tilt of the detachment fault zone. Dashed lines indicate uncertainty. b) Detached faults 
offset the top of the detachment fault zone and produce alignments in bends in the contour lines. 
Undulations on the southern part of the top of the detachment fault zone have axial traces trending NE. 
These are not undulations related to fault linkage.    
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Figure 27. Part of seismic line B showing the present day Mercury fault and the location of 
the inferred pre-existing Paleozoic thrust fault. Reactivation may have occurred on this pre-
existing zone of weakness at depth during rifting, and the present day Mercury fault splayed 
from the pre-existing fault at shallow levels. See complete line in Figure 12 and line location 
in Figure 4b.  
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Figure 29. Relay ramp between the overlapping Mercury and Murre basin-bounding faults. a) Geologic 
map of part of the Jeanne d’Arc basin; see Figure 2 for a more complete map (modified from Withjack 
and Schlische, 2005; Sinclair, 1995). Black box shows area where relay ramp formed. b) Schematic 
illustration of relay ramp between the Mercury and Murre faults (modified from Whipp et al., 2015). 
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Figure 31. Schematic illustration showing evolution of the top of the detachment fault zone. a) At end of 
earliest Jurassic, package B was present at the surface in the hanging wall of the Mercury fault. b) 
Development of relay ramp in southern part of the study area between the Mercury and Murre faults 
during the second phase of rifting (Late Jurassic) resulted in a northward tilt of strata in the hanging wall 
of the Mercury fault. c) Development of Flying Foam anticline during the third phase of rifting (Early 
Cretaceous). Folding in the eastern part of the study area produced the current trough shape of the 
detachment fault zone.
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Figure 32. Timing of fault activity in the northern and southern sections of the Flying Foam region of the 
Jeanne d’Arc basin. Darker colors indicate more certainty about fault activity. Black arrows give inferred 
movement direction (in map view) during probable fault activity. Divisions between rift phases 1, 2, and 3 
are based on published literature.
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Figure 33. a) Schematic restoration of the Flying Foam region 
to the earliest Jurassic (end of the first phase of rifting). Map 
view shows surface geology during the specified time and the 
location of cross sections 1-3. Dashed lines within cross 
sections illustrate geometry of bedding. Thickening of package 
B toward the Mercury fault indicates syn-rift deposition during 
the first phase of rifting. b) Structure-contour map of the 
Mercury fault with corrugations indicating an ESE-movement 
direction on the fault during the first phase of rifting. See full-
size map in Figure 20.  
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Figure 36. Schematic restoration of the 
Flying Foam region to the Albian (post-rift 
detached extension). Map view shows surface 
geology during the specified time and the 
location of cross sections 1-3. Dashed lines 
within cross sections illustrate geometry of 
bedding. NNE-oriented detached extension 
occurred on the detachment fault zone 
between the Mercury fault and Flying Foam 
anticline after rifting ended in the Jeanne 
d’Arc basin. Gray arrows are not meant to be 
exact but illustrate the approximate 
movement direction on the detachment fault 
zone.  
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Root mean square velocities (VRMS) from some velocity surveys from 

line HBV83-195 used to calculate the average velocity of the 

sedimentary section. 

Velocity survey Time (ms) VRMS (m/s) 
CDP 2698 6005 3910 
CDP 3148 6012 4289 
CDP 3630 5998 3899 
CDP 4080 5999 3689 

Average 3946  
(~4.0 km/s) 
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(Serrano Suarez, 2013)



List of formation tops from available wells. Depths are in meters and measured depths. 

From the BASIN database website (http://basin.gdr.nrcan.gc.ca/wells/index_e.php) 

(2012) 

Well Flying Foam I-13 
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Well West Flying Foam L-23 
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