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Abstract
Fault	relay	ramps	are	important	sediment	delivery	points	along	rift	margins	and	
often	provide	persistent	 flow	pathways	 in	deepwater	sedimentary	basins.	They	
form	as	tilted	rock	volumes	between	en-	echelon	fault	segments,	which	become	
modified	through	progressive	deformation,	and	may	develop	through-	going	faults	
that	‘breach’	the	relay	ramp.	It	is	well	established	that	hinterland	drainage	(flu-
vial/alluvial	systems)	is	greatly	affected	by	the	presence	of	relay	ramps	at	basin	
margins.	However,	the	impact	on	deepwater	(deep-	marine/lacustrine)	subaque-
ous	sediment	gravity	flow	processes,	particularly	by	breached	relay	ramps,	is	less	
well	documented.	To	better	evaluate	the	complex	geology	of	breached	relay	set-
tings,	this	study	examines	a	suite	of	high-	quality	subsurface	data	from	the	Early	
Cretaceous	deep-	lacustrine	North	Falkland	Basin	(NFB).	The	Isobel	Embayment	
breached	relay-	ramp,	an	ideal	example,	formed	during	the	syn-	rift	and	was	later	
covered	by	a	thick	transitional	and	early	post-	rift	succession.	Major	transitional	
and	early	post-	rift	fan	systems	are	observed	to	have	consistently	entered	the	basin	
at	the	breached	relay	location,	directed	through	a	significant	palaeo-	bathymetric	
low	 associated	 with	 the	 lower,	 abandoned	 ramp	 of	 the	 structure.	 More	 minor	
systems	also	entered	the	basin	across	the	structure-	bounding	fault	to	the	north.	
Reactivation	of	basin-	bounding	faults	is	shown	by	the	introduction	of	new	point	
sources	 along	 its	 extent.	 This	 study	 shows	 the	 prolonged	 influence	 of	 margin-	
located	relay	ramps	on	sedimentary	systems	from	syn-	rift,	transitional	and	into	
the	early	post-	rift	phase.	It	suggests	that	these	structures	can	become	reactivated	
during	post-	rift	 times,	providing	continued	control	on	deposition	and	sourcing	
of	overlying	sedimentary	systems.	Importantly,	breached	relays	exert	control	on	
fan	distribution,	characterised	by	laterally	extensive	lobes	sourced	by	widespread	
feeder	systems,	and	hanging	walls	settings	by	small-	scale	lobes,	with	small,	often	
line-	sourced	feeders.	Further	characterising	the	likely	sandstone	distribution	in	
these	structurally	complex	settings	is	important	as	these	systems	often	form	at-
tractive	hydrocarbon	reservoirs.
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1 	 | 	 INTRODUCTION

Fault	relay	ramps	are	important	sediment	delivery	points	
along	rift	margins	and	often	serve	as	persistent	flow	path-
ways	in	deepwater	sedimentary	basins	(Athmer	&	Luthi,	
2011;	Bruhn	&	Vagle,	2005;	Crossley,	1984;	Gawthorpe	&	
Hurst,	 1993;	 Jackson	 &	 Leeder,	 1994;	 Wells	 et	 al.,	 1999;	
Young	 et	 al.,	 2000;	 and	 references	 therein;	 Barret	 et	 al.,	
2020;	Elliott	et	al.,	2017;	Hemelsdaël	&	Ford,	2016;	Henstra	
et	 al.,	 2016;	 Serck	 &	 Braathen,	 2019;	 Zhang	 &	 Scholz,	
2015).	 Relay	 structures	 initially	 comprise	 a	 tilted	 or	 de-
formed	 volume	 of	 rock	 (the	 ramp)	 that	 forms	 between	
two	 overlapping,	 en-	echelon	 normal	 faults	 of	 compara-
ble	dips.	As	these	areas	develop	in	response	to	continued	
fault	movement,	relay	ramps	experience	fracturing,	which	
propagates	perpendicularly	across	the	ramp	and	connects	
the	overlapping	fault	segments.	With	further	deformation,	
the	 relay	 ramp	 becomes	 breached	 by	 faults,	 resulting	 in	
a	 through-	going	 hard-	linked	 fault	 system	 (Childs	 et	 al.,	
1995;	 Fossen	 &	 Rotevatn,	 2015;	 Peacock	 &	 Sanderson,	
1991,	1994;	Walsh	et	al.,	1999;	Figure	1).

The	interaction	of	sediment	transportation	with	relay	
ramps	 has	 long	 been	 an	 area	 of	 interest,	 as	 these	 struc-
tures	are	considered	to	strongly	influence	the	distribution	
of	reservoir	facies	in	rift	basin	settings	(Athmer	et	al.,	2010;	
Carmona	et	al.,	2016;	Crossley,	1984;	Gawthorpe	&	Colella,	
1990;	Gawthorpe	&	Hurst,	1993;	Ge	et	al.,	2018;	Jackson	&	
Leeder,	 1994;	 Kim	 &	 Paola,	 2007;	 Leeder	 &	 Gawthorpe,	
1987;	Serck	&	Braathen,	2019).	In	sub-	aerial	settings,	the	
behaviour	of	flows	within	fluvial	settings	in	developing	rift	
systems	is	generally	well	understood	(Figure	1;	Commins	
et	al.,	2005;	Frostick	&	Reid,	1989;	Jackson	&	Leeder,	1994;	
Trudgill,	2002;	Young	et	al.,	2000),	with	a	combination	of	
outcrop	studies,	subsurface	data	sets	(e.g.	seismic	and	core	
data;	Hemelsdaël	&	Ford,	2016)	and	numerical	modelling	
to	support	these	conclusions	(Cowie	et	al.,	2006).

In	 the	 sub-	aqueous	 setting	 (marine	 or	 lacustrine),	
the	effect	of	relay	ramps	on	sub-	aqueous	sediment	grav-
ity	 flows	 has	 been	 studied	 using	 numerical	 modelling	
techniques	(Athmer	et	al.,	2010;	Athmer	&	Luthi,	2011;	
Carmona	et	al.,	2016;	Ge	et	al.,	2018;	Zhang	et	al.,	2020),	
through	the	analysis	of	seismic	data	(Barret	et	al.,	2020;	
Bruhn	&	Vagle,	2005;	Fugelli	&	Olsen,	2007;	Gawthorpe	
&	Hurst,	1993;	Serck	&	Braathen,	2019;	Soreghan	et	al.,	
1999),	 and	 in	 outcrop	 (Henstra	 et	 al.,	 2016).	 Previous	
studies	have	focused	on	understanding	syn-	rift	subaque-
ous	gravity	flows	in	early-	stage	relay	ramp	configurations	

(Athmer	 et	 al.,	 2010;	 Athmer	 &	 Luthi,	 2011;	 Bruhn	
&	 Vagle,	 2005;	 Fugelli	 &	 Olsen,	 2007;	 Gawthorpe	 &	
Hurst,	 1993;	 Kim	 &	 Paola,	 2007)	 and	 suggest	 that	 the	
structural	influence	may	have	limited	effect	on	syn-	rift	
sub-	aqueous	gravity	flow	and	deposition.	Other	studies	
show	(mainly	through	numerical	modelling)	that	large	
volumes	of	sediment	are	transported	directly	down	the	
fault	slopes	(Athmer	et	al.,	2010;	Athmer	&	Luthi,	2011;	
Ge	et	al.,	2018;	Soreghan	et	al.,	1999).	A	proportion	of	the	
turbidity	current	may	be	directed	down	the	relay	ramp,	
particularly	where	there	are	pre-	existing	channels	pres-
ent	on	the	ramp,	or	where	the	ramp	is	landward	tilting	
(Athmer	et	al.,	2010;	Athmer	&	Luthi,	2011).	The	most	
significant	sediment	accumulation	occurred	adjacent	to	
bounding	 faults,	with	comparatively	 less	at	 the	 foot	of	
the	relay	ramp	and	limited	deposition	on	the	relay	ramp	
itself,	directly	affecting	the	distribution	of	reservoir	 fa-
cies	(Athmer	et	al.,	2010;	Athmer	&	Luthi,	2011;	Ge	et	al.,	
2018).	A	study	based	on	seismic	reflection	data	(Fugelli	
&	 Olsen,	 2007),	 conducted	 in	 a	 comparable	 structural	
setting	(soft-	linked	relay	ramps),	exhibits	similar	turbid-
ite	geometries	with	those	produced	in	numerical	models	
(Ge	 at	 al.,	 2018).	 A	 larger	 (compared	 with	 the	 size	 of	
incoming	 flows)	 and	 more	 advanced	 relay	 ramp,	 with	
greater	displacement,	may	cause	redirection	of	the	tur-
bidity	current,	which	can	lead	to	increased	deposition	at	
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Highlights
•	 Early	 post-	rift	 deposition	 associated	 with	

breached	relay	structures	divided	into	two	sets	
of	systems.	

•	 (1)	 Breached	 relay	 systems	 where	 a	 high-	
proportion	 of	 the	 sedimentation	 occurs	 via	
the	lower	abandoned	ramp.

•	 (2)	 Hangingwall	 systems	 that	 enter	 across	
the	bounding	faults.

•	 Accommodation	 drivers	 (faulting	 to	 overall	
basin	 subsidence)	 and	 localised	 fault	 reacti-
vation	 control	 overall	 fan	 geometry	 in	 both	
systems.

•	 Differential	 subsidence	 and/or	 localised	 fault	
reactivation	affect	the	breached	relay	and	hang-
ingwall	feeder	system	type	and/or	distribution.
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the	base	of	 the	relay	ramp	relative	to	 the	hanging	wall	
area	of	the	fault	system	(Ge	et	al.,	2018).

Previous	 studies	 of	 subaqueous	 gravity	 flow	 and	
relay	 ramp	 interaction	 have	 focussed	 on	 syn-	rift	 sedi-
mentation	 in	 early-	stage	 relay	 ramp	 settings	 (Athmer	
et	al.,	2010;	Carmona	et	al.,	2016;	Fugelli	&	Olsen,	2007;	
Ge	et	al.,	 2018;	Henstra	et	al.,	 2016;	Zhang	et	al.,	 2020).	
However,	much	is	left	to	be	understood	about	the	impact	
of	breached	relay	structures	on	subaqueous	flows	during	
transitional	and	(early)	post-	rift	phases.	Furthermore,	be-
cause	the	large	proportion	of	rift-	related	deformation	as-
sociated	with	ramp-	development	has	ceased	by	the	(early)	
post-	rift,	an	upwards-	diminishing	influence	of	local	struc-
ture	on	subsequent	sedimentary	systems	might	normally	
be	expected	as	ramps	become	covered	by	sediments,	and	
palaeo-	topography	is	smoothed	out	(Gawthorpe	&	Hurst,	
1993;	Lambiase	&	Bosworth,	1995).

Sub-	aqueous	 sediment	 gravity	 flows	 transport	 large	
volumes	 of	 sediment,	 commonly	 characterised	 by	
high	 proportions	 of	 sand,	 into	 generally	 mud-	prone	

deep-	marine	 settings	 (e.g.	 Bouma,	 2000;	 Heller	 &	
Dickinson,	1985;	Mutti	&	Normark,	1987,	1991;	Richard	
et	al.,	1998;	Talling,	2013),	and	have	been	shown	to	have	
the	potential	to	deposit	excellent	reservoir-	quality	sand-
stones	 in	 deep-	lacustrine	 settings	 (Dodd	 et	 al.,	 2019;	
Yang	et	al.,	2019,	2020).	The	scale	geometry	and	 inter-
nal	character	of	deepwater	fans	can	also	be	used	to	infer	
structural	 information,	 with	 different	 fan	 systems	 de-
veloping	 in	 response	 to	 a	 particular	 set	 of	 characteris-
tics,	such	as	recent	fault	activity	or	changes	in	regional	
hinterland	 drainage	 patterns	 (Bowman,	 1985;	 Richard	
et	al.,	1998).	Where	present	in	the	system,	structural	in-
fluence	 will	 typically	 control	 the	 reservoir	 quality	 and	
architecture	(Richard	&	Bowman,	1998).

To	 provide	 insight	 into	 these	 complex	 settings,	 this	
study	 examines	 an	 offshore	 subsurface	 data	 set	 form	
the	North	Falkland	Basin	(NFB)	 in	 the	Falkland	Islands	
(Figure	2).	3D	seismic	data	have	been	used	to	map	and	de-
fine	the	key	structural	elements	of	the	relay	ramp	located	
at	 the	 Isobel	 Embayment,	 while	 amplitude	 extraction	

F I G U R E  1  Relay	ramp	development	(modified	after	Çiftçi	&	Bozkurt,	2007;	Peacock	&	Sanderson,	1994).	(a)	Map	view	of	the	stages	of	
relay	structure	development.	(b)	3D	expression	of	the	stages	of	relay	structure	development.	(c)	Subaerial	sedimentary	systems	have	been	
observed	to	exploit	relay	structures	as	sediment	pathways	into	basins	(modified	from	Trudgill,	2002).	(d)	Subaqueous	systems	do	not	appear	
to	exclusively	exploit	early-	stage	relay	ramps,	with	a	significant	proportion	of	sediment	depositing	directly	over	the	fault	hanging	walls.	
The	interaction	of	relay	ramps	and	subaqueous	deposition	highlights	the	limited	studies	on	the	effects	of	advanced-	stage	relay	ramp	on	
subaqueous	deposition	(based	on	Athmer	et	al.,	2010;	Ge	et	al.,	2018).	The	final,	breached	relay	ramp	and	subaqueous	sedimentary	system	
interaction,	outlined	in	a	red	box,	is	proposed	by	this	study

(c) Subaerial systems(b) Relay Development(a) Map View (d) Subaqueous systems
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maps	are	used	 to	observe,	 interpret	and	characterise	 the	
various	sedimentary	systems	that	interact	with	the	struc-
ture.	Where	possible,	well	data	have	been	used	to	support	
the	seismic-	based	interpretations.	This	study	will	answer	
the	following	key	questions:

(i)		 	 How	 does	 a	 partially	 covered,	 breached	 relay	 ramp	
influence	transitional	and	early	post-	rift	sub-	aqueous	
sediment	gravity	flows	and	their	resultant	deposits?

(ii)	 	What	 is	 the	 spatial	 and	 stratigraphic	 distribution	
of	 transitional	 and	 early	 post-	rift	 turbidite	 fans	 pre-
served	in	a	partially	covered,	breached	relay	ramp	of	
a	deep-	lacustrine	rift	basin?

(iii)	 How	 do	 transitional	 and	 early	 post-	rift	 sedimentary	
systems	 at	 breached	 relay	 ramp	 locations	 compare	
with	syn-	rift	sedimentary	systems	at	early-	stage	relay	
ramps?

(iv)	What	 are	 the	 key	 implications	 for	 predicting	 sand-
stone	 distribution	 and	 potential	 reservoir	 quality	 in	
these	complex	settings?

Through	 providing	 case	 examples	 from	 the	 NFB,	 this	
study	offers	insight	into	transitional	and	early	post-	rift	tur-
bidite	fan	systems	at	breached	relay	ramps	on	rift	margins.	
The	findings	illustrate	the	effects	of	progressive	basin	subsid-
ence	on	hydrocarbon	prospectivity	and	comments	on	clastic	
reservoir	distribution	in	post-	rift	deep-	lacustrine	settings.

2 	 | 	 REGIONAL SETTING

The	NFB	is	an	extensional,	deep-	lacustrine	basin	located	
40 km	north	of	the	Falkland	Islands	(Figure	2).	The	NFB	
has	 two	main	structural	 trends;	an	N–	S	 trend	dominant	

F I G U R E  2  Regional	setting	of	the	study	area	in	the	N–	S	trending,	extensional,	North	Falkland	Basin	and	the	locations	of	wells	and	3D	
seismic	coverage
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in	the	north,	and	a	NW-	SE	trend	dominant	to	the	south	
(Figure	 2).	 The	 NW-	SE	 lineaments	 are	 thought	 to	 have	
developed	first	due	to	Jurassic	rifting.	The	N–	S	trend	de-
veloped	later	during	the	Early	Cretaceous	extension	(Lohr	
&	Underhill,	2015;	Richards	et	al.,	1996),	which	was	fol-
lowed	by	a	transitional	phase	and	a	well-	established	post-	
rift	 phase	 (Richards	 et	 al.,	 1996).	 Basin	 subsidence	 was	
interrupted	 by	 periods	 of	 minor	 inversion	 in	 the	 Early	
Cretaceous	 (Richards	 et	 al.,	 1996).	 The	 depositional	 en-
vironment	changes	from	fluvio-	lacustrine	during	the	ac-
tive	 rifting	 phase,	 to	 marine	 during	 the	 basin	 sag	 phase	
(Richards	 &	 Hillier,	 2000a).	 Well	 log	 and	 core	 sample	
analysis	 and	 seismic	 amplitude	 mapping	 have	 identi-
fied	turbidite	fans	sourced	from	the	basin	margins	in	the	
Eastern	 Graben	 of	 the	 NFB,	 throughout	 the	 syn-	rift	 to	
early	post-	rift	intervals	(Dodd	et	al.,	2019;	Richards	et	al.,	
2006;	Richards	&	Hillier,	2000a).

The	 Eastern	 Graben	 is	 an	 N–	S	 trending,	 asymmetric	
graben	 that	 typically	 characterises	 the	 northern	 extent	
of	 the	NFB	(Figures	3	and	4).	 It	 is	bound	by	major	nor-
mal	faults	on	its	eastern	margin	that	extend	N-	S	for	up	to	
130 km	(Figures	3	and	4).	A	shallower	depocentre	lies	to	

the	west,	referred	to	as	the	Western	Graben,	and	is	sepa-
rated	 from	the	Eastern	Graben	by	 the	 intra-	basinal	high	
known	as	 the	 ‘Orca	Ridge’	 (Figures	3	and	4).	The	Isobel	
Embayment,	located	at	a	large	westward	step	in	the	east-
ern	 margin	 of	 the	 Eastern	 Graben,	 is	 associated	 with	 a	
breached	relay	structure	and	represents	an	important	site	
of	 sediment	 input	 into	 the	 NFB	 throughout	 the	 syn-	rift	
and	 early	 post-	rift	 phases	 (Figure	 3;	 Lohr	 &	 Underhill,	
2015).	The	interaction	of	the	basin	margin	faults	and	an-
other	major	normal	fault	further	east	has	led	to	the	forma-
tion	of	the	Sanson	Terrace,	situated	up-	dip	from	the	Isobel	
Embayment	in	the	study	area	(Figure	3).

2.1	 |	 Tectono- stratigraphy

A	 model	 for	 the	 tectono-	stratigraphy	 of	 the	 NFB	 has	
been	defined	by	Richards	and	Hillier	 (2000a)	using	well	
data	 and	 regional	 seismic	 reflectors.	 The	 eight	 tectono-	
stratigraphic	units	identified	are:	pre-	rift/basement;	early	
syn-	rift;	 late	 syn-	rift;	 transitional/sag;	 early	 post-	rift;	
middle	post-	rift;	late	post-	rift	and	a	post-	uplift	sag	phase	

F I G U R E  3  Northern	extent	of	the	North	Falkland	Basin	(NFB)	dominated	by	N–	S	trending	faults.	(a)	Coherency	time	slice	at	2115 ms	
shows	major	N–	S	trending	basement	structures	to	the	east	and	within	the	basin.	Another	basement	high	is	indicated	by	the	response	in	the	
NW	corner,	although	much	of	this	region	is	not	covered	the	3D	seismic	volume	(b)	The	structure	of	the	NFB	is	overlain	on	the	coherency	
time	slice	at	2115 ms	and	shows	a	more	complete	interpretation	of	the	basin,	based	on	2D	seismic	lines	out	with	the	3D	seismic	coverage.	
The	study	area	is	shown	to	contain	a	major	basement	structure	on	the	Eastern	Flank;	a	breached	relay	ramp	represented	by	Faults	1A-	C	
(Fault	1A = F1A).	The	Sanson	Terrace	is	situated	between,	and	was	developed	by,	the	interaction	of	Faults	1A-	C	and	2
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(Figure	6;	Richards	&	Hillier,	2000a).	The	transitional	to	
Late	Post-	Rift	Units	are	further	divided	into	sub-	units,	as	
follows:	LC1	is	assigned	to	the	transitional	phase;	LC2	to	
LC5	is	assigned	to	the	early	post-	rift;	LC6	and	LC7	to	the	
Middle	Post-	Rift;	and	L/UC1	in	the	Late	Post-	Rift,	where	
‘LC’	 is	 Lower/Early	 Cretaceous	 and	 ‘UC’	 is	 Upper/Late	
Cretaceous	(Figure	6).

The	 pre-	rift	 basement	 has	 been	 encountered	 in	 only	
one	well	in	the	NFB	(14/09-	1),	located	on	the	Orca	Ridge	
(Figure	2).	The	well	intersected	approximately	50 m	of	pre-	
rift	interpreted	as	Devonian	to	Jurassic	meta-	sedimentary	
lithologies,	 although	 some	 uncertainty	 remains	 due	 to	
limited	data	(Richards	&	Hillier,	2000a).

Active	rifting	of	the	NFB	persisted	from	the	Jurassic	
until	the	Early	Cretaceous	(Richards	&	Fannin,	1997).	
An	early	to	late	syn-	rift	succession	was	deposited	in	a	
fluvial	 to	 lacustrine	 environment	 and	 is	 comprised	 of	

mainly	 conglomerates,	 sandstones,	 organic-	rich	 clay-
stones	and	reworked	tuffs	(Richards	&	Hillier,	2000a).	
The	following	transitional	phase	(LC1)	is	characterised	
by	the	deposition	of	lacustrine,	organic-	rich	claystones	
and	 interbedded	 sandstones	 sourced	 from	 the	 basin	
margins	 (Richards	 et	 al.,	 1996;	 Richards	 &	 Hillier,	
2000a).

During	the	early	post-	rift	phase,	extensive	organic-	rich,	
lacustrine	claystones	and	interbedded	sandstones	were	de-
posited	in	the	Eastern	Graben	(Richards	&	Hillier,	2000a).	
Deltaic	 sandstones	 were	 deposited	 from	 the	 northern-	
most	 portion	 of	 the	 NFB,	 prograding	 southwards	 along	
the	 axis	 of	 the	 Eastern	 Graben.	 Contemporaneously,	
turbidity	 current-	derived	 sandstones	 were	 sourced	 from	
the	basin	margins,	fed	by	feeder	systems	(some	of	which	
were	extensive)	that	existed	up	on	the	margins	at	the	time	
(Dodd	et	al.,	2019).	These	turbidite	fan	systems	developed	

F I G U R E  4  Type	sections	of	the	North	Falkland	Basin	and	the	study	area.	(a–	a′)	E–	W	trending	geo-	seismic	line	through	the	Isobel	
Embayment	showing	the	typically	a-	symmetric	Eastern	Graben	and	the	locations	of	wells	14/20-	1	and	14/20-	2,	which	intersected	the	Isobel	
and	Isobel	Deep	discoveries.	(b–	b′)	N–	S	trending	line	extending	from	the	Sea	Lion	discovery	in	the	north	to	the	Isobel	discoveries	in	the	
south
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a	complex	succession	of	sandstones	and	interbedded	clay-
stone	facies	(Dodd	et	al.,	2019).	The	eastern-	derived	sys-
tems	are	of	particular	importance	as	they	typically	act	as	
the	 primary	 reservoir	 units	 for	 discovered	 hydrocarbons	
(e.g.	 Sea	 Lion,	 Isobel	 and	 Isobel	 Deep)	 in	 the	 NFB.	The	
organic-	rich	claystones	(up	to	7.5%	total	organic	content)	
deposited	mainly	 in	 the	early	post-	rift	 lacustrine	succes-
sion,	 provide	 the	 source	 rock	 and	 sealing	 lithologies	 for	
the	NFB	(Richards	&	Hillier,	2000b).

The	 Middle	 Post-	Rift	 is	 characterised	 by	 a	 transition	
from	a	lacustrine	to	a	terrestrial-	fluvial	succession	of	sand-
stones,	conglomerates,	claystones	and	lignite	(Richards	&	
Hillier,	2000a).	The	Late	Post-	Rift	interval	contains	alter-
nating	sandstones	and	claystones	deposited	in	a	marginal-	
marine	to	marine	setting	(Richards	et	al.,	1996;	Richards	
&	Hillier,	2000a).

3 	 | 	 DATA AND METHODS

3.1	 |	 Seismic data and analysis

About	4500 km2	of	3D	seismic	data	was	acquired	over	the	
northern	portion	of	the	NFB	from	2007	to	2011	(Figure	2).	
In	2012,	three	of	the	seismic	surveys	collected	during	this	
time,	along	with	the	acquisition	of	additional	data,	were	
subsequently	merged	to	form	a	single	seismic	volume.	The	
merged,	 full-	stack,	3D	seismic	volume	has	had	Kirchoff,	
pre-	stack	time	migration	and	spectral	broadening	applied;	
the	polarity	is	set	to	zero	phase	European	(SEG	reversed	
polarity)	 throughout	the	volume.	These	merged	3D	seis-
mic	data	have	a	dominant	frequency	of	18 Hz	and	a	band-
width	of	38 Hz.

Using	 this	data	set,	 the	basin-	margin	structure,	 fault-
ing	 and	 character	 have	 been	 interpreted,	 alongside	 the	
broad	stratigraphy	for	the	Isobel	Embayment	area	of	the	
NFB,	providing	a	core	structural	and	stratigraphic	frame-
work.	This	study	analyses	the	transitional	and	lower	part	
of	the	early	post-	rift	succession	deposited	in	this	location,	
which	contains	 the	key	seismic	Horizons	A,	B,	C	and	D	
used	 in	 this	 project.	 Seismic	 amplitude	 maps	 have	 been	
generated	from	a	root	mean	square	(RMS)	amplitude	in-
terval	of	20 ms	(10 ms	above	and	below	horizon)	for	each	
interpreted	horizon.

A	 seismo-	geomorphological	 analysis	 and	 interpre-
tation	 has	 been	 completed	 on	 this	 stratigraphic	 interval	
in	 the	 Isobel	 Embayment,	 which	 focusses	 on	 a	 series	 of	
well-	imaged	 fan	 systems	 and	 internal	 lobes,	 identified	
on,	 along,	 and	 across	 the	 complex	 relay-	ramp	 structure.	
The	sediment	sources,	feeder	systems	and	their	pathways,	
distribution	of	related	fan	and	lobe	geometries,	and	their	
internal	character	have	been	documented.	The	interpreta-
tions	of	basin	margin	structure	and	sedimentary	systems	

are	 compared	 and	 analysed	 to	 assess	 the	 potential	 rela-
tionship(s)	and	controls	on	deposition	in	sub-	aqueous	rift	
settings.

3.2	 |	 Well data and analysis

Two	 wells,	 14/20-	1	 and	 14/20-	2	 (Figures	 4	 and	 5),	 both	
situated	 in	 the	 Isobel	 Embayment	 are	 included	 in	 this	
study.	Both	these	wells	were	drilled	to	test	for	hydrocar-
bons	 in	 the	 Isobel	Complex.	Well	14/20-	1	was	drilled	 in	
2015	 to	 a	 depth	 of	 2526.2  m	 true	 vertical	 depth	 sub-	sea	
(TVDss),	where	the	well	terminates	in	the	transitional	in-
terval.	Well	14/20-	2	was	completed	in	2016	to	a	depth	of	
2987.6 m	TDVss	and	terminates	near	the	base	of	the	tran-
sitional	unit.

This	study	analyses	the	gamma	ray	(GR)	wireline	data	
within	these	wells	(Figure	5).	These	wells	are	included	to	
support	 the	 seismic-	based	 interpretations	made;	 to	date,	
no	well	data	are	available	on	the	Sanson	Terrace.

4	 |	 RESULTS AND INTERPRETATION

4.1	 |	 Structural and stratigraphic 
framework

4.1.1	 |	 Description

The	 Isobel	 Embayment	 lies	 on	 the	 Eastern	 Flank	 of	 the	
NFB	 and	 is	 bound	 by	 two	 N–	S	 oriented	 fault	 segments,	
referred	to	as	Fault	1A	and	1B,	which	are	connected	by	a	
NE-	SW	oriented	Fault	1C	(Figures	3	and	7).	These	major	
fault	 segments	 form	 the	 composite	 and	 through-	going	
‘Fault	1’	 that	displaces	the	basement	by	up	to	2.0 s	 two-	
way	 travel	 time	 (TWTT)	 and	 which	 sharply	 divides	 the	
deep	 depocentre	 (Eastern	 Graben)	 to	 the	 west	 and	 the	
Sanson	Terrace	to	the	east	(Figure	7b).	A	major	sub	N–	S	
trending	fault,	east	of	the	Sanson	Terrace	(Fault	2)	is	ob-
served	to	offset	the	basement	by	ca.	1.0 s	TWTT,	separat-
ing	the	terrace	from	the	Eastern	Flank.	Additionally,	there	
are	 minor	 faults	 that	 interact	 with	 the	 basement	 on	 the	
Sanson	 Terrace,	 creating	 small	 (ca.	 <5  km	 wide)	 asym-
metric	grabens,	most	likely	filled	with	syn-	rift	sediments	
(Figure	 7b).	 The	 basement	 faults	 propagate	 upwards	
through,	and	terminate	within	the	early	post-	rift	succes-
sion,	displacing	it	by	up	to	0.2 s	TWTT	(Figure	8).	There	
are	 other	 relatively	 minor	 faults	 contained	 within	 the	
early	post-	rift	on	the	Sanson	Terrace,	which	trend	mostly	
NE-	SW	 and	 dominantly	 dip	 to	 the	 NE	 (Figure	 7).	 They	
carry	up	to	0.04 s	TWTT	displacement	and	are	less	than	
5 km	in	length—	significantly	smaller	scale	than	the	base-
ment	faults.
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F I G U R E  5  Gamma	ray	response	in	wells	14/20-	1	and	14/20-	2	for	the	study	intervals,	showing	the	positions	of	Horizons	A–	D	and	
seismic	reflectors	5.3	and	7.0
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The	 syn-	rift	 succession	 thickens	 eastwards	 towards	
Faults	1	and	2	and	towards	the	south	in	the	Eastern	Graben	
and	 on	 the	 Sanson	 Terrace	 (Figure	 8).	 The	 transitional	
unit	 thins	 significantly	 onto	 the	 Sanson	 Terrace	 (Figure	
8).	Horizon	A	is	the	deepest	study	horizon	lying	slightly	
above	the	base	of	LC1,	and	has	been	displaced	up	to	0.2 s	
TWTT	by	normal	 faults	on	 the	basin	margin	 (Figure	8).	
Horizon	B	is	located	in	the	upper	part	of	LC1,	underlying	
the	 top	of	 the	unit	which	 is	defined	by	seismic	reflector	
7.0	(Figure	8).	It	has	been	displaced	by	up	to	0.07 s	TWTT	
by	basin	margin	faults,	and	up	to	0.04 s	TWTT	by	minor	
faults	on	the	Sanson	Terrace	(Figure	8).

The	early	post-	rift,	composed	of	the	LC2,	LC3,	and	LC4	
and	LC5 sub-	units,	is	thickest	in	the	Eastern	Graben	and	
thins	 onto	 the	 Sanson	 Terrace	 (and	 more-	generally	 the	
Eastern	Flank).	Much	of	the	thickness	variation	is	accom-
modated	 by	 the	 LC3	 and	 LC4	 and	 LC5  sub-	units,	 while	
LC2	 is	 comparatively	 consistent	 across	 both	 the	 Sanson	
Terrace,	 and	 into	 the	 Eastern	 Graben.	 Two	 key	 seismic	
events	 or	 horizons	 have	 been	 picked	 and	 interpreted	
within	LC2:	Horizon	C	and	Horizon	D	(Figures	6	and	8).	
Horizon	C	closely	overlies	the	base	of	LC2	(Figure	6),	and	
has	 experienced	 similar	 faulting	 as	 Horizon	 B.	 Horizon	
D,	 situated	 in	 the	middle	of	LC2,	has	experienced	up	 to	
0.05 s	TWTT	displacement	across	the	basin	margin	faults,	
and	is	displaced	up	to	0.02 s	TWTT	by	minor	faults	on	the	
Sanson	Terrace.

Interpretation
Up	to	2.0 s	TWTT	of	normal	displacement	at	the	top	syn-	rift	
surface	on	the	faulted	margin	created	an	area	of	significantly	
increased	 accommodation	 space—	the	 Isobel	 Embayment.	
The	 faulted	margin,	 in	conjunction	with	 the	major	 fault	 to	
the	east,	developed	the	Sanson	Terrace.	The	basin	margin	at	
this	location	is	observed	to	be	a	through-	going	fault	system,	
which	has	interacted	at	depth,	suggesting	that	the	relay	sys-
tem	has	been	‘fully	breached’	and	reached	the	final	stage	of	
relay	ramp	development	(Figure	1;	Figure	7a).	The	basement	
high,	located	on	the	SW	of	the	Sanson	Terrace,	is	likely	the	
upper	portion	of	 the	abandoned	relay	ramp,	with	 its	 lower	
counterpart	 covered	 by	 sediment	 accumulation	 (Figure	 7).	
The	shallower	faults,	of	generally	smaller	displacement	(up	to	
0.05 s	TWTT),	present	on	the	Sanson	Terrace	may	be	associ-
ated	with	compaction	or	continued	subsidence.	It	is	possible	
that	the	minor	faults	were	initiated	as	a	result	of	movement	
on	basement	faults	during	the	transitional	and	early	post-	rift.

4.2	 |	 Tectono- stratigraphy

4.2.1	 |	 Horizon	A

Description
Horizon	A	is	located	in	the	lower	part	of	the	LC1 sub-	unit	
(Figure	8).	It	has	experienced	normal	faulting	across	the	

F I G U R E  6  Tectonostratigraphy	
of	the	North	Falkland	Basin	based	on	
Richards	and	Hillier	(2000a)	and	the	
relative	position	of	key	Horizons	A–	D	
in	the	transitional	and	early	post-	rift	
phases.	Red	text	denotes	units	that	were	
not	formalised	in	Richards	and	Hillier	
(2000a)
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basin	margin	(Fault	1),	leading	to	a	sharp	change	in	topog-
raphy	along	its	length	(Figure	9a).	The	time-	structure	map	
(Figure	9a)	shows	the	Eastern	Graben	trending	N–	S	along	
Fault	1A,	into	the	Isobel	Embayment	at	Fault	1C	located	

on	the	Sanson	Terrace.	A	major,	NW-	SE	trending	palaeo-	
bathymetric	low,	up	to	10 km	in	width,	extends	across	the	
terrace	from	the	major	fault	that	bounds	the	terrace	to	the	
east	(Fault	2)	to	the	NW	limits	of	the	Isobel	Embayment.	

F I G U R E  7  Structural	arrangement	of	the	study	area.	(a)	3D	view	of	the	top	Basement	surface	and	the	breached	relay	structure	at	the	
Isobel	Embayment.	(b)	Time	slice	taken	through	2500 ms	shows	the	basement	and	Sanson	Terrace	to	the	east	and	the	Eastern	Graben	to	the	
west,	seperated	by	the	major	Fault	1 structures;	Fault	1A	is	the	northern	N–	S	segment;	Fault	1B	is	the	southern	N–	S	segment;	Fault	1C	is	
the	NE-	SW	breached	fault	segment	that	hard-	links	the	two.	There	are	concentric	faults	in	the	Eastern	Graben	and	a	few	faults	on	the	Sanson	
Terrace	itself.	(c)	Time	slice	at	2000 ms	shows	that	the	major	Fault	1	and	2 structures	remain	prominent	at	this	level.	The	basement	response	
is	observed	only	to	the	far	east	and	in	the	SW	of	the	Sanson	Terrace.	There	is	an	increase	of	faults	at	this	shallower	level,	over	the	Sanson	
Terrace;	the	dominant	trend	is	NE-	SW.	(d)	Proposed	structural	arrangement	of	the	study	area,	showing	the	main	through-	going,	basin	
bounding	Fault	1	and	the	suspected	location	of	the	buried	and	abandonded,	breached	relay	ramp	outlined	by	the	dotted	line
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F I G U R E  8  Type	cross-	sections	of	the	study	area	(a)	i.	Inline	4300	of	the	3D	company	composite	survey.	ii.	Geoseismic	section	of	
inline	4300 shows	the	asymmetric,	fault	controlled	Eastern	Graben	and	the	smaller,	fault	controlled,	asymmetric	graben	formed	on	the	
Sanson	Terrace.	Deep	basement-	involving	faults	are	located	at	the	basin	margins	and	throughout	the	Eastern	Graben,	while	shallow	faults	
contained	within	the	early	post-	rift	interval	are	located	on	the	Sanson	Terrace.	(b)	i.	Inline	4030	of	the	3D	company	composite	survey.	ii.	
Geoseismic	section	of	inline	4030 shows	the	Eastern	Graben	has	shallowed	to	the	south	and	the	earial	extent	of	the	Sanson	Terrace	has	
extended	to	the	west	south	of	the	fault	bend.	Major	faulting	is	still	focussed	along	basin	margins	and	shallow	faults	on	the	Sanson	Terrace	
are	more	sparse	and	of	varied	orientation
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Immediately	north	of	this	large	topographic	feature,	there	
is	a	smaller	(ca.	3 km	wide)	palaeo-	bathymetric	low	that	
trends	 NE-	SW	 towards	 the	 basin	 margin	 faults	 (Figure	
9a).

The	RMS	amplitude	map	of	the	horizon	shows	a	series	
of	seismic	architectures,	possibly	formed	by	two	distinctly	
separate	sedimentary	systems	(or	‘domains’).	Firstly,	there	
is	a	generally	linear,	occasionally	slightly	sinuous	series	of	
high-	amplitude	features	on	the	Sanson	Terrace	and	in	the	
Isobel	Embayment	(Figure	9b).	These	transition	into	more	
dispersed	or	lobate	high-	amplitude	features	observed	ex-
tending	off,	and	into	the	Eastern	Graben.	The	area	of	lin-
ear	features	on	the	Sanson	Terrace	closely	corresponds	to	
areas	 of	 low	 topography	 (see	 dashed	 line	 on	 Figure	 9a),	
the	position	of	which	occupies	the	fault	bend/relay-	ramp.	
Well	14/20-	2	does	not	intersect	any	of	the	high-	amplitude	
features	 in	this	southern	domain;	Horizon	A	is	too	deep	
for	well	14/20-	1	to	intersect	(Figure	9b).	The	GR	response	
in	well	14/20-	2	does	not	indicate	a	significantly	sandy	re-
sponse	(Figure	5).	The	second	domain	occurs	to	the	north	
and	 is	 characterised	 by	 a	 series	 of	 fan-	shaped	 seismic	
amplitude	geometries,	which	appear	to	branch	outwards	
from	a	series	of	feeder	systems.	There	are	no	wells	in	the	
location	of	the	northern	domain.

The	two	domains	are	separated	by	a	structural	high	on	
the	 Eastern	 Flank	 (Figure	 9a),	 which	 shows	 a	 relatively	
high-	amplitude	response	 (Figure	9b).	An	area	of	similar	
amplitude	 response	 is	 also	 present	 to	 the	 south	 of	 the	
relay-	ramp,	again	over	a	structural	high	on	TWTT	maps,	
forming	the	southerly	limits	to	the	sinuous/straight	seis-
mic	amplitudes	(Figure	9b).

Interpretation
The	sinuous	feeder	systems,	or	channels,	and	associated	
fanning-	outward	 lobate	 geometries	 indicate	 the	 pres-
ence	of	a	series	of	diverse,	deep-	lacustrine	fan	systems	at	
Horizon	A.	In	the	southern	domain,	the	geometry	of	the	
high-	amplitude	 responses	 contained	 within	 the	 palaeo-	
bathymetric	lows	indicate	multiple	sedimentary	systems.	
Well	14/20-	2	records	a	shaley	GR	response	where	it	inter-
sects	the	horizon	at	a	low-	amplitude	response	(Figure	5).	
These	were	fed	through	single	or	multiple	canyons,	which	
transported	sediment	from	the	Sanson	Terrace	down	and	
into	 the	 deeper	 basin.	 The	 northern	 domain	 appears	 to	
compose	a	series	of	fans	and	depositional	lobes	that	have	
a	more	line-	sourced,	or	at	least	point-	sourced	character.

In	 the	 southern	 domain,	 the	 largest	 feeder	 system	 ap-
pears	to	be	situated	at	the	breached	relay	structure,	in	the	

F I G U R E  9  Horizon	A	of	the	lower	part	of	LC1.	(a)	Time-	structure	map	shows	the	Eastern	Graben	and	Sanson	Terrace	are	separated	
by	a	large	through-	going	fault	and	three	distinct	valley	features	across	the	Sanson	Terrace.	IE = Isobel	Embayment.	(b)	RMS	amplitude	
map	generated	from	a	20 ms	window	of	the	horizon	shows	linear,	high-	amplitude	geometries	leading	from	palaeo-	bathymetric	lows	on	
the	Sanson	Terrace,	to	lobate	features	in	the	Eastern	Graben.	(c)	Interpreted	depositional	systems	in	the	northern	and	southern	domains.	
Systems	enter	the	basin	at	structurally	different	points	and	with	different	feeder	geometries.	The	intra-	domain	structural	high	can	be	seen	to	
divert	sedimentary	routing	pathways
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major	 NW-	SE	 trending	 palaeo-	bathymetric	 low.	 It	 crosses	
oblique	 to	 the	 overall	 basin	 margin,	 though	 perpendicu-
lar	to	Fault	1C,	where	it	connects	to	depositional	 lobes	in	
the	Isobel	Embayment	and	Easter	Graben	(Figure	9c).	The	
smaller,	NE-	SW	trending	feeder	system	to	the	north	appears	
to	 similarly	 connect	 across	 the	 basin	 margin	 to	 separate	
fan/lobe	deposits	in	the	Isobel	Embayment	(Figure	9c).	The	
time	 structure	 expression	 of	 the	 NE-	SW	 trending	 palaeo-	
bathymetric	 low	 suggests	 structural	 control	 or	 constraint	
of	 the	 feeder	 system	 observed	 within	 it.	 In	 comparison,	
the	northern	domain	appears	to	be	composed	of	generally	
smaller,	outwards-	fanning	lobe	geometries,	which	are	more	
of	point-	sourced	or	line-	sourced	systems,	especially	in	the	
northern	part	of	the	domain,	and	certainly	compared	with	
the	systems	in	the	southern	domain.	For	the	most	part,	the	
trajectory	of	both	feeders,	and	depositional	lobes	is	almost	
perpendicular	to	the	basin	margin-	faults,	with	some	more	
local	scale	variation,	which	is	in	stark	contrast	to	the	south-
erly	 domain	 that	 displays	 a	 dominant	 SE-	NW	 trend.	 The	
two	‘domains’	appear	to	coalesce	in	the	basin	centre.

The	‘intra-	domain	high’	between	the	two	sedimentary	
domains	acts	to	separate	the	two	domains	along	the	basin	
margin	(Figure	9c).	Sedimentary	systems	immediately	to	
the	north	and	south	of	the	structural	high	divert	around	it,	

providing	the	key	indication	that	it	represented	a	positive	
palaeo-	topographic	feature	at	the	basin	margin	during	the	
time	of	deposition.

4.2.2	 |	 Horizon	B

Description
Horizon	 B	 is	 contained	 within	 the	 upper	 part	 of	 LC1,	
closely	underlying	the	top	of	the	unit	(Figure	8).	Horizon	
B	 has	 experienced	 normal	 faulting	 by	 the	 basin	 margin	
faults	 and	 minor	 faults	 on	 the	 Sanson	 Terrace	 (Figure	
10a).	 The	 Eastern	 Graben	 trends	 N–	S	 along	 the	 faulted	
margin	(Fault	1A),	into	Fault	1C	at	the	Isobel	Embayment	
(Figure	 10a).	 The	 NW-	SE	 trending	 palaeo-	bathymetric	
low	remains	present	on	the	Sanson	Terrace	and	appears	
to	have	widened	above	the	Isobel	Embayment	to	approxi-
mately	12 km.	The	palaeo-	bathymetric	low	contains	NE-	
SW	trending	minor	faults	and	appears	to	be	bound	by	N–	S	
trending	minor	 faults	 to	 the	north	(Figure	10a).	Further	
north	on	the	Sanson	Terrace,	a	smaller	NE-	SW	trending	
palaeo-	bathymetric	low	(<1 km	wide),	that	was	observed	
on	Horizon	A	below	(Figure	9a),	 is	 less	prominent,	as	is	
the	isolated	high	north	of	the	low	(Figure	10a).

F I G U R E  1 0  Horizon	B	of	the	upper	part	of	LC1.	(a)	Time-	structure	map	shows	the	Sanson	Terrace	and	its	large	valley,	which	remained	
a	prominent	paleo-	topographic	features	towards	the	end	of	LC1.	(b)	RMS	amplitude	response	of	a	20 ms	window,	10 ms	above	and	below	
Horizon	B,	showing	high-	amplitude	features	within	the	palaeo-	bathymetric	low	of	the	Sanson	Terrace.	Narrow	zones	of	somewhat	
discontinuous	high	amplitudes	are	observed	elsewhere	on	the	terrace.	(c)	The	northern	domain	is	characterised	by	narrow,	line-	fed	channels	
and	associated	down-	flow	depositional	lobes	in	the	Eastern	Graben.	The	southern	domain	contains	a	larger	feeder	system	comprised	of	a	
series	of	feeder	channels	that	converge	at	the	basin	margin	and	deposit	sediment	as	a	fan	in	the	Isobel	Embayment.	There	are	appears	to	be	
slight	dextral	offset	on	the	southern	domain	system	across	Fault	1C
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A	series	of	linear	and	lobate,	high-	amplitude	features	
are	observed	on	the	RMS	amplitude	map	for	this	horizon.	
Linear	 geometries	 are	 focussed	 on	 the	 Sanson	 Terrace,	
while	lobate	geometries	are	present	in	the	Eastern	Graben	
(Figure	10b).	There	appear	to	be	two	distinct	sedimentary	
domains	with	different	seismic	amplitude	geometries	ob-
served	between	the	north	and	the	south	of	the	study	area	
(Figure	10b).	To	the	south	of	the	Sanson	Terrace,	a	series	
of	 linear,	 high-	amplitude	 features	 lie	 within	 the	 NW-	SE	
trending	palaeo-	bathymetric	 low.	The	features	 lead	from	
east	 of	 Fault	 2,	 where	 they	 are	 widespread	 and	 appear	
to	 be	 in	 the	 hanging	 walls	 of	 minor	 faults,	 to	 Fault	 1C	
where	 they	 have	 converged	 (Figure	 10b).	 These	 linear,	
high-	amplitude	features	then	appear	to	disperse	into	a	lo-
bate	 geometry	 once	 across	 the	 basin	 margin	 (Fault	 1C).	
Well	14/20-	2	intersects	the	high-	amplitude	lobate	feature	
(Figure	 10b)	 and	 records	 a	 corresponding	 sandy	 GR	 re-
sponse	(Figure	5).	Well	14/20-	1	interests	the	horizon	at	an	
area	of	low-	amplitude	response	(Figure	10b),	and	GR	re-
sponse	at	this	level	indicates	a	shaley	response	(Figure	5).

In	 contrast,	 the	 northern	 extent	 of	 Sanson	 Terrace	
boasts	relatively	low-	amplitude	responses,	except	for	nar-
row,	short	zones	of	linear	high-	amplitude	features	(Figure	
10b).	These	limited,	linear	high-	amplitude	features	com-
monly	 correspond	 to	 narrow	 palaeo-	bathymetric	 lows,	
such	 as	 the	 NE-	SW	 trending	 palaeo-	bathymetric	 low	
observed	 in	 Figure	 10a.	 The	 Eastern	 Graben	 contains	 a	
widespread	high-	amplitude	response	throughout	much	of	
its	deeper	extent.	On	the	margin	slopes,	high	amplitudes	
are	patchier	and	appear	 to	have	a	more	 linear	geometry	
which	 connect	 the	 narrow	 palaeo-	bathymetric	 lows	 on	
the	 Sanson	Terrace	 to	 the	 more	 widespread	 high	 ampli-
tudes	deeper	in	the	Eastern	Graben	(Figure	10b).

Interpretation
In	general,	 the	high-	amplitude,	 linear	 features	and	their	
transition	to	lobe	geometries	towards	the	Eastern	Graben,	
could	 be	 interpreted	 as	 deep-	lacustrine	 fans	 and	 their	
associated	 feeder	 systems	 in	 the	 Isobel	 Embayment	 on	
Horizon	B	(Figure	10c).	In	the	southern	domain,	a	signifi-
cant	 sedimentary	 system,	 comprised	 of	 multiple	 feeder	
systems,	 which	 delivered	 sediment	 across	 the	 Sanson	
Terrace,	 is	 indicated	by	 the	sinuous	high-	amplitude	 fea-
tures	 contained	 within	 the	 NW-	SE	 palaeo-	bathymetric	
low	above	the	Isobel	Embayment.	In	the	southern	domain	
there	 is	a	single	 feeder	system	within	 the	NW-	SE	trend-
ing	 palaeo-	bathymetric	 low,	 which	 occupies	 the	 area	 of	
the	breached	relay	ramp.	Up-	dip	on	the	Sanson	Terrace,	
the	feeder	system	appears	to	be	contained	and	diverted	by	
E–	W	and	NW-	SE	 trending	minor	 faults.	The	 feeder	 sys-
tem	 narrows	 down-	dip	 and	 converges	 above	 the	 Isobel	
Embayment.	 Across	 the	 margin	 slope,	 the	 feeder	 chan-
nels	 transition	 into	 lobate	 fan	 geometries,	 which	 are	

deposited	at	the	foot	of	the	relay	ramp	(Figure	10c).	There	
is	a	small	dextral	(ca.	1.5 km	of	lateral	movement)	offset	
between	the	feeder	system	on	the	Sanson	Terrace	and	the	
deep-	lacustrine	fan	in	the	Isobel	Embayment	across	Fault	
1C	(Figure	10c).	Wireline	response	for	wells	14/20-	1	and	
14/20-	2	indicate	that	the	high-	amplitude	responses	on	this	
horizon	may	correspond	to	sand	presence	(Figure	5).

The	 northern	 domain	 is	 comprised	 of	 three	 point-	
sourced	fan	systems,	indicated	by	narrow	(<1 km	wide),	
high-	amplitude	 responses	 contained	 within	 narrow	
palaeo-	bathymetric	 lows,	which	 lead	 to	high	amplitudes	
on	the	margin	slopes	that	then	fan	outwards	into	the	deeper	
basin	 to	 the	 west	 (Figure	 10c).	 These	 systems	 transport	
sediment	from	the	Eastern	Flank,	down	narrow	channels,	
potentially	 confined	 in	 palaeo-	bathymetric	 lows,	 across	
Fault	 1A	 and	 subsequently	 form	 deep-	lacustrine	 fans	 in	
the	 Eastern	 Graben,	 deposited	 directly	 adjacent	 to	 Fault	
1A.	The	amplitude	response	within	the	narrow	channels	
is	patchier	 than	 the	wider	counterparts	deposited	 in	 the	
NW-	SE	trending	low	of	the	southern	domain;	this	may	be	
due	 to	 seismic	 resolution	 issues	 or	 heterolithic	 channel	
fill	(i.e.	mud-	filled	channels	across	the	slope;	Figure	10c).	
The	two	southern-	most	channels	(Figure	10c)	display	sin-
uous	 planform	 geometries	 and	 are	 deflected	 around	 the	
same	intra-	domain	topographical	high	that	separated	the	
sedimentary	domains	of	the	underlying	Horizon	A.	This	
high	 clearly	 had	 prolonged	 impact	 on	 the	 sedimentary	
systems	entering	from	the	Eastern	Flank,	and	represents	a	
key	partitioning	of	the	northern	domain	from	that	of	the	
southern	domain	 (Figures	9a	and	10a).	The	most	north-
erly	point-	sourced	system	appears	to	enter	the	basin	at	an-
other,	smaller-	scale	fault	relay-	ramp	structure	in	Fault	1A	
(Figure	10c),	highlighting	the	complex	and	fractal	nature	
that	is	typical	of	these	basin	margin	settings.

4.2.3	 |	 Horizon	C

Description
Horizon	C	overlies	the	base	of	LC2	(Figure	8).	It	shows	off-
set	by	normal	faulting	along	the	basin	margin,	and	minor	
normal	faulting	on	the	Sanson	Terrace.	The	N–	S	trending	
Eastern	Graben	remains	the	main	depocentre,	extending	
from	the	Isobel	Embayment	north	along	Fault	1A	(Figure	
11a).	On	the	Sanson	Terrace,	the	NW-	SE	trending	palaeo-	
bathymetric	 low,	 visible	 at	 Horizon	 B,	 remains	 promi-
nent,	though	it	has	widened	and	its	topography	is	slightly	
less	 steep	 sided	 than	 in	 Horizons	 A	 and	 B	 (Figure	 11a).	
Its	 northern	 edge	 remains,	 bound	 by	 N–	S	 trending	 nor-
mal	 faults.	 Additionally,	 NE-	SW	 trending	 normal	 faults	
are	contained	within	the	palaeo-	bathymetric	low.	To	the	
north,	the	topography	on	the	terrace	is	slightly	less	steep,	
and	 the	 narrow	 palaeo-	bathymetric	 lows	 (such	 as	 the	
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NE-	SW	trending	low)	are	much	less	pronounced	(Figure	
10a).

The	 RMS	 amplitude	 response	 on	 the	 Sanson	 Terrace	
differs	greatly	from	north	to	south,	and	continues	to	indi-
cate	 the	presence	of	 separate	sedimentary	domains.	The	
southern	domain	shows	strong,	linear,	high-	amplitude	ge-
ometries,	 which	 align	 with	 the	 palaeo-	bathymetric	 lows	
on	 the	 Sanson	 Terrace	 (Figure	 11b).	 These	 linear,	 high-	
amplitude	features	appear	to	lead	from	the	Eastern	Flank,	
into	the	small	palaeo-	bathymetric	low	on	the	Terrace,	and	
then	branch	in	two	different	directions.	Firstly,	the	bright-
est	amplitudes	are	diverted	 into	 the	main	NW-	SE	 trend-
ing	palaeo-	bathymetric	low,	and	converge	in	the	hanging	
wall	 of	 a	 NE-	SW	 trending,	 basement-	involving	 fault	 on	
the	terrace.	It	then	continues	across	Fault	1C	and	into	the	
Isobel	Embayment	where	the	amplitude	response	appears	
to	scatter	and	then	transition	into	lobate	features;	the	most	
significant	of	which	 is	elongate	and	extends	 far	 into	 the	
basin	(Figure	11b).	The	second	branch	is	somewhat	seis-
mically	 dimmer,	 and	 composed	 of	 patchy,	 linear,	 high-	
amplitude	features.	These	continue	west,	from	the	smaller	
palaeo-	bathymetric	 low	on	the	terrace	towards	Fault	1B.	
On	meeting	the	basin	margin,	the	weaker	linear	features	
remain	patchy	down	the	margin	slope,	eventually	forming	
discontinuous	 lobate	 features	 on	 the	 basin	 floor	 (Figure	

11b).	Well	14/20-	2	intersects	the	elongate	high-	amplitude	
feature	 (Figure	 11b),	 which	 corresponds	 to	 a	 very	 faint	
sand	 response	 on	 the	 GR	 (Figure	 5).	Well	 14/20-	1	 inter-
sects	an	area	of	high	amplitude,	which	fringes	the	high-	
amplitude	 feature	 (Figure	 11b)	 and	 corresponds	 to	 a	
shaley	GR	response	(Figure	5).

In	 the	 northern	 domain,	 discontinuous	 high	 ampli-
tudes	 appear	 to	 correspond	 to	 palaeo-	bathymetric	 lows	
on	the	Sanson	Terrace	(Figure	11b).	These	areas	of	high	
amplitude	 may	 lead	 to	 an	 E-	W	 flowing,	 lobate,	 high-	
amplitude	feature	that	lies	in	the	Eastern	Graben	imme-
diately	adjacent	to	Fault	1A.	The	narrow	NE-	SW	trending	
palaeo-	bathymetric	 low,	 which	 lies	 to	 the	 north	 of	 the	
main	 NW-	SE	 trending	 low,	 does	 not	 contain	 the	 same	
high-	amplitude	 features	 as	 seen	 in	 Horizons	 A	 and	 B	
(Figure	 11b).	 The	 lobe	 geometries	 appear	 to	 be	 sourced	
along	a	 line	corresponding	 to	 the	strike	of	 the	northerly	
continuation	of	Fault	1B.

Interpretation
The	 high-	amplitude,	 linear	 and	 lobate	 geometries	 de-
scribed	 on	 Horizon	 C	 indicate	 the	 presence	 of	 deep-	
lacustrine	 fan	 systems	sourced	 from	 the	Sanson	Terrace	
(Figure	11c).	Like	with	previous	horizons,	both	the	north-
ern	and	southern	domains	persist	throughout	this	horizon.

F I G U R E  1 1  Horizon	C	of	LC2.	(a)	Time-	structure	map	showing	that	the	Sanson	Terrace	remained	a	palaeo-	topographic	high	during	
LC2.	The	main	palaeo-	bathymetric	low	is	also	present,	although	it	has	widened	basinwards	compared	with	LC1	times.	(b)	RMS	amplitude	
response	of	a	20 ms	window,	10 ms	above	and	below	Horizon	C,	shows	discontinuous	high-	amplitude	architectures	focussed	within,	and	
around,	the	main	palaeo-	bathymetric	low	on	the	Sanson	Terrace,	and	widespread	high	amplitudes	in	the	Eastern	Graben.	(c)	Interpreted	
depositional	systems	show	complex	feeder	geometries	in	the	southern	sedimentary	domain,	which	transported	sediment	down	into	the	main	
palaeo-	bathymetric	low	and	across	the	basin	margin.	These	feeder	geometries	supplied	sediment	to	numerous	fans	of	differing	geometries;	
perhaps	controlled	by	the	basin	floor	topography.	The	northern	domain	shows	a	scattered	amplitude	response	indicating	point	sources	or	
sub-	seismic/poorly	preserved	feeders	for	the	N-	S	trending,	high-	amplitude	lobe,	which	is	adjacent	to	Fault	1A
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In	the	southern	domain,	an	internally	complex	feeder	
system,	 which	 is	 concentrated	 in	 the	 main	 palaeo-	
bathymetric	lows,	supplies	sediment	to	fans	deposited	in	
the	Isobel	Embayment,	as	well	as	a	smaller	fan	deposited	
adjacent	to	Fault	1B	(Figure	11c).	The	system	deposited	at	
the	Isobel	Embayment	is	likely	fed	by	sediment	shed	from	
along	 the	 Eastern	 Flank,	 perhaps	 in	 the	 form	 of	 apron	
sands	 which	 hug	 the	 margin	 (indicated	 by	 discontinu-
ous	 high	 amplitudes	 on	 the	 margin)	 and	 ponded	 sands	
that	 likely	 accumulated	 in	 the	 small	 palaeo-	bathymetric	
low.	This	has	 led	 to	 sediment	entering	 the	main	palaeo-	
bathymetric	 low	 from	 multiple	 directions	 where	 they	
appear	to	interact	with	and	converge	across	a	basement-	
involving,	NE-	SW	trending	fault	on	the	terrace.	This	sug-
gests	 that	 the	 smaller,	 basement-	involving	 faults	 on	 the	
terrace	have	a	significant	impact	on	the	geometry	of	the	
feeder	systems.	At	the	basin	margin,	sedimentary	systems	
appear	 to	 disperse	 across	 the	 margin	 slope,	 and	 deliver	
sediment	 to	 a	 series	 of	 deep-	lacustrine	 fans	 that	 extend	
out	from	the	Isobel	Embayment	(Figure	11c).

The	 minor	 feeder	 system	 of	 the	 southern	 domain	
continues	west	from	the	area	of	ponded	sediment	in	the	
southern	 domain	 and	 is	 significantly	 smaller	 than	 the	
major	 feeder	 system	 (Figure	 11c).	 There	 are	 two	 linear	
channels	 that	 branch	 and	 trace	 west	 across	 the	 Sanson	

Terrace,	potentially	diverted	around	a	paleo-	topographic	
high.	The	channels	extend	to	Fault	1B,	at	which	point	they	
coalesce	on	the	margin	slopes	and	deposit	a	fan	adjacent	
to	Fault	1B,	which	has	a	discontinuous	seismic	response	
in	plan-	view	(Figure	11c).

In	 the	 northern	 domain,	 a	 series	 of	 smaller	 fans	 are	
formed	 adjacent	 to	 Fault	 1A.	 These	 systems	 are	 closely	
spaced	and	form	as	a	line-	sourced	apron	system,	deposited	
directly	adjacent	to	the	fault	structure.	It	is	highly	possible	
that	 the	 line-	fed	 system	 was	 sourced	 locally	 from	 along	
the	trace	of	the	now	likely	rejuvenated	Fault	1A	structure.	
Indeed,	the	change	in	position	of	the	fan	system,	orienta-
tion	of	fan	geometries,	and	close	spatial	association	with	
the	 trace	 of	 Fault	 1A	 supports	 this	 interpretation.	 This	
is	 important	as	 these	observations	would	 implicate	 fault	
reactivation	and	associated	rejuvenation	of	 the	scarp	as-
sociated	 with	 Fault	 1A	 during	 this	 time.	 However,	 it	 is	
possible	that	they	are	fed	by	small-	scale	point	sources	that	
are	below	seismic	resolution,	or	the	features	are	backfilled	
with	claystones.	Discontinuous	high-	amplitude	responses	
in	palaeo-	bathymetric	 lows	may	 indicate	sediment	entry	
into	 the	 basin,	 although	 they	 do	 not	 suggest	 long-	lived	
feeder	 systems	 (Figure	 11c).	 There	 is	 uncertainty	 in	 the	
presence	of	line	feeders	for	this	domain	as	the	RMS	ampli-
tude	response	does	not	show	indicative	zones	of	linear	and	

F I G U R E  1 2  Horizon	D	of	LC2.	(a)	Time-	structure	map	shows	a	gentler	transitional	slope,	moving	from	the	Sanson	Terrace	into	the	
Eastern	Graben,	and	the	main	palaeo-	bathymetric	low	on	the	terrace	remains	a	prominent	feature.	(b)	RMS	amplitude	response	of	a	20 ms	
window,	10 ms	above	and	below	Horizon	D,	shows	strong	linear	and	lobate	amplitude	architectures	within	the	palaeo-	bathymetric	low	of	
the	Sanson	Terrace,	and	a	high-	amplitude	elongate	lobe	in	the	depocentre	maxima	of	the	Eastern	Graben.	(c)	An	extensive	sedimentary	
system	in	the	southern	domain,	and	a	complex	feeder	system	directed	down	the	main	palaeo-	bathymetric	low,	with	a	change	in	probable	
flow	direction	occurring	across	the	basin	margin	faults.	The	northern	domain	shows	little	amplitude	response	on	the	Sanson	Terrace,	and	a	
N–	S	trending,	discontinuous	high-	amplitude	lobate	feature	on	adjacent	to	Fault	1A
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narrow	high	amplitudes	contained	in	palaeo-	bathymetric	
lows	 (Figure	 11c);	 these	 features	 may	 be	 below	 seismic	
resolution	 or	 have	 been	 backfilled	 which	 would	 reduce	
the	RMS	amplitude	response.

4.2.4	 |	 Horizon	D

Description
Horizon	 D	 is	 contained	 within	 the	 LC2  sub-	unit	 of	 the	
early	 post-	rift	 interval	 (Figure	 8).	 A	 gradual	 transitional	
slope	 separates	 the	 Sanson	 Terrace	 and	 the	 Eastern	
Graben,	with	minor	(0.05 s)	normal	displacement	on	basin	
margin	 faults	 (Figure	 12a).	 Minor	 faults	 on	 the	 Sanson	
Terrace	offset	 this	horizon	by	up	to	0.02 s,	with	the	ma-
jority	trending	NE-	SW	and	contained	within	the	NW-	SE	
trending	palaeo-	bathymetric	low	(Figure	12a).	The	north-
ern	 edge	 of	 the	 large,	 widened	 palaeo-	bathymetric	 low	
does	 not	 appear	 to	 closely	 correspond	 to	 minor	 faulting	
at	 this	 level	 (Figure	12a).	The	 topography	of	 the	Sanson	
Terrace	is	generally	more	gradual	than	observed	at	deeper	
horizons,	rising	to	the	south	and	east.

There	is	a	significant	difference	in	amplitude	response	
between	 the	north	and	south	of	 the	Sanson	Terrace.	On	
the	 south	 of	 the	 Sanson	 Terrace,	 there	 is	 a	 widespread,	
high-	amplitude	feature	which	corresponds	with	the	major	
palaeo-	bathymetric	low,	while	the	north	of	the	terrace	ex-
hibits	mostly	low-	amplitude	response	(Figure	12b).	There	
may	be	two	distinct	sedimentary	domains	north	and	south	
on	 the	 terrace,	 or	 sedimentary	 systems	 may	 be	 concen-
trated	in	the	southern	extent	of	 the	terrace.	The	Eastern	
Graben	has	a	generally	low-	amplitude	response,	with	high	
amplitudes	focused	in	elongate	geometries	in	the	deepest	
part	of	the	basin	and	adjacent	to	Fault	1A	(Figure	12b).

To	the	south	of	 the	Sanson	Terrace,	 there	are	discon-
tinuous	and	somewhat	linear	high	amplitudes	contained	
within	 the	 up-	dip	 regions	 of	 the	 main	 NW-	SE	 trending	
palaeo-	bathymetric	low.	There	appear	to	be	two	linear	fea-
tures	 in	 the	up-	dip	region:	a	northerly	one	and	a	south-
erly	one,	which	lead	into	the	palaeo-	bathymetric	low	and	
trend	NE-	SW	and	NW-	SE,	respectively.	Down-	dip	of	nor-
mal	faults	that	cross	the	palaeo-	bathymetric	low,	these	two	
linear	 features	converge	and	continue	across	 the	Sanson	
Terrace,	 further	narrowing	towards	the	top	of	 the	Isobel	
Embayment	(Figure	12b).	Across	the	basin	margin	faults,	
the	feature	appears	to	widen	and	lead	to	a	large,	elongate	
high-	amplitude	 feature	 and	 a	 smaller,	 discontinuous	 lo-
bate	feature	in	the	Eastern	Graben	(Figure	11b).

To	 the	 north,	 there	 is	 a	 consistently	 low-	amplitude	
response	 across	 the	 Sanson	 Terrace,	 with	 no	 change	 in	
amplitude	response	corresponding	with	changes	in	topog-
raphy	(Figure	12b).	Down-	dip	of	Fault	1A	there	are	patchy/
discontinuous	 high-	amplitude	 features,	 which	 appear	 to	

spread	down	the	margin	slope	and	northwards	 from	the	
low-	amplitude	area	on	the	Sanson	Terrace	(Figure	12b).

Interpretation
Amplitude	 response	 in	 Horizon	 D	 indicates	 distinct	
northern	 and	 southern	 sedimentary	 domains.	 Domains	
are	 defined	 by	 generally	 low	 and	 limited,	 patchy	 high-	
amplitude	 responses	 in	 the	 north	 and	 contrasting	 high-	
amplitude	 features	 with	 widespread,	 distinct	 linear	 and	
lobate	 geometries	 in	 the	 south	 (Figure	 12c).	 These	 con-
trasts	 suggest	 different	 source	 geometries	 and	 volumes	
of	sediment	transport	and	deposition	were	present	in	the	
domains.	 The	 southern	 domain	 appears	 to	 host	 a	 com-
plex	 feeder	 system,	 which	 transports	 sediment	 from	 the	
Eastern	Flank,	across	the	Sanson	Terrace,	and	down	into	
the	 Isobel	 Embayment	 where	 the	 sediment	 is	 deposited	
as	an	elongate	(>15 km)	fan	(Figure	12c).	In	the	northern	
domain,	there	may	be	numerous	point/sub-	seismic	linear	
sources	that	fed	sediment	directly	over	the	hanging	wall	
of	Fault	1A	to	a	patchy,	loosely	lobate	feature	in	the	basin	
(Figure	12c).

The	 southern	 domain	 contains	 an	 internally	 com-
plex	 feeder	 system	 on	 the	 Sanson	 Terrace	 (Figure	 12c).	
Sediment	enters	the	system	from	the	Eastern	Flank,	and	is	
directed	NE-	SW	and	NW-	SE	down	into	the	major	palaeo-	
bathymetric	 low	 from	 two	 main	 locations	 (Figure	 12c).	
There	may	be	an	element	of	sediment	pooling	at	these	two	
locations	 up-	dip	 of	 the	 palaeo-	bathymetric	 low,	 where	
contours	 indicate	 a	 relatively	 flat	 lying	 topography	 and	
there	 are	 strong,	 small,	 lobate,	 high-	amplitude	 features	
(Figure	12c).	This	could	suggest	that	a	portion	of	the	sed-
iment	 shed	 from	 the	 Eastern	 Flank	 is	 gathered	 at	 these	
locations,	 which	 may	 then	 spill	 over	 and	 provide	 sedi-
ment	to	the	feeder	system	(Figure	12c).	Within	the	palaeo-	
bathymetric	low,	the	NW-	SE	and	NE-	SW	routes	converge	
down-	dip	of	a	N-	S	trending,	major	fault	which	cross-	cuts	
the	 valley,	 and	 the	 feeder	 system	 markedly	 narrows	 as	
a	 result	 (Figure	12c).	The	 feeder	 then	continues	NW	to-
wards	the	basin	margin,	continuing	to	narrow	as	it	does	
so.	Sediment	appears	to	spread	across	the	faulted	margin	
and	down	the	margin	slopes	where	it	then	feeds	a	large,	
elongate	fan	in	the	deepest	part	of	the	basin,	and	a	smaller,	
patchy	fan	south	of	this	(Figure	12c).

In	the	northern	domain,	a	patchy	fan	deposited	N–	S	
on	 the	 hanging	 wall	 of	 Fault	 1A	 can	 be	 traced	 up	 the	
margin	 slopes	 to	 the	 Sanson	 Terrace,	 indicating	 that	
there	was	likely	a	source	situated	on	the	Terrace	(Figure	
12c).	 There	 are	 no	 high-	amplitude	 features	 observed	
on	the	Terrace	at	the	location	which	would	suggest	the	
presence	of	a	feeder	system.	This	likely	indicates	a	local,	
point	source	for	the	fan,	which	shed	sediment	straight	
down	 the	 Fault	 1A	 hanging	 wall	 from	 the	 margin.	
Alternatively,	 there	 may	 be	 sub-	seismic	 linear	 feeder	
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systems,	 or	 such	 a	 system	 may	 have	 been	 eroded	 on	
the	high.	The	northern	domain	system	appears	to	have	
transported	 and	 deposited	 a	 much	 smaller	 volume	 of	
sediment	than	that	which	was	brought	into	the	basin	by	
the	southern	domain	system.

4.2.5	 |	 Time	thickness	analysis

Description
Time	thickness	maps	of	the	intervals	between	Horizons	A	
and	B,	B	and	C,	and	C	and	D,	have	been	generated	(Figure	
13).	The	interval	between	Horizons	A	and	B	spans	much	
of	the	transitional	phase	(Figure	13a).	During	this	interval,	
maximum	 thickening	 of	 up	 to	 0.2  s	 TWTT	 is	 contained	
in	 the	 Isobel	 Embayment	 and	 in	 the	 hanging	 walls	 of	
Fault	1C	and	others,	which	are	synthetic	to	Fault	1C.	On	
the	 Sanson	 Terrace,	 the	 most	 significant	 thickening	 (up	
to	 0.15  s	 TWTT)	 occurs	 in	 the	 palaeo-	bathymetric	 lows,	
while	the	interval	thins	onto	the	intra-	domain	structural	
high	and	the	structural	high	in	the	south	of	the	study	area	
(Figure	13a).

The	 boundary	 between	 the	 transitional	 and	 early	
post-	rift	phase	is	contained	within	the	interval	between	
Horizon	B	and	C.	This	interval	is	very	thin,	up	to	0.01 s	
TWTT,	 and	 this	 may	 prevent	 thickness	 trends	 being	
readily	apparent.	Maximum	thickening	of	up	to	0.08 s	
TWTT	 lies	 in	 limited	 areas	 on	 the	 Sanson	 Terrace,	
specifically	 along	 Fault	 2,	 and	 in	 the	 Eastern	 Graben	
(Figure13b).	The	 interval	 thins	onto	 the	 intra-	domain	
structural	high	and	the	structural	high	in	the	south	of	
the	study	area.

The	 interval	 between	 Horizons	 C	 and	 D	 is	 contained	
within	 LC2	 (Figure	 13c).	 Maximum	 thickening,	 of	 up	 to	
0.1 s	TWTT,	occurs	in	the	centre	of	the	Eastern	Graben.	In	
the	basin	centre,	the	eastern	boundary	of	the	area	of	max-
imum	 thickness	 cross-	cuts	 contours	 and	 the	 interval	 ap-
pears	to	gradually	thin	up-	dip	towards	Fault	1A.	There	are	
some	limited	patches	of	up	to	0.1 s	TWTT	thickening	on	the	
Sanson	Terrace,	hugging	Fault	2.	Elsewhere	on	the	Sanson	
Terrace,	 thickening	 (of	 up	 to	 0.04  s	 TWTT)	 is	 contained	
within	 the	 palaeo-	bathymetric	 lows,	 while	 the	 interval	 is	
dramatically	 thinner	 on	 the	 intra-	domain	 structural	 high	
and	the	structural	high	in	the	south	of	the	study	area.

F I G U R E  1 3  Time	thickness	maps	of	the	study	horizon	intervals.	(a)	Time	thickness	map	of	the	A–	B	interval,	with	Horizon	B	structure	
contours	overlain,	showing	clear	thickening	within	the	Isobel	Embayment.	The	thickening	appears	to	be	contained	by	concentric	faulting	at	
the	basin	margin	and	into	the	Eastern	Graben.	This	suggests	that	accommodation	was	still	fault	driven	during	LC1.	(b)	Time	thickness	map	
of	the	B–	C	interval,	with	Horizon	C	structure	contours,	showing	a	relatively	widespread	accumulation	of	around	0.04 s.	Horizon	C	closely	
overlies	Horizon	B	and	this	thin	interval	may	prevent	any	trends	in	thickening	being	apparent.	(c)	Time	thickness	map	of	the	C–	D	interval,	
with	Horizon	D	structure	contours,	showing	the	most	thickening	of	around	0.08 s	in	the	centre	of	the	basin.	A	linear	change	in	thickness	
appears	to	run	parallel	to	Fault	1A	and	may	be	an	indication	of	the	boundary	between	the	Northern	Domain	fringing	systems	and	the	
Southern	Domain	axial	fans	pushing	out	into	the	basin.	Thickening	in	the	centre	of	the	basin	likely	indicates	that	accommodation	space	is	
driven	by	basin	subsidence
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Interpretation
Accommodation	space	during	the	Horizons	A	to	B	interval	
(transitional	phase)	appears	to	have	been	fault	driven	as	max-
imum	thickening	is	contained	within	the	Isobel	Embayment	
and	bounded	by	concentric	faulting	(Figure	13a).	Although	
the	 B–	C	 interval	 shows	 no	 strong	 trends	 in	 thickening,	 it	
does	indicate	that	thickening	is	no	longer	focused	within	the	
Isobel	Embayment	or	bounded	by	faulting	(Figure13b).	This	
could	suggest	a	cease/decrease	in	fault	movement	and	asso-
ciated	accommodation	space	between	the	transitional	phase	
and	early	post-	rift	(LC2).	The	C–	D	interval	(early	post-	rift),	
shows	that	thickening	is	focused	in	the	basin	centre,	suggest-
ing	 that	 the	 main	 driver	 of	 accommodation	 space	 is	 basin	
subsidence	by	this	time	(Figure	13c).	From	the	basin	centre	
up-	dip	to	Fault	1A,	the	thickness	change	is	gradual	and	may	
indicate	the	presence	of	apron	fans	which	were	line-	fed	from	
Fault	1A	and	push	out	into	the	basin	centre.

Time	 thickness	 maps	 indicate	 that	 the	 intra-	domain	
structural	 high	 and	 southern	 structural	 high	 remained	
prominent	 throughout	 the	 study	 intervals	 as	 they	 are	
areas	 of	 consistent	 thinning	 (Figure	 13).	 The	 southern	
structural	high	is	likely	associated	with	the	upper	portion	
of	the	breached	relay	ramp.

4.3	 |	 Fan system geometries

Planform	 seismic	 high-	amplitude	 features	 depicting	 a	
feeder	system	and	associated	lobe	geometry	are	observed	
to	 coincide	 with	 sandstone	 deposits	 intersected	 in	 wells	
in	 the	 NFB,	 such	 as	 the	 Sea	 Lion,	 Casper	 and	 Beverley	
fans	 (Bunt,	 2015;	 Dodd	 et	 al.,	 2019;	 Williams,	 2015).	 As	
these	 fan	 systems	 and	 those	 in	 the	 Isobel	 Embayment	
(this	study)	are	sourced	from	the	same	margin	of	the	NFB	
and	are	deposited	in	broadly	equivalent	stratigraphy,	this	
study	draws	on	comparisons	with	these	potentially	highly	
analogous	systems.

4.3.1	 |	 Horizon	A

There	 are	 two	 distinct	 sedimentary	 domains	 that	 input	
sediment	 at	 structurally	 contrasting	 locations	 on	 the	
basin	margin	(breached	relay	vs.	hanging	wall)	and	have	
different	 feeder	 geometries	 (dispersed/internally	 com-
plex	vs	point/linear).	The	southern	domain	contains	two	
sedimentary	 systems	 that	 enter	 the	 Eastern	 Graben	 at	
the	breached	relay	location	(Isobel	Embayment)	and	are	

F I G U R E  1 4  High-	amplitude	features	observed	on	the	study	horizons	(a.i	to	d.i)	and	their	corresponding	subaqueous	sedimentary	
system	interpretations	(aii	to	dii).	High-	amplitude	features	enter	the	basin	at	the	breached	relay	location	or	directly	over	Fault	1A	
(F1A)
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derived	from	internally	complex,	sinuous	feeder	systems	
on	the	Sanson	Terrace	(Figure	14a).	The	northern	domain	
shows	numerous	point	or	linear	sourced	systems	of	vary-
ing	scale,	entering	the	basin	directly	over	the	hanging	wall	
of	Fault	1A	(Figure	14a).

The	two	large	feeder	systems	in	the	southern	domain	
are	 contained	 within	 palaeo-	bathymetric	 lows	 on	 the	
Sanson	 Terrace.	 The	 larger	 and	 more-	southerly	 of	 the	
two	occupies	the	NW-	SE	palaeo-	bathymetric	low,	enter-
ing	 the	 basin	 central	 and	 perpendicular	 to	 the	 NE-	SW	
segment	 of	 the	 margin,	 spatially	 associated	 with	 the	
breached	relay	(Figure	14a).	The	smaller,	more-	northerly	
feeder	 system	 is	 contained	 within	 a	 smaller	 NE-	SW	
trending	palaeo-	bathymetric	low,	which	enters	the	basin	
at	the	northern	limit	of	the	NE-	SW	margin	segment.	In	
both	 systems,	 the	 up-	dip	 regions	 are	 comprised	 of	 nu-
merous	 sinuous	 and	 linear	 channels,	 which	 appear	 to	
converge	down-	dip	of	major	sub-	N-	S	trending	faults	that	
cross-	cut	the	valleys	(Figure	14a).	Both	systems	further	
converge,	approaching	the	basin	margin	and	across	the	
bounding	 faults,	 where	 they	 route	 down	 the	 slope	 and	
deposit	as	fans	at	the	foot	of	the	relay	ramp	(Figure	14a).	
At	 this	 level,	 there	appears	 to	be	significant	deposition	
in	 the	 up-	dip	 regions	 of	 the	 systems,	 with	 widespread	
deposition	 across	 the	 Sanson	 Terrace.	 The	 fans	 depos-
ited	in	the	southern	domain	at	Horizon	A	are	patchy	and	
somewhat	limited	laterally	ranging	from	4	to	7 km	width	
(Figure	14a).

In	 comparison,	 simpler	 linear-	fed	 fan	 systems	 char-
acterise	the	northern	domain.	These	feeders	transported	
sediment	 directly	 down	 the	 hanging	 wall	 of	 Fault	 1A,	
into	 the	 depocentre	 immediately	 adjacent	 to	 the	 fault	
segment.	On	the	Sanson	Terrace,	the	larger	linear	feeder	
leads	from	the	Eastern	Flank,	is	deflected	north	around	
a	 structural	 high,	 and	 then	 continues	 down	 the	 hang-
ing	wall	slope	(Figure	14a).	These	systems	are	associated	
with	incised	channels	or	canyons	on	the	margin,	possi-
bly	 associated	 with	 residual	 footwall	 uplift.	The	 north-
ern	domain	systems	terminate	in	lobate	fans	of	varying	
scale,	the	largest	is	ca.	10 km	in	diameter,	indicating	the	
northern	domain	is	important	for	sediment	entry	to	the	
basin	at	this	time.

Both	 northern	 and	 southern	 domains	 appear	 to	 re-
sult	 in	 fans	 of	 similar	 aerial	 extent,	 despite	 entering	
the	basin	at	structurally	different	points	on	the	margin.	
Although	the	fans	appear	comparable	in	size,	the	south-
ern	domain	systems	are	likely	larger,	with	sand	trapped	
up-	stream	 on	 the	 terrace.	 This	 could	 suggest	 that	 ac-
commodation	 space	 created	 on	 the	 terrace,	 by	 further	
faulting	 and/or	 subsidence,	 has	 resulted	 in	 perched	
and	dispersed	feeder	systems.	The	northern	systems,	by	
comparison,	are	much	simpler	with	more	confined	feed-
ers	and	isolated	fans.

4.3.2	 |	 Horizon	B

Both	 the	 southern	 and	 northern	 sedimentary	 domains	
persist	 at	 this	 level,	 defined	 by	 input	 at	 structurally	 dif-
ferent	locations	and	contrasting	feeder	geometries	on	the	
margin.	The	southern	domain	contains	a	 single	 fan	and	
associated	feeder	system,	entering	the	basin	through	the	
major	 palaeo-	bathymetric	 low	 (Figure	 14b).	 The	 feeder	
system	appears	to	be	widespread	and	internally	complex,	
with	 numerous	 sinuous	 channels	 originating	 from	 the	
Eastern	Flank	and	continuing	down-	slope	into	the	palaeo-	
bathymetric	low.	These	sinuous	channels	converge	down-	
dip	of	a	major,	basement	fault	that	cross-	cuts	the	low	and	
then	continues	to	the	basin	margin.	The	system	narrows	
across	 the	 basin	 margin	 and	 deposits	 a	 fan	 within	 the	
Isobel	Embayment	(Figure	14b).

The	northern	domain	contains	numerous	sedimentary	
systems	that	deposit	directly	into	the	basin	over	the	hang-
ing	wall	of	Fault	1A	(Figure	14b).	Many	of	these	systems	
appear	to	originate	from	local	point	sources	on	the	Sanson	
Terrace.	A	complex	linear	feeder	has	been	interpreted	to	
trace	 up	 to	 the	 Eastern	 Flank	 from	 the	 more	 southerly	
system,	 previously	 associated	 with	 the	 southern	 domain	
during	the	transitional	phase.	This	feeder	system	is	similar	
in	character	to	those	on	the	underlying	Horizon	A,	with	
linear	to	mildly	sinuous	geometries,	however	it	is	acutely	
reduced	in	size	and	complexity	(Figure	14a,b).

The	northern	domain	systems	appear	to	be	more	sig-
nificant	 in	 both	 aerial	 extent	 and	 number	 of	 resultant	
fans.	The	 southern	 system	 does	 have	 a	 larger	 and	 more	
widespread	 feeder	 system,	 which	 likely	 contains	 addi-
tional	trapped,	perched	sands.

4.3.3	 |	 Horizon	C

At	 Horizon	 C,	 sediment	 is	 input	 into	 the	 basin	 both	 at	
the	breached	relay	 location	in	the	southern	sedimentary	
domain,	and	directly	across	the	hanging	wall	of	Fault	1A	
in	 the	 northern	 sedimentary	 domain	 (Figure	 14c).	 The	
southern	 sedimentary	 domain	 contains	 an	 internally	
complex	feeder	system	on	the	Sanson	Terrace,	funnelling	
down	through	a	canyon	into	the	main	palaeo-	bathymetric	
low.	The	feeder	system	appears	to	emanate	from	two	main	
areas,	one	in	the	south	and	the	other	in	north	along	the	
easterly	 bounding	 fault	 of	 the	 Sanson	 Terrace	 (Figure	
14cii).	 In	 addition	 to	 that,	 a	 westerly	 sediment	 route	
branches	out	from	the	main	feeder	system,	perhaps	as	a	
result	of	overspill	or	a	natural	line	of	weakness	associated	
with	 faults	dissecting	 the	relay,	and	deposits	adjacent	 to	
Fault	1B	as	a	patchy/discontinuous	fan	lobe	(Figure	14c).	
However,	the	majority	of	sediment	continues	northwards	
into	the	main	palaeo-	bathymetric	low.	Here,	the	northern	
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and	southern	derived	branches	meet	and	converge	down-	
dip	of	sub	N–	S	faults	that	cross-	cut	the	valley.	Across	the	
basin	margin,	this	feeder	system	deposits	two	main	fans;	a	
lobate	fan	and	an	elongate	fan	(Figure	14c).	The	northern	
branch	systems	of	the	southern	domain,	particularly	the	
fan	closest	to	Fault	1A,	are	possibly	laterally	confined	by	
the	 line-	fed	 apron	 system	 of	 the	 northern	 domain.	 This	
has	 potentially	 encouraged	 the	 northern	 branch	 fans	 to	
become	more	elongate	than	the	previously	described	sys-
tems	of	the	southern	domain.	Additionally,	reactivation	of	
Fault	1A	may	have	increased	the	lateral	slope	angle	with	
which	the	southern	domain	fans	interacted.

In	 contrast,	 the	 northern	 domain	 lacks	 laterally	 ex-
tensive	feeder	systems	extending	up	and	onto	the	Sanson	
Terrace.	 Despite	 this,	 there	 are	 numerous	 E–	W-	trending	
lobate	 fan	 geometries	 adjacent	 to	 Fault	 1A.	 These	 fans	
were	 likely	fed	by	 local	point	sources	on	the	margin	(al-
though	sub-	seismic	linear	sources	on	the	terrace	are	not	
discounted).	It	is	possible	that	extensive	feeder	systems	are	
absent	as	a	result	of	reduced	preservation	potential	in	the	
northern	domain	compared	with	the	south.	Alternatively,	
the	lack	of	linear	feeders	on	the	Sanson	Terrace	at	this	level	
may	be	explained	by	footwall	uplift	and	local	sourcing	of	
line-	fed	fan	apron	systems	in	down-	dip	locations.	The	fan	
apron	systems	are	suspected	to	confine	the	southern	do-
main	 fan	systems,	however,	a	paleo-	topographic	 feature,	
such	as	a	ridge,	between	the	two	could	also	have	acted	to	
separate	and	confine	the	two	systems.

4.3.4	 |	 Horizon	D

Like	with	the	previous	horizons,	the	sedimentary	systems	
can	 be	 divided	 into	 northern	 and	 southern	 domains,	 al-
though	the	southern	domain	is	perhaps	more-	dominant	by	
this	point	in	time.	The	southern	domain	contains	a	num-
ber	of	elongate	fans,	which	are	fed	by	an	internally	com-
plex	feeder	system	focused	within	and	up-	dip	of	the	main	
palaeo-	bathymetric	 low	 on	 the	 Sanson	 Terrace	 (Figure	
14d).	The	system	is	derived	from	the	Eastern	Flank,	where	
sediment	is	input	to	the	feeder	system	from	two	locations,	
north	and	south	of	the	main	palaeo-	bathymetric	low.	The	
two	end	branches	of	the	feeder	system	continue	down-	dip	
into	the	main	palaeo-	bathymetric	low,	converge	down-	dip	
of	a	sub	N–	S	trending	fault,	and	continue	NW-	SE	towards	
the	 basin	 margin.	 On	 meeting	 the	 margin,	 the	 feeder	
swings	to	the	NE,	before	depositing	a	northerly	NW-	SE-	
oriented	elongate	fan,	along	with	a	secondary	subsidiary	
fan	to	the	south	(Figure	14d).

The	northern	domain	contains	two	E–	W-	trending	fans,	
down-	dip	of	Fault	1B,	with	no	clear	corresponding	feeder	
geometries	on	the	Sanson	Terrace	(Figure	14d).	The	local	
point	sources	likely	supplied	sediment	to	the	fans	in	the	

hanging	 wall	 of	 Fault	 1A	 and	 may	 have	 originated	 as	 a	
result	of	local	rejuvenation	of	the	escarpment.	It	is	possi-
ble	that	there	may	be	less	input	from	point	sources	in	the	
northern	 domain,	 with	 less	 sediment	 being	 delivered	 to	
the	basin	margin.	Finally,	the	position	of	these	fans,	along	
with	the	linear	NE	edge	of	the	elongate	fans	of	the	south-
ern	 domain,	 may	 suggest	 lateral	 depositional	 confine-
ment,	with	 the	 two	systems	possibly	baffling	each	other	
in	the	fan	fringe	areas.	However,	this	same	relationship	is	
observed	in	the	underlying	Horizon	C	interval,	and	so	it	
is	also	possible	that	pre-	existing	palaeo-	topography	in	the	
basin	centre	(i.e.	a	ridge)	acted	to	separate	the	two	systems.

5 	 | 	 DISCUSSION

This	section	examines	the	relationship	between	sedimen-
tation	and	structure,	and	how	a	breached	relay-	ramp	af-
fected	 the	 formation	 of	 fans	 during	 the	 transitional	 and	
early	 post-	rift	 phases.	 The	 influence	 of	 structure	 on	 fan	
feeder	system	routing,	input	loci	(point	sources)	and	plan-
form	character	across	the	margin	is	evaluated.	Resultant	
down-	flow	depositional	fan	characteristics,	such	as	plan-
form	geometries	and	internal	architectures,	is	explored.	As	
a	result,	new	insights	into	how	partially	covered,	breached	
relay-	ramps	may	influence	sub-	aqueous	sediment	gravity	
flow	processes,	as	well	as	their	effects	on	the	spatial	distri-
bution	of	fan	sandstones	are	provided.

5.1	 |	 The relationship between 
structure and sedimentation

The	relationship	between	sedimentation	and	structure	is	a	
well-	known	and	widely	documented	aspect	of	deepwater	
sedimentary	environments	(e.g.	Bell	et	al.,	2018;	Covault	
&	Romans,	2009;	Cullen	et	al.,	2020;	Cunha	et	al.,	2017;	
Gervais	et	al.,	2004;	Lomas	&	Joseph,	2004;	Prather	et	al.,	
1998;	Tagliaferri	 et	 al.,	 2018;	Winker,	1996).	 In	complex	
settings,	such	as	relay-	ramps,	structure	has	the	potential	
to	greatly	influence	sediment	transport	mechanisms	and	
routing	 pathways	 (sensu	 Anderson	 et	 al.,	 2000;	 Athmer	
&	Luthi,	2011;	Barrett	et	al.,	2020;	Bruhn	&	Vagle,	2005;	
Serck	&	Braathen,	2019).

The	 observations	 and	 interpretations	 made	 in	 this	
study	indicate	an	intimate	relationship	between	sediment	
distribution	and	structure	in	breached	relay	settings,	ini-
tially	developing	from	the	syn-	rift	surface,	and	being	ex-
pressed	 throughout	 the	 transitional	 and	 early	 post-	rift	
successions.	To	permit	 sufficient	understanding	 in	 these	
settings,	 this	 study	 splits	 the	 relay	 ramp	 and	 structure-	
bounding	 fault	 hanging	 wall-	associated	 sedimentary	
systems	 into	 different	 domains	 (termed	 ‘Northern’	 and	
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‘Southern’	in	this	instance;	Figure	14).	These	domains	are	
defined	 by	 clear	 differences	 in	 sediment	 input	 location;	
associated	 fault	 structures;	 feeder	 system	 types	 and	 ge-
ometries;	and	resultant	fan	architectures.	The	fans	within	
the	northern	domain	remain	largely	perpendicular	to	the	
margin	strike,	deposited	directly	over	the	hanging	wall	of	
Fault	1A.	They	are	point-	sourced,	largely	by	linear	feeders	
that	form	across	the	slope	during	the	intervals	defined	by	
Horizons	A	and	B,	before	switching	to	more	line-	fed	sys-
tems	formed	along	Fault	1A	during	the	intervals	defined	
by	Horizon	C	and	D.	The	southern	domain	contains	sys-
tems	that	consistently	enter	 the	basin	 in	a	more	oblique	
orientation	 relative	 to	 the	 strike	 of	 Faults	 1A	 and	 1B,	
across	 the	breaching	 fault	on	 the	 relay	 ramp	(Fault	1C).	

These	 systems	 form	 smaller,	 lobate	 systems	 during	 the	
intervals	 defined	 by	 Horizons	 A	 and	 B,	 and	 then	 evolve	
into	 more	 elongate,	 slightly	 larger	 systems	 during	 the	
intervals	 defined	 by	 Horizons	 C	 and	 D.	They	 are	 fed	 by	
complex,	laterally	widespread	and	diverse	feeder	systems	
entrenched	 within	 a	 key	 palaeo-	bathymetric	 low	 on	 the	
Sanson	 Terrace.	 A	 few	 minor	 systems	 cross	 the	 Sanson	
Terrace	and	spill	over	 into	 the	hanging	wall	of	Fault	1B	
(Figure	 14c,d).	These	 may	 be	 related	 to	 local	 faulting	 at	
the	 top	 of	 the	 ramp,	 which	 possibly	 formed	 in	 associa-
tion	with	the	breaching	process,	or	may	even	be	linked	to	
fault	re-	activation.	Indeed,	there	is	evidence	for	the	latter	
possibility	elsewhere	in	the	study	area,	namely	the	coeval	
input	of	line-	source	fans	along	Fault	1A	in	the	Northern	

F I G U R E  1 5  3D	block	models	of	the	different	transitional	to	early	post-	rift	horizons	(A–	D).	(a)	LC1 sees	significant	sediment	entry	into	
the	basin	from	the	southern	and	northern	domains.	Fault	escarpments	are	expected	to	be	covered,	creating	a	more	sloped	margin	to	the	
basin,	allowing	northern	domain	fans	to	be	sourced	from	the	Eastern	Flank.	Structural	highs	and	lows	strongly	influence	sediment	pathways	
across	the	terrace	and	into	the	basin.	(b)	The	later	part	of	LC1 sees	a	possible	reduction	in	sediment	entry	to	the	basin,	with	comparative	
deposition	still	occurring	in	both	the	northern	and	southern	domains.	Margins	are	more	sloped	as	basin	fill	covers	the	fault	structures	below.	
(c)	Fault	reactivation	has	occurred	between	Horizon	B	and	C,	creating	a	defined	fault	escarpment	at	the	basin	margin.	As	a	result,	northern	
domain	systems	are	locally	sourced	and	line	fed	along	the	margin.	Southern	domain	system	continues	to	enter	the	basin	through	complex	
feeder	systems,	though	the	system	appears	more	confined.	This	may	be	due	to	increased	confinement	associated	with	fault	reactivation,	
subsidence	and	the	line-	fed	apron	systems	of	the	northern	domain.	(d)	The	southern	domain	systems	are	more	significant	than	the	northern	
domain,	line-	fed	systems,	and	continue	to	enter	and	deposit	in	a	similar	location.	As	the	slopes	reduce,	some	additional	sediment	pathways	
in	the	southern	domain	can	form	and	sediment	can	leave	the	terrace	to	enter	the	basin	across	Fault	1B
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Domain,	 and	 observed	 thickening	 into	 faults	 located	
across	the	terrace.

These	 two	 domains	 broadly	 correspond	 to	 published	
models	that	tend	to	highlight	deposition	occurring	at	ei-
ther	the	base	of	the	(non-	breached)	relay	ramp,	and/or	ad-
jacent	to	hanging	wall	faults	(Athmer	et	al.,	2010;	Fugelli	
&	Olsen,	2007;	Ge	et	al.,	2018).	However,	previous	models	
(Athmer	et	al.,	2010;	Ge	et	al.,	2018)	suggest	that	the	ma-
jority	of	deposition	occurs	across	the	hanging	wall	faults,	
whereas	 this	 study	 shows	 comparable	 sedimentary	 sys-
tems,	 in	 terms	 of	 scale	 and	 geometry,	 preserved	 in	 both	
the	southern	and	northern	domains	(Figures	14	and	15).	
In	fact,	the	southern	domain	appears	to	be	fed	by	a	more	
long-	standing	and	diverse	network	of	feeder	systems	pre-
served	on	 the	Sanson	Terrace,	highlighting	 the	potential	
for	basin	margin	 terraces	 to	 trap	 sediments	out	of	 these	
settings,	 which	 will	 be	 largely	 dependent	 on	 accommo-
dation	space	on	the	terrace.	Comparatively,	the	northern	
domain	 systems,	 the	 analogue	 for	 hanging	 wall	 deposi-
tion,	appear	to	diminish	through	time	as	the	reactivation	
of	basin	bounding	faults	switch	the	source	from	distal	to	
proximal	along	the	fault	length.

The	 wide	 palaeo-	bathymetric	 low	 on	 the	 Sanson	
Terrace,	 located	 directly	 above	 the	 Isobel	 Embayment,	
is	assumed	to	correspond	to	 the	 location	of	 the	partially	
covered,	subsided	and	breached	lower	ramp	(Figure	7d).	
This	feature	remained	present	across	all	examples,	though	
showed	 a	 gradual	 change	 from	 steeply	 dipping	 sides	 at	
Horizon	A,	to	gently	dipping	slopes	at	Horizon	D	(Figures	
9–	12).	This	significant,	and	long-	lasting,	topographic	fea-
ture	served	to	direct	sediment	across	the	terrace,	over	the	
basin	margin	slopes,	and	into	the	Isobel	Embayment.	The	
complex	feeder	geometries	entrenched	within	the	palaeo-	
bathymetric	low	likely	owe	much	of	their	genesis	to	this	
pre-	existing	 lower	 ramp	 feature	 and	 potential	 pre-	cut	
channels	and/or	canyons	which	may	have	developed	be-
fore	flooding,	earlier	in	the	basin's	history.

The	systems	of	the	southern	domain	enter	the	basin	
at	 a	 very	 similar	 location	 on	 the	 Isobel	 Embayment	
(Figure	 15),	 directed	 in	 through	 the	 Sanson	 Terrace	
palaeo-	bathymetric	low	(Figure	14).	The	feeder	systems	
in	 Horizon	 A	 and	 B	 are	 widespread	 and	 complex	 net-
works	 of	 diverse	 but	 largely	 sinuous	 to	 linear	 geome-
tries.	These	gradually	become	more	spatially	constrained	
within	 the	 centre	 of	 the	 palaeo-	bathymetric	 low,	 with	
fewer	channels	on	the	terrace	during	C	and	D	times.	It	
is	quite	possible	that	there	is	an	association	between	the	
shifting	 feeder	 system	 locations	 and	 the	 evolving	 posi-
tion	of	maximum	offset	along	Fault	1C.	Regardless,	the	
development	of	the	low	above	the	breached	lower	ramp	
has	 served	 to	 direct	 these	 complex	 feeder	 systems	 into	
the	Isobel	Embayment	for	an	extended	period	through-
out	the	early	post-	rift.

The	systems	of	the	northern	domain	enter	the	basin	
over,	 and	 perpendicular	 to,	 the	 hanging	 wall	 of	 Fault	
1A	at	reasonably	consistent	locations,	although	there	is	
some	variation	through	time	(Figure	14).	At	Horizons	A	
and	B,	the	northern	domain	systems	are	comparative	in	
shape	(lobate),	orientation	(E–	W	tending)	and	size	(10–	
15 km	from	proximal	to	distal).	Most	are	point-	sourced	
and	 fed	 by	 discrete	 channels	 that	 extend	 up	 or	 across	
the	slope,	eastwards	and	up-	dip	 from	Fault	1A	(Figure	
14).	In	comparison,	sedimentary	systems	at	Horizons	C	
and	 D	 form	 more	 of	 a	 coalescing	 apron	 geometry,	 are	
individually	much	smaller	in	overall	extent	(ca.	5–	7 km	
from	proximal	to	distal),	and	were	sourced	from	a	more	
line-	fed	 system	 along	 Fault	 1A	 (Figure	 14).	 It	 is	 likely	
that	these	changes	reflect	movement	on	Fault	1A,	which	
must	have	occurred	post-	Horizon	B	(moving	from	LC1	
into	 LC2),	 forming	 a	 positive	 feature	 and	 associated	
apron	system	by	Horizon	C	(Figure	15).	This	is	further	
supported	 by:	 (1)	 a	 coeval	 change	 in	 character	 of	 fan	
systems	 in	 the	 southern	 domain,	 with	 fan	 geometries	
being	margin-	restricted	during	Horizon	A	and	Horizon	
B,	after	which	they	became	more	elongate,	reaching	fur-
ther	out	into	the	basin	(Figure	15);	(2)	the	development	
of	fan	systems	overspilling	Fault	1B,	possibly	associated	
with	further	faulting	and	breaching	of	the	ramp	during	
later	periods	of	fault	movement.

Finally,	the	north-	eastern	edge	of	the	system	from	the	
southern	domain	during	Horizons	C	and	D	appear	quite	
linear	(particularly	in	D	of	Figure	14),	possibly	indicating	
some	component,	or	at	least	influence,	of	small-	scale	con-
fining	topography	on	flows	and/or	overall	fan	morphology	
during	 this	 time.	 It	 is	 quite	 possible	 that	 an	 influencing	
intra-	basinal	palaeotopography	was	generated	by	 the	 re-
activation	 of	 around	 Fault	 1A	 coupled	 with	 an	 actively	
building	line-	fed	fan	apron	system	on	the	lake	floor.

In	addition	to	the	contrast	between	the	southern	and	
northern	 domains,	 there	 also	 appears	 to	 be	 significant	
differences	between	systems	of	the	same	domains	depos-
ited	in	the	transitional	(Horizons	A	and	B)	and	the	early	
post-	rift	(Horizons	C	and	D)	phases	(Figures	13	and	14).	
Southern	 domain	 systems	 during	 the	 transitional	 phase	
consist	of	lobate	fans	confined	to	the	Isobel	Embayment	
(Figure	14a,b).	Whereas	the	southern	domain	systems	of	
the	early	post-	rift	 (LC2)	contain	elongate	 fans	which	ex-
tend	 far	 beyond	 the	 Isobel	 Embayment	 (Figure	 14c,d).	
These	 differences	 are	 likely	 associated	 with	 a	 change	 in	
accommodation	 space.	 Fault	 movement,	 particularly	
around	 the	 Isobel	Embayment,	 is	 the	main	driver	of	ac-
commodation	space	in	the	transitional	phase,	where	the	
most	significant	thickening	is	clearly	confined	within	the	
Isobel	 Embayment	 (Figure	 13a).	 Into	 the	 early	 post-	rift,	
fault	 movement	 has	 ceased	 (Figure13b),	 and	 the	 most	
significant	 thickening	 becomes	 focussed	 in	 the	 basin	
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centre,	 suggesting	 that	 basin	 subsidence	 is	 the	 main	
driver	of	accommodation	space	at	this	point	(Figure	13c).	
Additionally,	the	apron	fans	of	the	northern	domain	may	
have	 served	 to	 laterally	 confine	 the	 eastern	 edge	 of	 the	
southern	 domain	 fans,	 directing	 them	 further	 into	 the	
basin	centre.

Northern	 domain	 systems	 of	 the	 transitional	 phase	
boast	 linear	 feeders	 across	 the	 terrace,	 which	 result	 in	
a	number	of	lobate	fans	in	the	hanging	wall	of	Fault	1A	
(Figure	14a,b).	The	northern	domain	systems	of	the	early	
post-	rift	 appear	 to	 be	 line-	fed,	 without	 linear	 feeders,	
which	bring	sediment	from	across	the	Terrace,	and	result	
in	 apron-	fans	 on	 Fault	 1A	 (Figure	 14c,d).	 Reactivation	
of	Fault	1A	between	the	transitional	and	early	post-	rift	
is	the	likely	cause	of	change,	as	it	would	simultaneously	
shut	off	previously	existing	 feeder	channels	by	ways	of	
footwall	uplift	and	create	a	new	source	of	sediment	for	
the	northern	domain.	Despite	this	potential	reactivation	
of	Fault	1A,	the	main	driver	of	accommodation	space	at	
this	 time	 is	overall	basin	 subsidence	 (Figure	13c).	This	
would	suggest	that	the	fault	reactivation	was	short-	lived	
and	 locally	 confined	 i.e.	 not	 a	 widespread	 or	 regional	
fault	reactivation.

5.2	 |	 The effect of buried breached 
relay ramps on subaqueous sediment 
gravity flows

Previous	 studies	have	addressed	 the	effect	of	early-	stage	
relay	 ramps	 in	syn-	rift	 settings	on	subaqueous	sediment	
gravity	flows	(Anderson	et	al.,	2000;	Athmer	&	Luthi,	2011;	
Barrett	et	al.,	2020;	Bruhn	&	Vagel,	2005;	Fugelli	&	Olsen,	
2007;	 Ge	 et	 al.,	 2018;	 Soreghan	 et	 al.,	 1999).	 Early-	stage	
relay	 ramps	 are	 observed	 to	 direct	 sediment	 down	 the	
ramp	most	effectively	when	there	were	pre-	existing	chan-
nels	present	on	the	ramp,	the	ramp	had	a	landward	tilt,	or	
the	direction	of	flow	was	oblique	to	the	ramp	orientation	
(as	opposed	to	perpendicular;	Ge	et	al.,	2018).	Although	
these	 factors	 lead	 to	an	 increase	 in	sediment	volume	di-
rected	down	and	deposited	at	 the	base	of	 the	 ramp,	 sig-
nificant	portions	of	the	flow	volume	were	directed	across	
and	deposited	at	the	base	of	hanging	wall	faults	(Fugelli	&	
Olsen,	2007;	Ge	et	al.,	2018).	The	examples	presented	in	
this	paper	offer	insight	into	the	effects	of	a	breached	relay	
ramp	on	transitional	and	early	post-	rift	subaqueous	sedi-
ment	gravity	flows.

The	breached	relay	ramp	of	the	study	area	(Figure	7)	
formed	during	active	rifting	and	was	progressively	cov-
ered	throughout	the	transitional	to	early	post-	rift	phases	
(Figure	 4).	 The	 palaeo-	bathymetric	 low	 on	 the	 Sanson	
Terrace,	 likely	 associated	 with	 the	 covered,	 subsided	
and	 breached	 lower	 relay	 ramp,	 continuously	 directed	

sediment	 into	 the	 basin	 at	 the	 Isobel	 Embayment.	
Although	the	breached	relay	had	considerable	sedimen-
tary	 cover,	 the	 observations	 and	 interpretations	 of	 fan	
systems	 suggest	 a	 persistent	 influence	 over	 sedimen-
tary	routing	during	transitional	and	early	post-	rift	times	
(Figures	1	and	15).	The	continued	 influence	of	margin	
structure	over	subaqueous	sedimentary	flows,	after	syn-	
rift	tectonics	ceased,	indicates	the	retention	of	at	least	a	
subtle	palaeo-	topography	(at	a	range	of	scales)	through-
out	 the	 transitional	 and	 early	 post-	rift	 phases.	 This	 is	
possibly	due	to	continued	fault	movement	and	structural	
influence	during	 the	 transitional	 (Figure	13a)	 followed	
by	 overall	 basin	 subsidence	 driving	 accommodation	
space	 out	 in	 the	 basin	 (Figure	 13c).	 This	 study	 indi-
cates	 that	 localised	 extensional	 re-	activation	 of	 a	 mar-
gin	fault	most-	likely	occurred	between	LC1	and	LC2	(i.e.	
post-	Horizon	B	and	pre-	Horizon	C),	indicated	by	major	
changes	 to	sediment	 input	 location	 type	and	geometry,	
as	well	as	overall	contrasting	fan	architecture	(described	
in-	detail	in	earlier	sections;	Figure	15).	General	differen-
tial	subsidence	and/or	compaction	will	have	accounted	
for	 a	 component	 of	 accommodation	 space	 generation,	
but	 on	 its	 own	 is	 probably	 unable	 to	 explain	 the	 ob-
served	fundamental	changes	in	the	sedimentary	systems	
that	 inhabited	 the	 margin.	 The	 appearance	 of	 line-	fed	
apron	systems	along	Fault	1A	and	over	spilling	fan	sys-
tems	across	Fault	1B,	both	of	which	are	present	during	
Horizon	C	and	D	(Figure	15c,d),	would	be	very	challeng-
ing	 to	explain	 through	differential	 subsidence/compac-
tion	alone.	The	changes	 in	 fan	geometry	and	sediment	
input	through	time	(see	block	models	in	Figure	15),	and	
the	continued	prevalence	of	northern	and	southern	do-
mains,	suggests	a	persistent	regional	structure,	both	un-
derlain	 and	 delineated	 by	 the	 breached-	relay	 structure	
throughout	 the	 transitional	 and	 early	 post-	rift	 of	 the	
NFB.

These	examples	show	that	relay	ramp	structures	pro-
vide	a	strong	influence	on	deepwater	sedimentary	systems	
formed	within	transitional	and	early	post-	rift	successions,	
in	rift	basin	settings.	From	this	study,	the	following	obser-
vations	can	be	made:	(1)	the	breached	relay	ramp	funda-
mentally	dictated	the	depositional	topography	at	the	end	
of	the	syn-	rift,	onto	which	the	transitional	and	early	post-	
rift	units	were	deposited,	and	the	flows	of	which	interacted	
with;	(2)	the	inherited	topography	and	structural	arrange-
ment	of	 the	breached	relay,	 in	particular	 the	abandoned	
lower	ramp,	consistently	and	preferentially	directed	tran-
sitional	and	early	post-	rift	sub-	aqueous	sedimentary	sys-
tems	into	the	basin	at	the	structure's	location	and	(3)	the	
breached	relay	ramp	imparted	a	strong	control	on	the	ori-
entation	 of	 fault	 re-	activation	 and/or	 subsidence	 during	
later	stages	of	basin	fill,	therefore	influencing	subsequent	
sedimentary	systems	deposited	in	the	overburden.
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5.3	 |	 Implications for hydrocarbon 
exploration

Hydrocarbon	exploration	has	generally	 focussed	on	syn-	
rift,	 deep-	water	 turbidite	 reservoir	 rocks	 deposited	 in	
passive	continental	margins	and	rift	basins	(for	example	
in	 the	 North	 Sea,	 Brazil	 and	 Africa;	 Destro	 et	 al.,	 2003;	
Evans,	1990;	Genik,	1993;	Guardado	et	al.,	1989;	Morely	
et	al.,	1990;	Partington	et	al.,	1993;	Ravnås	&	Steel,	1997;	
Williams	 et	 al.,	 2020).	 Relay	 ramps,	 in	 particular,	 have	
long	 been	 locations	 of	 hydrocarbon	 exploration	 and	
prospectivity,	 as	 they	 are	 points	 of	 significant	 sediment	
entry	 into	 basins	 (Commins	 et	 al.,	 2005;	 Gawthorpe	 &	
Leeder,	2000;	Gupta	et	al.,	1999;	Harding	&	Lowell,	1979;	
Leeder	&	Jackson,	1993;	Lezzar	et	al.,	2002;	Morely,	1995;	
Morely	et	al.,	1990;	Nelson	et	al.,	1992;	Young	et	al.,	2000;	
Williams	 et	 al.,	 2020).	 This	 study	 provides	 new	 insights	
into	these	complex	settings,	mainly	using	the	well-	imaged	
fan	systems	to	detail,	compare	and	contrast	the	potential	
distribution	 of	 reservoir	 fan	 sand	 in	 these	 settings,	 and	
in-	particular	how	it	evolves	 through	time	 in	response	 to	
changes	in	basin	margin	structure.

The	northern	sedimentary	domain	contains	a	diverse	
suite	of	systems	that	vary	in	feeder	type,	entry	positions,	
and	fan	geometries	through	time	(Figure	15).	Structurally,	
the	northern	domain	is	dominated	by	Fault	1A,	which	ap-
pears	to	define	the	base	of	slope	during	Horizon	A	and	B.	
As	subaqueous	sediment	gravity	flows,	and	more	specifi-
cally	 turbidity	currents,	generally	deposit	coarse-	grained	
material	at	the	base	of	slopes,	following	a	rheological	jump	
(sensu	 Waltham,	 2004	 and	 references	 therein),	 it	 marks	
the	 eastward	 limit	 of	 lobe	 deposition,	 and	 therefore	 the	
majority	of	reservoir	potential.	Some	potential	may	exist	
east	of	this	line,	but	will	be	characterised	by	narrow,	and	
geographically	 limited	 feeder	 systems	 that	 may	 contain	
volumes,	 but	 of	 low	 values.	 As	 discussed	 in	 earlier	 sec-
tions,	Horizons	C	and	D	are	marked	by	likely	uplift	of	the	
footwall	relative	to	the	hanging	wall,	resulting	in	a	series	
of	slightly	smaller-	scale,	line-	fed	fan	apron	systems	depos-
ited	on	the	hanging	wall	side	of	the	fault.	The	line	source	
system	is	difficult	to	trace	in	a	landward	direction,	and	it	is	
possible	they	were	simply	locally	sourced	from	the	emer-
gent	 fault	escarpment.	The	change	 in	 structural	control,	
moving	between	Horizons	B	and	C,	resulted	in	a	vertically	
and	laterally	complex	suite	of	reservoirs,	comprising	po-
tentially	 coarser-	grained,	 poorly	 sorted,	 laterally	 limited	
fan	apron	deposits	above,	and	finer-	grained	better	sorted,	
laterally	 continuous	 fan	 sands	 below	 (sensu	 Richard	 &	
Bowman,	1998;	Richard	et	al.,	1998).	The	trapping	geom-
etries	for	the	apron	sands	might	be	better,	with	abrupt	ter-
minations	at	Fault	1A.	Stratigraphic	trapping	geometries	
at	Horizons	A	and	B	are	less	favourable,	with	continuous	
feeder	systems	imaged	up	and	onto	the	slope,	resulting	in	

potential	trap	breaching	(Figure	14).	The	close	association	
with	 Fault	 1B	 may	 promote	 hydrocarbon	 prospectivity,	
with	relatively	continuous	fan	deposition	seemingly	being	
associated	with	the	position	of	the	fault	at	all	stratigraphic	
levels,	leading	to	vertical	aggradation	of	fan	sandstone	and	
potential	 for	 thickened	pay	 in	 these	 settings.	This	 is	 im-
portant	to	acknowledge,	as	these	along-	strike	sites	may	be	
the	less-	liked	cousin	of	the	relay-	ramp	settings,	in	which	
explorers	have	historically	concentrated	efforts.

The	southern	domain	consists	of	sedimentary	systems	
that	enter	the	basin	at	long-	standing	locations,	which	pre-
serve	vertically	aggraded	feeder	systems	over	the	Sanson	
Terrace	 (Figure	 14).	 This	 might	 suggest	 reasonable	 hy-
drocarbon	potential	up	on	the	terrace	itself.	In	the	basin	
centre,	fans	tend	to	either	form	as	compensationally	off-
set	 features,	or	are	laterally	offset	 from	each	other,	mak-
ing	 exploration	 drilling	 potentially	 costly.	 These	 fans	
tend	to	be	more	laterally	extensive	and	reach	further	out	
into	the	basin	centre,	compared	with	those	in	the	north-
ern	 domain.	 Their	 larger	 geographical	 distribution	 may	
improve	 the	 in-	place	 volumes	 within	 stratigraphic	 traps	
formed	in	these	systems.	Their	longer	transport	distances	
may	also	promote	hydrocarbon	migration	from	the	basin-
ally	 located	 source	 kitchens,	 to	 the	 margin-	located	 trap-
ping	geometries.	However,	there	is	also	the	possibility	for	
stratigraphic	sealing	risks,	with	continuous	feeder	systems	
mapped	up	and	onto	the	Sanson	Terrace.	Local	fault	seal-
ing	or	sand-	shale	juxtaposition	across	basin	margin	faults,	
particularly	Fault	1C,	may	offer	closure	 to	 the	down-	dip	
located	fan	sandstone	reservoirs.

Both	the	northern	and	southern	domains	see	continu-
ous	sedimentary	 input	 from	the	margin	and	the	Eastern	
Flank	 during	 the	 transitional	 and	 early	 post-	rift.	 The	
southern	domain	is	more	consistent	in	feeder	basin	entry	
point,	 deposition	 locations	 and	 provenance,	 with	 some	
changes	in	fan	shape	through	time.	The	northern	domain	
systems	are	more	variable,	with	smaller	systems	that	shift	
slightly	 through	 time.	 They	 also	 have	 changing	 prove-
nance,	with	switching	from	distal	Eastern	Flank	sourcing	
to	more	 local	 sources	along	 the	basin	margin	after	peri-
ods	of	structural	movement.	The	consistency	and	lateral	
extent	of	the	southern	domain	systems	make	them	more	
attractive	for	prospectivity;	however,	there	is	also	potential	
for	 the	 northern	 domain	 systems	 to	 provide	 thick	 reser-
voir	units,	in	well-	defined	trapping	geometries.

6 	 | 	 CONCLUSIONS

A	 breached	 relay-	ramp	 characterises	 the	 structural	 ar-
rangement	at	the	Isobel	Embayment;	a	site	of	major	sedi-
ment	 transport,	 deposition	 and	 preservation	 along	 the	
Eastern	margin	of	the	NFB,	during	the	Early	Cretaceous.	
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The	 breached	 relay	 ramp	 clearly	 exerted	 a	 strong	 influ-
ence	 over	 the	 deep-	lacustrine	 sedimentation	 from	 the	
transitional	 to	early	post-	rift	phases,	affecting	 the	routes	
of	the	sub-	aqueous	sediment	gravity	flows	into	the	basin.	
Sediment	 was	 dominantly	 directed	 down	 a	 prominent	
palaeo-	bathymetric	 low	 on	 the	 terrace,	 which	 is	 associ-
ated	with	the	breached,	subsided	and	covered	lower	ramp.	
This	 caused	 systems	 to	 consistently	 enter	 the	 basin	 at	 a	
similar	position	across	Fault	1C	and	subsequently	deposit	
in	 similar	 locations	 in	 the	 basin.	 This	 study	 shows	 that	
breached	relays	can	be	important	sites	of	sedimentation	in	
deep-	lacustrine	rift	settings,	with	the	potential	for	greatly	
variable	sedimentary	processes	through	time.

Additionally,	a	major	fault	associated	with	the	breached	
relay	 appears	 to	 have	 been	 preferentially	 reactivated	 be-
tween	the	transitional	and	early	post-	rift	phases	(between	
LC1	and	LC2).	This	is	reflected	in	a	change	of	source	for	
the	northern	domain	systems	 (distal	 to	 local)	and	 resul-
tant	lobe	shapes	of	the	southern	domain	(rounded	to	elon-
gate).	This	demonstrates	the	potential	for	breached	relay	
ramp	 structures	 to	 exert	 renewed	 control	 on	 the	 spatial	
distribution	and	provenance	of	early	post-	rift	sedimentary	
systems.

Two	 distinct	 sedimentary	 domains	 (‘southern’	 and	
‘northern’	 within	 this	 study;	 termed	 1	 and	 2,	 respec-
tively)	can	be	defined	in	the	breached	relay	setting.	These	
are	 characterised	 by	 differences	 in	 sediment	 input	 lo-
cation,	 associated	 fault	 structures,	 feeder	 system	 types	
and	 geometries	 and	 resultant	 fan	 architectures.	 Domain	
1	 represents	 an	 area	 at	 the	 breached	 relay	 location	 and	
contains	long-	lived	sedimentary	systems	with	widespread	
feeder	systems.	Domain	2	represents	the	proximal	basin-	
bounding	faults	and	associated	systems	deposited	directly	
over	the	hanging	walls,	which	are	generally	smaller	and	
more	numerous	with	linear	feeder	systems.	Both	domains	
have	similarities	to	previous	syn-	rift	systems	observed	at	
earlier-	stage	relay	ramps.

There	 is	 variable	 impact	 on	 sand	 distribution	 within	
the	study	area,	between	the	breached	relay	site	(southern	
domain)	and	across	the	hanging	wall	fault	(northern	do-
main).	The	southern	domain	sees	consistent,	laterally	ex-
tensive	lobes,	which	have	been	sourced	from	the	Eastern	
Flank	through	widespread	feeder	systems.	The	northern	
domain	systems	contain	small-	scale	lobes,	which	were	de-
posited	by	small-	scale	feeders	from	the	Eastern	Flank	or	
line	sourced	from	along	Fault	1A.	They	are	more	variable	
in	size	and	sourcing.
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