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1. Introduction and scope

¢KS ONMHzad o0SYySIGK b2@dl (boxBigurel) iwidelyragaried i BadefdBnell duthl NI
magmatic brealup, where multichannel seismic profiles show clear evidence for seaward dipping reflections
(SDRsKeen and Potter 1995; Shimeld 2004; Wu et al. 2006; Deptuck 2011; Louden et al. 2012; Deptuck et
2015), and a regional 2D refraction seismic experiment (SMART; IFigu8e 2 shows the presence of a high
velocity layer interpreted as magmatically intruded or underplated crust (Dehler et al. 2004; OETR.k@11).
other magmatic margins, SDRs atithwestern Nova Scotia are interpreted as eruptive basaltic flows extruded
subaeriallym areas of high melt production during a breaf related magmatic event (Mutter et al. 1982; Oh

et d. 1995; Keen and Potter 199%ackson et al. 20p0rheyform a rorthern continuation of similar features
widely documented off the US Atlantic margin that generally parallel the East Coast Magnetic Anomaly (Aust
et al. 1990; Oh et al. 1995; Dehler et al. 2012; Biari et al. )2@eptuck et al. (2015) ardeptuck andKendell
(2017) showed that SDRs continue 220km north of the Canad&S border, where they terminate, or show

an abrupt change in width and charactat a sharp60 kmright-lateral offset in theseaward boundary of the
primary salt basirfFigures 3%). Thisnorthwesttrendingright-lateral offsettracks landward alongne or more
synrift transfer faults or accommodation zoneand collectively these lineamentwe referred to as the
Yarmouth transform fatilzone Y TFZ)A marked offset in salt basin position, change in salt tectonic style, and
differences in crustal architectur@ncluding the presence of clear SDRSs) on either side of thear@kiged to
distinguishthe West Shelburne Subbasin to the west from the SheleBubbasin to the east (Deptuck and
Kendell 2017; Figure 3)helatter was the focus of two recent but necommercial exploration wells (Cheshire
L-97/L-97A and Monterey Jack43/E43A; Figures & 3); theformer has not been tested by any exploration
wells, andis the focus of this study.

Beginning with a summary of thexploration historyoff southwestern Nova Scotia, including drilling results
from the five closest wells, this repatimmarizeseflection seismienapping results fronboth 2D and 3Dlata-
setsalong and west of the YTHZgures 2, 3 These datasets provide insight o crustal architecturalong the
southwestern Scotian margin, aade used to separate the study area irfimur distinct crustal domainé~igures

4 and 5) A description of Mesozoic seismic stratigraphy above different crustal domains fotlalmated to
available wellsThese results provide insight into theeakup to early posbreakup evolution2 ¥ b 2 @I { C
volcanic passive margin, and tkennedion between crustal domain type, distribution of syntectonic strata
(including primary salt), and the evolution of slope accommodatianally,four play concept areas along the
southwestern Scotian margiere describedthey mimic the distribution of anstal domainsproximal to distal
changes in salt tectonic style, and water depdind may help focus future exploration efforts.
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Figure 1. Map showing the location of exploration licences and key wells along the southwestern Scotian margin. Black

box shows the location of the main study area.

2. Exploration historyand available data

Limited coverageand quality of modern seismic
datasets, especially on the shelf, coupled with
sparse well contrglmake the southwestern Scotian
margin the most lightly exploredsegmentof the
Scotian BasifFiguresl). Only fourwellsare located
within the study areaproviding limitedstratigraphic
calibrationfor an area covering more thax50000
kn?. Exploration started on the southwestern part
of the margin in the late 1960s with the acquisition
of regionalreflection seismig gravity, and magnetic
datasets on the Scotian ShdlfiHave Platform,
followed by two wells in the early 19708lohawk

B-93 and Montagnais-94) andtwo more wells in
the 1980s Bonnet P23 on the shelf andShelburne
G-290n the slop¢. Large bashscale regionaiulti-
channel seismic programswith a line spacing of
approximately 3 km,were completed on the
continentalslope in the late 1990and early 2000s
(Figure 2). The Barrington 3Dseismic volume
(CNSOPB program number N$ZBUE)was also
acquired during this periothy PanCanadian (now
Ovintiv) in 2001 It covers 1795 ki on the
southwestern Scotian Slope in watdepths ranging
from 660 to 2200 m (Figur®). The surveis located
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Figure 2. Map showing location of seismic and well data used in this study (2D seismic lines in
red; 3D seismic volumes in yellow; approximate location of SMART 3 refraction experiment in

bold red).

over the YTFZ that defines the boundary between
the West Shelburne Subbasand the Shelburne
Subbasin (Deptuck and Kendell 2017; Fid)rebut

no wells were drilled in the survey area.

Although the southwestern Scotian Slopevas
widely licenced by industryin the early 2000sno
additionalwells were drilleduntil after Shell began

its Shelburne Subbasin exploration campaign in
2012. The Shelburne 3D seismic volume (CNSOPB
program number NS2863E) was acquired by Shell

in water depths ranging from 1435 to 3460 im

2013 This large wide azimuth survey covers
approximately 10 400 kfn and resulted in two
additional slope wells; Cheshire 197/L-97A and
Monterey Jack B3/E43A east of themain study
area(Figures 1, 3.

In 2015, Equinor picked up the only two active
LI NOSta GKFEG O2@0SNJ b2gl
marginabove partsof the West Shelburne Subbasin
(ELs 2435 and 36; Figures 1,)3No new drilling or
reflection seismic acquisition has taken place yet
over these parcels.



Well results

Due to sibstantial missing section beneath a
widespread early Eocene unconformityat
Montagnais 494 (which penetrated the central
uplift of an Eocene impact craten the shelf; see
Deptuck and Campbef2012), only Mohawk 83
(drilled in 1970) and Bonnet-23 (drilled in 1984)
calibrate Mesozoic seismic markey on the
southwestern Scodéin Shelf. Shelburne-20 (drilled
in 1985) and the recent Monterey JaBld3/E43A
well (drilled in 201% provide the only calibration of
slope stratanear the study areaAside from minor
gas shows in Montagnais9## and Bonnet 23,
there are no signifent oil or gasliscoveriesn these
wells.

The following provides, in chronological order, a
summary of drilling targets and borehole results for
Mohawk B93, Montagnais -84, Bonnet F23,
Shelburne @9, and Monterey Jack43/E-43A.

ShellMohawk B93 (1970) was the first well drilled

on the western Scotian margin (and only the fifth
drilled in the entire Scotian Basir).was drilledin

117 m water and was designed to test a drape
feature above a basement horst block inboard of the
margin hingeling above thick faulted continental
crust (Figure 3). Fourway simple closure was
mapped at the top of the Late Jurassic Abenaki
Formation and reservoirs were expected within the
Abenaki and underlying (then unnamed) fluvial
siliciclastics Aside from nmor porosity present in
Lower Cretaceousoolitic limestones of the
w2aSgl @& dzyAlGé 021 Réove yR
the Abenaki Formation, the Jurassic succession was
mainly composed of coarsegrained fluvial
sandstones (Mohican Formation type sectiovijh
good toexcellent porosity but no oil or gas shows
The well bottomedat adepth of 2124 nin a faulted
basement high composed oMiddle Devonian
granite (PePiper and Jansa 1999)
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Another large basement feature was testadfew
years latetby the UniorMontagnais F94welldrilled

in 1974 (Figur®). The well was spuddedbove the
continental shelfin 113 mdeep water.2D seismic
data defined a drape feature with presumed simple
four-way closure on an isolated basement high. The
high was surrounded by alepression and a
complexly faulted outer margin. The well
penetrated a thin claylominated Tertiary section
followed by a highly mixed interval opolymictic
breccias with Cretaceous to Eocene fossil
assemblageflansa et al. 1989Vell TD was at 1644
m in highly deformed Cambr@rdovician meta
quartzites of the Meguma SupergroupA core
through this interval shows clear shatter cones and
melt rocks Subsequent petrographic studglso
showed strong evidence for shock quartz, and
together withii K S F SshructdeN Bréhecture
indicates the drilhg targetwas the central uplift of
an impact craterthat struck the outer continental
shelf at~50.5 Ma (Early Eocen@ansa and PRiper
1987) A shallow minor gas show was found at
377.6383.7 m in unconsamated Quaternary
gravels but was not testeGee Jansa and Heper
(1987), Jansa et al. (1989), Deptuck (2011), and
Deptuck and Campbell (2012) for a more detailed
description of this maring¢arget impact event.

Petro-CanadaBonnet R23 (1984) is the wstern
most well in the Scotian BasifFrigure 1) It was
drilled to test a large (=70 ki) elongate, fauk
bounded rollover structure located about 6 km
in%o?rdg) f éhl_e ighIM (é)a(%ltﬁ%]urassic carbonate
bank e In 133.5 mdeep water. Closure was
mapped atthe interpreted Late Jurassic Mohawk
seismic horizon, with its fluvial sandstones the
primary reservoir target. About 2 m of Tertiary
mudstones were encountered above a major
unconformity that cuts down through the
Cretaceous section leang a ~300 m mterval of
Lower Cretaceous carbonates of the informal
Gw2aSéle dzyAdé 621 RS | YR
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Figure 3. Top basement structure map, southwestern Scotian margin. Salt diapirs shown in pink.
Line locations in black with white shadow. Barrington 3D volume shown in yellow. Boundaries
between crustal domains shown in black dashed lines, and carbonate bank edge shown in blue.
YTFZ = Yarmouth transform fault zone (hatchered area). Approximate location of SMART 3
refraction line shown in red.

et al. 2012) This was followed by the entire Middle  gas logging, lost mud and sample returns, etc. that
to Late Jurassic Abenaki Formation. The carbonates maybe the result of enhanced porositgtervals or
are dominantly oolitic limestones and minor  the presence of several large faults in this section.

dolomites having occasional fair (inteolitic), to Four peak®n the mudgas logunder 100 TGU were
very good (intercrystalline dolomitic) porosity in  encountered here and minor oil staining in two
lagoonal facies mudstones. No reefated facies samples but no tests done. Expected coeval

were present. The well TD was at 4336 m in Mohawk or Mohtan sandstones were not present.
Bathonian dolomites, but thédasal 450 m of té

well sectionwas not accurately evaluated due to
extensive lost circulation zones, incomplete mud

The fourth well, Shellurne G29, was drilled by
PetroCanada in 1985It was spudded on the
continental slope in 1153.5 m deep water. The



primary target was an interpreted turbidite fan of
Paleocene to possibly Maastrichtian age. The
secondary target was an underlying southwest
plunging structural nose of the interpreted Jurassic
Abenaki carbonate margin (Middle Jurassic Scatarie
Member) and dolomitic Iroquois Formation above a
salt pillow. Modern seismic data now indicates a
prominent basement fault block produced this
structural high, and the well was located seaward of
the Jurassic carbonate bank edge. A few minor
sandstones with scattered fair to very good porosity
were encountered in upper Cenozoic strata. In the
target interval (later confirmed to be the Late
Cretaceous Wyadot and Dawson Canyon
formations; Wade and MaclLean 1990), the
suspected turbidite fan was found to besuccession

of limestones, marls and shales, with the remaining
interval being almost entirely shale. The well
penetrated the top of the Abenaki Formain
(Baccaro Member) and a core was attempted.
However, after cutting 14.5 m of core the drill string
became stuck while pulling out of the hole and
following unsuccessful attempts to retrieve it the
well was abandoned at a TD of 4005.5 m. No
reservoirs ohydrocarbon shows were present.

The ffth well, Monterey Jack E3/E-43A was
drilled by Shell in 2@.in 2118 m of wateron the
continental slope, abovthe Shelburne Subbasitt,
along with Cheshire-27/L-97Alocated roughly 120
km further east, arethe first wells to be drilledin
more than ® years along the southwestern Scotian
margin Monterey Jack B3/E-43Atargetedasubtle
four-way dip closure produced iimlded Jurassic to
Lower Cretaceoustrata on the slope.The well
targeted an interprete Lower Cretaceous turbidite
reservoir interval within a salt withdrawal minibasin
that is surrounded by expelled salt bodies (Figure 3).
The structure isechnicallya salt-cored fold, but
little salt now remains along the primary salt weld;
the fold insead appears to have formed as a
compressional response to Cretaceous reactive

6
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diapirism and detachment of cover strata above the
primary salt layefor its weld. The fold also appears
to have localizedbovethe angular edge of a faulted
basement blockwithin hyperextended crust, along
which the primary salt layer welded ogsee later
discussion)No reservoirs were encountered in the
target interval] which instead was dominated by
claystones and marls, and rtydrocarbon shows
were present Well TD was in Callovian limestone,
claystone and marlRefer to the CNSOPB SCOPE
Atlas (2020) for a more detailed account oéthell
results

3. Geological Setting

Crustal architecture

Figure 3 shows the structure of the top basement
surface, interpreted basementvolved faults, and
location of salt diapirs expelled from a primary salt
basin.The top crust surfacdeepens from roughly 2
km on the platform (e.gMohawk B93, encount
eredDevonian granites at a depth of 2.11 kmthe
landward parts of Figure;3ee PePiper and Jansa
1999) to more than9 km deep beneath the salt
basin further seaward. A representative transect
across the shelf and slop&ff southwestern Nova
Scotiashowsthe overallmarginstructure, including
the location of rift basinsprimary saltlayer, and
SDRs(Figure 4). The landward and seaward M
markersat the base of therust(MLand Msmarkers,
respectively) Top PaleozoicBasement(TPB) and
the Top SDRnarker,combined witha number of
additional internal crustal markers antasement
involved faults, constrain crustal thickness and
architecture along the southwestern Scotian margin
(Deptuck 2018).

Despite the presence of SDRsrdhe seaward
segment of Figure d@nd the dominance of landward
dipping faults¢ both common characteristics of
volcanic passive margins (e.g. Planke et al. 2000;
Franke 2000;Pindell et al. 2014Geoffroy et al.
2015; McDermott et al. 201Reuber et al2019 ¢
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- Crust > 20 km
I:I Crust 9 to 20 km
l:l Crust < 9 km

I:I Magmatic crust/SDRs
(9-10 km thick)

E More heavily faulted igneous
1 crust (<9 km thick)

25 km

Figure 5. Crustal domains along the southwestern Scotian margin. Crustal thickness based on 6.5
km/s crustal velocity. Note that the SMART 3 refraction profile described by Dehler et al. (2004) is
located just west of where the M, marker is present in existing reflection profiles. Salt diapirs in
pink. Transfer faults in red. YTFZ = Yarmouth transform fault zone (red hachured). Carbonate bank
edge in blue. VB = volcanic belt

the overall crusal structure alseshares a number of 2013; Chenin et al. 201.7As sucha hybrid otriteria
similarities with noAmagmatic margins The borrowed from both magmapoor and volcanic
presence of mietrustal shear zones separating  passive margistudies araisedhere to separate the
brittle upper crust from ductile middle to lower southwest Scotian marginnto different crustal
crug, dear synectonic successionsncluding rift domains (Figure 4and5). In particularthe degree
basins and an overlying synrift primary salt layer, of parallelism between the top and base of the crust
and most importantly the absence of widespread (PeronPinvidic et al. 2013; Chenin et al. 201i8)
extrusive magmatism above the necking domain, relatively straightforward to define in the study
are all characteristics shared by magpaor area.

margins(e.g.Perm-Pinvidic et al. 2013Sutra et al.



Proximal domain

The thickest crust in the study areaorresponding

to the proximal domainn Figure & is found along
the outer part of the LaHave Platfornsing a
singlelayer average crustal velocity of 6.5 km/s (a
necessary oversimplification given the dearth of
available crustal velocity constraintsproximal
domaincrustin Figure 4s 20to 30 km thick, with
roughly paralleltop and basesurfaces(Figure 5).
Cear decoupling of brittle upper crust from more
ductile middle to lower crustook placeacross mie
crustal shear zonesikewise, he top ofthe crust is
offset along a series of mainly landward dipping
border fault that sole into these midrustal shear
zones and a number of thick, generally poorly
imaged half-graben stylerift basinsare preserved
above proximal domain crugtWelsink et al1989)
They are similar to rift basins described by Deptuck
and Altheim (2018) on the central Lahave Platform
No wells calibrate their fill

Necking domain

Decoupled crust continues intadhe relatively
narrow necking domain defined by the abrupt
seaward aper in crustal thicknesasthe top and
base crust surfaces convergeaward of the margin
hinge (Figures 4 and 5Yhe crust thins from 20 km
to just 9 km thicloverdistancesof about 25 kmThe
seaward boundary of the necking domaioincides
closely with thecoupling point(seePeronPinvidic
et al. 2013)where basement faults sole near the
base of the crust, rather than along midustal
shear zones (Figure 4). In plan view, this boundary is
irregular, comprising a series of rigistepping
offsets (Figure 5).layered presalt stratigraphic
successions of unknown composition veneer faulted
basement in the necking daain(e.g. Figuré&a), but
the succession ighinner than equivalent rocks
preserved inhalf-graben stylerift basins further
landward. One very bright amplitude reflection,
which locally crossuts other pre-salt seismic
markers, may correspond to an igneous intrusiion

CNSOPB Gscience Open File Repazf)20-001MF,32p.

the necking domainbut there is no evidence for
widespreadd KA y 3 S & 2 y SBREERSS
the kind described byh et al. (1995)McDermott
et al (2015),Paon et al. (2017), or Reuber et al.
(2019)

Hyperextended domain

Further seawarghinner crust of thehyperextended
domainis 4 to 9 km thick (Figure 5Prittle upper
and ductile midle to lower crust cannot be
distinguished. The subsalt seismicharacter is
generally more reflective and incoherentere,
produced by either a thin reflective pisalt
succession or a more reflective top basement
surface associated with coupled crusin increase

in pre-salt magmatic additionso the crust or the
overlying veneer of early synrift strata, could explain
this change. However,gor seismic imagindere
decreases interpretation confidengéhis isat least
partly a consequence of thacreasimg complexity of
overlying salt bodiekere.

The primary salt basin spans both the necking and
hyperextended domaisy and may even locally
extendinto poorly imagedift basinsperched above
proximal domaincrust (Deptuck et al. 2015 The
tallest generall vertically expelled salt bodies
however, are limited mainly to areas underpired

by hyperextended crustimplying thatthe primary
salt basin was thickest her@vith salt pillows and
rollers being the dominant salt bodies above thicker
crust furtherlandward) Crustal faults in addition to
offsetting the layered presalt series¢learlydisplace
the base and in some cases even the top of the
transparent Late Triassic or earliest Jurassic interval
of deformed evaporates (Figure 6a). This implies
that salt accumulated during active lithospheext-
ension (i.e. is syntectonic) and falls into the late-syn
stretching to syrthinning (or syrhyperextension)
classification of Rowan (2014) or middle to late
synrift salt of Allen and Beaumont (2015) and Alle
et al. (2019).
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Together, the coincidence of a shallow reflection
Moho beneath the primary salt basitn Wa 2 K 2

of Deptwck 2018, the location of overlying
hyperextended crust, and the distribution of
prominent salt structures, suggests that ttieckest
parts of the primary salt basin developed where the
most rift-related accommodation space was
available during late stage -crustathinning
(coinciding with the thinnest crustJhe TPBsurface
cannot be correlatecseaward of the primary salt
basin It probably underlies the complex succession
of reflective markers that make up the SDR series
but it is unclear how far seaward undére SDRs
continental crustcontinues A thicker fragment of
continental crust (or altered/magmatically intruded
continental crustymay directly underlie the seaward
edge of the salt basin in Figudeand if so, the limit
of continental crust (LoCC; McDesthet al. 2015;
Reuber et al. 2019) is notionally placed beneath the
landward most SDRs where a relatively brighte
SDRmarker converges towards thbase of the
crust The ~1.5 km basement stepypically
observedat the seaward edge of the primary salt
basin (Deptuck and Kendell 201%ee Figure 33
could bethe combined result of a thickdragment

of continental crustahere and later verticalbuild-

up of younger volcanic materialabove it An
alternate interpretation for the lateral relationship
between the M and Msmarkers is also possible, and
would reduce the need for a thickezontinental
crustal fragment here (Figure 4).

Outer domain

Theouter domain located seaward of the primary
salt basinin Figure5, corresponds to the region of
magmatically intruded or underplated crust
identified along strikein the SMART 3 refraction
experiment by Dehler et al. (2008)heMsmarkeris

a strong undulating reflection beneath outer
domain crust, interpreted as areflection Moho
(oceanic?) Together with thea ¢ 2 LJ { 5w¢E
correlated abovethe 60 km widereflective and

11
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complexly layereduccession 06DRs, crust of the

K ek omain is generally tabular, with roughly

paralleltop and base surfacggexcept whereltie Ms
marker is locally rugose, as in Figute On the
SMART 3 refraction line this crust 10 km thick
(Dehler et al. 2004)noticeably thicker than the
crustimmediatelylandward Partly a consequence
of the volcanic additions that veneehe crust, the
increased thickness could also tee to magmatic
addition associated with underplating (Dehler et al.
2004) TheoverlyingSDRé$ave beerseparated into

5 or 6distinctvolcanic bands, each corresponding to
a seaward dipping and thickening wedge of
interpreted volcanic or volcaniclastic materihlat
developed during mainly southeastirected
accretion (Figure 6b). Clusters of faults, subtle
changes in seismic stratigraphy, or periods of
aggradation distinguish successive volcd@inds

TheSDR serieis increasinglyffset across seaward
dippingfaultsin the seaward part of Figueg where
the top crust and basecrust (Msmarker) surfaces
once again convergavith crust thinning taas little
as 7 km. Although onlythree dip profiles andne
strike profile extend this far seaward on the
southwestern Scotian margirmll show a transition
to this more heavily faultedcrust, with internal
layering that resemblethe reflectivity ofthe SDRs
but with more arbitrarybut generally landwardlip
directions (Figure5). As such, he seaward most
crust inFigure 3 is inferred to b&ransitional crust
between SDRs and tru@enrosetype oceanic crust
accreted along the midAtlantic ridge after the
outer margin founderedSome rotated blocks in this
crust are structurallglevated and onlapped by pre
J165 strata seaward of the primary salt basin.

Postsalt stratigraphic evolution

Stratigraphy above proximal, necking, and
hyperextended domain crust
él\/@a\(ﬁoilppssérift cover strataare thinnest above
the outer LaHave Platform where relatively little
thermal subsidence took place. Here, a prominent
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Callovian to Tithonian carbonate bank (Abenaki surfaces(the Late Bathonian J165 marker and the
Formation; Wade and MacLean 1990; Figure 7) Late Callovian J161 markewhere the Middle

aggraded abow thick crust of theproximal domain Jurassic succession is magpanded(calibrated at
and its associated rift basin€arbonates of the Cheshire 197/L-97A located 111 km east of
Abenaki Formation werealibratedat Bonnet P23, Monterey Jack B3/E-43A CNSOPB SCOPE Atlas
with the next closest well locatemiore than150 km 2020. Combined with theend Jurassid145 marker,
east (Albatross Bl3; see Figure )1 Its base these surfaces track important changes palec
corresponds to the J163 seismic markeoduced bathymetry on the slopeas the carbonate hak

by a reflection betweencondensedclastics of the aggraded on th@latform (Figure 8)

Misaine Memberandwidespread patformal oolitic
carbonates of theinderlyingScatarie Memberboth

in the lower partof the Abenaki Formain (Wade
and Mad.ean 1990; Weston et al. 2012)s shown
by Mohawk B93, the carbonatedominated
platform canpass abruptifandwardinto a chstic
dominated equivalent succession over distances of
less than 20km. On seismic pridles, hin locally
developed intervals of prograding seismic facies
both predate the J163 marker andorm isolated
forced regressiongust aboveit, or in lieu of it(e.g.
seaward of Mohawk B3, see figure 2.15 of
Deptuck et al. 2015)This suggess there were
periods when small Jassic deltas delivered more
clasticprone sediment to theproto-continental
slope before and duringhe early development of
the carbonate banksee also OERA 2015)

An amplitude extractiofrom theJ165markerin the
Barrington 3D surveghowsthe oldestdown-slope
trending erosional featureeecognizedbeneath the
modern continental slope (Figure 8a). These
somewhat disoganized channels, with discon
tinuous sinuous planform geometriemay record
the early developmentof the proto-continental
slope as the distal necking domain subsidetter
breakup. These disorganizedchannels pass up
section into wider, more sharply déined, curvi
linear erosional channelécanyons at the J161
marker (Figure8b). Their heads produce aubtle
dendritic pattern approaching the platform,
suggestinga shelf edge had developed nethre
margin hinge by this timegd161 channels turn pass
up-section intoprominent dendritic canyon heads
at the J145 marker, erodinthe steep carbonate

By the end of the Jurassiawell-definedcarbonate foreslope immediately seaward of therosionally
bank edgedeveloped alonghe margn hingethat scallopedbank edge (Figur8c).The canyon headls
separates proximal from necking domaircrust arranged along strike into an overlapping weirks
(Deptuck and Altheim 201&Figureb). Seaward of of converging gulliesmerge downslope into a
it, a steepcarbonate foreslope developedbove number of more widely spaced trunk

more rapidly subsiding basement of the necking channelstanyors that re-occupiedunderlying J161
domain In addition to establishing where platform channels.Thetemporal changein Jurassichannel
versus slope carbonates were deposited, increased geomorphology is consistent with the progressive

thermal subsidence of thinmecrust seaward of the steepening of the mto-continental slope from the
proximal domain is responsible famcreasing the J165 to J161 to J145 markers. The increasing
gradient of the protocontinental slope The gradient was probably prompted by a combination
Barrington 3D surveywhich crosses the necking of seaward increasing thermal subsidence and
domain and &tends above hyperextended crust, landward aggradation of shelf carbonates above the
affords a clearer pture of how the slope evolved. outer platform.

Here,the J163marker diverges intdwo separate
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Sck;, SSlo e
Carbonate bank Ing JPe

Scalloped

Shortening
above salt
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Salt diapirs

Canyon floor
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Figure 8. RMS amplitude extractions from the a) J165, b) J161, and c) J145 markers in the Barrington 3D seismic volume,
showing the progressive development of early postrift channels on the proto-Scotian Slope as necking to hyperextended
crustal domains steepened in response to postrift thermal subsidence. d) Time-structure map along the J145 marker
showing the heavily eroded and scalloped carbonate bank edge with steeper carbonate foreslope seaward, and rising salt
diapirs further seaward still. Contour interval is 100 ms (twt). See Figure 3 for location and text for details.
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The carbonate systemestablishedin the Jurassic
had a lasting influence as the margin continued to
develop in theCretaceousand into the Paleogene
Beginning with a mixed carbonate and clastic
depositional system in the early Caeeous
(Roseway wunit; Wade and MacLean 1990;
Moscardelli et al. 2029 followed by more clastic
dominated systems in the mi@retaceousand then
condensed chalk and marl dominated intervals in
the Turonian through Eooe (e.g. Fensome et al.
2008) successive unconformities localizedosion
above thefossilcarbonate bank edgelhe result is
generally thin preservation of Cretaceous to early
Paleogene strata above the outer pacdarbonate
platform and steep carbonattoreslope (e.g. figure
7bof Deptuck and Campbell 201Zhis is mainly the
product of superimpasg clastic depositional
systensabove a steeper carbonate slope profile (to
produce an oubf-grade slopesensuRoss et al.
1994; Prather 2020), with succegsiunconformities
attempting to regrade thecarbonate slope to
achieve a lower gradienimore typical of clastic
depositional systems.

At leastsix Cretaceous to early Paleogeeeosive
surfacesconvergeupslopein the landward parts of
the Barrington 3D swey, approaching the Jurassic
bank edge (see CNSOPB SCOPE Atlas 2020)
Geomorphologieslong these erosive surfaceary
from narrow dendritic channels thatonverge
downslope into wider linear trunk channels or
canyons, to very widénearincisions(>5 km) that
removed broad swaths oElopestrata; all acted as
conduits that bypased sediment gravity flows
further seaward but the extent to which each vea
connected to a fluviatleltaic sediment delivery
system is not knowrErosive surfaces are commonly
more difficult to correlate where active subsidence
took place in salt withdrawal minibasinsbove
hyperextended crust (mainly above the thickest
parts of the primary salt basjre.g. Figure 8d but a
number of erosive surfaces also continue seaward
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of the primary salt basin, indicating th#tte largest
sediment gravity flowscontinued to transit the
seabed beyond the rising diapirs and intervening
minibasins further landward.

The final attempts to regrade theinherited
carbonate slope profile took placein the early
Paleogene, when the widespread Early Eocene T50
unconformity (in particular) associated wh the
Montagnais impact eventproduced widespread
erosion across the outer shel§lope and abyssal
plain (Deptuck and Campbell 2012n associated
mass transport deposit was correlated for more
than 500 km seaward of the underlying carbonate
bank edgewhere it ultimatelypinches out along the
flanks ofthe New England Seamour(38eptuck and
Campbell 2012).

Younger Cenozoic intervalggradedand prograded
above the carbonate bank and its sharply defined
bank edge,filling in the widespread Montagnais
erosive surface on the sheland upper slope
(Campbell et al. 2015) Further seaward a
combinationof down-slope gravityflow-dominated
processes (generating mass transport deposits,
canyons, and migrating submarine channels), and
crossslope bottomcurrentdominated processes
(generating contouite drifts, sediment waves, and
alongslope scours) produced a complex
arrangement oDligocene to Plioceneseismic facies
(Campbell and Deptuck 2012; Campbell et al. 2015
Campbell and Mosher 201 8-igure 4).

Stratigraphy above outer domain crust

The ~36 km grid of 2D seismic profiles seaward of
the primary salt basin (and allochthonous salt
bodies expelled from it) provides a rare window into
Mesozoic seismic stratigraphy deposited without
the effects from salrelated deformation. The
Jurassic and Cretaceous stratigraphic record above
outer domain crust here is complex and interesting,
comprising a number of erosional and depositional
elements within or bounding aggrading, migrating
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or abruptly shifting depocenters (FiguB. As the
SDRst the base of the interval constraiooth (i)
latest rift evolution (transition to breakup) and (ii)
paleobathymetry GDRs are interpreted to form
from volcanic flows on larjgvertical changes in the
seismic facies above SDRs redbelfinal breakup
to early postbreakup evolution of the outer
doman, as well as the transition from terrestrial to
deep marine depositional settingalthough there is
no well controlin this setting, Figure 9 records
several distinct periods of sedimentati@nabelled
(A) through B ¢ providing a clearer picture about
the stratigraphic evolution above outer domain
crust

Immediately above or intefingering with the SDRs
is a seawardhinning wedge of low to moderate
amplitude reflectiongA) that pinch out above the
youngest volcanievedges (Figur®a). Two widely
distributedmoderate amplitudesoft loops (troughs)
define its top(potential source rocks?YhatUnit A
thickens landwardmplies subsidencevas focused
landward of the SDR&uring and shortly after SBR
emplacement perhaps a continuation  of
subsidence that lead t@arlier deposition of the
primary salt basin above hyperextended cr(sigy.

a sag basin above the primary salt b&itJnit A
could record the accumulation of shallow marine
deposits in a restrictedshallow sea located
landward of the topographically elevated succession
of terrestrial SDRs or could alternately be
composed of volcaniclastidhat aggraded offaxis
to the elevated volcanic wedges

Unit A passesup-section into a low amplitude
mainly layercake draping succession that, except
for broad scoursthat erode it from aboveand
seaward thinning onto distal rotated basement
blocks (seaward of the SOHR shows little spatial
variation in thicknesgB). Reflection frequency is
generally low, and layered successioms some
strike profiles pass laterally into reflection free
intervals d uncertain origin.The absence of onlap
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surfacesin layered intervalamplies a low energy
environment with passive sedentation (marls and
mudstones?), though more transparent intervals
could represent locaked Lower Jurassicshallow
water carbonate buildups deposited during the
earliest stages of pos$sDRhermal subsidence.

Unit B pas®s up section across a poorly deéd
unconformityor a series of unconformitiesnto an
interval with sharply higher reflection amplitud€
Figures 7, 8)The J165 surface described landward is
located either at the base of (C) or in its lower parts
the sharply defined top of (C) corresponds to the
J145 marker (tied to Monterey Jack4BE-43A
CNSOPB SCOPE Atlas 2020). Elevated reflectivity of
Unit Cislikely caused by a combination of increasing
carbonatecontent of these sediment§associated
with aggradation of the Abenaki carbonate bank
and complex sediment transport across a thermally
subsiding continental margin (e.g. Figure 8).
Reflection complexity also increasssarplyin Unit

C with a number of very bright discontinuous
reflections arrmged in seemingly disorganized
mounded, lensing, and erosiona@gmetries (scours
or channels)This could be caused by intercalated
clastics supplied by hinge zone deltas before or
during early development of the Abaneki carbonate
bank (Deptuck 2011), orthe accumulation of
resedimented carbonates in caldastic submarine
fans

This intervahlsocontainsa series ofvell-organized
shingled very bright amplitude reflections that
stack/prograde towards the southeast. They can be
correlated alongstrike for tens of kilometers where
they form linear bands that resemble the prograding
Jurassic oolitic shoals described by Hanford and
Baria (2007) in the Smackover Formation, in the Gulf
Coast of the United Stateshat these shingled
reflections overlie the J165 surface, however,
implies water depths werprobablytoo deep at this
time for oolitic shoals.These shingled reflections
may instead have formeduring the migration of



CNSOPB Gsdence Open File Repa2)20-001MF,32p.
Montag
<4

be ’ K94 “Cayuga” channels
ol
4 N g% "
4 A ” ‘« \ :
. .. Fa\", " N
F i o =8 g .\\
o A 7S ﬁ

. V\’Q}
J o Y
> ol SN
’ ‘a7 < 7 e
/ 3 E ] ‘ ’
S .J .
5 9 ; ‘
LA\ ‘
% ’\ - X
E [~
Py : .
‘»~"¢, -
K112 “Petite Pearl” _
channel E
@
€
o
B
25 km

Figure 10. Map showing the location amplitude anomalies associated with the K94 “Cayuga”
channel systems that onlap the steep carbonate foreslope. Also shown are a number of other
Lower to mid Cretaceous channel corridors mapped seaward of the primary salt basin, above
outer domain crust. Inset shows the “Petite Pearl” anomaly that tracks along the Shelburne
salt tongue canopy.

broad northeasttrending turbidite channels Abruptly overlying the J145 marker is a complex
supplied from the northwest as clastic deltas mixedamplitude Lower to mid Cretaceous interval
prograded across Georges Bank above the J163 containing the K125, K112, K101 and K94 markers
marker OQERA2015 Deptuck et al. 2015 or they (D; Figuwes 7, 9), correlated into Monterey Jack E

could mark theonset of Middle Jurassicslope 43/E-43A with a moderate to high degree of
parallel (SW or NE directed) ocean currents that confidence (CNSOPB SCOPE Atlas 2020). Except fo
reworked urderlyingdeepwater (or evershallower sharply definedthins caused by canyon incision
water) carbonates, clastics, or both. alongthe overlying K101 erosional surface, Unit D
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Figure 11. a) Time-thickness map between J145 and the post-K101 erosive surface showing the
distribution of Lower to mid Cretaceous strata seaward of the primary salt basin. b) Time-thickness
map between J145 and K125, with prominent thins corresponding to broad erosive corridors with
generally higher reflection amplitudes. c) Time-thickness map between the K112 and K101 markers
showing the thick low amplitude facies interpreted as a contourite drift (deeply incised from above by
post-K101 canyons).



broadlyforms awedge of stratahat thins abruptly
seawardfrom ~1100 ms (twt)to less than 400 ms
thick (twt) over distances of < 20 Kfigures 9, 11a)
Its broad architecturgesembles a contourite drift,
whereseismic markers merge seaward intbr@ad
southwestoriented scoued surface that tracks
alongthe slope near the seaward limits of available
data. In detail, however, there are also strong
indications of dowrslope sediment transportAs
such, the entire succession is interpreted as a laybri
contourite-turbidite system, constructed by a
combination of dowrslope gravityflow-dominated
and crossslope bottomcurrentdominated proe
esses (e.gSansom 201&onnesu et al. 2019).

The architecture lithofacies and seismic facies
distribution inUnit D iscomplex, made up of at least
five separate sulunits (labelledD1 to D5), each
bound by erosional surfaces and onlappéxy
successive subnits (Figures 9, 11). Thickness maps
through these sulunits show a complex stacking
arrangement formed during thgradual to abrupt
migration of very wide (4 to 6 km) dowsiope to
crossslope oriented erosional corridorthat have
elevated reflection amplitudes Their adjoining
lower amplitude wedge to tabularshaped
depositional bodiesshow correspond gradual to
abrupt shifts in sednent accumulation

Much of thedistalalongslope scouring in Figure 11a
took place above the K125 mhar (e.g. see Figure
11c) The faster flowing core of a southwest
flowing(?) deepwater ocean current (an early
western boundary current?) is the likely candidate
that removed or prevented strata from
accumulating along thigrosional scarp omoat
(whichtoday is located in roughly 3000 m of water
Based on its lowamplitude seismic facies, the
thicker more aggradationalandward parts of the
drift are probably largely built of homogenous fine
grained material (Figures 9, 11dX101 canyon
incisions are anomalously deepwhere they cut
across this feature(Figures 9a and 11a)This
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probably reflects the combined effects from a
period of enhanced dowsslope sediment supply in
the Late Albian, andfocusederosion through the
most topographically expressegarts of the
underlying driff as the extensive K101 canyon
system attempted to establish a graded slope
profile.

Thesecanyors were largely filled by theTuronian,

and overlain by an Upper Cretaceous to Lower
Eocenesuccessiordominated bypelagic chalkEg
Figure 9). This succession was eroded alang
number of internal unconformities within Unit E, as
well as the prominenT50uncanformity above Unit
Ethat is overlain by the Montagnais mass transport
depots Deptuck and Campbell 2012 turn, the

slope seaward of the primary salt bass overlain
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4. Exploration potentialand uncertainties

Source rockpresence

Source rock presence remains the most important
explorationuncettainty off southwest Nova Scotia
As shown recently in i®hore Energy Research
AssociatioNS Department of Energy and Mines
funded studies like the 2015 SW Nova Scotia
Expansion Stud§OERA 2015)imited burial depths
along the southwesScotian Slopenean thatsource
rocks younger thamMiddle Jurassi@re unlikely to

be mature.A variety of studies have attempted to
demonstrate the presence of a regional
Plensbachian to Toarcian ag&ype Il oil-prone,
marine source rock interval in th8cotian Basin
including recent and ongoing piston core studies
from the Scotian Slope (e.g. Fowler and Webb 2016;
APT 2019a), geochemical analyses of source rocks
and hydrocarbons from Morocco and Nova Scotia
wells APT 2019) global compilations oknown
Lower Jurassic source rock occurrences (Bishop
2020), and sismicpalinspastic econstructiors and
petroleum systemsmodeling of the Nov&cotia
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Figure 12. Plate reconstruction at 190 Ma (modified from OERA 2019). Basement map on Nova Scotia
side is from Deptuck and Altheim (2018) and salt map on Moroccan side is from Tari et al. (2012). The
southern part of the figure forms the matching margin pair to this study, implying this part of the Moroccan
margin must also be volcanic (obscured by younger Canary Island volcanism?). The Cap Juby oil
discovery in Middle to Upper Jurassic carbonates, was probably sourced from a rich Lower Jurassic
marine source rock that may also exist on the southwestern Scotian margin.

Accessed in May 2020 from: https://oera.ca/research/seismic-reconstruction-and-petroleum-systems-modeling-nova-scotia-

morocco-conjugate-margin

Morocco conjugate margin (OERA 2019. Of
particularinterestto this studyarethe oils in Upper
to Middle Jurassicarbonatereservoirsin the Cap
Juby area in the Tarfaya Basaifshore Morocco.
These oils were likely expelled from a mdrtywer
Jurassic restricted marireource rockAPT 2019)
and pate reconstructionsindicate that this area
conjugates to theWest Shelburne Subbasind
b2@dt {O20Al Q&
study(e.g. see location on Figuie).

Although there is no calibration of Lower Jurassic
strata off southwstem Nova Scotia, observations
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from reflection seismicdatasets in this study
provide support for an Earljurassic period of
restricted marine sedimentation.Unit A (described
earlier) forms aseaward thinningwedge oflower
amplitude strataabove outer domain crust (Figure
9). It aggraded landward of the SDRs as they
accreted in the seaward directiprand is thickest
above the earliest, inboarthost volcanic wedges

@2t OF yAO Y IThBUNiYA postiated the salt aindisSat [#ast Qatiy

coeval with the SDRssuggests it was likely
deposited in the Early Jurassi@ne scenario is that
Unit A accumulated in aestricted shallow sear
standing lakevhere earlythermal subsidence was

Z
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