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Abstract

Many factors such as rift history, crustal structure and distribution of high thermal
conductivty salt bodies throughout the sediment pile affect the present day thermal
structure of the deepwater Scotian Slope. Understanding the basin's thermal evolution is
crucial in determining the hydrocarbon maturation potential ofdbepwater frontier
basin. The Late Jurassic Verrill Canyon Formation of the deepwater slope has been
inferred as the primary source rock interval for the Scotian Basin. However, to date, only
twelve boreholes have sampled the Scotian Skpe of thesenone penetrate beneath
theuppemostJurassic sediments. Therefore, the distribution and maturation of deeper
source rock intervals through standard vitrinite reflectance analysis remairswmKkn
this study we attempt to better constrain the thermal history and maturation potential of
the central Scotian Slope using a combinatiorecéntly acquired seafloor hdbtw
data, 2D seismic reflection data, available well data, simple lithaspifemodels and
3D thermal and petroleum systems modelliwg have derived a method of combining
seafloor heat flow data with simple lithospheric rift models to provide first order
constraints on the hydrocarbon maturation potential of frontier bastysamic 3D
thermal models for regions lacking vitrinite reflectance and temperature data from
boreholes.

In July 200847 seafloor heat flow measurements were acquired across the
central Scotian Slope in an attempt to better constrain the legi@emal structure.
Locationsseaward of the salt diapiric provindeusunaffected by the high thermal
conductivity of saltrecorded seafloor heat flow values ofl-46 mWm?. Significant
increases in seafloor heat flow were noted for stations overlyindiaplric structures,
reaching values upwards of 72 mW¥nThe seafloor heat flow data have been corrected
to remove the conductive effects of salt and the cooling effects of seafloor sedimentation
on measured heat flow. The corrected data are compattethagal heat flux predictions
from simple lithospheric rift models as constrained usingcrustal (and | i t hosphet
stretching factors after Wu (2007) to constrain heat flux history through time. Seafloor
heat flow and simple modelling results suggeesent day basal heat flux does not vary
significantly across the slopBresent day basal heat flux across the central Scotian Slope
is ~4446 MW,

Basal heat flux curves from simple lithospheric rift models are used to constrain
the heat flux histy in 3D thermal and petroleum systems models of the central Scotian
Slope. Numerous basal heat flux histories were tested to determine which heat flux
history yielded the best match between modelled and measured seafloor heat flow data
and to determine lovarying basal heat flux affects the modelled hydrocarbon
maturation of Verrill Canyon source rocks. The basal heat flux history which yielded the
best match to measured seafloor heat flow data suggests that the Late Jurassic source rock
interval rests pmarily within the late oil window. Variations in radiogenic heat
production across the margin associated with thickening continental crust were tested and
suggest that significant variations in both maturation and seafloor heat flow may occur if
radiogenc heat producing elements occur in high enough concentrations in the crust.
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Chapter 1: Introduction

In this study we investigate the thermal structure of the centrab8c®tope and
attempt to determine what fact@fect present dageafloorheat flow and the thermal
maturation of hydrocarbons. Véenploya combination of seafloor heat flow data, well
data,2D seismicreflectiondatg simple lithospheric modelnd dynanic 3D thermal
models in our investigation$he Scotian Slopeompriseshe deepwater portion of the
Scotian Basin, located offshore Nova Sc@figy. 1) The Scotian Slope is underlaiy
transitional continental crusthich thinsin the seaward directioas a result of the Late
Triassic rifting of the North American and African plaf@ansa and Wade 1975)
Following rifting, the margin entered a drift phase which has endtoedthe Early
Jurassido present dayanda thick accumulation of marine satknts has formed across
the Scotian Margin. The sediment pilgpwards of 16 km ibk in the deep sedimentary
sutbasinshas been a target for hydrocarbon exploraidiade 2000)

While exploration on the Scotian Shelf had toproductionfrom the Sal#
subbasinwhich containsanestimatedl2.8Tcf of recoverable gas reseryesploration
on the deepwater Scotian Slope has y@l¢atify economic hydrocarbon accumulations
(CGPC 199Y. A recent phase of drillingn the Scotian Slopghich began in2000 has
resulted inthecompletion ofsevermew wells(Kidstonet al. 2@7). Despiteminor oil
and gashows no significanthydrocarbon accumulations were identified, largely due to
alack of adequate reservoir sandibe lack of success raises quesiiasto whetter or
not economic hydrocarbon accumulati@xsst on the deepwater slope.this thesis we
attempt to constraithe thermal history of the margia predict the hydrocarbon

maturation potential of theentralScotian SlopeConstraining the therah maturation of



source rocks will allowuture emphasizt be gacedon identifying reservoir sands and
traps.
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Figure 1. 1: Scotian Basin location map with study area outlined in dashed red. Location of shallow salt
bodiesafter Shimeld (2004) are shown in green.

The thermal history and present day seafloor heat flow of passive rifted
continental margins are known to be affected by several fanwusling

1) Prerift lithospheric thicknessemperature at the base of tileosphere and the

amount of ithospheric thinning during rifting.

2) Presence and distribution of highhermadly conductivesaltstructures

throughout the basin.

3) Radiogenic heat production within thentinentalcrust and sediment pile.

In this thesis waddress the effects of the above factors on the thermal structure of the
central Scotian Slope.



1.1 Statement of Motivation

Global hydrocarbon exploration has found recent success in deepwater
sedimentary basins. This has led to the recent push towapwaker exploration of the
Scotian Slope, offshore eastern Canada. Despite seven wells drilled on the slope since
2000, no economic hydrocarbon deposits have been identified. Thermal and petroleum
systems models are useful in predicting the hydrocarb@mpalt of under explored
basins and reducing risk associated with drilling. However, the primary thermal
constraints in these models are derived from temperature and vitrinite reflectance data
from wells, which are lacking on the central Scotian Slope etstdnding the thermal
history of the regioms important when predicting the depth to maturation window and
maturity of source rock intervals. Determining the maturation of source rock intervals on
the Scotian Slope is fundamental to the regions expboraticcess. We aim to provide
thermal constraints for the region by coupling seafloor heat flow data with simple
lithospheric rift models in an innovative approach to bridge the information gap
associated with the lack of well data on the central Scot@reS
1.2 Study Area

The Scotian Basin is located offshore Nova Scotia, eastern Cdiniada.
subdividedby the200 mwater depth contounto theshallowwaterScotian Shelf and
deepwaterScotian SlopeThe basement consists of numerous interconneatdshsins
which formed as a result of Late Triassic rifting. Our study is focused on the central
Scotian Slope, in particul#ine region between the eastern Shelburnbasib and the

western Sable subbasin bounded by NovaSPAN 2D seismic lines 1400 ar{&ify600



1.1). Thestudy arearosses the salt diapirstib-provinceof the Scotian Slopehus
stratigraphyand thermal structure are affectegsalt tectonic deformation.
1.3 Objectives

In this thesisve present recently acquired seafloor heat fdataacross the
central Scotian Slop® providefurther constraints on the regi@thermal structure.
These data are to lseuplal with simple lithospheric rift model® constraining3D
thermal models predicting the maturation potential of the studyRreato data
synthesis in 3D modelling numerous preliminary goals must be completed.

Seafloor heat flow datare tobeacquired across the central Scotian slope both
above salt diapirs and in regions unaffected by salt. Seafloor heat floardatie
corrected for the effects diigh thermdly conductivesaltbodiesand coldsedimentation
atop theseafloor Once corrected for effects of the sediment pile the measured heat flow
data are representative of the basal heat flux. The corrected data mag toenpared
with basal heat fluypredictions from simple lithospheric models of the central Scotian
Slope to provide insight on tliegionsheat flow historythrough timeandinitial
lithosphericthicknesses. Simpletfiospheric modelling resultonstraind after corrected
seafloor heat flow dataill be used to constraithebasal heat flux in dynamic 3D
models 3D models are builib predict the 3D effects of salt pnesent dageafloorheat
flow and determine the maturation potential of source sagthin the basin.
Theobjectivesof this work are to:

e Acquire and process seafloor heat flow data from across the central Scotian Slope
both in regions overlying salt bodies and regions unaffected by salt to constrain

both regional and local variations ieagloor heat flow;



Correct for the effects of high thermally conductive baldiesand cool seafloor
sedimentation on seafloor heat flow measurements

Compare corrected seafloor heat fldatawith predictions from simple

lithospheric rift models as coimained using known crustal stretching factors to
provide further constraints on lithospheric models and basal heat flux across the
central Scotian Slope

Run 3D thermal models of the central Scotian Slope vatlyingbasal heat

fluxes constrained afteur simple lithospheric modelling resultsdetermine if

our measured seafloor heat flow data can be replicated using dynamic 3D models

and to predicthe maturabn potential of the study area.

1.4 Hypothesis

Three hypotheseare tested in this work:

1)

2)

While present day seafloor heat flow values across the central Scotian Slope are
not expected to vary significantly due to variationsthrosphericthinning as a

result of the great age of the margire expechotable variations in seafloor heat
flow may exist due to presence of highly thermally conductive salt structures
and/or variations in radiogenic heat production within the thinned continental
crust;

Seafloor heat flow data coupled with simple lithospheric stretcimadels and

2D seismic data aresafulin constrainingoasal heat flux histories in dynandb
thermal models for first order predictions of the maturation potential of frontier

basins with limited well data;



3) Variations in basal heat flux history and/or radiogenic heat production in the

basement will have significant implications on hydrocarb@iuration

1.5 Thesis Organization

The remainder of the thesis is organized as a series of chapters and supporting

appendice# order toefficiently present theompletedvork and the results adoned.

The thesis istructued as follows:

Chapter aliscusses the geography, tectonic history, stratigraphy and structure of
the Scotian Basin.

Chapter3 focuses on theecently acquired seafloor heat flow datal simple
lithospheric modelling of thetisdy area as constrained $gafloorheat flow data.

The chapter includes a summary Scotian Basin heat flow and the results from the
2008Hudson heat flow cruis€orrections applied to theeafloorheat flow data

are discussed anthgple lithospheric modis constrained by the corrected heat

flow dataare investigatedh an attempt to better constrain the basal heat flux
history of the study area.

Chapter 4ocuses on 3D thermal modelling of the central Scotian Slope. Models
are constrained by available Nyeseismig lithospheric modellingnd heat flow

data in an attempt to both constrain the hydrocarbon maturation potential of the
study area and to determine if measured seafloor heat flow data can be replicated
using dynamic 3D models.

Chapter 5 providethe conclusions from our work as well as suggestions for

future work.



e AppendiceA-H contain additional data and background information supporting

to the main body of the thesis.



Chapter 2. Scotian Basin Geology: Geography, Tectonic istory, Stratigraphy and

Structure

2.1 Scotian Basin Geography

The Nova Scotia rifted continental margin consists of a shallow, stable, basement
platform underlying the inner continental shelf, a hinge zone leadiing tieep
sedimentary subbasins of thater continental shelf and continental slope the
deepwater Scotian Slopeéhich terminatesatthe onset of thaleep, distal, Sohraceanic
abyssal plairmarking the seaward limit of the Scotian Ba@tig. 2.1). To the northwest
the Scotian Basin is mded by thestable shallow watdrahave Platform an@anso
Ridge. Basement depths are generally less than dn these continental platforms
(Wade and MacLean 1990) (Fig. 2.1(B)). This landward limit of the margin is underlain
by relatively thick unstrehed continental crust. An adjacent basement hinge zone marks
the transition from the stable continental platforms to the deeper subsiding sedimentary
sutbasins, which overly thinned continental crust (Wade and MacLean 1990, Wu et al.
2006) (Fig. 2.1(A)).

The northeast trending basement hinge zone persists along the northwest flank of
the Scotian Margin (Fig. 2.1(A)). The hinge zone is comprised of many fault bounded
half grabens across which the basement depths increase from ~4 km on the continental
plattorms tomorethan 10 km in the deep subsiding sedimentary subbasins (Fig. 2.1(B))
(Wade and MacLean 1990). The basement gradient landward of the hinge zone is ~3
degrees, while seaward of the hinge basement drops at a gradient of ~20 degrees (Wade
and Mad.ean 1990). Seaward of the basement hinge zone exist a series of interconnected
fault bounded subbasins which combine to form the deep sedimentary depocenters of the

Scotian Basin (Fig. 2.1) (Welsink et al. 1989).
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The numerous deep sedimentary subbasins of the outer Scotian Shelf and Slope
began forming at the onset of rifting as heating, stretching and thinning of the continental
lithosphere resulted in faulting and subsidence of the brittle uppercausten 2002).
Subbasin geometry is controlled by the faulting and rotation of basement blocks during
lithospheric extension (Wade and MacLean 1990). These basement lows act as sediment
depocenters further subsiding with the loading of MesegZeitozoic sdiments (Jansa
and Wade 1975From east to west, the major sediment depocenters are the Shelburne,
Sable, Abenaki, Laurentian, and South Whale subbasins (Fig. 2.1(A)). In addition to
these, the Mohican and Orpheus Grabens of the Scotian Shelf congdily tioick
deposits of swrift sediments (Wade and MacLean 1990).

Underlying the deep water Scotian Slope exists a region dominated by salt
deformation structures referred to as the Slope Diapiric Province (Fig. 2.1(A)) (Jansa and
Wade 1975). This regiois characterized by numerous sformation structures
including salt diapirswalls, nappes, canopignguesand welddy which the regional
stratigraphy has been significantly distorted. Shimeld (2004) sgndged five salt
tectonicsub-provinces across the slope based on deformation style as discussed in
Section 2.4.1. Finally, seaward of the Scotian Slope is deep water Sohm Abyssal Plain
marking the seaward limit of the Scotian Basin.

2.2 Rifting and Crustal Structure

The Ordovician Appalachia@rogeny formed during a period of convergent
tectonics as the Paleozoic lapetus Ocean closed and the Pangae@ostipant began
to form (Williams 1984). The orogen resulted in the amalgamation of five distinct

tectonic zones, of which the easternntost, the Avalon and Meguma Terranes,

1C



comprise the basement rocks of mainland and offshore Nova Scotia (Williams 1979)
(Fig. 2.1(B)). Onshore Nova Scotia we see exposures of the Avalon Terrane to the
Northeast and the Meguma Group to the Southwest comtralsteg the Cobequid
Chedabucto Fault Zone (Fig. 2.1(B)). The Avalon Terrane is composed-GaRririan
volcanic and sedimentary rocks while the adj&, younger, Early Ordovicidleguma
Group is dominantly low grade metamorphosed greywacke and shaleethby Late
Devonian granites (Williams 1984).

Scotian Shelf wells that pierce basement (e.g. Mohawi8 BNaskapi N30)
report granite and metamorphic rocks of the Meguma Group (Jansa and Wade 1975).
These basement rocks record northeast trendingtstal fabrics remnant of the previous
collisional orogen (Welsink et al989). As structural trends recorded by Late Triassic
Early Jurassic rift basins follow a similar northeast orientation, it has been inferred that
the current basement configuratiohthe rifted continental Scotian Margin has been
influenced by previous tectonic histasf/the regionfWelsink et al. 1989).

The Mesozoic history of the Scotian Margin has been dominated by extensional
tectonics and continental drift. Rifting of Paegabegan in the Mid Triassic with the
onset of crustal thinning and extension across what currently form the Nova
Scotia/Morocco conjugate margins (Jansa and Wade 1975) (Fig. 2.2). Rifting persisted
throughout the Late Triassic and into the Early Juraskiwing deposition of synift
sediments into subsiding, fault controlled, basement lows. Final continental separation
and crustal breakup marking a complete rift event occurred ~160 Ma (Louden 2002).
Later plate separation between Newfoundland and 12 Ma), Northern

Newfoundland and Europe (120 Ma), Greenland and Labrador (70 Ma) and Greenland
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and Europe (55 Ma) persisted following the onset of Pangaean rifting and may have
contributed to renewed stagedatkersubsidence along the Nova Scotia grathrough

the Jurassic to Tertiary (Louden 2002).

Figure 2. 2: Plate reconstructions for the North Atlantic Ocean showing positions at 180 Ma, 180 Ma,

Ma and 50 Ma. Dashed lines represent select magnetic isochronsaNB\vfundland Fracture Zone;

GFZ, CharlieGibbs Fracture Zone; BTJ, Biscay Triple Junction; AFZ, Azores Fracture Zone. From Coffin
et al. (1992), modified after Louden and Chian (1999).
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The crustal structure of the Scotian Margin shows significant vamtn both
the North/South and Ed#{estdirections. The Scotian Margin marks the transition from
the southern volcanic rifted margnffshore the United States (e.g. south Baltimore
Canyon Trough) to the northern rwalcanic rifted margin offshore Newdodland (e.g.
Grand Banks) (Fig. 2.3). In the northwest/southeast direction the margin records
extension and thinning in the seawards direction typical of rifted continental margins.
The transition from old unstretched continental crust beneath Nova,3cwbas the
thinned transitional crust underlying the Scotian Basin, to the younger oceanic crust of
the Atlantic Ocean has been imaged by velocity modelling of deep seismic refraction

experiments (Fig. 2.4) (Funck et al. 2004, Wu et al. 2006).
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Figure 2. 3: Magnetic anomaly map of the eastern United States and Canadian offshore showing volcanic
margins with purple dashed lines and tafcanic margins with black dashed lines. Select seismic
reflection profiles are shown aslisiblack lines for reference. ECMA, East Coast Magnetic Anomaly.
Modified after Wu (2007).
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A strong positive magnetic anomaly (~2800 nT) persists along the East Coast
of North America from Georgia to Nova Scotia and is referred to as the East Coast
Magnetic Anomaly (ECMA) (Keen 1969, Keen and Potter 1995a) (Fig 2.3). This
magnetic anomaly has been inferred by many to mark the boundary between thinned
continental and oceanic crust as extrusive basaltic flows commonlyatoapicanic
margins with thenset of final continental separation (Keen and Potter 1995a). The
magnetic anomaly is recorded at full strength near the southern limit of the Scotian Basin,
and diminishes in amplitude to the North before splitting into two anomalies and
disappearing copletely near Sable Island (Keen and Potter 1995a) 2F3).

In thesouthern Scotian Margin, Seaward Dipping Reflections (SDR)
characteristic of volcanic extrusives have been identified in seismic lir@glgand 5
coinciding with the ECMA providingupport that the magnetic anomaly coincides with
the continent ocean boundary of a volcanic continental margin (Keen and Potter, 1995a).
In the northern Scotian Margin near the northern limit of the ECMA, seismic liie 89
(Fig. 2.3) demonstrates an abseat&DR (Keen and Potter 1995b). The lack of SDR
associated with the diminished to rexistent ECMA suggests that this portion of the
margin is norvolcanic. The Scotian Margin is thus a transitional volcanic te non
volcanic margin.

To better constraithe crustal structure across the Scotian Margin the SMART
seismic refraction survey was condugtedring which three long seismic refraction
profiles were acquired crossing the margin from the interior continental shelf to the
deepwater Sohm Abyssal RiaiThese lines were shot across the southern, central and

northern portions of the margin in order to constrain variations in crustal structure across
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the transitional continental margin. SMART line 1 supports the interpretation of a non
volcanic margin tahe north (Funck et al. 2004). Velocity models derived from SMART
line 1 show unstretched continental crust underlying the inner Scotian Shelf changing to
thinned continental crust across the outer shelf and upper slope (Fig. 2.4). The lower
slope is unddain by the OceafontinentTransition ZoneQCT), a region of partially to
highly serpentinized and exhumed mantle overlain by altered continental crust (Fig. 2.4).

The seaward limit of SMART Line 1 is composed of young undeformed oceanic crust.
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Figure 2.4: Comparison of crustal structure from velocity models along seismic refraction lines A)
SMART Line 1, coincident with reflection profile 88 across the northern Scotian Margin (Funck et al.
2004) and B) SMART Line 2, @dacident with reflection profile 88 A, across the central Scotian Margin
(Wu et al. 2006). HSM, Highly Serpentinized Mantle; PSM, Partially Serpentinized Mantle; OCT, Ocean
Continent Transition zone; ECMA, East Coast Magnetic Anomaly; COB, CordesanBoundary; FB,
Fault Blocks; HVLV, High Velocity Lower Crustal Layer. From Wu et al. (2006).
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The ECMA, although decreasing in intensity, persists achessentral Scotian
Margin. Seismic reflection profiles 8Band 881A across the central margin ireth
region of the diminished ECMA do not record SDR (Keen et al. 1991). As SDR were
thought to be associated with the ECMA to the south this leaves some amibigjugty
volcanic character, and the cause of the reduced amplitude ECMA across the central
portion of the margin. Velocity modelling of SMART line 2 which is coincident with line
88-1A, was used to determine the crustal structure and volcanic character of the central
Scotian Margin (Wu et al. 2006). Similar to Line 1, Line 2 contains unstretched
coninental crust, thinned continental crus©&T characterized by partially
serpentinized mantle, and undeformed oceanic crust (Wu et al. 2006) (Fig. 2.4).

SDR are absent from both the central and northern portions of the margin and
neither velocity modslof SMART line 1 or 2 contain evidence of magmatic
underplating. The transition from the high amplitude ECMA and extrusive volcanic
wedge (SDR) of the southern Scotian Margin to the reduced amplitude ECMA and absent
volcanic extrusives of the central amorthern Scotian Margin supports the interpretation
of a transitional, yet dominantly nemlcanicmargin with the exception ofst
southernmost volcanic limit. The reduced amplitude ECMA may be the result of the
transition from thinned continental crustgerpentiized mantle within th©CT.

Variations in the amplitude of the weakened magnetic anomaly may result from varying
degrees of serpdnization within theOCT (Wu et al. 2006).

Crustal structure and rift history have direct implications for basibsidence and

sedimentatiorfKeen 1979) Thermemechanical models are used to predict the

subsidence history of a developing rifted margin. This includes subsidence due to density
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variations associated with lithospheric thinning asthenospheriepla@ment and

subsidence due to thermal expansion and contraction following the onset of crustal

thinning. Mechanical loading and associated flexure resulting from sedimentation atop

the thinned crust results in further total subsidence (Keen and BeaumohtNi8éels

are constrained by Scotian Basin seismic and well data. Thaenbanical models

all ow for wvari at i-cornusotfalc r(uts)t atlh i(nbn)i nagn da ss upbr
Keen (1980).

Scotian Margin models show that greater landwardcsubtalt hi nni ng (u0) t
crustal thinning (b) resulted in buoyancy
margin, the Lahave platform. Initial uplift of up to 2 km followed by limited later thermal
contraction resulted in limited sedimentation on thernshelf and major sediment
bypass depositing large amounts of sediment in the deeper water outer shelf and slope
basins (Keen and Beaumont 1990). Wu et al. (2006), although to a lesser degree (0.75
km), also predict early uplift of the Lahave Platform freetocity modelling across
SMART line 1. Crustal models of the adjacent deeper Scotian Basinnedtegcrustal
thinning (b) val ue supbasementsarfase allowingtrmugh conc a
thicker sediment accumulations than the interior, condawven Lahave platform (Keen
and Beaumont 1990). This explains the development of the much thickeestaty
subbasins seaward of the hinge zone (e.g. Abenaki and Sable subbasins) as further
subsidence results in more accommodation space for sediments which in turn results in

further subsidence.
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2.3 Lithostratigraphy of the Scotian Basin

The lithostraigraphy of the Scotian Basin has been interpreted by numerous
authors (e.g. Mclver 1972, Jansa and Wade 1975, Wade and MacLean 1990) and a
detailed summary of available literature is presented in Appendix A. The primary
constraints on Scotian Basin stragighy are well data from the numerous exploration
wells drilled on the continental shelf. Lithostratigraphic interpretations of the Scotian
Slope are difficultdue to both the lack of well data and the presence of salt deformation
structures, which signdantly distort stratigraphy and hamper lateral correlations of shelf
stratigraphies onto the slop& seismic dataA recent global push towards deeper water
exploration has resulted increasingnterests in the hydrocarbon potential of the Scotian
Slope, which has in turn resulted in more recent studies of the region (Kidston et al. 2002,
Young 2005). A brief overview of the major stratigraphic formations of the shelf and
slope are included below. All information is derived from Mclver (1972), Jartsa an
Wade (1975), Hardy (1975), Eliuk (1978), Wade and MacLean (1990) and Kidston et al.
(2002). Formations described, unless specified, refer to shelf lithologies, many of which
grade laterally into shale rich, age equivalent strata on the deeper waian Stope.

A stratigraphic chart of the Scotian basin shows the relative position and ages of
all formations mentioned below (Fig. 2.5). Siyft red beds of Latdriassic to Early
Jurassic age overlie the rifted continental basement in fault boundedlloese are
conformably overlain by further red beds of the Early Jurassic Eurydice Formation, and
the thick salt deposits of the Argo Formation, which interfinger the Eurydice Formation.
The Early Jurassic records a basin scale erosive event assocthtédalseparation of

the African and North American plates referred to as the breakup unconformity. This
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unconformity separates the Argo Formation from the overlying carbonates and clastics of

the overlying Iroquois and Mohican Formations respectively.
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Figure 2.5: Stratigraphic chart showing major formations of the Scotian Shelf and Slope. "S" represents
source rock interval, lens shaped sands represent deepwater turbidites, and black circles represent gas
(hollow) and oil(filled) shows. Modified after Kidston et al. (2002) as modified fidiscLean et al.

(1993) andWVadeet al.(1995). Time scale from Palmer and Geismann (1999). Colored horizontal lines
correspond to horizons picked in our seismic interpretati@hayfterd). Black star showmferredLate
Jurassic source rock interval.

The Middle to Late Jurassic contains four approximately coeval formations
referred to as the Western Bank Group. These are the Mohawk, the Mic Mac, the

Abenaki, and the Verrill Canyon Foation. The coarse grained continental clastics of
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the Mohawk Formation interfinger with the slightly finer, deeper water sediments of the
Mic Mac Formation. These in turn correspond to the interior and eastern equivalents of
the Abenaki Carbonate Bank, whican be subdivided into four prominent members of
different, dominantly carbonate, lithologies. These are the Artimon, Baccaro, Misane and
Scatarie Members. The seaward equivalents to all Mid Jurassic to Mid Early Cretaceous
Scotian Shelf sediments ateetpredominantly shale deposits of the Scotian Rope
Verrill Canyon Formation. Trse includeall formations of the Western Bank Group, as
well as the overlying Missisauga Formation.

The deposition of the Missisauga Formation resulted from increasedesgdi
supply to the Scotian Basin by the Sable Delta. The Missisauga Formation can be
separated into three sandstone fag@adewer, middle and upper memblkeased on sand
content and depositional environment. The Early Cretaceous Missisauga Formation is
overlain by the slightly finer sands and shales of the upper Aptian to Cenomanian Logan
Canyon Formation and its seaward equivaatileShale. Regional transgression
resulted in the deposition of the predominantly shale, Late Cretaceous Dawson Canyon
Formation atop the Logan Canyéormation The Dawson Canyonofmation is capped
by the challof the Wyandot Formation of Santoni@ampanian age. The remainder of
the Late Cretaceous and the entirety of the Tertiary sediments consist of the interbedded
shalesand sandstones of the Banquereau Formation. Four prominent sets of beds have
been identified throughout the Banquereau Formation. They are the Maskonomet,

Nashwauk, Manhasset and Esperanto Beds.
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2.4 Salt Tectonics

Salt basins occur globallilany ofthem have been extensively studied and
mapped due to the common occurrence of trapped hydrocarbons within their strata. Salt
basins most commonly occur on passive rifted continental margins where deeply
subsiding rifted basement, coupled with repeated intordand evaporation of seawater,
result in broad, thick, regional salt deposits. Salt, compared to the brittle sediments which
are deposited atop it, behaves as a viscous fluid, and begins to flow under differential
loading of sediments, or tectonic tilgrof the margin, in an attempt to equilibrate the
distribution of stress within the salt. Once set into motion, the salt forms a variety of
deformational structures such as diapirs, nappes, tongues, canopies and welds, which
significantly distort the stragraphy of the overlying sediments.

Salt, as originally deposited via evaporation in basement lows, is referred to as
autochtonous salt. Salt which has been extruded from its original depositional basin is
referred to as allochtonous salt. As the timamgl mechanics of salt tectonics have been
extensively researched by otherg(&/endeville and Jackson 19ckson and
Vendeville1994;Rowan 2005Vendeville 2005Adam et al. 2006ngs et al. 2005ings
and Shimeld 2006), we provide only a brief suanynof this work, with an emphasis on
the timing of salt movement, and the formation of structures underlying the present
central Scban Slope (after Cribb 2008JacDonald 2009).

2.4.1 Scotian Margin Salt Tectonics

The Scotian Slopkas been largely eftted by salt tectonic deformation since the

onset of clastic sedimentation in the Early Jurassic. The Slope Diapiric Province of the

Scotian Slope has been subdivided into 5 salt tecsutgprovinces by Shimeld (2004),
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based on the structural style alts¢ectonic deformation (Fig. 2.6). As our central Scotian
Slope study area lies withgub-provinces 1l and 11l we will limit further description to
thesesub-provinces.

p 4°
294° 206" 208° 300° 302 30

46°

Depth (m)

6000 5000 4000 3000 2000 1000 O

Figure 2. 6: Location map showing NovaSPAN lines iub| Lithoprobe lines in black, TGS Nopec lines

in grey, and SMART lines in green. Background color map shows water depth, shallow salt is shown in
white and yellow circles represent Scotian Slope wells. Dashed red lines separate saltsiggtonic
provinces after Shimeld (2004).

Subprovincell consists of a series of linear salt walls which tremaghly
parallel to the seaward front of the Abenaki carbonate bank (Shimeld 2004). The upper
slope is characterized by vertical isolated diapirs while thevsdlé are more prominent

towards the seaward limit of the salt province. There exists a transition from vertical
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rounded diapirs to increasingly squeezed diapirs capped with stock and tongue canopies
in the western direction acrossbprovincell (Shimeld 2004). Diapirs also become
increasingly squeezed to the point of welding to the west. Although the primary phase of
diapiric growth and salt deformation of the Scotian Slope is interpreted to have ceased by
the end of the Cretaceous (MacDonald 2009)treational rejuvenation of diapirs has
occurred from the Miocene to the presensuly-provincell, as evidenced by positive
bathymetric relief and faulting of younger sediments above salt diapirs (Shimeld 2004).

The western portions aubprovincelll correspond to the eastern limit of our
study area (Fig. 2.6). Salt deformation in this region is characterized by coalesced tongue
canopy systems fed by multiple diapirs (Shimeld 2004). The canopies rest upon Early to
Late Cretaceous strata, and seismiagmg beneath these structures is often poor,
hampering the interpretation of the presence and style of feeders. Feeders are inferred to
be present at the landward limit of most canopy systems, and suggest that the seaward
limit of tongues and canopies mhagve been expelled upwards of 100 km from the
original autochthonous basins (Shimeld 2004).

The Dalhousie Salt Dynamicg@up have tested the effects of different basement
morphologies and sedimentation patterns on salt tectonic deformation via sandbox
analogue modelling experiments. Campl2010) Cribb(2009)and MacDonald (2009)
have attempted to reproduce basement structure and sedimentation rates using analogue
models mimicking NovaSPAN lines 1800, 2000 and 1600 across the northeastern Scotian
Bagn to better constrain the timing and evolution of salt deformation structures within

the Basin. There results have shown that while sedimentation rates and basement
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morphology significantlyaffect the timing and shape of salt structures present, salt
moveament and diapirism, in general, keep pace with sedimentation.

MacDonald (2009) focused on modelling the Scotian Slope along the trace of
NovaSPAN profile 1600, the western most line of the salt dynamics @rstymlies.
MacDonald's analogue modelling &jpnents suggest that evolution of salt structures
began during the early pestt stage during the Eardivid Jurassic with the seaward
inflation of salt, as basinward loading began to expel salt seawards to regions of lesser
overpressure. This formed s&ad nappes and landward reactive diapirs. Throughout the
Mid-Late Jurassic, sedimentation corresponding to the Mic Mac Formation (Fig 2.5)
resulted in active to passive diapirism across the slope, as salt began piercing the
overlying sediments in regiomghere lower overpressure corresponding to extended
overburden occurred (MacDonald 2009). High rates of salt expulsion resulted in the
initiation of salt tongues and canopies during the Early Cretaceous. Through the Early
and Late Cretaceous, salt movenms&otved and only minor landward doviawiilding
occurred, as much of the salt mass had already been expelled seawards and upwards.
Canopies continued to spread through the Early and into the Late Cretaceous. By the end
of the Late Cretaceous expulsion of sssentially stopped as the salt basin became
depleted and welds became common (MacDonald 2009). Throughout the experiment, salt
diapirism kept pace or outpaced sedimentation from the onset of sediment deposition
until salt basins were depleted and no nsalé was available to supply further diapiric

growth.
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Chapter 3: Heat Flow Data and Simple Lithospheric Models

3.1 Introductory Remarks

The focus of this chapter is heat flow through the central Scotian $Hepéeflow
is measured in ocean basins gsshallow penetrating seafloor heat flow probes. The
methodology of seafloor heat flow data acquisition and processing has been discussed in
detail by others (e.g. Lister 1979; Hyndman et al. 197i8inger and Davis 187). The
general acquisition and pressing methodology is presented in Appendix B. In this
chapter we introduce the 2008 Hudson heat flow cruise across the central Scotian Slope
and present the 47 new seafloor heat flow measurements acquired on the cruise, as well
as4 previouslyunpublishe measurements acquired in 2004. We will discuss corrections
to the data associated with bottom water temperature (BWT) variations, the effects of
sedimentation and high thermal conductivity salt bodies on heat flow. Corrected seafloor
heat flow data wilthen be compared with predictions from simileosphericrift
models to constraithe basal heat flux of the study area.

The rate of heat loss across the Earth's surface is not laterally uniform. Large
variations in crustal heat flow occur between awenital and oceanic crust as a result of
variations in crustal composition and thickness. In summarizing the global heat flow
dataset, Pollack et al. (1993) proposed that the global mean crustal heat flow is ~87
mWm?, where heat flow through the oceans aadtinents average ~1@Wm? and
~65 mWni’ respectively. As oceanic crust is composed primarily of basalt with low
concentrations of radioactive elements, the major source of oceanic heat is the cooling of
young lithosphere generated at ocean sprea@intgcs upon thinning of the litephere

during extension (Listet980). The primary source of heat in the thicker continental crust
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is radiogenic heat produced during the radioactive decay of potassium, uranium and
thorium which occur in much greater contrations in continental than oceanic crust.
3.2 Passive Continental Margin Heat Flow

The thermal evolution of rifted passive continental margins resulisique heat
flow histories sensitive to the rift style, geometry and amount of initial lithogpher
thinning prior to continental breakup. Numerous simple 2D numerical thermal models
such as theniform stretchingnodel (McKenzie 1978), the dual stretching model
(Royden and Keen 1980) and theple shear model (Wernicke 1984grnicke 1985)
have beemproposed to predict the m$eat flux and subsidence histories across rifted
continental margins following the onset of rifting. Each model predicts different seafloor
heat flux histories based on the amount of initial lithospheric extension assedgihted
rifting. Brief introductions to these models are included in Appendix F.

The pure shear model assumes instantaneous thinning of the entire lithosphere by
a factor b at the onset of rifting. This
flux immediately following rifting, followed by period ofconductive cooling returning
to original unstretched values as time approaches infinity (McKenzie 1978). Royden and
Keen (1980) proposed the addition of a second, lower lithospheric layer, to treth@are

model of McKenzie. This dual stretching model allows for varying components of upper

(hb) and |l ower (U) | it ho sgfcetehe subsidenterardtbasdl i n g

heat flux experienced by the margin. Young margins experience sigtlificareased
present day basal heat fluxes due to varying amounts of upper and/or lower lithospheric

stretching. However, old margins, such as the Scotian Margin (~200 Ma), yield similar
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present day heat fl ux val uestotheaaktengsieendent
period of conductive cooling.

These simple crustal rift models have been applied to the margins of the North
Atlantic in attempts to better constrain crustal structure, subsidence histories and heat
flow. These models, when coupled wiresent day seafloor heat flow measurements and
seismic interpretations, can be used to further constrain lithospheric models and the
margins evolution. Louden et al. (1991997) coupled pure and simple shear rift models
with seafloor heat flow data axss the Goban Spur, Galicia Bank and Iberian margins to
better constrain lithospheric models for the region. Seafloor heat flow data corrected for
sedimentation and basement structure were compared with the predicted present day heat
flux values from pureand simple shear rift models with stretching factors constrained by
available seismic reflection and refraction data. This same workflow will be followed
later in this chapter to better constrain lithospheric models acrossritralScotian
Slope, and taetermine the basal heat flux history through time.

3.2.1 Scotian Basin Heat Flow

The Scotian Basin's heat flow is relatively poorly constrained, especially in the
deeper water regions of the Scotian Slope (Fig. 3.1). Seafloor heat flow measurements
from the deepwater Sohm abyssal plain yield value$8mwm? (Louden et al. 198.

A recent study by Goutorbe et al. (2007) presented an average heat flow of 47 + 07
mWm? for the Scotian Basin. The study used bottom hole temperatures for gradient
analyss and a combination of commonly available well logs to determine sediment
thermal conductivity. Data from available Scotian Basin wells were, €reed which

average heat flow was determined. The study did not take into account the effects of salt
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bodies @ heat flow, and thus the reported value of 47 + 07 Ty be a slight
overestimate of the present day heat flow as many wells target salt flank and salt crest
traps, thus, experiencing elevated gradients.

302° 304"

294° 296" 298" 300°

Depth (m)

6000 5000 4000 3000 2000 1000 O
Figure 3.1: Locaion map of ScotiaBasin showing seismic lines of the NovaSPAN survey (blue),
Lithoprobe survey (thick black), SMART refraction lines (green) and-N8fec NS100 (thin grey).
Scotian Slope well locations are represented with yellow circles and Lewisyauadnan(1976)heat flow
station locations are shown with green. Background map shows water depth and white represents location

of shallow salt after Shimeld (2004). Measured Sohm abyssal plain heat flow is shown in white after
Louden et al. (1989) and Si&n Basin average after Goutorbe et al. (2007) is shown in brown.

The only published seafloor heat flow measurements from the Scotian Basin to
date are ten measurements reported by Lewis and Hyndman (1976) from two transects

across the Scotian SlopedF3.1). These measurements record a large variability in
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seafloor heat flow from 225 mWm% A mean value of 52 + B\Wm? was reported.
The variation in measured heat flow has been attributed to the presence of salt diapiric
structures underlying thec8tian Slope. Large salt diapirs have a focusing effect as they
work as low resistance thermal conduits funneling heat to the seafloor above them, thus
resulting in the observed variations. The effects of salt on heat flow are discussed in
further detail n Section 3.4.3.
3.3 Hudson 2008 Heat Flow Cruise

The 2008 Hudson heat flow cruise was designed to measure seafloor heat flow
across the central Scotian Slope. Seven days of ship time aboard the CCGS Hudson were
allotted for the measurement of heat flowrh the central Scotian Slope using the 32
thermistor Dalhousie heat flow probe (Appendi8B The goal of the cruise was two
fold: determine the regional heat flow trends across the central ScotianiSabpding
anyalong strike or down dip variatioms heat flow; and measure the local effects of high
thermal conductivity salt bodies on seafloor heat flow. In total 47 successful heat flow
measurements were acquired from the Torbrook gas hydrates mound and along the traces
of three 2D seismic reflectmoprofiles, NovaSPAN lines 1400 (heat flow transect Line 1)
and 1600 (heat flow transect Line 3) and Lithoprobe lind 8&heat flow transect Line
2) (Fig. 3.2). We were unable to obtain measurements from all sites due to limited ship
time and coarse sa@te sediments preventing penetration of the probe in certain regions.
Of the 47 successful measurements, 7 were located at the Torbrook gas hydrates mound,
18 were taken along Line 1, 13 were taken along Ripand 9 were taken along Line 3
(Fig. 3.2). Tle results of the cruise are summarized in Table 3.1, and further data tables

for each station are included in Appendix C.
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Figure 3.2: Location map of the central Scotian Slope showing 2D seismic lines of the NovaSPAN survey

in blue and the Lithoprobe survey in black. Background map shows seafloor topography. Heat flow
transects of the Torbrook mound and Line3 dre shown in white text. 2008 heat flow stations are shown

as red crosses, 2004 stations as orange crossesgwisldnd Hyndma(il976)stations are shown as green
crosses. Yellow circles represent Scotian Slope well locations and cross sections locations corresponding to
figures 3.43.6 are shown by brown letters.

3.3.1 Torbrook Results

Sevemew seaflooheat fow measurements were acquisgdhe Torbrook gas
hydrates mound in 2008 (Fig. 3.3). Two additional heat flow measurements were
acquired from the Torbrook mound on a previous cruise in 2004 and will be compared
with the more recent data recorded on theB2fdiise in order to determine the precision
of conductivity values recorded by the probe between different cruises. Recorded

geothermal gradients may vary between cruises if bottom water temperature variations
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Figure 3. 3: Location map showing seafloor heat flow stations recorded in 2008 (red crosses) and 2004
(blue circles).

exist; however, sediment thermal conductivity values should remain comstantding a
good test for the consisteyof the probe.

For all stations, recorded gradients are roughly linear over the length of the probes
penetrationwith the exception of some disturbances of thermistors in the uppermost 2 m
of the probgFig. 3.4). The uppermost 2 m of temperature dagdikelyaffected by
penetration of water from above upon penetration of the pnobé¢he seaflooand thus
are not included in our gradient calculation. Gradient measurements showed little
variation between stations with the exception of a low gradi£19.6 + 0.6 mKni
recorded at site HFO04. Geothermal gradients varied from 19.6te: 2265 + 0.5 mKrit
with a mean gradient of 21.7 + 0.5 mKniThermal conductivity values ranged from
1.07 + 0.160 1.19 + 0.15 Witk ™, with a mean conductivityfd..13+ 0.12 Wm'K ™.

Heat flow values for the Torbrook sites ranged from 20.6 +dl22.4 + 0.4 mWrif with
a mean heat flow of 238 0.6 mWn¥ for the Torbrook gas hydrates mound. The

maximum distance between heat flow sites at the Torbrook moundi®86 m, and
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with little assumed lateral variation in lithology between sites and consistent measured

conductivity and gradient values we can assume that the probe is functioning well.

SCOTIAN SLOPE 2008 HEAT FLOW STATION 1

Temperature (K) Conductivity (W/m-K) Heat Flux (mW/nd)
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Figure 3.4: Example plot of 2008 Hudscheat flow station showing temperature, conductivity, and heat
flux vs. depth plots.

We will also take this opportunity to report the results of two unpublished heat
flow measurements acquired from the Torbrook gas hydrates mound in 2004.
Measurements/ere acquired using the Dalhousie heat flow probe following the same
method as described in Appendix B. The data have not previously been publicly released
and are presented in Table 3.1. Gradients measured for stations HYD503 and HYD504
were 31.5+ 0.4 mKm™and 37.6+ 0.3 mKnmi' respectively, with thermal conductivity
values of 1.14 0.11 Wm'K* and 1.15 + 0.10Vvm™'K™". Heat flow values of 36.8 0.3
mWm? and 42.4 + 0.4 mWihfor stations HYD503 and HYD504 are significantly
higher than those recordetthe Torbrook mound on the 2008 cruise due to the notably
higher gradients. This suggests that in addition to purely conductive vertical heat transfer

a second mechanism such as convective heat transfer through the upper sediments or
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varying bottom watetemperatures may have effected the measured gradient. Variations
in BWT's are investigated in Section 3.4.1.
3.3.2Line 1 Results

Line 1 resulted in the successful acquisition of 18 of the 19 heat flow
measurements planned along the trace of GXT NovaSHABkismic reflection profile
1400. Station HF116 was skipped to save time. From this line 13 measurements were
taken in regions unaffected by salt structures to determinegieal trends across the
slopeand 5 measurements were taken above salt btaliguantify the effects of salt on
heat flow (Fig. 3.5).

Measurements in regions unaffected by salt showed a general increase in the
seaward direction. Ignoring the abnormally low value of 238 mWm? at station
HF101, the background heat flow uak in the landward regions of the survey range
from ~3540 mWni?, while the more seaward stations show values of4&B1\WniZ.
Increased heat flow above salt bodies is evident in the data. The increase in measured
heat flow above salt varies from one didap another. Values above the most landward
diapir (D1) increase by ~8 mWfrfrom the surrounding background values of ~39
mWm? to 46.9+ 4.0mWm? above the salt body at heat flow station HF105. The small
salt body which underlies HF107 does not has@aificant effect on seafloor heat flow
likely because its increased distance from the seafloor and welderhated, feeder.
Stations HF109 and HF110 are both located above what is interpreted as a deeply buried
salt canopy, andimilar to station HFQ7 do not record significantly elevated heat flow
values, likely as a result of the depth of salt. Values above the central salt diapir D2 show

the largest increase in heat flow, reaching upwards of 65.7 +0.5 fratVstation HF111,
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~23 mWni? above the surrounding background values of ~43 rif\WFhis station is
located directly above the squeezed feeder and is the second shallowest salt body
identified on Line 1400. Station HF112 is located above a shallow salt canopytfesl b
attached diapir underlying HF111, thus, recording a high heat flow value of 54.9 £ 0.3
mWmiZ The most seaward salt bodies show increases-a8-+8Wm? above the
background values of ~43 mWinreaching values of 51.7 + 0.7 mWrand 56.6 + 0.5
mWm? at stations HF115 and HF117 above diapirs D3 anceBdectively.

It is noted that the largest increase in measured seafloor heat flow does not
correspond to the tallest, shallowest diapir (D1). However, as neither station HF105 or
HF106is located diectly above the crest of this diapir, they may not have recorded the
maximum associated heat flow. Station HF111, located directly above the crest of the
secondallest and shallowest salt body (D2), records the highest seafloor heat flow value
of heat flav transect Line 1.

3.3.3 Line 2 Results

In total, 13 of the 21 proposed measurements were successfully acquired along

heat flow transect Line 2. Successful stations include HR2ZAO@1and HF21221 (Fig.

3.6); however, station 209 recorded only a measiugeaalient, and thus conductivity

values were averaged from stations HF210 and HF208 yielding a conductivity value of
0.98 Wnmi'K ™. This value is a low value for conductivity and reflects the anomalously

low value of 0.92 + 0.16 WK™ recorded at statioHF210. Stations HF217 and HF218
were attempted, however problems were encountered in penetrating the seafloor due to
the presence of coarse sediments. Stations HE216vere skipped as they appeared to

be located in a large channel where accumulatiossafser sediments would make
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successful penetration of the probe unlikely. Of the 13 measurements acquired across
Line 2, four measurements were taken above a salt structure D5, while the rest were
taken in regions unafé¢ed by salt.

Similar to Line 1, we see a general increase in heat flow in the seaward direction.
In line 2 we record low heat flow values of ~30 mWat the landward limit of the line
increasing to ~43 mWihat the seaward limit similar to Line 1. Thmv heat flow values
at stations HF201 and HF202 are associated with the anomalously low geothermal
gradients of 22.6 + 1.6 mKhand 30.5 + 1.2 mKihrespectively as the corresponding
thermal conductivities of 1.24 + 0.14 Wi§™ and 1.19 + 0.13 WK™ are actally
higher then the mean valoé1.05 + 0.13 WitK ™ for the line. Salt structure D5 has
been interpreted as a large, thick, salt canopy fed by a broad vertical feeder. The heat
flow spike above D5 is not uniform across the structure. A raneaifflow values from
60.7 + 1.0t0 72.8 + 0.4 mWirif are identified above the salt structure. Little variation in
depth to salt in the seismic images coupled with large variations in measured heat flow
above the salt diapir suggests that the variatiohgat flow above this diapir are not the
result of purely conductive heat transfer and thattelikely a second mechanism
affecting the neasured temperature gradients.
3.3.4Line 3 Results

Line 3 resulted in the successful acquisitiomata from Qf thel7 planned heat
flow stations(Fig. 3.7) Measurements were made at stations HFH19. Many stations
required two penetrations as the jog sensor was not triggaré first attempt, thus no

heat pulse was released from the central heater wimegiAdix B3). This gave us the
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opportunity to check gradient values between penetrations. No significant variations in
gradient were recorded between penetrations at the same site (Table 3.2). Little variation
in conductivity with depth occurred for antagon in this line. Therefore the results of

the Bullard heat flow calculations were very similar to the uniform conductivity heat flow

calculations (Table 3.1).

First Penetration (No Heat Pulse) Second Penetration (Heat Pulse)

Station No. [ No. Temp. Points Gradient (mK/m) o | No.Temp. Points Gradient (mK/m) o

HF317 22 42.35 0.86 21 41.18 0.61
HF316 19 42.16 0.76 19 40.66 0.3
HF313 19 35.14 0.45 19 33.82 0.54
HF312 21 40.34 0.64 15 39.04 0.64
HF311 20 48.88 0.81 19 48.82 0.71
HF310 20 45.81 0.53 19 45.38 0.72
HF309 18 45.06 0.92 21 45.8 0.59

Table 3.2: Comparison between gradients recorded for stations which required multipteaiens.

Station HF314 had no heat pulse on either attempt, and thus conductivity values
for heat flow analysis at this station were taken from surrounding stations HF316 and
HF313. Time did not permit completion of the Line 3 heat flow survey; howewsti-
beam imaging beneath the more landward portions of this line provided confidentially to
Keith Louden suggest thtte region is cut by a large submarine canyon and thus
penetration of the associated coarser seafloor sediments may not have bédn @ossi
had time permitted. It is unfortunate we were unable to take measurements from this
region as the most landward diapir (D6) penetrates within ~200 m of the seafloor, and is
the shallowest diapir interpreted in the available seismic images. Ginne
measurements acquired, one station is located above a large salt diapir stalk (D7), four
are located over a shallow salt canopy, while only three are located in regions unaffected

by salt (Fig. 3.7).
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Heatflow measirements recorded seaward of salt ranged from 41.4t6 @351
+ 0.5 mWn¥ and were in good agreement with measurements from the seaward limits of
Lines 1 and 2. Heat flow stations HF3892 were located above a large diapir/canopy.
Stations HF30811 yielded heat flow values from 47.0 + @¢451.4 + 0.5mWrif,
notably higher than those in regions unaffected by salt. Station HF312, located at the
seaward tip of the canopy, recorded a low heat flow value of only 41.4 + 0.4 mWm
Station HF314 recorded mél measurement above salt. It was located above a detached
salt canopy. The measured value of 44.6 + 0.7 rifMérhigher than both the adjacent
values at stations HF313 and HF315 which do not overly salt bodies.

The lack of heat flow measurements frtre landward regions of Line 3 is
problematic in our analysis of regional heat flow trends across the central Scotian Slope
as we have no constraints on the landward heat flow for Line 3. According to the trends
measured at Lines 1 and 2 we expect thadsured seaflooneat flow values will
decrease in the landward direction, however, further measurements are required to verify
these assumptions. Further landward measurements in regions unaffected by salt would
also be useful in assessing the effects efséit canopies on heat flow. For now we
assume that the higher heat flow above the canopies is due to the high thermal
conductivity of the salt; however, verifying this requires lower heat flow values be found
in the adjacent regions unaffected by sapdism/canopies.

3.4 Heat Flow Data Analysis

To analyze our seafloor heat flow data in tewhbasaheat flux we must

accountfor the effects of the sediment column on seafloor heat flow. This includes the

effects of sedimentation, salt, and Bottom @atemperatures (BWT) variationd/e

41



examine BWT variations usirggcombination oWater column temperature data recorded
by a CTD probe contained within the Dalhousie heat flow probe, the 6 m of sediment
temperature data recorded by the heat flow prat f@mperature gradientstdemined
by Leblanc et al. (20Q7#rom the Torbrook gas hydrates mound (Section 3.4.1). We
correct for the effects cfedimentation on seafloor heat flow using the equations of
Louden and Wright (1989) (Section 3.4.2) and thea#f of salt on heat flow using
simple 2D conductivity based numerical models (Section 3.4.3)
3.4.1 Bottom Water Temperature Variations

To address the possible effects of BWT variations on seafloor heat flow
measurements we have compared bottom watgydratures and water column
temperature gradient profiles recorded at the Torbrook mound from both the 2004 and
2008 cruises. Water column data were recorded with a Conductivity (salinity)
TemperaturédDepth (CTD) probe located within the instrument housihthe Dalhousie
heat flow probePlots of water column temperature gradients are included in Appendix
D. Temperature data recorded through the water column are used to determine the
stability of bottom water gradients and if significant variations eri&WT between
stations and cruises. If bottom water currents exist they may explain the variations in
measured near surface geothermal gradients noted between 2004 and 2008 as associated
varying BWT can penetrate downward into the near surface sedimeraiy,Fn
addition to the CTD temperature data we will also investigate heat flow at the Torbrook
gas hydrates mound using a geothermal gradient sourced from measured seafloor
temperatures and depth to a Bottom Simulating Reflector (BSR) associatedewith t

methane gas hydrates phase boundary after Leblanc et al. (2007).
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The CTD probe was employed to record changes in the structure of the water
column. The temperature trend recorded through the water column is particularly useful
as in it we maydentifying anomalous temperature variations associated with bottom
water currents. As expected, the general trend recorded by the CTD probe shows
increasingly stable temperatures and smaller variations in temperature with increasing
depth (Fig. 3). At shallow d@thsup to ~700 m water temperatures vary at a daily to

seasonal time period induced by surface temperature variations and shallow penetrating

Figure 3.8: Temperature vs. Depth plot showing temperatures recorded by the CTD probe as it descended
throughthe water column.

currents. Smaller temperature variations can persist to depths greater that 700 m and may
effectnear surface sediment temperatures. Appendix D contains temperature vs. depth
profiles for the bottom 600 m of the water column for alltifeow stations with CTD

data. Deeper stations show more stable BWT (F8). @ater column temperature
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