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Abstract

The discrepancy in the correlation of lithostratigraphy and seismic stratigraphy of the B
Marker (limestone) Member on the eastern flank of the Hibernia oilfield is studied using available
3d seismic profiles and the log data from 16 wells across the Jeanne d’Arc Basin. Unlike the
srevious studies which suggested that the B Marker was deposited as a time synchronous
ithology across basin, detailed seismic stratigraphic and well analysis revealed that the marker
wvas in fact deposited as a mildly diachronous unit. Four seismic traces (S1-S4) are recognized
within the stratigraphic range of the proposed B Marker seismic event. A Carbonate Ramp Facies
Vodel is proposed, incorporating these traces, for the basin-wide sedimentation of the B Marker
~hich explains in a precise manner, the notable lithological variations of the marker in various
:xploration wells across the Jeanne d’Arc Basin. The B Marker was deposited during a relative
ise of base level within the basin, coincident with a rise of global sea level during the Valanginian.
[his deposition is summarized by four discrete events (S1-S4). S1 marks the end of a phase of
egression in the basin, and beginning of a transgressive phase of marine deposition. Limestone
leposited during S1 was confined to a narrow E-W trending belt in the northern portion of the
»asin. During S2 landward migration of the shoreline southward, caused the deposition of shale
yver a wider E-W trending belt of limestone in the north. During S3 a very broad E-W trending
»elt of oolitic limestone blanketed the southern shallow shelf, and shingled above thin-bedded
imestones (in S1 and S2). This geometry is interpreted as a subtle depositional hinge zone, which
nigrated south because of the stick slip on a master fault and uplift on structural culminations in
he southern areas of the basin. This resulted in the lateral gradation of B Marker limestone into
:andstone further north, during ensuing transgression from S1 to S3. S4 marks the peak of

ransgression within the basin, and in the widest coverage of the deeper shelf across basin.
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CHAPTER 1: INTRODUCTION

1.1 Hypothesis and Objectives

The aim of this thesis is to evaluate the temporal and spatial variability within an
important marker horizon in the Mesozoic-Cenozoic rift basin located offshore eastern
Newfoundland. The B Marker limestone horizon is an important seismic stratigraphic
unit in the Jeanne d’ Arc Basin of offshore Eastern Newfoundland. Located within Early
Cretaceous, syn-rift and predominantly siliciclastic sediments, the B Marker horizon
delineates the top and base of several important hydrocarbon bearing reservoirs in the
basin. The distinctive limestone lithologies of the B Marker are readily recognizable in
well penetrations and contribute to a regionally recognizable seismic expression. Until
comparatively recently, the B Marker horizon was considered a reliable
chronostratigraphic unit deposited during a period of transgression and reduced clastic
sediment supply within the Jeanne d’ Arc Basin. However, new seismic and well data
have cast doubt on the temporal continuity of the B Marker and suggest that greater
temporal and spatial variability exists than previously thought. Understanding the
stratigraphic context of the B Marker is of critical importance to future oil and gas
prospectivity. Therefore a new evaluation of the origins of the B Marker and particularly
its temporal variability was proposed by key oil companies active in the Jeanne d’Arc
Basin.

New 3-D seismic and well data collected by Hibernia Management and

Development Company Limited (HMDC) suggest that the stratigraphic architecture and



relationship of the B Marker limestone with neighboring units is poorly understood.
According to Reservoir Management at HMDC, the discrepancy associated with the B
Marker is apparent on a regional scale. Sediments overlying and underlying the B Marker
appear to be locally conformable, but new lithologic, biostratigraphic, and seismo-
stratigraphic data clearly show that this is not always the case on a larger scale. These
sediment packages may therefore show notable diachroneity. It is considered by HMDC
that the resolution of this issue is of upmost importance, especially in light of new
evidence of oil-bearing sands in this zone.

Thus, a detailed study undertaken as a part of this MSc thesis examines both
seismic and well data over a critical part of the Jeanne d’Arc Basin. This study has an
objective of constructing a predictive model for the deposition of the B Marker, focusing
on the delineation of temporal and spatial relationships of the B Marker limestone and
associated sandstones. The complex stratigraphic/structural architecture of the Hibernia
oil field complicates the assessment of the hydrocarbon potential of the B Marker and the
associated siliciclastics. Therefore, this thesis requires a multi-facet approach toward
analysis, and will use the seismic database (3-D and 2-D), lithologic and biostratigraphic
data from offshore wells provided by HMDC and Chevron Canada Ltd. This thesis aims
to accurately delineate the following: (1) detailed seismic sequence stratigraphy,
including temporal and spatial variations in acoustic character, (2) chronostratigraphic
framework using borehole data and (3) a structural architecture of the B Marker limestone

and associated siliciclastic pay zones in the Hibernia Oil Field.






leading to the development of a new classification known as the Atlantic-type margin

(Tankard and Balkwill, 1989).

1.2.2 Regional Structure and Geologic Setting of the Grand Banks

The Grand Banks is one in a series of Mesozoic extensional sedimentary basins
located along the continental margin of North America (McAlpine, 1990) (Figure 1.1).
These basins developed sequentially as seafloor spreading propagated from south to
north. South and east of the Grand Banks, seafloor spreading began in the Early Jurassic
and mid-Cretaceous, respectively and extended NW to the Labrador Sea in the Late
Cretaceous (McAlpine, 1990). The Grand Banks is separated from the Labrador and
Scotian Shelves by two prominent transform faults: Charlie Gibbs and Newfoundland
fracture zones. A series of major strike slip faults further sub-divides the Grand Banks
into northern, central and southern provinces (Tankard et al, 1989) (Figure 1.2).

Morphologically, the Grand Banks is a continental shelf (36-185 m deep), which
extends 450 km seaward of Newfoundland. The basement rocks in Grand Banks are
composed of Late Proterozoic-Late Paleozoic sedimentary successions of the
Appalachian Orogen resting over continental crust (Tankard et al, 1989).

The Grand Banks basins record a complex history of basin formation, including
multiple episodes of rifting and postrift thermal subsidence related to the opening of the

Atlantic Ocean (Tankard and Welsink, 1989). The first rifting event occurred from



Triassic-Early Jurassic during a period of NW-SE extension (Sinclair, 1988; Tankard, et
al. 1989; Hiscott, et al. 1990; McAlpine, 1990). This event was followed by the mid-
Pliensbachian break-up of North America and Africa. The second rifting event occurred
from Tithonian through Early Valanginian time, during a period of E-W extension. This
second event was succeeded by the breakup of Iberia from the Grand Banks in the mid-
Valanginian (Sinclair, 1988). The final stage of rifting occurred from Aptian-Albian,
during a phase of NE-SW directed extension. This rifting event was followed by the
separation of North America from Europe in the latest Albian (Sinclair, 1988; Tankard, et
al. 1989; McAlpine, 19905. Each rifting event was preceded by regional arching and
succeeded by tectonically quiet episodes of thermal subsidence and sedimentation.

The Mesozoic basins on the Grand Banks have a dominant, NE trending elongate
geometry, which primarily developed during the latest Jurassic to mid-Cretaceous rift
episode. These basins include the Jeanne d’ Arc, Whale, South Whale, Horseshoe and
Carson Basins. Formation of these elongate basins coincided with the development of a
broad regional arch on the Grand Banks, known as the Avalon Uplift, which coincides
with the second rifting event. The Avalon unconformity is a prominent peneplain seen
throughout the Grand Banks, which developed in response to latest Jurassic-Middle
Cretaceous rifting and separation of Iberia and the Grand Banks. Except for in basins,
Avalon basement highs in the Grand Banks are typically truncated by the Avalon
unconformity (McAlpine, 1990). By the Late Cretaceous, the Grand Banks had subsided

as a continental block and became buried beneath undeformed Upper Cretaceous and
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Figure 1.2. Map showing the principle structural elements of the Grand Banks and Orphan
Basin (after Welsink, Srivastava, and Tankard, 1989). The Grand Banks is a
continental shelf located 450 km offshore Newfoundland, separated from the
Labrador and Scotian Shelves by two prominent transform faults: Charlie Gibbs
and Newfoundland fracture zones. A series of major strike slip faults further
subdivides the Grand Banks into northern, central and southern provinces.
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1.2.3 Structure of the Jeanne d’Arc Basin

The structural architecture of the central Grand Banks is dominated by episodes of
Late Callovian-Aptian rifting which preceded the separation of the Grand Banks and
Iberia (Tankard and Welsink,1989; Mackay and Tankard, 1990). The Jeanne d’Arc Basin
is characterized by a deep half graben, which evolved through southeast directed
extension. Extensional tectonics delineated major fault patterns in the Jeanne d’Arc
Basin, including NE-SW trending listric and high angle normal faults, and NW-SE
trending trans-basinal faults. The presence of salt under much of the Jeanne d’ Arc Basin
accentuated the structural architecture of the Mesozoic sedimentary succession. A
significant amount of faulting in the basin may be the result of compensatory movement

for salt withdrawal and flowage.

1.2.3.1 Jeanne d’Arc Basin bounding faults

The Jeanne d’Arc Basin is flanked by a large basement platform: the Bonavista
Platform, to the west, and by a series of basement ridges known as the Central Ridge
Complex to the east. The Avalon uplift borders the Jeanne d’ Arc Basin in the south and
opens to the north into the East Newfoundland and Orphan Basins. Collectively, these
structural features define the funnel-shaped geometry of the Jeanne d’ Arc Basin, which is
elongated in a NE-SW orientation and tapers toward the SW (Figure 1.3).

The gross morphology of the Jeanne d’Arc Basin is attributed to the reactivation

of the Murre-Mercury, Egret and Spoonbill Faults. The Murre Fault is a NE-trending,
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listric, basin-forming fault: it defines the western boundary of the Jeanne d’ Arc Basin,
and flanks the pre-Mesozoic rocks of the Bonavista Platform. The Murre Fault is believed
to have formed by the reactivation of pre-Mesozoic lineaments (Tankard and Welksink,
1989). The Murre Fault consists of a series of left-stepping en-echelon strands that are
offset by very high angle transfer faults, which share the same level of detachment at
depth. Seismic data suggests that the Murre Fault soles at about 22-26 km. Minor fault
arrays in the basin are attributed to right-lateral shear couples. In the Hibernia oilfield,
shear couples in transfer zones created dogleg-shaped R’-Riedel shears and tension
fractures (Tankard and Welsink, 1989). A smaller scale example of these structurali
elements is illustrated by the Hibernia rollover anticline, which is enhanced by the
presence of crestal collapse structures (Figure 1.4). The Hibernia rollover anticline,
commonly referred to as the Hibernia structure or Hibernia anticline, is the major
structural element associated with hydrocarbon bearing zones in the Hibernia oilfield.
The Hibernia anticline was created by extensional faulting and rollover, and accentuated
by the presence of salt (Mackay, 1990). It trends N-NE and is dissected by a series of
transverse normal faults that trend NW (Arthur et al., 1982). The areal closure on the
anticline is 155 km? with 760 m of structural closure (Arthur et al., 1982).

The eastern extent of the Jeanne d’ Arc Basin is flanked by the Central Ridge
Complex, which is defined by a series of basement ridges composed of deformed Triassic
sediment (Tankard and Welksink, 1989) (Figure 1.5). The structurally high Central

Ridge Complex forms a hanging wall, which is detached at the same level as the Murre
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Fault (Tankard et al., 1989). Synrift sediment and the hanging basement collectively
define an extensional ramp anticline in the Jeanne d’Arc Basin (Tankard and Welksink,
1989) (Figure 1.5). The Terra Nova anticline is located west of the Central Ridge
Complex in the south-central region of the basin. The north-plunging anticline covers an
area of 200 km?, and is bound by the Trinity Fault in the north, the E-79 Fault in the east
and by the basin margin in the south (Figure 1.6). The Terra Nova anticline is cut by a
suite of orthogonal listric normal faults, which divides the field into three structural
blocks. Formation of the Terra Nova anticline was the result of eastward-directed crustal
extension and associated salt migration during thé Middle Cretaceous, which caused the
formation of a keystone fault on a north-plunging, salt cored pillow (Figure 1.6). Further
oblique slip movement on the older north-south fault system may have resulted in the
pop-up feature located on the west flank of Terra Nova. Ensuing subsidence and salt
migration further emphasized the structural relief of the Terra Nova anticline (Petro-
Canada, 1996).

The southern extent of the Jeanne d’ Arc Basin is bound by the NW-SE trending
Avalon uplift (Enachescu,1987; Jansa and Wade, 1975); a region of elevated strata,

which formed in response to Tethyan plate movements (McAlpine, 1990).

1.2.3.2 Jeanne d’Arc Basin trans-basin faults
Trans-basin faults divide the Jeanne d’ Arc Basin into three structural-stratigraphic

regions. In the region south of the Egret Fault, Late Jurassic and Lower Cretaceous rocks
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Figure 1.5. NW-SE trending seismic line (Tankard et al., 1989) located in the southern region of the Jeanne d’ Arc Basin, south of
the Egret Fault, showing the structural high Central Ridge Complex, which defines the western flank of the Jeanne d’ Arc
Basin. The complex forms a hanging wall horst of the Avalon Zone to basement, detached at the same level as the Murre
Fault. The hanging basement defines an extensional ramp anticline above which synrift sediments of the Jeanne d’Arc
Basin deposited in an asymmetric half graben. See Figure 1.3 for line location.
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Ooids found within the limestone commonly have quartz nucluei and are sandy, silty and
locally argillaceous. Fragments of bivalves, echinoderms, gastropods and coralline algae
occur in the limestone. Near the base of the unit, thinly bedded light to dark grey
calcareous sandstones, siltstones and shale are intercalated with limestone (McAlpine,
1990).

There are numerous interpretations associated with the definition of the A Marker.
It was defined by Rayer (1981) as a thin carbonate stringer near the base of the Avalon
sandstones. This definition was complicated by the existence of the A Marker seismic
event near the top of the Avalon sands (McKenzie,1980; Butot, 1981) and disagrees with
the lithostratigraphic descriptions of Tankard and Welsink (1987) and Sinclair (1988).
The A Marker defined by McApline (1990) is a thin, Late Hauterivian-Early Barremian
limestone marker located near the base of the Eastern Shoals Formation (McAlpine,
1990); this interpretation agrees with general industry use of the term "A" Marker in the
eastern and southern portions of the Jeanne d'Arc Basin (Sinclair, 1992). The basal
boundary of the Avalon Formation is assigned herein to the A Marker limestone Member.
In regions where the A Marker Member is not identifiable, the Avalon Formation may be
interpreted as continuing downward until the next identifiable lithostratigraphic unit is
encountered (Sinclair, 1992). The basal contact of the Avalon Formation/A Marker
limestone is abrupt at many locations on the southeastern margin of the Jeanne d'Arc
Basin, as seen in Ben Nevis [-45. The unit is predominantly composed of limestone, but

locally shows intercalation of calcareous sandstone. The A Marker is defined by low
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gamma-ray and high sonic response in logs, where the lower and upper boundaries of the

marker are conformable with neighboring units.

The Jurassic-Cretaceous successions between the B and A markers typically
encompass the Catalina Member and Whiterose Formation (Figure 1.8). The Catalina
Member is composed of a thinly bedded sandstone/carbonate sequence, overlying the B
Marker limestone. The lower boundary of the Catalina Member is easily picked on the
gamma-ray log, but dem~-strates a gradational relationship with the overlying Whiterose
Formation. The Whiterose Formation is defined as a massive shale unit, which is the
distal equivalent of Hibernia Formation, Catalina Member and Eastern Shoal Formation.
It intertongues with these units and can be subdivided into upper and lower tongues,
which may occur both above and below the Catalina Member and the B Marker Member.
Well logs show the formation as having gradational contacts with both the underlying

Catalina Member and the overlying A Marker Member (McAlpine, 1990).
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followed by a period of Early to Middle Jurassic thermal subsidence. The second stage of
rifting commenced in the Kimmeridgian, and may have resulted in the separation south of
Galicia Bank, of southern Iberia and southern Grand Banks. The third stage of separation,
of the Flemish Cap and Galicia Bank, was recorded by the Early Aptian anomaly MO
(Group Galice, 1979; Sullivan, 1983; Masson and Miles, 1984; Mauffret and Montadert.,

1987).

Sinclair (1994) also proposed three episodes of Mesozoic rifting for the Grand
Banks region. The first stage of ocean opening began in Late Triassic to Early Jurassic.
This resulted in the formation of a series of NE-SW trending, en-echelon normal faults,
which define the original half-graben geometry of the Jeanne d’ Arc Basin. During a
second stage of tectonism in the latest Oxfordian, rifting in the upper crust commenced as
the growth of these northly-trending faults continued in the Tithonian to Early
Valanginian. After a third stage of tectonism in the Barremian, Mid-Aptian to Late
Albian rifting resulted in the growth of NW-SE trending normal faults. This third stage of
rifting initiated the compartmentalization in the Jeanne d’ Arc Basin, through reactivation

of oblique slip and linkage to older NE-SW trending en-echelon faults.
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CHAPTER 2: DATA AND METHODS
2.1 Seismic and Well Data

The seismic data used in this thesis are composed of two separate 3D surveys
merged into one seismic project. These are: 1991 Hibernia survey provided by Hibernia
Management and Development Company Ltd. (HMDC), St.John’s, NF, and the 1997
Cape Pine survey provided by Chevron Canada Resources, Calgary, AB (Figures 2.1 and
2.2). The seismic data are calibrated by 16 exploration wells. Well data include an array
of petrophysical well logs, lithological descriptions and biostratigraphic analysis. These
data are interpreted in the light of previously interpreted work and together with

invaluable support from HMDC.
2.1.1 1991 Hibernia 3-D survey

The Hibernia survey covers approximately 22 km x 25 km. The Hibernia seismic
data were acquired by Halliburton Geophysical Services Canada Ltd. between May and
October 1991. The data were collected from R/V Indian Seal using dual source - dual

streamer (Table 2.1) for the Hibernia Management and Development Company Ltd.
2.1.2 1997 Cape Pine 3-D survey

The Cape Pine survey was acquired by Petroleum Geo-Service in May 1997. The
M/V Ramform Explorer shot approximately 35 km x 10 km of dual source data in the
north-south direction (Table 2.1). Chevron Canada Resources (CCR) provided the Cape

Pine data for this thesis.
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Source Data

Hibernia 1991

Cape Pine 97

source

dual airgun array

separation = 50 m

dual airgun array

separation = 50 m

source volume 2 x 1910 cubic inches 2 x 3090 cubic inches

average source depth 16m 7.5m

shotpoint interval 25m 25m

Instrument Data

sample rate 2 ms 2 ms

record length 6s 72s

recording system Titan 1000 - Dual Syntrak

recording format SEGD SEG-D

filter Low Cut | out 3Hz, 6 dB/oct
High Cut | 198 1272 dBJoct 206 Hz, 276 dB/oct

primary navigation DGPS N/A

time delay 51.2ms N/A

multiplicity 30 fold 41 fold

Streamer Data

cable length 2x2975m 4050 m/ 100 m

cable depth 7 m 9m

group interval 25m 25m

number of groups 240 (120 x 2) 1296

near group offset 230 m 270 m

Table 2.1. Summary of the main acquisition parameters for the Hibernia 1991 3D

survey, (modified after Wright,1998), and Cape Pine 97 survey (Magesan, 2000).
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2.2 Borehole Data

Well data for this thesis (Table 2.2) were provided by Hibernia Management and
Development Company Ltd. and Chevron Canada Resources. Wells located in the 1991
Hibernia 3-D survey are tied to seismic data based on geologic tops provided, for the
most part by geoscientists at Hibernia Management and Development Company Ltd. and
Canadian Newfoundland Offshore Petroleum Board (Table 3.1; CNOPB). Wells in the
Cape Pine 3-D survey were tied to seismic by synthetic seismograms, generated from
sonic and density data provided by Chevron. Geologic tops for the wells were provided
by the CNOPB (2001). The well picks used is this thesis are chosen with confidence, are
substantiated by the data presented herein and in conjunction with the geologists and
geophysicists at HMDC. The generation of synthetic seismograms is discussed in

Methodology. The list of time shifts applied to the wells is listed in Table 3.5.
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2.3 Methodology

The analytical phase of this thesis began in January 2000, with mapping of
seismic reflectors and major faults in the eastern region of the Hibernia oilfield (Figure
2.2). These features were interpreted in a seismic cube defined by time, not by depth.
Mapping of seismic reflectors was conducted using the seismic stratigraphic approach
defined by Vail and Mitchum (1977). Section 2.3.1 describes the framework employed

during the seismic stratigraphic analysis in this thesis.

2.3.1 Seismic reflection terminations and delineation of depositional units

Seismic stratigraphy is a geological approach to the stratigraphic interpretation of
seismic data (Vail and Mitchum, 1977). It is theoretical and interpretative rather than
descriptive, and the geological interpretations are expressed in terms of relative sea-level
fluctuations (Walker and James, 1992). The first step in seismic stratigraphy is to divide
the seismic reflection data into discrete stratigraphic packages or depositional units. The
unconformities are delineated on the basis where a depositional unit is defined by a
seismic package consisting of genetically related reflectors that are bounded at their tops

and bases by unconformities or their correlative conformities.

Unconformities are determined by the onlap, toplap, and downlap reflection
terminations, terms which where introduced by Mitchum ez a/ (1977a). In addition to the

criteria discussed above, the units discussed herein were also chosen on the basis of their
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Figure 2.3. Types of reflection terminations as defined by Mitchum et al., (1977a).
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cooperation of Chevron Canada Resources (CCR), the study area grew from the Hibernia
oilfield proper, into the central region of the Jeanne d’ Arc Basin, an area covering
approximately 1500 2km of seismic data. In May 2001, seismic and well data from the
Cape Pine merged survey was received from Chevron Canada Resources, Calgary. At
this time the Hibernia and Cape Pine surveys were merged into one 3-D seismic project,
using Landmark Seisworks software. Synthetic seismograms were generated from wells
in the Hibernia and Cape Pine surveys, and tied with adjacent wells and seismic data.
Mapping in the Cape Pine region was integrated with the Hibernia survey. Wells in the
Hibernia region were re-examined in conjunction with Cape Pine synthetics. Maps were
then created from the larger merged dataset, and old geologic models were modified to
encompass new interpretations and the newly defined area. Four seismic traces have been
recognized (S1-S4; discussed in Chapter 4) within the stratigraphic range of the proposed
B Marker seismic event. The sedimentary evolution of the time interval represented by
the B Marker is described using four schematic depositional models corresponding to S1-

S4 (Chapter 4).
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3.1.1 Regional Syncline, Anticlinal Structures and Structural Highs

The Jeanne d’ Arc Basin has a funnel-shaped geometry in map view. It is elongate
in a NE-SW orientation and tapers toward the SW. The prominent structural features of
the Jeanne d’ Arc Basin and its surrounding highs are: the Murre Fault, which is the
western basin-bounding fault; the Hibernia roll-over anticline in the NW; the Egret Ridge
in the SW; the Cape Pine syncline, which defines the main basinal structure; the anticline
defined by the Terra Nova arch in the east; and the trans-basin fault zone in the north
(Figure 3.1). The Hibernia survey is located in the west-central region of the Jeanne
d’Arc Basin. The N-NW trending Hibernia anticline is located in the central region of
this survey (Figure 3.2). It is a variably plunging structural culmination dissected by a
complex array of fault systems dominated by NW-SE trending faults (Mackay et al.,
1990; Tankard et al, 1989; Arthur et al., 1982). The anticline is a large roll-over structure
developed during extension in the hanging wall of the listric, east-dipping Murre Fault
(Tankard et al, 1989). In this thesis, the seismic stratigraphic analysis of the B Marker is
limited to the eastern flank of the culmination, and therefore, the structure of the Hibernia
anticline is not further described in detail. The anticline is located N-NE of the northern
tip of a prominent arcuate syncline, referred to in this thesis as the Cape Pine syncline.
This syncline trends NW along the southern flank of the Hibernia anticline toward the
Murre Fault; it extends toward the SE within the Cape Pine survey. The Egret Ridge is a
NE-trending structural high located east of the Murre Fault, and forms the west flank of

the Cape Pine syncline; it mostly lies beyond the seismic dataset. This high is defined by
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Nevis Formation (Figure 1.4). This upper succession in the Cape Pine syncline was
deposited in a so-called hanging wall syncline (Gibbs, 1984), which formed as a
consequence of the hanging wall moving over a bend in the upper ramp - flat portion of
the Murre Fault. This bend is postulated to lie at a level within the Rankin Formation of
the hanging wall (T. Calon, personal communication, 2002). The crest of the roll-over
anticline, and the adjacent hanging wall syncline are capped by the nearly horizontal pre-
Cenomanian unconformity and the overlying Petrel Limestone Member (see below;
Figure 1.4).

The main portion of the Jeanne d’Arc Basin consists of a series of Early Jurassic
to Early Cretaceous (pre-Aptian) growth strata wedges, which lie above late Triassic Argo
Salt and show considerable westward thickening (Figure 1.4). This succession is
punctuated by a number of unconformities representing several phases of rift activity. In
the eastern portion of the Jeanne d’Arc Basin, the growth strata wedges show dramatic
eastward thinning over the western flank of the Terra Nova arch, notably the Rankin,
Jeanne d’Arc, Hibernia, and Avalon formations, but also the Ben Nevis Formation of the
younger hanging wall syncline. Within individual wedges the thinning is mainly
accomplished by onlap, while overstep onto the crest of the arch is rare, and thin offlap
wedges are present on the uppermost portion of the western flank of the arch (e.g.,
Fortune Bay and upper Hibernia formations; Figure 1.4). The Mesozoic wedge defines
the fill of a large asymmetric half-graben which developed in the hanging wall of the

Murre Fault during successive phases of rift-related extension. Its complicated
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architecture on the flank of the Terra Nova arch records considerable variation in the rate
of uplift versus the rate of deposition/erosion, not taking into account variations in base
level during the evolution of the basin. Asymmetric growth of the basin fill is most
pronounced in the Middle-Late Jurassic, but continued at a lesser pace during the Early
Cretaceous as indicated by the eastward wedging of the Hibernia, Avalon and Ben Nevis
formations.

The overall synclinal shape of the Mesozoic basin fill (i.e., the Cape Pine
syncline; Figure 1.4 and 3.1) is related to the presence of the Terra Nova arch in the east,
and the Hibernia anticline associated with the ramp-flat-ramp geometry of the Murre
Fault in the west. The largest structural relief in sections across the syncline is seen in the
lowest portion of the growth strata wedges, and relief decreases up-section through the
wedges. In addition, the locations of trough points for successive wedges migrate
upwards in a westerly direction. This results in a westward side-stepping pattern of the
synclinal axial traces, that is compatible with the geometry predicted for folding
asymmetric wedges with an easterly taper (T. Calon, personal communication, 2002).

The Terra Nova arch is a huge roll-over anticline that developed in the pre-rift
basement of the Jeanne d’Arc Basin, including late Precambrian and Paleozoic units of
the Avalon Zone, and possibly Triassic early rift successions. This anticline formed in
relation to continued extension during the Mesozoic by bending of the main hanging wall
over the deep ramp portion of the listric Murre Fault. The progressive growth of this roll-

over structure is recorded in the eastward thinning of the Mesozoic growth strata wedges.
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view, and define the closure of the syncline toward the SW. In map view, the synclinal
axis curves from a SW trend in the NW comer of the survey near the Hibernia anticline,
to a southerly trend in the central region of the survey, and then to a S-SW trend in the
southern region of the survey (Figure 3.1). The variation in the plunge of the synclinal
axis is expressed by the B Marker which reaches its greatest depth (3.4 s TWT) in the
NW portion of the survey (Figure 3.2). In this region the syncline defines a small SE
trending, doubly plunging structural depression nestled against the southern flank of the
Hibernia anticline, which quickly loses its expression on the NE limb of the syncline. To
the west of the depression, the syncline becomes a broad and shallow easterly plunging
trough situated between the southern flank of the Hibernia anticline and the prominent
high that occupies the SW portion of the survey (i.e. south of the Rankin Fault; Figure
3.1). The B Marker then rises from ~2.9 s TWT in the central region of the syncline and
to ~ 2.0 s TWT in the southern portion of the survey (Figure 3.2).

The Cape Pine syncline has a variable expression, that is most apparent in seismic
sections which extend regionally across the basin (Figures 1.4 and 3.4-3.6). The syncline
is capped at its top by the unconformity at the base of the Late Cretaceous Petrel Member
and overlying Cenozoic successions (Figure 1.4). Throughout the central domain of the
syncline, the Petrel Member is a prominent, very high-amplitude, continuous, and nearly
horizontal event lying at depths between 1650 - 1900 ms TWT (Figures 3.4-3.6).
However, the base of the Petrel Member rises toward the structural highs in both the east

and west. Therefore, the Petrel Member defines a shallow and broad syncline below the

49















3.2 Description of Seismic Units: Stratigraphic Architecture of Basin Fill

This section examines the sedimentary structure of the depositional units
representing the Middle Jurassic through Late Cretaceous period. The units were chosen
based on the seismic stratigraphic; princ | es defined by Vail and Mitchum (1977; see
Section 2.3).

Two seismic units (Units A and B) are identified in the study area. The intent of
mapping these units is to determine package thicknesses, document the seismic reflection
patterns of both individual seismic reflectors and seismic units, and to decipher the
stratigraphic and structural events recorded in the Jeanne d’ Arc Basin, with partiéular
focus on the Middle Jurassic through Late Cretaceous periods. Collectively, Unit A and
Unit B comprise a succession of sedime ary rocks which rest mostly conformably above
the upper surface of the Jeanne d’ Arc Formation, and are sealed unconformably at the top
by the A Marker limestone. The thickest accumulation of this succession is found in the
main pluﬁge depression of the Cape Pine syncline (Figure 3.2). The location of the

seismic sections discussed in this part of the text are displayed on the map in Figure 3.2.

3.2.1 UnitA
Unit A is typically the lowermost package within the Late Jurassic - Early
Cretaceous sedimentary succession. Tl unit is characterized by medium- to high-

amplitude, coherent internal reflections which show moderate lateral continuity
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throughout t  region. The base of Unit A is delineated by a moderate- to high-amplitude
reflector which corresponds to the top Jeanne d’Arc Formation (Figure 3.7). The
progressive but mild onlap of lower reflectors in Unit A over the Jeanne d’Arc event is
evident along structural highs in the study area, suggesting that the Jeanne d’Arc event is
an unconformity along structural highs, becoming a conformable or discor.. - mable
surface in d« _rer regions of the basin. The seismic top of Unit A is delimi 1by a high-
to very high ..nplitude coherent reflector which represents the B Marker . tone at the
base of Unit B.

Isochore mapping shows that Unit A displays a circular to lobate shape in plan
view, and the unit thins uniformly toward structural highs (Figure 3.8). Unit A thickest
along the central axis in the N-S trending portion of the Cape Pine syncline, where
package thickness ranges between from 500 ms TWT in the north, to 580n TWT along
the axis of t| syncline, thinning toward 412 ms TWT in the south. Likewi m east
to west, Unit A thickens from 284 ms TWT in the west, to 522 ms TWT in the center, to
375 - 436 ms TWT in the east. Changes in Unit A’s thickness are most obvious along
E-W trending seismic lines in the Cape Pine survey, which demonstrate both westward
and eastward thinning with maximum thinning against the flank of the Egret »~.dge
(Figures 3.4 _ 7). In addition, some thickness variation of Unit A is seen in narrow belts
bounded by E-W trending faults across the southern part of the Cape Pine syncline
(Figure 3.8). In this area, the isochore map defines a discontinuous horst-block

impinging on the western flank of the syncline.
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Pine syncline (Figure 3.7), suggests that the top of the A Marker is also an unconformity

in these regions.
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33 Fault Systems

The flanks of the Jeanne d’ Arc Basin are bound by: 1) the Murre Fault, a NE
trending fault which defines the western limit of the basin; 2) the NE trending Voyager
Fault, which lies west of the Central Ridge Complex; 3) the NW-SE trending Egret Fault
which defines the southern extent of the Jeanne d’Arc Basin (Figure 3.1). The Hibernia
survey is bound by the Nautilus Fault in the NE, and Murre Fault along the NW extent.

Two dominant fault trends are evident in the study area. In this thesis, the N-S
and NE-SW trending faults are discussed as the NE-SW fault system; similarly, the

NW-SE and E-W trending faults are discussed as the NW-SE fault system.

3.3.1 NE-SW fault system

NE-SW trending faults occur in a ~ 55 km wide zone within the study area, and
are particularly concentrated in the SE region of the Cape Pine survey (Figure 3.10).
Faults in this system trend both NE-SW and N-S. NE-SW faults are oriented parallel to
the basin-bounding Murre and Voyager faults. Individual fault segments have linear to
slightly curved map traces, which extend laterally from 0.5 - 12 km across the study area.
With regard to terminations of these fault segments, both tip points and terminations
against cross faults are evident. The faults dip between 40 - 60°, typically averaging
between 40 - 50°, toward both the east and west (Figures 3.11-3.13). They form arrays
consisting of conjugate sets of planar faults with mainly normal sense dip separation in

cross-sectional view. There is no clear evidence for strike separations on faults at the B
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Marker level. This is to be expected considering that the stratigraphic markers in the
basin generally have horizontal cut-off lines on the fault planes, because their orientation
is either horizontal or gently dipping towards the basin axis with trends nearly parallel to
the strike of the fault system.

In cross sectional view, curved trajectories observed along some fault planes occur
because of the listric geometry of the fault surface, or indicate the presence of a
geophysical artifact where velocity pull-up distorts the seismic image, as commonly
observed in the foot walls of faults (Fagin, 1996). As illustrated by Figure 3.11, the
traced fault surface appears to be listric at depth, but this is actually an exafnple of the
intersection of two faults with slightly different dips and strikes. In the Hibernia survey,
as illustrated by the basin-bounding Murre Fault zone, both listric and high-angle planar
NE-SW trending faults occur (Figure 1.4).

The largest dip separations of the B Marker on NE-SW faults, excluding the
Murre Fault, occur in southern regions of the Cape Pine survey. In these southern areas,
the greatest displacement of the B Marker is seen on those faults which define the flanks
of the structural highs. This is particularly so for the faults on the structural high that
defines the eastern flank of the Cape Pine syncline. In Figure 3.12, at ~1.93s TWT in the
SE region of the survey, the B Marker intersects a N-S striking, east dipping fault plane
e1500. Fault wi340 strikes NE, and dips westward. Fault e/500 is correlated with the

King’s Cove Fault and fault w/340 is correlated with the Beothuk Fault, as defined by the
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mapping of Petro-Canada (1996). These two faults are here interpreted to define the
western and eastern flanks, respectively, of a crestal collapse graben. A crestal collapse
graben has the geometry of a keystone graben bound by planar antithetic and sigmoidal
synthetic faults; they are produced by outer arc extension of the evolving roll-over
anticline above a listric (ramp-flat) fault surface (McClay, 1989; McClay and Ellis, 1987).
Maximum vertical separation of the B Marker across the bounding faults of this graben
is ~150 ms TWT. The width of the graben tapers from a distance of ~ 5.1 km in the
north, to 2 km in the south. The longitudinal axis of the graben is oriented NE-SW and
extends at least 12.0 km (Figure 3.10)'. Graben highs trend longitudinally, parallel to the
graben axis. The graben probably extends further southward, beyond the seismic
coverage in this area. In between faults /500 and w1340, there are sets of smaller scale
conjugate faults, extending between 1-5 km along strike; these mimic the graben-
bounding faults. The stratal architecture in the graben has a broad anticlinal form. The
structural relief of this arch above the graben axis is approximately 80 ms TWT.

The seismic section in Figure 3.13 lies immediately north of the cross section of
the crestal collapse graben shown in Figure 3.12. The section shows the crest of an active
salt diapir wall, where salt has risen through the lower portion of the stratigraphic
successions contained in the keel of the graben (i.e. up to the Jeanne d’ Arc marker), and
along the eastern foot wall of the graben structure. Salt movement is clearly linked to the
extensional faulting that created the graben (Jackson and Vendeville, 1992a). The salt

diapir typically pierces the immediate foot wall domain of the fault, due to unloading in
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the hanging wall. In this structure, the main extensional fault is therefore considered to
be the eastern graben-bounding fault. The arching of the strata in the graben, seen in both
cross sections, is interpreted to be related to the rise of the salt (Jackson and Vendeville,
1992b). Subsequent fall of the salt is shown by the presence of the small graben
developed across the eastern wall of the main graben (Jackson and Vendeville, 1992a).
This event clearly effects the strata extending to a level above the A Marker and is,
therefore, younger than the formation of the main graben (Figure 3.13).

The Terra Nova arch and associated NE-SW trending fault system and related salt
structures shown in Figures 3.12 and 3.13, are located ~20 km west of the basin-bounding
Voyager Fault (Figure 3.1). Petro-Canada (1996) proposed that the Terra Nova anticline
formed in response to Middle Cretaceous, west-east crustal extension and associated
deep-seated salt migration, to form a keystone fault on a north-plunging, salt-cored
pillow. This, combined with reactivation of the north-south trending fault system, led to
detachment of cover rocks in the salt zone resulting in the uplift seen on the west flank of
the Terra Nova oilfield (located west of the King’s Cove fault in the block containing
Terra Nova wells K-17 and K-18; see Figure 1.6). Continued salt migration combined
with subsidence in the keystone graben, further accentuated irregular relief on the Terra
Nova anticline (Petro-Canada, 1996). The origin of the crestal collapse graben identified
in the Cape Pine grid is similarly thought to be fault-driven. It developed over the crest of

a roll-over anticline lying above a westerly dipping, listric extensional fault which tapped
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excess of 80 ms TWT. This package of growth strata defines a wedge, which thickens
northeastward from 200-290 ms TWT. This growth strata package is correlated with the

younger growth strata package associated with salt withdrawal, imaged in Figure 3.13.

3.3.2 NW-SE fault system

NW-SE trending faults are present throughout the entire study area, but are most
concentrated in the northern, eastern and southern regions (Figure 3.2). The width of the
system span ~ 46 km, and presumably extends east and northeast, beyond the limits of the
seismié dataset. East of the Hibernia anticline, in the northeast region of the Cape Pine
survey, NW-SE trending faults define a prominent regional fault system, corresponding
with the Trans-Basin Fault zone, defined by Mackay and Tankard (1990), McAlpine
(1990) and Enachescu (1987) (Figure 3.2). Here the structure contour map
for the B Marker shows strong segmentation of the unit in an array of NW-SE trending
symmetric and asymmetric NW-SE trending graben with considerable structural relief
(Figure 3.2). This region extends north, beyond the seismic dataset , towards the
northerly dipping Nautilus Fault (Figure 3.1). An analysis of the B Marker in this
complicated fault zone was kept outside the scope of this thesis. Therefore, discussion of
the NW-SE fault system focuses on faults observed in the southern and eastern regions
within the Cape Pine survey (Figure 3.10).

Fault traces predominantly trend NW-SE in the northern and western regions of

the study area, but E-W in the SE, over the Terra Nova arch (Figure 3.10). Fault traces
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3.4  Seismic Character of the B Marker Member
3.4.1 Seismic Reflector Continuity

Continuity extractions are useful in 3-D seismic analysis which allows the
identification of the zones where reflectors are laterally continuous. By calculating
localized waveform similarity in both line and trace orientations, estimates of 3-D seismic
coherence can be obtained (Bahorich and Farmer, 1995). Typically, fault planes and
localized stratigraphic features appear on continuity maps as zones of discontinuity.
Similarly, in the study area, zones of seismic reflector discontinuity correlate well with
mapped fault traces (Figures 3.16 and 3.17).

A continuity extraction was generated in SeisWorks for the B Marker horizon,
which corresponds with the B Marker seismic event (Figure 3.18 and 3.19) and B Marker
geologic well pick of CNOPB in C-96 (Figures 3.16 and 3.17).

Along the eastern flank of the Hibernia survey the B Marker continuity extraction
reveals a ~ 3 km wide zone of discontinuity. This zone correlates with the hanging wall
of a major NW-SE trending normal fault (see Figures 3.2, 3.16 and 3.17). This area of
discontinuity has an abrupt contact in the west with a zone of high continuity. It is bound
to the south by another NW-SE trending normal fault and possibly extends east beyond
the survey limits (Figure 3.17). In the western region of the Hibernia survey, there is a
large >7km wide zone of discontinuity which spans from north to south over a distance
of >8 km. This zone of discontinuity has a gradational contact with adjacent zones of

continuity.
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MARA M-54 STRATIGRAPHIC COLUMN

LOG
ERA|SYSTEM/ | qrygg | PALEONTOLOGICAL | pyppry | pORMATION LITHOLOGY
SERIES ANALYSIS
(MD)
2350 )
CENOMANIAN Radiolithus sp1 2382.5 PETREL Limestone
ALBIAN Epistomina spinulifera Sandstone. siltstone
2505 and she
ARLY APTIAN 2526 AVALON and shale
zr ARL Cerbia tabulata
% 8 BARREMIAN Sandstone, siltstone
8 < EARLY BARREMIAN Ctenidodinum elegantulum Limestone
E = HAUTERIVIAN Shale
% 3065 Sandstone and siltstone
VALINGINIAN Phoberocysts neocomica nors s Limestone
Zggé, VA . Claystone and siltstone
. 4151 IN HIBERNI
BERRIASI Cantulodi
AN antwiocuunt sp 13754366 BASE HIBERNIA Sandstone
TITHONIAN . Sandstone
BERRIASIAN Polycostella senaria 6
T.D.

Table 3.5. Stratigraphic column for the Mara M-54 well, modified from Dawson (1986). The B Marker seismic pick as
Interpreted in this thesis is highlighted in yellow, and the lithologic pick in red (CNOPB, 2001).
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