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Cretaceous tectonism and volcanism in the eastern Scotian Basin, offshore, Nova Scotia
by Sarah J. Bowman
Abstract

Early Cretaceous tectonism and volcanism is widespread in the eastern Mesozoic-
Cenozoic Scotian Basin. The precise stratigraphic position of volcanic rocks within wells
has been re-evaluated and the volcanological character of the rocks refined by study of
cuttings and well logs. Hauterivian-Barremian volcanic rocks on the SW Grand Banks
and Aptian-Albian volcanic rocks in the Orpheus Graben and SE Scotian Shelf are likely
the result of Strombolian type eruptions. The timing of regional unconformities appears
to mark the onset of different components of the volcanic system. The distribution of
volcanism is related to the complex opening history of Europe from North America.
Widespread volcanic activity indicates a regional and long-lived magma source, which
resulted in elevated regional heat flow. Effects of this heat flow are seen in sediments
within the Sable sub-basin, but was insufficient to significantly influence the petroleum
system.
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CHAPTER 1
INTRODUCTION AND OBJECTIVES

1.1 Introduction

This study is concerned with the impact of Cretaceous tectonism and volcanism
on the petroleum system located in the eastern Scotian Basin, offshore eastern Canada.
The Scotian Basin is a passive-margin, Mesozoic-Cenozoic basin flanked to the
southwest by the Yarmouth Arch and to the northeast by the Avalon Uplift (Wade and
MacLean, 1990). The Scotian Basin comprises interconnected sedimentary sub-basins:
the Shelburne, Sable, Abenaki, Laurentian and South Whale sub-basins, and the Orpheus
Graben, which contain relatively thicker sediments. The study area for this thesis
comprises the eastern Scotian Basin and includes the Orpheus Graben, the eastern portion
of the Abenaki sub-basin, the Laurentian sub-basin and the South Whale sub-basin
(Figure 1.1). The Orpheus Graben is located on the northeastern corner of the Scotian
Shelf, extending from the Chedabucto Bay in the east to the Laurentian Channel to the
west (Jansa and Wade, 1975). It is bounded to the north by the Scatarie Ridge and to the
south by the Canso Ridge. Structurally, the graben is surrounded by a series of
discontinuous subparallel faults (Weir-Murphy, 2004). The Abenaki sub-basin is located
on the southeastern portion of the Scotian Shelf. Within this study the Abenaki sub-basin
will be referred to as the SE Scotian Shelf. In this study, although the Orpheus Graben is
located on the Scotian Shelf; it will be referred to separately from the SE Scotian Shelf as
the two areas are distinctly different structurally. The Laurentian sub-basin is located at
the mouth of the Laurentian Channel and extends onto the southwest Grand Banks. The

South Whale sub-basin is located farther west on the southwest Grand Banks. The
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Laurentian and South Whale sub-basins together will be referred to as the SW Grand

Banks in this study.

1.1.1 Tectonic history

The development of the Scotian Basin can be divided into two main phases: one
that caused the formation of sub-basins on the Scotian Shelf (including the Orpheus
Graben), and one that caused the formation of sub-basins on the SW Grand Banks. The
first phase began in the early part of the Mesozoic (approximately 210-230 Ma, in the late
Triassic) with the initiation of south to north rifting between North America and Africa
and the development of northeast trending grabens and half-grabens bounded by normal
faults on the Scotian Shelf (Keen et al., 1990; Wade and MacLean, 1990). It has been
suggested that bounding Mesozoic extensional faults are likely to be reactivated
Paleozoic faults such as the Cobequid-Chedabucto fault system (Jansa and Pe-Piper,
1985; Tankard and Welsink, 1989; MacLean and Wade, 1992). Rifting is thought to
have ceased in the Orpheus Graben and on the Scotian Shelf by the middle Jurassic (~180
Ma).

The SW Grand Banks was affected by both the rifting which had occurred on the
Scotian Shelf to the south, and the second phase of rifting between Newfoundland and
Iberia. This second phase has been interpreted by Tucholke et al. (2007) to have
occurred in three stages: Berriasian, Valanginian to Hauterivian and Barremian to end
Aptian (~112 Ma). On the Grand Banks, the tectonic history is dominated by uplift and
erosion as well as by subsidence within its sedimentary basins. The Grand Banks

comprises a series of intracratonic basins and ridges similar to those on the Scotian Shelf



(Enachescu, 1988). An important tectonic element is the Avalon Uplift, which has been
considered to be late Jurassic to early Cretaceous (Wade and MacLean, 1990).
According to MacLean and Wade (1992), the uplift was generated by rifting between the
Grand Banks and Iberia and resulted in significant erosion and reworking of sediments
during the early Cretaceous. These sediments were then deposited into the basins of the
Grand Banks and the Scotian Basin.

It is important to understand the more localized tectonic history of the study area
and how it relates to the regional tectonic history of the Scotian margin and Grand Banks.
Understanding the timing of tectonic movement may aid in determining a more exact
time of emplacement of volcanic rocks, the extent of the volcanic rocks, and potential

pathways for magma migration.

1.1.2 Depositional history

Stratigraphic nomenclature in the Scotian Basin is based on Mclver (1971) and
Wade and MacLean (1990) (Figure 1.2). The plot on Figure 1.2 has been corrected to the
Gradstein et al. (2008) timescale. The interconnected sub-basins of the Scotian Shelf
underwent prolonged subsidence resulting in sediment accumulations of up to 12 km in
thickness (Wade and MacLean, 1990). Syn-rift Triassic continental redbeds and
evaporites of the Eurydice and Argo formations were deposited first, followed by early
Jurassic continental clastic sedimentary rocks and evaporitic dolostones. At this time a
small amount of volcanic and sub-volcanic rocks were emplaced, which are discussed in
the next section. During the middle to late Jurassic, post-rift clastic rocks and carbonate

rocks of the Mohawk, Mic Mac, Abenaki and Verrill Canyon formations were deposited



70

80

Figure 1.2: Generalized stratigraphy of the Scotian Basin, including the SW Grand Banks
(modified from Pe-Piper and Piper, in press). The timescale is that of Gradstein et al. (2008).
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along the basin margin. Following this was the deposition of the units of importance to
this study: the thick fluvial-deltaic sediments of the early Cretaceous Mississauga
Formation and the mid-Cretaceous Logan Canyon Formation, both of which pass
seaward into the Verrill Canyon Formation.

During the Cretaceous, there were fluctuations in sea level which influenced the
deposition of sandstones of the Mississauga Formation and the mix of transgressive
shales and regressive sandstones of the Logan Canyon Formation (Jansa and Wade,
1975). The Mississauga Formation can be divided into three members: lower, middle
and upper, although the lower member is not present in the eastern part of the Scotian
Basin (Wade and MacLean, 1990) where the equivalent strata are referred to as the upper
part of the Mic Mac Formation (Figure 1.2). The middle and upper members are
separated by a transgressive limestone unit called the “O” marker, which is not found
within the Orpheus Graben and is found only locally on the SW Grand Banks (Wade and
MacLean, 1990). The Mississauga Formation is generally considered to be Berriasian to
Barremian (Williams, 1975; Wade and MacLean, 1990). The Logan Canyon Formation
can be divided into four members: the basal transgressive shale of the Naskapi Member,
the sandstone dominated Cree Member, the shale dominated Sable Member and the
sandstone dominated Marmora Member (Wade and MacLean, 1990). The Logan Canyon
Formation is considered to be Aptian to Cenomanian (Williams, 1975).

In the late Cretaceous, transgressive marine shales of the Dawson Canyon
Formation and the chalk and marl of the Wyandot Formation were deposited.
Sedimentary rocks deposited after these formations are considered part of the Tertiary

Banquercau Formation. The general stratigraphy of the SW Grand Banks is very similar



to that of the Orpheus Graben and Scotian Shelf and thus the stratigraphic nomenclature
of the Scotian Shelf and Orpheus Graben will also be used for the SW Grand Banks.
Understanding the depositional history of the study area is important as changes
in depositional patterns often are indications of tectonic movement. It is also important
to understand the stratigraphic position of the volcanic rocks in order to properly interpret

timing and environment of emplacement.

1.1.3 Igneous rocks

The continental margin off Nova Scotia is considered a non-volcanic rifted
margin as early Jurassic rift-related volcanic and sub-volcanic rocks are sparse (Louden
and Lau, 2001). However, Cretaceous volcanic rocks and intrusions are widespread on
the Scotian Shelf (Jansa and Pe-Piper, 1985). The volcanism is also found on the SW
Grand Banks (Jansa and Pe-Piper, 1988; Pe-Piper et al., 1994; Pe-Piper et al., 2007).
Data from wells drilled for hydrocarbon exploration have shown that there were episodes
of post-rifting volcanic activity synchronous with major regional tectonic events on the
SE Scotian Shelf and in the Orpheus Graben and syn-rift volcanic activity on the SW
Grand Banks (Jansa and Pe-Piper, 1988).

There is evidence of volcanism within five wells on the Scotian Shelf. These
wells are the Argo F-38, Hercules G-15 and Jason C-20 wells within the Orpheus Graben,
and the Hesper I-52 and Hesper P-52 wells on the SE Scotian Shelf. On the SW Grand
Banks, volcanic and intrusive rocks have been found within the Emerillon C-56, Mallard
M-45, Brant P-87, Narwhal F-99 and Twillick G-49 wells (Figure 1.3). According to Pe-

Piper et al. (1990), occurrences of igneous rocks on the SW Grand Banks and within the
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Orpheus Graben and SE Scotian Shelf are very important elements in discerning the
tectonic history of the area, since igneous activity reflects tectonic processes and different
types of igneous rocks are formed in different tectonic environments. Beyond the Scotian
Shelf and SW Grand Banks, Cretaceous igneous occurrences are found in many other
areas on the North American margin such as the New England seamounts, Baltimore
Canyon, J-Anomaly ridge, Fogo scamounts, Newfoundland seamounts and inland in the
White Mountains and Monteregian Hills (New England-Quebec Igneous Province)
(Strong and Harris, 1974; Schlee et al., 1976; Keen et al., 1977; Hall et al., 1977,

Houghton et al., 1979; McHone, 1980; Jansa and Pe-Piper, 1985) (Figure 1.3).

1.1.4 Thermal history

The thermal history of an area is a key component to hydrocarbon exploration as
hydrocarbons are formed by the effect of heat on organic matter. Understanding the
thermal maturation of sediments can assist in advancing oil and gas exploration. The
thermal effects of volcanism in the Scotian Basin have been previously considered only
in terms of the local effects of a single thick basalt flow (e.g. Lyngberg, 1984), but as our
understanding of the regional extent of the volcanism improves it is clear that the effects
of regional high heat flow must also be considered. The intrusion of volcanic material
into the sedimentary system would introduce a heat flow beyond what would be expected
from normal burial and compaction, but the magnitude of this effect needs to be

determined to assess its role in the maturation of potential petroleum resources.



1.2 Previous work in the Scotian Basin

The Scotian Basin has been investigated by industry and many researchers
following the first petroleum exploration near Sable Island by Mobil Oil Canada Ltd. in
1958 (Keen and Piper, 1990). Since then, more than 140 wells have been drilled and
thousands of kilometers of seismic reflection have been shot within the Scotian Basin.
Information from wells and seismic exploration has led to a greater understanding of the
tectonic, depositional and hydrocarbon history of the Scotian Basin. The general
stratigraphy of the area has been investigated in detail by Mclver (1971), Jansa and Wade
(1975), Given (1977), Grant and McAlpine (1990), Wade and MacLean (1990) and
MacLean and Wade (1992, 1993). Weir-Murphy (2004) further refined the stratigraphy
of Cretaceous rocks within wells in the Orpheus Graben and one well on the SE Scotian
Shelf. The tectonic history of the Scotian Basin has been studied by many authors
including Jansa and Wade (1975), Enachescu (1988), Welsink et al. (1989a, 1989b),
Tankard and Welsink (1989), Louden (2002), Pe-Piper and Piper (2004) and Tucholke et
al. (2007).

The thermal evolution of the Scotian Basin has been investigated in terms of
regional lithospheric and crustal stretching models. Royden and Keen (1980), Keen and
Beaumont (1990), Dehler and Keen (1993), Keen and Dehler (1993) and Williamson et
al. (1995) have all investigated the effects of rifting and subsidence on the thermal
evolution of the Scotian margin. Keen et al. (1993) studied decompression melting at rift
margins to determine whether or not models can predict the occurrences of igneous rocks
in the Scotian Basin. The authors found that rift-related volcanism can occur tens of

millions of years after the end of rifting, but their model did not predict the observed
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igneous occurrences in the study area. Williamson et al. (1995) generated a model of
lithospheric stretching and associated melting to predict the volume and rare earth
element composition of basaltic magmas generated during rifting. They concluded that
that under certain conditions, the first magmas generated by decompression melting are
alkaline magmas not exceeding 1 km in thickness. All of these studies have focused on
volcanism related to Triassic-early Jurassic rifting and not heat flow related to Cretaceous
igneous activity in the Scotian Basin.

The thermal history in the Scotian Basin has also been investigated from studies
of the sedimentary rocks. Apatite fission track dating has been used by Grist et al. (1991)
and Li et al. (1995), who discovered thermal overprints in samples from the central
Scotian Basin, west of the study area of this thesis. Wierzbecki et al. (2006) investigated
fluid inclusions from the Deep Panuke field in the Sable sub-basin and proposed that the
dissolution and dolomitization of carbonates in that area was due to hydrothermal fluids
derived from either igneous activity or overpressures rising through reactivated strike-slip
faults. Karim et al. (2010) have investigated fluid inclusions in diagenetic carbonate
cements and quartz overgrowths within the Mississauga and Logan Canyon formations in
sandstones from the Venture field in the Sable sub-basin. The fluid inclusions have
shown unexpectedly elevated temperatures at some point during the Cretaceous.

There have also been many investigations into Cretaceous igneous occurrences
both onshore, in the New England-Quebec Igneous Province, and offshore of eastern
Canada (Strong and Harris, 1974; Schlee et al., 1976; Keen et al., 1977; Hall et al., 1977,
McHone et al., 1980; Houghton et al., 1979; Jansa and Pe-Piper, 1985; Eby, 1985, 1992).

The main focus of these investigations has been radiometric dating and the geochemistry
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of the igneous rocks, in an effort to determine their age, origin and potential relationships
to each other. The igneous rocks in the Orpheus Graben have been studied by Jansa and
Pe-Piper (1985) who determined that the basalts found within wells in the Orpheus
Graben were within-plate oceanic alkali basalts ranging in age from 102-125+ 5 Ma.
They also suggested the volcanism could be an expression of the reactivation of the
Cobequid-Chedabucto transform fault zone. Jansa and Pe-Piper (1986, 1988), Pe-Piper
and Jansa (1987) and Pe-Piper et al. (1990, 1992, 1994) studied similar rock occurrences
in the Baltimore Canyon, Newfoundland seamounts, Grand Banks and the New England
seamounts. They determined all the studied rocks were emplaced between 95-135 Ma
and all were alkali basalts with differing rare earth element enrichments and incompatible
trace elements. They thus separated these volcanic rocks into the Grand Banks-Scotian
Shelf igneous province and the Georges Bank-Baltimore Canyon igneous province.
Jansa (1991) published a map in the East Coast Basin Atlas series depicting the extent of
the igneous occurrences in the Orpheus Graben. Pe-Piper et al. (2007) investigated the
petrology and tectonic setting of the Fogo Seamounts located south of the SW Grand

Banks.

1.3 Objectives

Previous work has largely focused on regional lithospheric stretching models and
the geochemistry of igneous rocks in the Scotian Basin. No systematic attempt has been
made to trace the extent of the volcanic rocks using seismic profiles, evaluate their
overall relation to the tectonic history of the area, or model their thermal effects on the

sediment system. The main purpose of this research is to determine the impact of
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Cretaceous tectonism and volcanism on the petroleum system in the Orpheus Graben, SE
Scotian Shelf and SW Grand Banks. This will be achieved through four sub-objectives:
1) Revise the seismo-stratigraphic correlation of Cretaceous rocks within the
Orpheus Graben to the SE Scotian Shelf and the SW Grand Banks
2) Improve the understanding of the character and timing of the reactivation of the
SW Grand Banks-Chedabucto-Cobequid fault system using improved seismic
stratigraphy
3) Evaluate the extent and volcanological character of volcanic rocks in the Orpheus
Graben, SE Scotian Shelf and the SW Grand Banks using well data and seismic
interpretation
4) Model the thermal effects of known volcanism in the Orpheus Graben, SE Scotian
Shelf and the SW Grand Banks and validate these models by comparison with

organic maturation data from wells
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CHAPTER 2
METHODS

2.1 Lithostratigraphic interpretations

Initial lithostratigraphic interpretations of the volcanic rocks in the study area
were aided by previously interpreted lithostratigraphic boundaries by MacLean and Wade
(1993) and the CNLOPB (2007). Biostratigraphic picks were based on many authors, as
summarized in the BASIN database (http://basin.gdr.nrcan.gc.ca/index_e.php).
Descriptions of ditch cuttings and sidewall cores, where available, were found in the Well
History Reports for each well archived at the Bedford Institute of Oceanography. These
descriptions were used as a rough guide in interpreting the lithology and stratigraphy of
the volcanic rocks. All conversions of stages to numerical ages are based on the

timescale of Gradstein et al. (2008).

2.1.1 Coarse fraction well cuttings

Coarse fraction drill cuttings (>2 mm) were available from the Jason C-20 and
Argo F-38 wells. The cuttings were viewed with a binocular microscope to identify the
presence of volcanic rocks within these wells in an attempt to determine depth ranges of

the volcanic rocks and to confirm the work of Weir-Murphy (2004)

2.1.2 Thin sections of cuttings
Thin sections were available at the Geological Survey of Canada (Atlantic) for all
wells containing volcanic rocks used in this study. The thin sections were prepared from

washed but unsorted drill cuttings for the Argo F-38, Hercules G-15, Jason C-20 wells as
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described in Jansa and Pe-Piper (1985). The limitation of the thin sections stems from
the fact they were made from drill cuttings. Drill cuttings are taken from a range of
depths, generally every 3-10 m and thus samples represent lithologies over a 3-10 m
interval. Secondly, drill cutting size is generally only a few mm and thus nothing larger
than lapilli can be recognized in a volcanic rock sequence. Thirdly, cavings from
overlying intervals may contaminate a sample. Thin sections were viewed using a

petrographic microscope to identify volcanic material.

2.1.3 Well logs

Where available, electrical well logs (gamma ray, sonic, resistivity, density,
spontanecous potential and dip meter) were used to identify volcanic and pyroclastic rocks
and to correlate intervals between wells. The well logs were digitized by HIS Accumap

and are available in the BASIN database.

2.2 Seismic interpretation

Publicly released 2D seismic reflection data acquired by industry and the
Geological Survey of Canada from the 1970’s to the 2000’s were interpreted using The
KINGDOM Suite 8.5 32-bit seismic interpretation software (SMT, 2009). The Kingdom
Suite project was built and extended from the Scotian Shelf and Orpheus Graben seismic
project of Weir-Murphy (2004). The project used Zone 20N for a UTM projection
coordinate system with WGS 1984 as a geodetic datum in conjunction with a WGS 1984
Ellipsoid. The quality of data used in the project varies widely as it is a compilation of

seismic data from multiple sources and multiple processors over the past 35 years. Much
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of the data in the Orpheus Graben and Scotian Shelf are publicly released microfiche
copies of seismic reflection data obtained from the CNSOPB which were scanned and
converted into digital data by Weir-Murphy (2004). The rest of the data used was digital
data made available by GSC (Atlantic). As seismic reflection data is displayed in two-
way time (TWT), data from velocity survey profiles completed after the drilling of a well
were entered into The KINGDOM Suite software to determine the depth in metres at the
well site. With depths determined at the well site, previously interpreted
lithostratigraphic and biostratigraphic picks could be correlated at each well. Seismic

data used in this study can be found in Table 4.1 with their locations shown in Figure 4.1

2.3 Basin modeling

Basin modeling is a tool used to mathematically simulate the geological history of
an area based on geological, geochemical, geophysical, paleontological and seismic data.
PetroMod 10 modeling software (Schlumberger, 2007) was used in this study to generate
a 1D model. Inputs required for the generation of a 1D model are: formation names,
formation depths, ages of deposition, and lithologies of formations. The major source of
error is the inferred depositional ages from biostratigraphy, which are not absolute ages,
and in many cases have errors or are incomplete for the well.

Model results can be compared with certain measured well data. Such data
includes, where available, vitrinite reflectance and downhole temperature data. The
quality of the vitrinite data is at times questionable due to the many different analysts and
dates of analysis for wells, as well as the possibility of reworked vitrinite. Log header

bottom hole temperatures were used after being corrected using a Horner correction
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(Zetaware, 2003). Model results also depend on boundary conditions such as paleo-water
depth, sediment water interface temperature, and heat flow. Paleo-water depths can be
estimated from the depositional environment of each formation based on facies
descriptions taken from core descriptions of each well and from some biostratigraphic
data. Sensitivity of the outputs to water depth is very low for water depth changes of
~200 m. For the majority of wells used in this study water depth has not changed
radically over time (>200 m) and thus no attempts were made to determine paleo-water
depth over time. Since the water depth at time of drilling was known, it was used in the
model.

There is some evidence, such as sedimentological and geochemical evidence, that
sea floor temperatures were as much as 30°C higher during the Cretaceous than the
present day seafloor temperature of ~4°C (Littler et al., 2009). For simplicity, changes in
sediment water interface temperature over time were not calculated and an assumed
present day ocean bottom temperature of 4°C was used. It is assumed that the effect of a
higher seafloor temperature on vitrinite reflectance values is significantly smaller than the
effect of heat flow. For this study, the most important parameter in the boundary
conditions was the heat flow, which is discussed in depth in Chapter 5.

In a 1D model, the outputs are burial history plots with overlays of expected
temperatures based on lithologies present and depth and length of time of burial. Model
outputs correct for compaction over time. Another overlay is the heat flow based on
manually inputted heat flows. Graphs can also be generated showing measured values of
Horner corrected BHT’s versus model computed expected temperatures, and measured

vitrinite reflectance profiles vs model computed vitrinite reflectance. Model outputs use
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a Sweeney and Burnham (1990) calculation of vitrinite reflectance and appropriate

thermal conductivity values based on the entered lithologies.
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CHAPTER 3
STRATIGRAPHY AND FACIES OF VOLCANIC ROCKS

It is commonly difficult to distinguish lava flows from sills in seismic reflection
profiles and from well cuttings. As a result, the term "volcanic" has been used loosely in
some previous literature and has been applied to sub-volcanic rocks. Likewise the term
pyroclastic has been used loosely and may include volcaniclastic intervals. In this study,
the term "volcanic" is restricted to rocks interpreted as extrusive and "sub-volcanic" is
used for fine-grained igneous rocks of hypabyssal origin. The term "pyroclastic" is
restricted to intervals interpreted as exclusively or predominantly of pyroclastic rocks:
ejecta derived directly from a volcanic vent. The term "volcaniclastic" implies
sedimentary rocks in which detritus reworked from pyroclastic and volcanic rocks is the
principal component.

Occurrences of volcanic and sub-volcanic rock have been found in wells in the
Orpheus Graben (Argo F-38, Jason C-20 and Hercules G-15), SE Scotian Shelf (Hesper
P-52 and Hesper 1-52) and on the SW Grand Banks (Emerillon C-56, Mallard M-45,
Brant P-87, Twillick G-49 and Narwhal F-99). The stratigraphic position of these
volcanic and sub-volcanic rocks could give clues as to the style and timing of volcanic
activity on the eastern margin of Canada. It may also be possible to correlate events
between wells and determine whether volcanic activity occurred as one or multiple
pulses.

All radiometric dating reported in the literature and discussed in this chapter was
carried out by whole rock K/Ar analysis on mafic material, with the exception of the

Mallard M-45 well in which analyses were also carried out on felsic rocks and the
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Emerillon C-56 well in which K/Ar analysis was carried out on a biotite separate from a
monzodiorite sample. Limitations of whole rock K/Ar dating are mainly a result of either
“Ar loss due to alteration and high temperatures or excess “’Ar retention. If there is a
loss of “°Ar, the calculated K/Ar age will be younger than the true age, while with *’Ar
retention, the calculated age will be older (New Mexico Tech, 2008). All K/Ar dates
reported have been corrected based on Steiger and Jager (1977), and modified to recent
calibrations by Renne et al. (1998) and Schoene and Bowring (2006).

Lithostratigraphic picks for the wells in the Orpheus Graben and SE Scotian Shelf
(MacLean and Wade, 1993) and the SW Grand Banks (CNLOPB, 2007) were used as a
basis for stratigraphic interpretation. Published biostratigraphic picks were also used to
aid in interpreting the age of emplacement of the volcanic rocks in these areas. However,
there are some inherent inconsistencies within the biostratigraphic data, as
biostratigraphic studies on material from these areas was carried out over many years, by
different authors using different methods, such as palynology or micropaleontology.
Also, cavings from higher in the well are often integrated into studied samples and may
influence the age interpretation. The biostratigraphic data used for this thesis are listed in
Table 3.1.

The volcanic rock sequence within the Brant P-87 and Mallard M-45 wells is
much thicker than any other occurrence in wells investigated by this study. The thicker
volcanic sequences allowed for a more detailed interpretation of the volcanic stratigraphy
within these wells. Thus, the stratigraphy of the wells on the SW Grand Banks will be

discussed first, as interpretations of the volcanic stratigraphy of wells in the Orpheus
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Well Name Year Author Method

Argo F-38 1979 BUJAK, J.P. PALYNOLOGY

Hercules G-15 1979 WILLIAMS, G.L. PALYNOLOGY

Jason C-20 1975 UNION OIL COMPANY PALYNOLOGY

OF CANADA LTD
1988 ASCOLL P. OSTRACODS
1988 ASCOLL, P. CALC BENTH

FORAMS

Hesper 1-52 2003 THOMAS, F.C. MICROPALEO

Sachem D-76 2005 ASCOLIL P. MICROPALEO

Dauntless D-35 1988 ASCOLI, P. MICROPALEO
CALC BENTH
FORAMS
PLANKTONIC
FORAMS

Emerillon C-56 1993 FORD, J.H. PALYNOLOGY

Hermine E-94 2006 WILLIAMS, G.L. PALYNOLOGY

Puffin B-90 1988 ASCOLL P. PLANKTONIC
FORAMS
MICROPALEO
CALC BENTH
FORAMS

Brant P-87 1977 GRADSTEIN, F.M. MICROPALEO

Mallard M-45 2008 ASCOLIL, P. MICROPALEO

Table 3.1: List of biostratigraphic data used in this study
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Graben and SE Scotian Shelf were at times made by analogy to the wells on the SW

Grand Banks.

3.1 Grand Banks

3.1.1 Brant P-87

Brant P-87 was drilled by Amoco Imperial Skelly in November 1973 targeting a
high on the mid-Cretaceous unconformity. Brant P-87 is located on the SW Grand Banks
(44°16°59.9”"N, 52°42°19.5”W). The well is 3587 m deep, penetrating sediments from
the Banquereau Formation (including the Eocene Chalk), Dawson Canyon Formation
(Petrel Member), Logan Canyon Formation and the Mississauga Formation (CNLOPB,
2007).

The well encountered three volcanic units within the Mississauga Formation
consisting of: an upper volcanic unit from 2790-2908 m (9150-9540 ft), a middle
volcanic unit from 3100-3445 m (10,170-11,305 ft), and a lower volcanic unit from 3485-
3587 m (11,435-11,760 ft). Biostratigraphy indicates the upper unit occurs within the
Barremian, while the middle unit occurs within the undivided Neocomian and the lower
unit was deemed barren. Whole rock K/Ar dating of basalt from the lower volcanic unit
at 3535 m indicates an age of 136.3+6 Ma, placing it within the Hauterivian.

Pe-Piper and Jansa (1987) previously interpreted the volcanic rocks as two units,
a lower unit of diabase sills or flows and an upper unit of basalt and pyroclastic rocks.
Jansa and Pe-Piper (1988) stated that the systematic changes in crystal sizes through the
individual bodies and the presence of vesicles in the lower basaltic unit followed by the

presence of overlying pyroclastics and the occurrence of certain nannofossils suggest that
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the lower basaltic rocks are mainly flows extruded in a submarine environment. They
also state that the upper volcanic unit is compositionally similar to the lower igneous
units found within Hercules G-15, Jason C-20 and Argo F-38 wells in the Orpheus
Graben.

The lower volcanic unit (unit A) is readily identified on well logs based on its
distinct blocky appearance of the gamma and sonic velocity logs, as well as a sharp
decrease in gamma, increase in density and sharp increase in sonic velocity and resistivity
in comparison with overlying material. The lower volcanic unit shows near uniform
gamma, sonic velocity and resistivity log responses of ~40 API, 200 ps/m and ~20
mmho/m. The middle volcanic unit (unit B) is readily identified on well logs based on
fairly uniform gamma, sonic velocity and resistivity log responses of ~90 API, 300 ps/m
and 2800 kg/m’ throughout the unit, compared to intervals above and below. The upper
volcanic unit (unit C) is identified on well logs based on a sharp increase in the gamma
ray log at the top of the unit which then decreases through the unit. From the well logs,
the lower volcanic unit is approximately 102 m (335 ft) thick; however, the well did not
fully penetrate this interval. The middle volcanic unit is approximately 345.5 m (1, 133
ft) thick. The thickness of the upper volcanic unit is more difficult to determine as there
appears to be gradation into this unit from a conglomerate below; however, based on the
well logs an approximate thickness is 120 m (390 ft) (Figure 3.1).

Thin sections made from washed but unsorted well cuttings (Jansa and Pe-Piper,
1988), in conjunction with cutting and sidewall core descriptions from the Well History
Report, were reviewed for the three volcanic units. The cuttings and sidewall core

descriptions indicate the lower volcanic unit was interpreted by the logging geologists as
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very finely crystalline diabase. Diabase is a hypabyssal intrusive igneous rock, and thus
it is possible that the lower volcanic unit is a shallow sill or dyke. As the well did not
penetrate fully through the unit, it is unclear if sediments below show the effects of an
intruding sill or dyke. However, many thick basalt flows have interiors that are texturally
similar to fine grained diabase. Based on the character of the well logs (peaks in sonic
velocity and density logs), the lower volcanic unit can be divided into five or more
subunits of diabase or basalt of which the thickest is approximately 41 m thick. Thin
sections of cuttings within the sub-units consist of mainly diabase or basalt while
between sub-units, where thin sections were available; there is a greater abundance of
quartz, feldspar and minor limestone. This indicates the possibility of some
sedimentation between the sub-units. Within the sub-units, where thin sections were
available, the diabase or basalt is finer grained at the top and bottom of the sub-units.

The uppermost sub-unit of the lower unit contains vesicular basalt, glass and minor
hyaloclastites at its top. The presence of possible sedimentation between sub-units, finer
grained edges of sub-units, the presence of vesicles and glass at the top of the sequence,
and the lack of alteration in sediments directly overlying the lower volcanic unit indicates
the probability that the lower volcanic unit consists of multiple basalt flows.
Hyaloclastites are observed at the surface of lavas which have been in contact with water,
whether from submarine eruption or from a subaerial flow interacting with water at a
paleoshore (Silvestri, 1961). Jansa and Pe-Piper (1988) have already suggested that the
occurrence of marine nannofossils in interbedded sands and shales pointed to an eruption
of volcanic material into a subaqueous environment. The presence of hyaloclastites and

minor limestone within this lower volcanic unit agrees with their interpretation.
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Overlying the lower volcanic unit is a 40 m unit in which the cuttings consist of sandy
shale with minor vesicular basalt. It is unclear whether the basalt fragments are cavings
or are in-situ.

The middle volcanic unit appears to comprise three sub-units based on
interpretations of sidewall cores, cuttings descriptions and a review of thin sections of
cuttings. According to the sidewall core and cuttings descriptions in the Well History
Report, the entire middle volcanic unit consists of varying degrees of predominantly
felsic breccia with mafic rock fragments. The term breccia has been broadly used to
describe volcanic, pyroclastic and volcaniclastic rocks >2 mm composed of
predominantly angular fragments within a finer grained or glassy matrix (Fisher and
Schmincke, 1984; Cornen et al., 1996). Thin sections of cuttings from the basal sub-unit
of the middle volcanic unit show a predominance of highly angular fragments of basalt
with minor amounts of highly angular fragments of quartz, feldspar and plagioclase.
However, cuttings used to make the thin sections are typically <2 mm and thus the basal
sub-unit is interpreted as a basaltic breccia from sidewall cores in the Well History
Report. Overlying the basaltic breccia, within the middle sub-unit, thin sections contain a
greater abundance of angular felsic fragments, including quartz with a granophyric
texture. The minor basaltic material in this sub-unit is slightly reddish in color. Near the
top of this middle sub-unit, the minor basaltic material is glassy. Based on the angularity
of the fragments, the predominance of felsic material and granophyric quartz, the
reddening of basalt (which may indicate alteration or weathering), and the sidewall core
and cuttings descriptions in the Well History Report, the middle sub-unit is interpreted as

a pyroclastic or volcanic breccia. The lack of hyaloclastites in this sub-unit, along with

26



the presence of reddened basaltic material may indicate subaerial eruption. Thin sections
from the upper sub-unit of the middle volcanic unit show slightly less angular fragments
of finer grained reddened basalt and fragments of sandstone. This sub-unit is interpreted
as a basaltic tuff within sandstone. Based on the presence of reddened basaltic material
and absence of hyaloclastites, this sub-unit is interpreted as subaerial.

Overlying the middle volcanic unit and underlying the upper volcanic unit, thin
sections contain cuttings of sandstone and shale, with minor cuttings of similar breccias
and mafic rock fragments as in the middle unit. Thin sections from the upper volcanic
unit contain spherulitic glass, minor basalt and minor hyaloclastites, as well as sandstone
and limestone cuttings. Halfway through the upper volcanic unit, based on thin sections,
cuttings become predominantly felsic, including what appear to be cuttings of trachyte.
The mafic and felsic cuttings in the upper volcanic unit are much less angular and are
finer grained than similar cuttings of the underlying middle volcanic unit. Based on the
grain size, the upper volcanic unit is interpreted as a tuffaceous felsic pyroclastic unit
with minor basaltic material. The presence of hyaloclastites and minor limestone indicate
extrusion into water. This unit is truncated at the top by the mid-Cretaceous

unconformity, at the base of the Logan Canyon Formation (MacLean and Wade, 1993).

3.1.2 Mallard M-45

Mallard M-45 was drilled by Amoco Imperial Skelly in February, 1973 targeting
a stratigraphic pinchout of Lower Cretaceous-Upper Jurassic strata. Mallard M-45 is
located on the SW Grand Banks (44°16°46.2”N, 52°07°22.4”W). The well was drilled to

a depth of 3522 m penetrating sediments from the Banquereau Formation (including the
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Eocene Chalk), Dawson Canyon Formation (Petrel Member), Logan Canyon Formation,
Mississauga Formation and the Rankin Formation, which is equivalent to the Mic Mac
Formation found in the main Scotian Basin (CNLOPB, 2007).

The well encountered three volcanic units within the Mississauga Formation
consisting of: a lower volcanic unit from 2651-3150 m (8700-10, 334 ft), a middle
volcanic unit from 2475-2630 m (8130-8630 ft), and an upper volcanic unit from 2268-
2475 m (7440-8130 ft). According to the CNLOPB (2007), the volcanic rocks overlie the
base Cretaceous unconformity. Biostratigraphy indicates the volcanic rocks lie within the
interval between the Albian to the Jurassic. Whole rock K/Ar dating was carried out on
both basalt and felsic rocks in this well. A basalt sample taken from the lower volcanic
unit at 2950 m (9678 ft) yielded an age of 128.3+4 Ma, within the Barremian. Two felsic
samples taken from the lower volcanic unit at 2840 m (9318 ft) and 2660 m (8727 ft)
yielded ages of 135.3+3 Ma and 134.343 Ma, within the Hauterivian. A second basalt
sample was taken at the base of the middle unit at 2600 m (8530 ft) yielding an age of -
129.3+3 Ma, placing it within the Barremian.

Jansa and Pe-Piper (1988) indicated that volcanic rocks within the Mallard M-45
well represent a bimodal suite of mixed felsic and mafic igneous rocks (rhyolite, trachyte,
basalt) and volcaniclastics. In 1994, Pe-Piper et al. proposed separating the volcanic
interval into four units (A, B, C and D). Unit A of thin basalt flows and unit B of basalt
lapilli tuff and thin basalt flows correspond to the lower volcanic unit of this study. Unit
C was described as an 18 m thick basalt flow and lapilli tuffs as well as felsic hypabyssal
rocks. The lower portion of unit C (basalt flows and hypabyssal rocks) is equivalent to

the middle volcanic unit. Unit D is described as basaltic lapilli tuff and volcaniclastic
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strata. This unit corresponds to the upper volcanic unit. Pe-Piper et al. (1994) also
suggested that the felsic rocks in Mallard M-45 were alkali feldspar granites.

The volcanic units within the Mallard M-45 well do not exhibit well log responses
as distinctive as the well log responses of the volcanic units in the Brant P-87 well. The
lower volcanic unit (unit A) is identified on well logs based on a fairly uniform gamma
ray log response, averaging ~45 API throughout the unit, compared to overlying and
underlying strata. The resistivity, density and sonic velocity logs are quite variable in the
lower volcanic unit. The middle volcanic unit is identified on well logs based on a more
variable gamma ray response compared to intervals above and below. Again, the
resistivity, density and sonic velocity logs are variable. The upper volcanic unit is
identified on well logs based on a fairly uniform and generally low gamma ray response
(~30 API) compared to intervals above and below. From the well logs, the lower
volcanic unit is approximately 500 m (1650 ft) thick, the middle volcanic unit is
approximately 155 m (500 ft) thick and the upper volcanic unit is approximately 207 m
(680 ft) thick (Figure 3.2).

Thin sections made from washed but unsorted well cuttings (Pe-Piper et al.,
1994), in conjunction with sidewall core descriptions from the Well History Report were
reviewed for the three volcanic units. Individual sidewall cores in the lower volcanic unit
described by H.W. Nelson (presumably a staff geologist with Amoco-Imperial-Skelly)
show the following stratigraphic section from base to top: lapilli tuff, overlain by
tuffaceous sandstone and tuffaceous shale, then volcanic breccia, a second interval of
lapilli tuff, basaltic lapilli tuff and a second interval of tuffaceous sandstone. In the

underlying Rankin Formation, sidewall cores are of shales and limestones. Thin sections
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of cuttings directly underlying the lower volcanic unit confirm the presence of
predominantly limestone. Two thin sections from the basal 21 m of the lower volcanic
unit contain fine grained basalt, spherulitic glass and homogeneous glass as well as grains
of limestone. Based on the presence of spherulitic glass and basalt grains, this basal 21 m
of the lower volcanic unit is interpreted as pyroclastic basaltic lapilli tuff. Overlying the
basaltic lapilli tuff, thin sections of cuttings from 3110-3060 m contain fragments of fine
grained basalt, minor glass and limestone. A thin section of cuttings at 3054 m consists
almost exclusively of basalt fragments which are finer grained than the basalt fragments
below. Thin sections of cuttings from 3038-2923 m contain fine grained basalt similar to
that found in thin sections from 3110-3060 m, however, there is a greater proportion of
felsic grains. A thin section of cuttings at 2886 m consists almost exclusively of finer
grained basalt fragments similar to those found at 3054 m. Thin sections of cuttings from
2832-2795 m contain minor fine grained basalt but consist predominantly of felsic grains
(trachyte or rhyolite). A thin section of cuttings at 2758 m consists almost exclusively of
finer grained basalt fragments, similar to those at 3054 m and 2886 m. Thin sections of
cuttings from 2700-2650 m contain predominantly felsic grains, some with granophyric
textures. Based on the grain size and predominance of felsic material, the lower volcanic
unit is interpreted as a pyroclastic unit of tuffaceous sandstone and lapilli tuff.
Paleoenvironmental data based on fossils and palynomorphs is available for the
Mallard M-45 well (Ascoli, 2008) and indicate a marginal marine environment at the
time of extrusion of the lower pyroclastic unit. In addition, the presence of limestone
near the base of the unit, as well as glassy basaltic material, indicates possible extrusion

into a submarine environment. A review of the well logs for the lower pyroclastic unit of
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tuffaceous sandstone and lapilli tuff indicate three 15 m thick and one 18.5 m thick
sections showing higher resistivity and sonic velocity compared to the rest of the unit.
Thin sections of cuttings previously described in three of the four sections (at 3054 m,
2886 m and 2758 m) contain fine grained basalt. The increases in resistivity and sonic
velocity are very similar in character to the well log response of the basaltic lower
volcanic unit within the Brant P-87 well (Figure 3.1). Thus, by analogy with the Brant P-
87 well, these four sections of increased resistivity and sonic velocity response are
interpreted as basaltic. These basaltic intervals within the lower pyroclastic unit are
presumed to be basalt flows similar to those found in the lower basaltic unit at the Brant
P-87 well.

Overlying the lower volcanic unit is 18 m of shale. The middle volcanic unit was
interpreted by H.M. Nelson from sidewall cores in the Well History Report as trachyte
with overlying lapilli tuff. Thin sections of cuttings confirm the presence of abundant
trachyte in the basal portion of the middle volcanic unit. Thin sections of cuttings from
the upper portion of the middle volcanic unit, contains an upward-decreasing amount of
trachyte and an increasing amount of fine-grained basalt. Thus, the middle volcanic unit
is interpreted as a volcanic unit of trachyte flows at the base grading up into a pyroclastic
trachytic lapilli tuff. The very top of the middle volcanic/pyroclastic unit was interpreted
in sidewall core as reworked lapilli tuff containing plant material, which may indicate a
subaerial erosion surface. Paleoenvironmental data (Ascoli, 2008) indicate a change
from a marginal marine environment throughout the volcanic and pyroclastic units to a

neritic environment above these units.
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The upper volcanic unit directly overlies the middle volcanic/pyroclastic unit.
Sidewall cores interpreted by H.M. Nelson and described in the Well History Report
indicate the upper volcanic unit consists of basaltic lapilli tuff. The gamma ray log is
very uniform throughout the unit, unlike units A and B. Thin sections of cuttings from
the upper volcanic unit show an abundance of fine-grained basalt fragments and minor
glassy material which appears to have a felty texture common to devitrified glass. Based
on the sidewall core descriptions and the presence of fine grained basalt and glass in the
thin sections, the upper volcanic unit has been interpreted as pyroclastic basaltic lapilli
tuff. Thus, the thin sections of cuttings can be calibrated against the interpretation of the
sidewall cores of basaltic lapilli tuff and may be used to interpret lapilli tuff elsewhere.
According to the CNLOPB (2007), the upper pyroclastic unit is topped by the mid-

Cretaceous unconformity at the base of the Logan Canyon Formation (Figure 3.2).

3.1.3 Twillick G-49

Twillick G-49 was drilled by Amoco-Imperial-Skelly in March, 1974 and is
located on the SW Grand Banks (44°18°25.7”N, 51°21°28.1”W). The well was drilled to
a depth of 1301 m (4270 ft) and penetrated sediments from the Banquereau Formation,
Dawson Canyon Formation (including the Petrel Member), Logan Canyon Formation and
the Mississauga Formation (CNLOPB, 2007). The well bottomed in a volcanic rock unit
from 1287-1301.5 m (4220-4270 ft) within the Mississauga Formation. Biostratigraphy
indicates the volcanic rock interval is found within sediments of indeterminate age.
Sediments 48 m (157 ft) above the volcanic interval are Coniacian. Whole rock K/Ar

dating of material from the bottom of the well within the volcanic unit yielded a date of
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118.2+5 Ma which, if correct, places the unit within the Aptian. This date is unexpected
as the Mississauga Formation is thought to be Tithonian-Barremian in age while the
Logan Canyon Formation is considered to be Aptian and younger. However, as in the
Mallard M-45 and Brant P-87 wells, MacLean and Wade (1993) interpreted a mid-
Cretaceous unconformity separating the Mississauga Formation from the overlying
Logan Canyon Formation. The volcanic units in the Brant P-87 and Mallard M-45 wells
are capped by this unconformity and thus by analogy it is presumed this is the case with
the Twillick G-49 well and a similar age for the volcanic unit in this well would be
expected. The date yielded by K-Ar analysis may be due to alteration which could lead
to *Ar loss and thus an age younger than the true age.

Jansa and Pe-Piper (1988) noted that the igneous unit is a 15 m thick porphyritic
diabase which is overlain by an oxidized red clay containing highly altered diabase
fragments interpreted as a weathering surface. They also determined the crystal size
decreases towards the top of the unit and therefore is most likely a shallow sill or a thick
subaerial flow.

The volcanic unit is identifiable on well logs based on its distinct blocky
appearance and sharp increase in sonic velocity, density and resistivity in comparison
with overlying rock. It is not possible to determine the true thickness of the volcanic unit
as the well bottomed in the unit and most likely did not fully penetrate the interval. What
is visible in the logs is 15 m of the volcanic unit. One cuttings description was available
in the Well History Report from within the volcanic unit, which was interpreted by
logging geologists as diorite. Also in the Well History Report is a thin section description

of material of the junk sub recovery from the well bottom. An interpretation was made
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by the geologist studying the thin section that the material was from an alkaline volcanic
flow of andesitic composition. A review of the few thin sections made from samples
taken from the conventional core (Jansa and Pe-Piper, 1988) available from this unit
showed it to consist of fine grained diabase or basalt. It is unclear whether this unit is

volcanic or sub-volcanic (Figure 3.3).

3.1.4 Emerillon C-56

Emerillon C-56 was drilled by Elf et al. in December 1973 targeting a salt pillow.
Emerillon is located on the western edge of the Grand Banks (45°15°04.8”N,
54°23’16.9”W). The well was drilled to a depth of 3276 m penetrating sediments from
the Banquereau Formation, Wyandot Formation, Dawson Canyon Formation (including
Petrel Member), Eider Unit, Voyager Formation, Downing Formation and the
Carboniferous Windsor Group Evaporites (CNLOPB, 2007).

The well encountered an igneous rock unit from 2964-3002 m (9724-9849 ft)
within the Downing Formation. Biostratigraphy places the unit within lower Jurassic
Pliensbachian sediments. K/Ar dating was carried out on a biotite from a monzodiorite
sample taken near the base of the unit at 2990 m (9810 ft) which yielded a date of
97.4+3.8 Ma placing it within the mid-Cretaceous Cenomanian. Ditch cuttings and core
descriptions in the Well History Report from within the igneous rock interval were
interpreted by logging geologists as containing “salt and pepper” sandstone underlain by
arkose (Figure 3.4).

Jansa and Pe-Piper (1988) determined the cuttings of “salt and pepper” sandstone

and arkose were igneous in nature and were interpreted then as one or possibly more
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diorite dykes. The dyke was identified geochemically as trachyandesite. They also
determined that the diorite is very fine grained and altered at the top. It coarsens and
becomes less altered with depth, although at the base there is again more intense
alteration. Volcaniclastic and pyroclastic material were absent from drilling chips.
Based on the physical attributes of the unit, alterations of the top and bottom of the unit,
and the absence of volcaniclastic or pyroclastics material, the unit was interpreted to be a
sill or dyke.

The volcanic unit is readily identifiable on well logs based on its distinct blocky
appearance and sharp increase in resistivity and sonic velocity in comparison with
overlying and underlying material. From the well logs, the volcanic unit is
approximately 38 m thick. Based on peaks in the resistivity and sonic velocity logs
within the volcanic unit there may be 5 or more distinct volcanic subunits ranging in
thickness from 3 to 9 m each.

There were no sidewall core descriptions available in the Well History Report, as
it appears that no sidewall cores were taken, and the cuttings descriptions of “salt and
pepper’” sandstone and arkose were not useful in interpreting the volcanic unit. Thin
sections made from washed but unsorted drill cuttings show variably altered medium
grained diorite. The grain size and the K-Ar date of 97.4+3.8 Ma , which is much
younger than the biostratigraphic age of the surrounding Pliensbachian sediments (189.6-
189.3 Ma) both indicate that the diorite is sub-volcanic. However, it is unclear whether
the sub-volcanic rock unit is a sill or a dyke.

Dipmeter data indicate a change from the regional ~10°S dip to 66°SE within the

sub-volcanic unit. This change in dip would seem to indicate a sub-vertical dyke which
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may be cross-cutting strata. However, it is unclear whether just the sub-volcanic unit is
dipping, or if it is the entire sedimentary unit which is dipping at this level within this
well. Also in question is the origin of multiple sub-units as interpreted from the well
logs, which might represent multiple dykes or a layered sill. A review of seismic

profiles in the next chapter may aid in resolving this matter.

3.1.5 Narwhal F-99

Narwhal F-99 was drilled by Northcor et al. in July, 1987 targeting a deep-seated
structure. Narwhal is located in deep water just off the western edge of the SW Grand
Banks (44°18°22.0”N, 53°44°35.1”W). The well was drilled to a depth of 4585 m
penetrating the Banquereau Formation (including the Eocene Chalk), Dawson Canyon
Formation (Petrel Member), Shortland Shale and the Verrill Canyon Formation
(deepwater equivalent of Mississauga Formation) (CNLOPB, 2007). The well bottomed
in a flat-topped volcanic basement high which has been interpreted by Pe-Piper et al.
(2007) to be part of the Fogo Seamounts. Biostratigraphy indicates the sediments directly

above the volcanic rocks are Tithonian-Berriasian (Figure 3.5).

3.1.6 SW Grand Banks well correlation

The volcanic units found on the SW Grand Banks are similar in age range but
vary in character (Figure 3.6). The volcanic units in the Brant P-87, Mallard M-45 and
Twillick G-49 wells all occur within the Mississauga Formation and have been dated
radiometrically from Hauterivian to Barremian. The Aptian age at Twillick G-49 is

inconsistent with the regional stratigraphy. The volcanic unit in the Narwhal F-99 well is
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biostratigraphically dated as Berriasian or older. The Narwhal F-99 and Twillick G-49
wells bottomed in basalt with no associated pyroclastics. The Brant P-87 and Mallard M-
45 wells consist of approximately 900 m of basalt flows and thick pyroclastic units
varying from predominantly breccia in Brant P-87 to basaltic lapilli tuff in Mallard M-45.
Trachyte occurs near the top of the volcanic and pyroclastic sequence in both these wells,
in unit B in the Mallard M-45 well (Figure 3.2) and unit C in the Brant P-87 well (Figure
3.1) Trachyte is generally considered to be a highly evolved end member of alkalic
magma and may indicate the waning of magma supply and final stages of volcanic
activity (Clague, 1987; Vazquez et al., 2007). The thicker basal basalt flows and more
brecciated pyroclastic material indicates Brant P-87 was most likely closer to a volcanic
centre than Mallard M-45, where pyroclastic material apparently is finer. The source of
the volcanic rocks will be discussed in a later chapter. As all but Mallard M-45 bottomed
in the volcanic unit it is unclear whether or not the volcanic rocks on the SW Grand
Banks were erupted on top of the Base Mississauga unconformity. All radiometric ages
for the volcanic units are Hauterivian or Barremian, suggesting that no Berriasian-

Valanginian volcanic rocks are present.

3.2 Orpheus Graben and SE Scotian Shelf
3.2.1 Argo F-38

Argo F-38 was drilled by Shell Canada in December 1970, targeting a rollover
anticline play. Argo F-38 is located within the Orpheus Graben (45°27°23.2”N,

58°50°24.4”W). The well is 3386 m deep and penetrates sediment from the Dawson
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Canyon Formation (including Petrel Member), Logan Canyon Formation (Marmora
Member, Sable Member, Cree Member and possibly Naskapi Member), Mississauga
Formation (Upper and Middle Member), Mic Mac Formation, Mohican Formation,
Iroquois Formation, Argo Formation, Eurydice Formation and the Meguma Group
basement rocks (MacLean and Wade, 1993).

The well encountered two volcanic units within the Logan Canyon Formation
from 979-998 m (3210-3280 ft) and 1024-1042 m (3360-3419 ft) (Figure 3.2). Further
refinement of the stratigraphy by Weir-Murphy (2004) placed the volcanic units within
the Cree Member. Biostratigraphy indicates the volcanic units are found under- and
overlain by Aptian-Albian sediments.

Previous investigation by Jansa and Pe-Piper (1985) determined that the lower
volcanic unit consists of a subaerial basalt flow overlying proximal debris reworked from
another immediately underlying flow while the upper volcanic unit was interpreted to be
a pyroclastic unit, due to the presence of altered glass and fragments of quartz trachytes
in cuttings. Dipmeter data of the lower unit indicates a change in dip of up to 20° from
the regional dip of 2° (Jansa and Pe-Piper, 1985).

The two volcanic units are readily identified in sonic, resistivity and density well
logs based on their distinct blocky appearance and sharp increase in gamma, sonic
velocity, density and resistivity in contrast to overlying and underlying rocks. From the
well logs, the lower volcanic unit is approximately 18 m thick and can be separated into
five sub-units based on coincident variation in the sonic velocity and density logs. The

upper volcanic unit displays a similar increase in sonic velocity, resistivity and density
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log response as the lower volcanic unit and is approximately 19 m thick. This unit can
also be separated into five sub-units, on the same basis (Figure 3.7, 3.7a).

Ditch cutting descriptions from the Well History Report were interpreted by the
logging geologists as “dark green, amphibolitic rock with minor magnetite” in the lower
volcanic unit and “arkosic sandstone” in the upper volcanic unit. A single thin section
from cuttings was available from the lower volcanic unit at 1033-1036 m (3390-3400 ft)
which contained cuttings of basalt, sandstone and shale. Based on the presence of basalt
in thin section and the well log response similar to basalts found in wells on the SW
Grand Banks, the lower volcanic unit is interpreted as multiple basalt flows. The lack of
limestone, glassy material and hyaloclastites seems to indicate a subaerial extrusion of
the lower volcanic unit.

There was only one ditch cutting sample taken within the interval of 945-1033 m
(3100-3390 ft) from which a thin section was made. The thin section contained
predominantly basalt, with lesser sandstone and minor shale. This interval spans both the
upper and lower volcanic unit and thus it is unclear whether the basalt found in this
interval is sourced from the upper or lower volcanic unit. However, both units exhibit
similar log responses indicating a similar lithology (Figure 3.7, 3.7a). Thus the thin
sections did not aid in differentiating the two units

Although Jansa and Pe-Piper (1985) suggested that the upper volcanic unit was a
pyroclastic unit, the well log character suggests the presence of five subunits similar to
those of the lower unit and thus the upper volcanic unit has been interpreted as multiple
basalt flows. The interpretation of the upper volcanic unit as pyroclastic by Jansa and Pe-

Piper was based on the presence of trachyte and glass identified in thin section, although

44



Sv

z =
F_qug._. FORMATION/ Bz
AGE MEMBER NEW GAMMA ~ SONIC | DENSITY | RESIST. | DEPTH |g8 = 2
Bujak, Jp,, | MecLean/Wade, INTERPRETATION|  (API) (ps/m) (kg/m®) | (mmho/m) ® WH 7
1979 Weir-Murphy, 2004 5 3
Cenomanian - NoooH_|moo
M J—
““““““ 3 .
nMu ——700
3 id
g | g ]
4 2500—
m 800
Albian M SABLE |
O o pyroclastics? ? —
=z g .= —— -
3 i 3000|900
S | 8 i
YOLGC "basalt fi TR A
"CREE ppe s _—1000 |~
"VOL G lower basalt fiow| _M B
Aptian _CREE | : 3500 :
NASK? —t—1100
|AJ‘_NQQ
= 4000 :

. [T :
Barremian- < a :
Neocomian (0] Llaoo :

U -
< i B :
v
& 4500— .
% —r—1400 |
= — :
; 1500
Portlandian NE _ _ | N ot
PALY T | A S R — )
S f 2 8 B 8§ B 8

Figure 3.7: Summary of well data from Argo F-38.

VOLC= Volcanic

OO TIVMIAIS

MM= Mic Mac Formation, NASK= Naskapi Member,




—1600

oM g¢- 081y a1y 1oy uoneiaxdiojur 301 [[oM pafreIs( e/ ¢ omS1g

— 0ove

000L—
ﬁooum
056 —_
— 000¢
0086 —

— 008¢

L

(w) )
ﬁ‘ Hld3a

(swu/6)
ALISN3Q

(wysr)
DJINOS

(1dv)
VYINNVYD

sjun-gns g
}IUN DJUBDJOA JOMO"

sjun-gns g
Jun ojuedjoA Jaddn

&S001 25seo0iid

46



a review of the thin section from cuttings available from this interval did not contain
trachyte. However, as discussed in section 3.1.6, trachyte may indicate the final stages of
predominantly basaltic volcanic activity (Clague, 1987; Vazquez et al., 2007). Thus, the
presence of trachyte would not be unexpected at the very top of the upper volcanic unit as
volcanic activity ended.

There is a very uniform well log response in Argo F-38 over 40 m, above the two
basaltic units, from 842.7-884 m (2765-2900 ft) within the Cree Member (and topped by
the Top Cree unconformity), which is very similar to the well log responses of the
pyroclastic units found within Jason C-20 and Hercules G-15 and at the same
stratigraphic level. The ditch cuttings and sidewall core descriptions from the well
report of Argo F-38 indicate the presence of poor samples in this interval which contain
principally very fine grained quartzose sandstone.

Weir-Murphy (2004) claimed to have found two volcanic units within the Middle
Mississauga member from 1344-1350 m and 1392-1398 m. This interpretation was
based on density peaks and sonic velocity spikes in the wireline logs and basalt/diabase
cuttings found below this interval. Weir-Murphy (2004) claimed the two units were
flows based on the work of Lyngberg (1984), who stated spores found beneath an
igneous interval were noticeably darkened while spores were not darkened above the
interval. However, the two volcanic units of Weir-Murphy are found above and below
the interval stated by Lyngberg (1984). The igneous interval of Lyngberg (1984) is
suspect, as there is no basis for this interval stated in the study and the depth of the
interval is curiously the exact same depth as that stated for an igneous unit in the Jason C-

20 well, which has been confirmed by others (Jansa and Pe-Piper, 1985; MacLean and
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Wade, 1993). It would appear that the depth stated for an igneous interval in the
Mississauga Formation in the Argo F-38 by Lyngberg (1984) was a typographic error.
Although there are spikes in the density and sonic velocity logs corresponding to the
depths of the volcanic units of Weir-Murphy (2004) within the Mississauga Formation,
my review of coarse fraction (>2 mm) well cuttings could not confirm the presence of
volcanic rocks. Weir-Murphy (2004) claimed to have found 60 chips of basalt within the
interval, thus, if there were volcanic rocks within cuttings, they were removed by for
analysis. It is unclear whether the volcanic rocks were in-situ or downhole cavings but
based on the scarcity of cuttings of volcanic rocks it is presumed they are downhole

cavings from the overlying basalt flows of the lower unit of this thesis.

3.2.2 Jason C-20

Jason C-20 was drilled by Union et al. in July 1974, targeting a tilted fault block
play. Jason C-20 is located within the Orpheus Graben (45°29°05.5”N, 58°32°28.3”°W).
The well is 2483 m deep and penetrates sediment from the Dawson Canyon Formation
(including Petrel Member), Logan Canyon Formation (Marmora Member, Sable
Member, and Cree Member), Mississauga Formation, Mic Mac Formation, Mohican
Formation, an interval noted as caprock and the Argo Formation (MacLean and Wade,
1993).

The well encountered two volcanic units from 1245-1320 m (4085-4330 ft) and
1359-1375 m (4459-4511 ft) at the base of what was interpreted as the Naskapi Member
of the Logan Canyon Formation by MacLean and Wade (1993). Lithostratigraphic

correlation by Weir-Murphy (2004) indicates the absence of the Naskapi Member and the
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presence of volcanic rocks within the Cree Member. Biostratigraphy indicates the upper
volcanic unit is interbedded with sediments of Aptian age, while the lower volcanic unit
is placed imprecisely within sediments of Aptian-probable Jurassic age. The Jurassic
taxa are presumably reworked.

Jansa and Pe-Piper (1985) identified the lower volcanic unit as three basalts, with
the thickest being a 9 m thick holocrystalline basalt with a highly altered top of
chloritized glass which they interpreted to indicate shallow subsurface intrusion or
extrusion of magma into wet unconsolidated sediments. The upper volcanic unit was
interpreted as a volcaniclastic unit containing volcanic clasts and chloritized glass mixed
with sediment and basaltic detritus. Dipmeter data shows no change in dip of the lower
unit in comparison to underlying strata, while the upper unit indicates an increase from 6°
at the base to 22° at the top. This may indicate a buildup of volcaniclastic material near
the source, which is yet unknown.

The 16 m (52 ft) thick lower volcanic unit is readily identified in sonic and
resistivity well logs based on its distinct blocky appearance and sharp increase in sonic
velocity and resistivity in contrast to overlying and underlying rocks (Figure 3.8, 3.8a).
From the well logs, the lower volcanic unit can be divided into two subunits. The lower
subunit is approximately 8 m thick while the upper subunit is approximately 5 m thick.
The two subunits are separated by approximately 3 m of rock with lower density and
sonic velocity. The upper volcanic unit is also readily identified on well logs based on
fairly uniform gamma ray, sonic velocity and resistivity log responses throughout the unit
compared to intervals above and below. The upper volcanic unit is approximately 75 m

(245 ft) thick. Within this unit are two positive spikes in the sonic velocity and resistivity
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logs at 1259 m (4130 ft) and 1295 m (4250 ft). The increase in the sonic velocity and
resistivity are similar to the well log response of the lower volcanic unit and thus these
two spikes within the upper volcanic unit may represent a similar lithology to the lower
volcanic unit.

Ditch cutting descriptions in the Well History Report from the lower volcanic unit
indicate the cuttings were interpreted by logging geologists as mottled light grey to black
volcanic rock with some magnetite in a kaolinitic clay matrix representing 90% of the
sample with the other 10% of the sample composed of sandstones. Study of thin sections
made from coarse drill cuttings shows the lower sub-unit of the lower volcanic unit to be
glassy basalt becoming coarser towards the middle and fining at the top with more glassy
material. The overlying sub-unit in the lower volcanic unit had only one thin section
which shows cuttings of very fine grained basalt in a glassy matrix. Based on the
presence of basalt with glassy material at the top, the two subunits have been interpreted
as basalt flows. The lack of limestone and hyaloclastites seems to indicate a subaerial
extrusion of the lower volcanic unit.

The ditch cuttings from the upper volcanic unit, as interpreted by logging
geologists in the Well History Report, consist of white bentonite throughout the unit.
Based on thin sections, the upper volcanic unit shows a relatively homogeneous unit of
fine grained vesicular basalt with some spherulites intermixed with fragments of quartz
and other felsic material. The vesicular material has an almost frothy appearance. The
thin sections confirm the interpretation of Jansa and Pe-Piper (1985) that the upper
volcanic unit is a pyroclastic unit. The grain size, presence of basaltic material and

analogous well log response to unit C (2268-2475 m) in the Mallard M-45 well lead to an
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interpretation of the pyroclastic unit as basaltic lapilli tuff. At the level of the two spikes
found in the well logs within the upper pyroclastic unit, no sidewall cores were taken,
however, cuttings of crystalline basalt were found within the thin sections. These data
suggest that there are two thin (less than 1 m thick) basalt flows within the upper

pyroclastic unit (Figure 3.8).

3.2.3 Hercules G-15

Hercules G-15 was drilled by Union et al. in July 1974, targeting a stratigraphic
pinchout play in the Lower Cretaceous and Upper Jurassic. Hercules G-15 is located
within the Orpheus Graben (45°34°20.6”N, 58°47°13.1”W). The well was drilled to a
depth of 1081 m, penetrating sediments from the Logan Canyon Formation (Marmora
Member, Sable Member, and Cree Member), Mic Mac Formation, a limestone facies,
Mohican Formation, Iroquois Formation and the Argo Formation. Noticeably absent is
the Mississauga Formation (MacLean and Wade, 1993).

The well encountered two volcanic units from 751-774 m (2465-2540 ft) and 634-
712 m (2080-2335 ft) within the Logan Canyon Formation at the base of the Cree
Member. Published biostratigraphy indicates the upper volcanic unit occurs within
Berriasian-Hauterivian sediments while the lower volcanic unit occurs within sediments
dated as Berriasian. Whole rock K/Ar dating was carried out on two holocrystalline
basalt samples from the base of the upper volcanic unit at 713 m (2340 ft). The analysis
was carried out by two different laboratories which yielded dates of 120.2+5 Ma (Aptian)
and 103.94+2.6 Ma (Albian). According to Jansa and Pe-Piper (1985), “discrepancies in

the dates between these two laboratories are not systematic and result from differences in
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“Ar content, which may be due to different retention of argon in slightly altered volcanic
material”. As pointed out by Weir-Murphy (2004), there is a large discrepancy between
the biostratigraphic age of Berriasian-Hauterivian and the stratigraphic age based on
lithology, well logs, seismic study, and K/Ar dating which places the Logan Canyon
Formation within the Aptian-Albian. However, based on seismic correlation (MacLean
and Wade, 1993), the Mississauga Formation is absent in the Hercules G-15 well. The
Berriasian-Hauterivian taxa may be reworked (Weir-Murphy, 2004).

Jansa and Pe-Piper (1985) interpreted that the lower volcanic unit consists of two
homogeneous holocrystalline basalts 14 m and 9 m thick, separated by 2 m of shale.
They interpreted the upper volcanic unit to be a pyroclastic unit consisting of sedimentary
rocks which may have originated from a mudflow intermixed with highly altered
vesicular and porphyritic basalt and quartz trachyte both in a glassy matrix.

The 23 m (75 ft) thick lower volcanic unit is readily identified in sonic and
resistivity well logs based on its distinct blocky appearance and sharp increase in sonic
velocity and resistivity in contrast to overlying and underlying material. From the well
logs, the lower volcanic unit can be divided into two sub-units. The lower sub-unit is
approximately 15 m thick while the overlying sub-unit is approximately 3.5 m thick. The
two sub-units are separated by approximately 4.5 m of shale. The upper volcanic unit is
also readily identified on well logs based on fairly uniform gamma ray, sonic velocity
and resistivity log responses throughout the unit compared to intervals above and below.
The upper volcanic unit is approximately 78 m (255 ft) thick and is overlain by the Top

Cree Member unconformity (Weir-Murphy, 2004) (Figure 3.9, 3.9a).
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Descriptions in the Well History Report of ditch cuttings interpreted by logging
geologists from the lower volcanic unit indicate black, aphanitic volcanic material with
magnetite and related dark minerals overlying conglomeratic sandstone. Study of the
thin sections made from coarse drill cuttings shows both sub-units of the lower volcanic
unit consist of vesicular basalt and spherulitic glassy basalt. The thin sections of cuttings
for the tops of each sub-unit have a higher proportion of fine-grained basalt. The lower
volcanic unit is interpreted to be two holocrystalline basalts which is in agreement with
previous observations by Jansa and Pe-Piper (1985). Based on the presence of vesicular
basalt and similarity to the well log response and thin sections of the lower volcanic unit
in the Jason C-20 well, the sub-units are interpreted to be two distinct basalt flows
(Figure 3.9). The lower volcanic unit and upper volcanic unit are separated by
approximately 38 m (125 ft) of sandstone and minor shale based on cuttings and log
response. Thin sections of cuttings for these intervals contain a few volcanic chips
interpreted as cavings.

Ditch cutting descriptions in the Well History Report in the upper volcanic unit do
not specifically indicate the presence of pyroclastic material as interpreted by Jansa and
Pe-Piper (1985), stating only the presence of a bentonitic siltstone. Thin sections within
the upper volcanic unit show a fairly consistent interval of fragmented quartz and fine
grained basalt in a glassy matrix with an abundance of vesicles and some spherulites.
Basalt cuttings become coarser grained and more vesicular near the top of the unit. The
thin sections in this upper volcanic unit appear very similar to the thin sections from the
upper pyroclastic unit of the Jason C-20 well. Based on observation within the thin

sections of fine grained fragmented felsic and mafic material, abundant vesicular and
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glassy material and similarity to the upper pyroclastic unit in the Jason C-20 well, the
upper volcanic unit is interpreted as pyroclastic basaltic lapilli tuff. The principal new
finding from this well is a redefining of the thicknesses of the basalt flows within the
lower volcanic unit from 14 m and 9 m determined by Jansa and Pe-Piper (1985) to 15 m

and 3.5 m.

3.2.4 Hesper I-52 and Hesper P-52

The Hesper 1-52 and Hesper P-52 wells were drilled 450 m apart and thus
intersect a very similar stratigraphic sequence. To avoid repetition, only the Hesper I-52
well will be discussed in this thesis. Hesper I-52 was drilled by Petro-Canada Mobil in
May 1976 targeting an amplitude anomaly. Hesper I-52 lies on the eastern the Scotian
Shelf (45°41°40.3”N, 57°52°32.2”W). The well was drilled to a depth of 2804 m
encountering sediments from the Banquereau Formation, Wyandot Formation, Dawson
Canyon Formation (including Petrel Member), Logan Canyon Formation (Marmora
Member, Sable Member, Cree and Naskapi Member) and the Mississauga Formation
(MacLean and Wade, 1993).

The well penetrated a volcanic unit near the base of the Naskapi Member of the
Logan Canyon Formation from 2726-2745 m (8944-9005 ft). Biostratigraphy indicates
the volcanic unit is found within sediments of indeterminate age, but sediments 168 m
(550 ft) above the volcanic unit are Albian in age. Whole rock K/Ar dating was carried
out on two holocrystalline basalt samples at 2743 m (9000 ft) at the base of the volcanic

unit, yielding ages of 113+5 Ma and 12743.2 Ma, which fall within the Aptian. As with
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the Hercules G-15 well, the analyses were carried out by two different laboratories and
the discrepancies between the ages were discussed above in section 3.2.3.

Jansa and Pe-Piper (1985) determined the volcanic unit consists of holocrystalline
basalt that is coarser crystalline in the middle while the top and base are more finely
crystalline and highly altered. They interpreted this unit to be a sill or dyke.

The 19 m (62 ft) thick volcanic unit is readily identified in sonic and resistivity
well logs based on its distinct blocky appearance and sharp increase in sonic velocity and
resistivity in contrast to overlying and underlying intervals. From the well logs, the
volcanic unit appears not to be composite, unlike the wells in the Orpheus Graben within
which multiple basalt flows were interpreted within the lower volcanic units. Based on
the well logs, there is no other readily identifiable volcanic unit as seen in wells in the
Orpheus Graben (Figure 3.10, 3.10a).

Ditch cutting and core descriptions in the Well History Report from within the
volcanic unit were interpreted by logging geologists as an intrusive body consisting of
“quartz crystalline rock and intermixed magnetic material with a minor weathered
appearance”. Thin sections made from coarse drill cuttings from the base of the volcanic
unit consist of fine grained basalt and minor glass, coarser basalt in the middle and the
finest grained basalt with chlorite alteration at the top. The presence of fine grained
basalt and chlorite at the top of the unit may indicate interaction with water, although
whether a submarine extrusion or extrusion onto wet sediments is unclear. Based on a
review of well logs, ditch cuttings and sidewall core descriptions and a review of thin

sections, no associated pyroclastic material was found within this well which may
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indicate that the basaltic unit is a flow located at a distance from the source beyond which

pyroclastic material would be expected.

3.2.5 Orpheus Graben and SE Scotian Shelf well correlation

The volcanic rock intervals encountered within the Orpheus Graben are similar in
age and character (Figure 3.11). Basalt flows found in the lower basaltic units in Argo F-
38, Hercules G-15 and Jason C-20 all consist of 18-23 m (60-75 ft) thick basalt flows
near the base of the Logan Canyon Formation. Biostratigraphic and K/Ar dating indicate
that all volcanic units are Aptian to Albian in age.

In the Jason C-20 and Hercules G-15 wells, the extrusion of the lower basaltic
unit occurred almost directly above the base Logan Canyon unconformity. In Argo F-38,
the lower basaltic unit was extruded nearly 80 m above the unconformity. In question is
the stratigraphic position of the lower basaltic unit in the Argo F-38 well. Jansa and Pe-
Piper (1985) have shown that the Argo F-38 volcanics rest upon unconsolidated pebbly
sand. This relationship may record the true stratigraphic location of the base Logan
Canyon unconformity. However, Bujak (1979) identified this underlying interval as
Aptian. The presence of the Naskapi Member and the placement of the base of the Logan
Canyon Formation is unclear. MacLean and Wade (1993) indicate uncertainty as to the
presence of this member by recording it as “Naskapi Mb?”. The Naskapi Member is
considered to be a transgressive shale unit with variable amounts of interbedded sand
(Mclver, 1971). Mclver (1971) also states the Naskapi Member becomes sandier towards
the northeast (near the Orpheus Graben) compared to its type location near Sable Island

and thus it may be either indistinguishable from the overlying sandy Cree Member or
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may be absent altogether. According to Weir-Murphy (2004), the Cree Member is
divided into an upper and lower section with the lower section characterized by medium
to coarse grained sandstone beds interbedded with shale, mudstone and silty mudstone.
Sidewall cores and ditch cuttings from the potential Naskapi interval indicate mudstone
with coarsening upwards sand. The two nearest wells, Jason C-20 and Hercules G-15 do
not have a Naskapi Mb and thus, unless Argo F-38 was located in a depositional low, it
might be expected that the Naskapi Member is absent in this well.

The upper volcanic unit in Argo F-38 is 26 m (85 ft) above the lower basaltic
unit and is 20 m (66 ft) thick. The lack of samples makes it unclear whether this upper
unit is a basalt flow or pyroclastic unit based on the lack of samples; however, the well
log response is similar to the lower basaltic unit and it is therefore interpreted as a basalt
flow. There is a question as to whether a pyroclastic unit does exist in Argo F-38 in the
upper Cree Member, as might be expected based on the presence of pyroclastic units in
the nearby Jason C-20 and Hercules G-15. The Hercules G-15 and Jason C-20 wells
intersected a pyroclastic unit 75-78 m (246-256 ft) thick approximately 40 m (131 ft)
above the lower basaltic unit, while the Hesper 1-52 well does not contain any higher
volcanic units.

Whether the volcanic unit at Hesper 1-52 is a basalt flow or a sill cannot be
determined exclusively from thin sections and well logs. The basalt sits on top of the
base Logan Canyon unconformity (Weir-Murphy, 2004) at the same stratigraphic level as
basalt flows in the Orpheus Graben of a similar age and is of similar thickness. Thus, if

the basalt at Hesper I-52 is to be considered a sill or dyke as stated by Jansa and Pe-Piper
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(1985), it would have to be a very shallow intrusion if correlated with the Orpheus graben
volcanic flows.

The lower basaltic units in the Hercules G-15 and Jason C-20 wells were extruded
soon after the base Logan Canyon unconformity. The basalt flows and pyroclastic rocks
in the Jason C-20, Hercules G-15 and Argo F-38 wells, and one of the basalt flows in the
Hesper 1-52 well correlate among themselves. Previous interpretations place the volcanic
and pyroclastic rocks in the Jason C-20, Hercules G-15 and Argo F-38 wells within the
base Cree Member, while the basalt flow at the Hesper 1-52 well was interpreted as
within the Naskapi Member. This implies the base of the Cree Member is diachronous
with the Naskapi Member, or the identification of the Naskapi Member is wrong. The
Jason C-20, Argo F-38 and Hercules G-15 wells were located inboard of the marine
transgression which deposited the diachronous Naskapi Member shale at Hesper 1-52,
and thus the Cree Member in the Orpheus Graben and the Naskapi Member on the

Scotian Shelf may be time equivalent.
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CHAPTER 4
SEISMIC INTERPRETATION

Seismic data used in this study are all 2D seismic reflection data acquired by
industry in the 1970’s through to the early 2000’s. The seismic data is important to this
study, as they can be used to determine the extent of the volcanism in the Orpheus
Graben, Scotian Shelf and SW Grand Banks. The data also can provide insight into the
tectonic history during the Cretaceous in these areas. Seismic data used in this study can
be found in Table 4.1 with their locations shown in Figure 4.1.

The vertical resolution of the data varies throughout the project from 6.25-18.75
m based on the quality of the seismic data. Vertical resolution of the data refers to the
minimum required thickness a bed must be so that it is distinguishable from an overlying
or underlying bed. Vertical resolution can be determined by:

R=v/4f,
where R is resolution, v is velocity and f is the dominant frequency (Yilmaz, 1987).
Kingdom Suite 8.5 has a Survey Spectrum function which displays the frequencies used
in the seismic profile. To determine the minimum thickness of a bed which is resolvable
in the data, the equation stated above is used. In this equation, v = 1500 ms” which is the
velocity of water and /= the highest frequency used in the seismic profile. For example,
for profile 83-4449BA, the Survey Spectrum shows dominant frequencies ranging from
5-40 Hz (Figure 4.2). Thus, using the above equation,
R=1500ms” /4-40Hz, R=94m

And so, 9.4 m is the thinnest bed within which the top and bottom of the bed can be

distinguished in that seismic profile. Applying this equation to the multitude of seismic

66



(a8ue10 UT UMOYS SOOI OTURI[OA [IIM S[[om
YoB[q) STONEOO] [[9M JUeAd[al pue (pa1) Apnys sTy) ur umoys soyoid ‘(anjq) 10afo1d orwstas oty ut soqyoid je Surmoys depy :1°p oS

oSS .09

oS

67



o[1yo1d SIWSISS B JO UOTIN[OSAI [BIIMSA S} SUTULISISP 0] uonenbs o) ur pasn ST ZH O SNy} pue ‘ZH O 03 ZH G~ Woig sI
umnoads s1y) Jo Aousnbox o[qesn oY, "VH6ry-£8 21goxd 2y 103 ayng wopSury Aq psjersusd wmnoadg Aaamng oy Jo sjdwexq 7'y amSiy

{zH) Aouenbaiy

0 m ~ - <23 -] [4)]
a (3 (=3 (3] (=] (3]

orl
118
ol
741
1743
Sl
rob
S0L
001
S6
106
0%

rS0'0
FLo
S0
r¢0

- %mm.o
~180
~-S€°0
and'

ridY

spnyduy

r$9°0
rL0
F6L'0
80

rg80

~16°0

S6°0

- S —-

68



profiles in this study, the vertical resolution ranged from as small as 6.25 m to as large as
18.75 m.

Previously interpreted lithostratigraphic and biostratigraphic picks from wells
found within the GSC BASIN database were used to determine age of reflectors and
seismic stratigraphy. For wells in the Orpheus Graben and SE Scotian Shelf,
lithostratigraphic picks were made by MacLean and Wade (1993), while on the SW
Grand Banks, lithostratigraphic picks were made by the CNLOPB (2007).
Biostratigraphic picks for wells were made by multiple authors over multiple years and
are listed for each well in Chapter 3 (Table 3.1).

Seismic reflection profiles record two-way travel time and not depth. Thus, to
make well-to-seismic ties, vefocity survey data for each well was used to convert two-
way time (TWT) to metres depth at the wellbore. With the well in metres,
biostratigraphic and lithostratigraphic picks could be placed on the seismic at the well
site. Based on the biostratigraphic and lithostratigraphic picks, nine seismic horizons
were picked throughout the seismic project where possible. These horizons are listed in
Table 4.2.

Of the nine seismic horizons listed above, four are considered unconformities: the
Base Tertiary unconformity, the mid-Albian Top Cree Member unconformity, the base
Aptian Top Mississauga Formation unconformity and the base Cretaceous Base
Mississauga Formation unconformity. The unconformities range from very obvious
angular unconformities to completely conformable horizons that are at times difficult or
impossible to trace throughout the entire study area. The Base Tertiary, Top Mississauga

and Base Mississauga horizons are all positive reflections with a generally
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YEAR COMPANY PROJECT PROFILE
1972 Canadian Superior 8624-C020-001E E2-14
E2-1040
1973 Amoco Canada 8620-A004-006E 3123a
1981 Petro-Canada 8624-P028-007E 80-1206d
80-1206¢
8624-P028-030E 81-402A
81-403A
81-405
1982 Canterra Energy 8624-C055-003E NS-3
Husky Oil 8620-H006-004E HM82-81
HMS82-88
HM82-120
HMS82-138
Bow Valley 8624-B011-003E 82-603
1983 Soquip 8620-S014-006E 83-1430B
83-4449BA
83-4449BB
8620-S014-010E 83-4512
Western Geophysical/ GSC(A) | ST.PIERRE SURVEY STP2
STP17
STP18
STP22
1985 Petro-Canada 8624-P028-072E 3604
3606
3606A
Petro-Canada 8624-P028-081E 6309
Table 4.1: List of seismic lines used in this study
HORIZON COLOR APPROX. AGE
Base Tertiary unconformity Yellow Base Tertiary
Top Wyandot Purple
Top Petrel Pink
Top Logan Canyon Formation Green
Top Cree Member unconformity Turquoise Mid-Albian
Top Mississauga Formation Lime Green Base Aptian
unconformity
“O” marker Blue
Base Mississauga Formation Red Base Cretaceous
unconformity
Top Volcanic Orange

Table 