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Abstract

Provenance and Diagenesis of Middle Jurassic to Lower Cretaceous Clastic
Sedimentary Systems in the SW Scotian Basin and the Fundy Basin

By Dan-Cezar Dutuc

Mid Jurassic to Lower Cretaceous clastic deposits in the SW Scotian Basin are
poorly known and understood. Detrital mineral chemistry was used to determine their
provenance, whereas chemical composition of diagenetic minerals together with
textures were used to determine paragenetic sequences. Mid Jurassic sediments indicate
a Meguma terrane source, with local rivers and an influence from Labrador, with a river
running along the Cobequid-Chedabucto fault zone depositing in the Fundy Basin. Late
Jurassic sediments were sourced from the Meguma terrane. Lower Cretaceous
sediments have similar sources as Mid Jurassic sediments, except that the Labrador
river deposited in the central Scotian Basin. Diagenetic conditions in the SW Scotian
Basin are slightly different from those in the Sable sub-basin. Coated grains formed in
the sulfidic and ferruginous diagenetic zones. Eodiagenetic minerals imply fully marine
conditions, as suggested by the high ratio of Ca®* and Mg** to Fe?*. Carbonates are the
Ca”* source for mesodiagenetic calcite.

November 12, 2015
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Chapter 1: Introduction

The Scotian Basin and the Fundy Basin, offshore eastern Canada, include
Mesozoic—-Cenozoic sandstones, shales and carbonates, up to 15 km thick. The first
deposition started during the Triassic rifting of Panagea, when interbedded strata
composed of evaporites, carbonates and poorly sorted clastic sediments (Wade and
MacLean, 1990) became the dominant fill of half grabens originating along the eastern
margin of the North American continent. These gave way to mixed carbonate and
clastic depositional system in the Jurassic (Mohican and Iroquois formations in the Mid
Jurassic and eventually Abenaki and Mic Mac formations in the Upper Jurassic) as
North America drifted away from Africa (Schettino and Turco, 2009).

The depositional setting suddenly changed, in the Late Jurassic-Early Cretaceous,
when sandy deltaic successions of the Missisauga and Logan Canyon formations were
deposited on the Scotian Shelf (Pe-Piper and Piper, 2012). These deltas, which are
several kilometres thick, are believed to have supplied turbidite sands into deep water
reservoirs (Piper and Normak, 2009). These deltaic successions have been proved to
host potential economic petroleum systems (Wade and MacLean, 1990). The
Missisauga Formation is the major hydrocarbon-bearing unit offshore Nova Scotia
(Cummings and Arnott, 2005).

Two hypotheses have been proposed in previous studies to be responsible for this
sudden change in sediment supply: i) the development of a proto St. Lawrence River
system, draining large areas of the outboard and more inboard Appalachian terranes and
the Grenville Province, including the Labrador or ii) different tectonic evolution during

Early Cretaceous compared to that of Early Triassic till Mid Jurassic, with rifting and
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drifting of the Grand Banks from Iberia (Wade and MacLean, 1990) and that of Late
Jurassic with rifting and drifting of Labrador from Greenland (Zhang et al., 2014).

The primary purpose of this thesis is to determine the provenance of clastic
sediments deposited in the Shelburne sub-basin, located in the SW Scotian Basin, using
their detrital heavy mineral composition. The composition of clastic sediments is a
result of interplay between attributes of the plate tectonic setting and variables like
provenance, weathering, relief, transportation and factors that operate during and after
the sedimentation cycle (Bhatia, 1983). Tectonism has been advocated as the primary
control on sedimentary composition (Bhatia, 1983).

On the other hand, the nature of distribution and dispersal of clastic sediments is
mainly related to dynamic processes between the external (allogenic) and internal
(autogenic) forces that govern the sediment deposition in clastic sedimentary systems
(Somme et al., 2009). Locally sea level lowstands and hinterland tectonics are believed
to have created conditions favouring increased supply of clastic sediments and the
transfer to deep water (Bhatia, 1983). Even though in many basins sea level change is
thought to be an important factor favouring transport of clastic sediments across
carbonate platforms into deep water basins, the importance of tectonics is greater in
many tectonically active basins. In such basins uplift mimics sea level lowstands and
allows sediments to pass over platforms and to become deposited in basins (Mutti et al.,
2003). Moreover, individual earthquakes may trigger sediment failure and transport to
deep water during short periods of time (Goldfinger et al., 2007). However, the relative
importance of short-term tectonic control on sedimentation in comparison to climate

and eustasy remains poorly understood (Bourget et al., 2010). Although lots of research
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has been done, which factors contributed most strongly to the drowning of the Jurassic
carbonate platform are still poorly understood.

Detrital heavy minerals are important material for provenance because they are
generally insensitive to chemical changes and modifications during transportation,
deposition and after burial (Morton and Hallsworth, 1999). Rock slabs from
conventional cores are representative of the entire rock; hence petrographic studies are
intrinsically informative.

In order to obtain the best results regarding provenance we used a combination of
detrital heavy and light mineral characteristics such as texture (ilmenite, rutile),
morphology (zircon), inclusions (ilmenite, quartz, and feldspar), alteration (titania
minerals) together with the mineralogical composition of lithic clasts.

The second purpose is to describe and understand the factors and processes that
influenced these sediments, both chemically and morphologically, during
transportation, deposition and after their burial for a better understanding of their
diagenetic evolution. Diagenesis is the process of lithification-compaction of
sedimentary rocks, at temperatures and pressures less than that required for the
formation of metamorphic rocks. During diagenesis, sediments undergo physical,
chemical and mineralogical changes before becoming a rock, having a huge impact on
the sediment porosity and thus permeability.

Both the process of assessing potential sources and understanding of diagenetic
processes that operate during and after deposition of clastic sediments are important to
refine depositional models, understand tectonic evolution, and predict the distribution

and presence of the hydrocarbon reservoirs. Moreover, understanding what factors
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control the geochemistry, abundance and distribution of diagenetic minerals can be
important in tracing the geochemical evolution of the primary or later stage pore waters
during and after burial of sediments.

The Shelburne sub-basin was chosen for research because it is the least-studied
part of the Scotian Basin compared to the central and eastern parts which are well
known and studied.

This research aims to answer the following questions:

1)  What are the magnitude, timing and dispersal of Mid Jurassic and Early
Cretaceous sands in the Shelburne sub-basin?

2)  What are the petrography, source and distribution of sandstones in the basin and
how have these sandstones evolved diagenetically?

In addition, this thesis will test several existing ideas about the provenance and
diagenesis of clastic sediments in the Shelburne sub-basin and surrounding areas. Do
the clastic rocks on the southwestern shelf show a local supply from the Meguma
terrane (as appears to be the case for the Naskapi N-30 well further east; Reynolds et
al., 2009), or a more distant supply through the Fundy Basin (as suggested by
Cretaceous deposits at Vinegar Hill in New Brunswick; Piper et al., 2007)? How are the
factors that influenced sediments during and after burial together with changes that
occurred in the chemical, structural and mineralogical composition of the detrital
minerals, similar or different to those documented in the Sable sub-basin? How was the
clay mineral evolution influenced by the increased carbonates in the western part of the
margin?

To achieve the objectives proposed for this research, Mohawk B-93, Mohican I-
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100, Moheida P-15 and Shelburne G-29 from the SW Scotian Basin and Chinampas O-
37 from the Fundy Basin were studied. These wells were determined appropriate for
this study because they have cutting samples from sandy intervals that comprise a
diversity of detrital heavy minerals, useful for determination of provenance for clastic
sediments. In addition, conventional cores are available for Moheida P-15 and Mohican
I-100, which are useful for diagenesis work.

The detrital heavy minerals were separated from other minerals during the heavy
mineral separation technique. Accurate identification and discrimination of distinctive
detrital minerals species depends on the ability to separate provenance-sensitive
features and avoid parameters that are influenced by other factors. The material
obtained after heavy mineral separation was used for the production of polished thin
sections that include detrital heavy minerals. In addition, conventional cores are useful
for the sampling of rock slabs used for the production of polished thin sections. Both
polished thin sections of rock slabs and detrital heavy minerals were analysed by the
scanning electron microscope (SEM) and the electron microprobe (EMP). Detrital
heavy minerals in polished thin sections of cuttings were analysed to determine the
chemical composition. Polished thin sections of conventional cores were studied for
chemical determination of both detrital and diagenetic minerals. In addition, back-
scattered electron images were obtained in order to establish textural relationships and

determine the paragenetic sequence of diagenetic minerals.
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Chapter 2: General Geological Setting
2.1 Introduction

The Scotian Basin, located beneath the continental shelf and slope offshore Nova
Scotia, Canada (Fig. 2.1), originated during the break up of Pangaea 200 million years
ago, and is considered a passive-margin sedimentary basin (Mclver, 1972; Wade and
MacLean, 1990). It was initiated during the Late Triassic-Early Jurassic rifting and
continued to develop as the North American plate drifted away from the African plate

(Wade and McLean, 1990).
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Figure 2.1: World map. The red color represents location of clastic sedimentary basins. The
black square shows the location of the Scotian Basin, that extends over the margin of the
eastern North American continent, beneath the continental shelf and slope offshore Nova
Scotia.

The Scotian Basin is made up of several distinctive depocentres, from southwest
to northeast named the Shelburne, Sable, Abenaki and Laurentian sub-basins (Wade
and MacLean, 1990) (Fig. 2.2). Also underlying the Grand Banks, at the northeast end

of the basin, is the South Whale Sub-basin. These depocentres were initiated during
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Triassic rifting, but continued to develop through the Mesozoic and Cenozoic, with up
to 17 km of strata preserved beneath some parts of the Scotian Shelf. To the northwest
the Scotian Basin is bounded by the Appalachian orogen, whereas to the southeast is

bounded by the Atlantic Ocean.

http://www.callforbids.cnsopb.ns.ca/2008/01/regional_geology.html

Figure 2.2: Major tectonic elements of the Scotian Basin showing depth to basement in
kilometers and bathymetric contours in grey. The white labels from SW to NE represent the
names of the four sub-basins that form the Scotian Basin. The four sub-basins are Shelburne,
Sable, Abenaki and Laurentian. The pale green areas represent earliest Jurassic age Argo
formation salt structures (Shimeld, 2004), with the Roman numerals indicating the salt basement
regions as defined by Kidston et al. (2002) and Shimeld (2004). Thickness contours from Wade
(2000).

The Appalachian orogen is divided into five terranes based on stratigraphic and
structural contrasts between Cambrian-Ordovician and older rocks. From northwest to
southeast, these terranes are the Humber, Dunnage, Gander, Avalon, and Meguma
zones originally defined by Williams and Hatcher (1982). The Appalachian orogen has

a parallel alignment to the length of the Scotian Basin, and thus the process of assessing

potential sources for sediments in the Scotian Basin is challenging.
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The Meguma terrane was deformed and assembled through the latest
Neoproterozoic and Paleozoic and is the most outboard terrane of the Appalachian
orogen, outcropping in southern Nova Scotia (Williams, 1995) and penetrated in wells
on the Scotian Shelf (Pe-Piper and Jansa, 1999). Petrologically the Meguma terrane
comprises a variety of metasedimentary, volcanic and plutonic rocks (van Staal, 2005).
The terrane is made up mostly of a conformable succession of Neoproterozoic-
Ordovician metamorphic strata up to 13 km thick, representing the Meguma
Supergroup (White, 2010). In addition, the metamorphic rocks are intruded by
Devonian granitoid plutons know from the literature as the Meguma Terrane granites
(Clarke et al., 1997). Basement samples from offshore wells in the Scotian Basin,
together with geophysical data, have shown that low grade metasedimentary rocks of
the Meguma Supergroup comprise the basement underlying the Scotian Shelf (Pe-Piper
and Jansa, 1999).

In Newfoundland, the Avalon terrane outcrops in the Avalon Peninsula and
adjacent areas (Williams, 1995). Offshore it underlies all but the extreme southern
Grand Banks of Newfoundland and Flemish Cap. In Nova Scotia the terrane is exposed
in Cape Breton Island and in the inliers of the Antigonish Highlands and Cobequid
Mountains (Williams, 1995). Petrologically, the Avalon terrane is composed of upper
Precambrian sedimentary and volcanic rocks and overlying Cambrian-Ordovician
shales and sandstones (Williams, 1995). In addition, the terrane is intruded by
principally granitic plutons. Boundaries of the Avalon terrane with the Gander terrane
in Newfoundland and New Brunswick are major faults (van Staal, 2005). In Nova

Scotia the outboard boundary is the Cobequid-Chedabucto Fault Zone which separates
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the Avalon terrane from the Meguma terrane (Keppie, 1983).

Both terranes have undergone several orogenic events. One of the most significant
was the Acadian Orogeny during Mid Devonian causing regional deformation and
dextral slip on the Cobequid-Chedabucto Fault Zone (Webb, 1969). This dextral motion
continued through the Carboniferous (Murphy et al., 2011).

The Fundy Basin (Jansa and Wade, 1975; Brown, 1986; Brown and Grantham,
1992) occupies the boundary between the Avalon and the Meguma terranes (Wade et
al., 1995). It is one of a series of half grabens, similar to Naskapi, Mohican and
Orpheus grabens that formed along the eastern margin of North America during the
Triassic-Jurassic rifting of Pangaea (Fig.2.3). The Fundy rift system formed during
Early to Mid Triassic as a result of sinistral tensional reactivation of the older dextral

Cobequid-Chedabucto Fault Zone transform fault system (Wade et al., 1995).
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Figure 2.3: Position of the Fundy and other relevant basins during the Triassic-Jurassic
rifting of Pangaea. Modified from Olsen et al. (2000).
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2.2 Stratigraphy
Rift valleys that formed before the break up of Pangaea represent the first basins
for Mesozoic clastic sediments (Given, 1977). The most recent lithostratigraphy, with

biostratigraphy from Weston et al. (2012), is summarized in figure 2.4.
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Figure 2.4: Lithostratigraphic columns of the Scotian Basin, modified from Weston et al. (2012) and the Fundy Basin, modified
by Sues and Olsen (2015).

The earliest clastic sediments deposited in the Mesozoic rift basins off eastern
Canada are known from the Wolfville Formation in the Fundy Basin and represent the
initial phase of continental rift sedimentation (Wade et al., 1995). Red to brown, coarse
to fine sandstone together with pebbly sandstone, conglomerate and minor shale

represent the main deposits that compose the formation. The bottom of the formation is
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no older than Early Carnian (Schlische and Olsen, 1990), with the top believed not to
surpass Late Carnian (Olsen et al., 1989). In southern New Brunswick, four formations
equivalent to the Wolfville Formation have been identified by Nadon and Middleton
(1984), which are the Lepreau, Honeycomb Point, Quaco and Echo Cove formations.

Strata of the Blomidon Formation in the Fundy Basin are known from both
Chinampas O-37 and Cape Spencer No. 1 offshore wells, characterized by Triassic fine
grained clastic beds of red shale and siltstone. This Late Rhaetian to Early Hettangian
formation (Holser et al., 1988; Fowell and Traverse, 1995) conformably overlies the
Wolfville Formation sandstones.

The Late Triassic Wolfville Formation and the Late Triassic-Early Jurassic
Blomidon Formation, exposed around and beneath the Fundy Basin, are lithologically
similar and equivalent in age to the red-bed dominated Eurydice and evaporite
dominated Argo formations deposited underneath the present Scotian Shelf and Grand
Banks (Wade and MacLean, 1990).

The North Mountain Basalt is a succession of sub-aerial tholeiite flows (Puffer,
1992) extruded at about 201.4 Ma (Schoene et al., 2010), around the time of the
Triassic-Jurassic transition. The tholeiite flows outcrop extensively in northwest Nova
Scotia, along the SE margin of the Bay of Fundy, in the subsurface of the Fundy Basin
and on the north and south part of the Grand Manan Island (Wade et al., 1995).

A basaltic unit similar to the North Mountain Basalt, named “Glooscap volcanics”
occurs at Glooscap C-63 well above a bedded salt succession (Wade and MacLean,
1990) and is onlapped in turn by the clastics of the Mohican Formation. Although the

basaltic unit is above the Argo Formation at Glooscap C-63 (Weston et al., 2012) and is

23



not radiometrically dated, it is in a similar stratigraphic position to the North Mountain
Basalt and is geochemically similar to it (Pe-Piper et al. 1992).

The Scots Bay Formation tends to lie conformably above the North Mountain
Basalt in the central part of the Fundy Basin, with minor onlap towards the basin
margin (Wade and MacLean, 1990). On the northern margin of the Minas Basin the
Scots Bay Formation has been replaced by the informally named McCoy Brook
formation (Williams et al., 1985). Deposition of interbedded limestones, silty and
cherty limestones, sandstones, siltstones and shales in the Scots Bay Formation was
probably initiated in a small structural basin that quickly widened and included the
southern part of the Fundy Basin (Wade et al., 1995). A variety of fossils indicate that
the bottom of the formation is Early Jurassic (Olsen, 1981), probably Hettangian age
(Barss et al., 1979). Due to erosion of almost 2000 m of strata from the top of the
succession, the age of the strata at the top of formation cannot be assessed, but the
youngest strata extend to at least the Pliensbachian (Wade et al., 1995). However, the
upper age for the underlying strata of the North Mountain Basalt is dated as Early
Hettangian (Wade et al., 1995).

The first sediments deposited in the tectonic sub-basins of the Scotian Basin, were
Late Triassic—(?) Early Jurassic salt of the Eurydice and Argo formations. The lower
part of the Mohican and Iroquois formations, represented by Mid Jurassic typical
sabkha facies with shallow-water limestones and dolostones (Weston et al., 2012) are
poorly constrained biostratigraphically, but are likely of Mid Jurassic age (Weston et
al., 2012). The only biostratigraphic evidence for Early Jurassic taxa on the Scotian

Shelf is known from a reworked specimen in South Griffin J-13 well.
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The depositional setting in the Scotian Basin changed from marine conditions
(upper Mohican Formation) and from typical carbonate sabkha facies (Iroquois
Formation) to a period of widespread carbonate deposition corresponding to the
Callovian to Tithonian Abenaki Formation (Weston et al., 2012). This Middle to Late
Jurassic carbonate bank has been separated into several members: the Scatarie, Misaine,
Baccaro and Artimon. The Scatarie Member, at the base of the Abenaki Formation, is a
carbonate unit that overlies the top of the sandstone dominated Mohican Formation and
the dolostone dominated Iroquois Formation (Weston et al., 2012). The Missaine
Member overlies the Scatarie Member and in turn is overlain by the Baccoro Member.
Seawards, the Misaine Member distally ie equivalent in age to the Upper Jurassic
shales of the Verrill Canyon and Upper Jurassic proximal-deltaic clastics of the
MicMac formations, whereas the Baccaro Member distally is equivalent to the MicMac
Formation. Landward, both the Misaine and the Baccaro members are equivalent to the
Mohawk Formation. The Artimon Member is of restricted distribution, present mostly
in the central part of the basin.

In the central part of the Scotian Basin from Kimmeridgian to Tithonian, sandy
deltaic facies of the lower member of Missisauga Formation (as defined by MacLean
and Wade. 1993), partly coeval with the upper strata of the MicMac Formation,
prograded across the carbonate shelf and graded laterally to the distal prodelta of the
Verrill Canyon Formation (Cummings and Arnott, 2005). Along the southwestern shelf,
however, carbonates equivalent in age to the Missisauga Formation continued to
accumulate in areas far removed from clastic input (e.g. the Roseway unit in Mohawk

B-93 well; Wade and MacLean, 1990). By Late Tithonian to Valanginian, and until
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Hautervian clastic sediments representing the Middle Member of the Missisauga
Formation, progressively extended across the Abenaki carbonate bank on the eastern
part of the LaHave platform and passed into the distal prodelta corresponding to the
Verrill Canyon Formation. The deposition of clastics of the Middle Member of the
Missisauga Formation continued until a distinctive and widespread limestone unit, the
informally named O-Marker, comprising multiple oolitic and bioclastic limestone beds
with minor shale and sandstone, was deposited. The Upper Member extends up to the
top of the Barremian and is represented by clastic sediments.

Aptian to Albian sediments on the Scotian margin are mostly encompassed by the
Logan Canyon Formation, which can be several kilometers thick, particularly in the
Sable sub-basin. The Logan Canyon Formation overlies more sandy rocks of the
Missisauga Formation, and is composed of sandstones and shales, with some parts
predominantly sandstone (the younger Marmora Member and the older Cree member),
and some parts predominantly shale (the younger Sable Member and the older Naskapi
Member). The sedimentary rocks typically grade into fine-grained prodelta shales and
siltstones of the informal Shortland Shale (Jansa and Wade, 1975). The base of the
Logan Canyon Formation is typically characterized by an age no older than intra-
Aptian. Thin poorly preserved fluvial sedimentary rocks, known as the Chaswood
Formation, are the equivalent of Missisauga and Logan Canyon formations onshore in
southern New Brunswick and central-eastern Nova Scotia.

Clastic marine sediments of the Logan Canyon Formation are overlain by the
Upper Cretaceous Dawson Canyon Formation with shale at the bottom, which in turn is

overlain by the latest Cretaceous Wyandot Formation chalk, and latest Cretaceous and
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Cenozoic mudstone and sandstone of the Banquereau Formation (Mclver, 1972). On
the Scotian margin only one member composed of thin limestone unit, the Petrel of
probably Turonian age (Weston et al., 2012), was recognized from the Dawson Canyon
Formation. The Banquereau Formation is separated from the underlying Wyandot
Formation by a conformable boundary that generally ranges in age from Early

Campanian up to at least Maastrichtian (Weston et al., 2012).

2.3 Plate tectonic and structural evolution

Pangaea was a supercontinent that existed during the Late Paleozoic and Early
Mesozoic eras. It formed approximately 300 million years ago and then began to break
apart after about 100 million years. The first break up of Pangaea into continental
blocks started roughly in Mid Triassic (Fig. 2.5), and continued until Early Jurassic.
During this period of time, Laurasia (Fig. 2.5) comprising North America, Europe and
Asia and Gondwana (Fig. 2.5) comprising Africa and South America started to separate
from central Pangaea (Schettino and Scotese, 2005). The second break up of Pangaea

spanned the entire Cretaceous and resulted in segmentation of both Laurasia and

Gondwana into other minor continental blocks.
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The process of fragmentation during the first break up can be described within an
interval from the Late Ladinian (230 Ma) to the Tithonian (147.7 Ma) (Schettino and
Turco, 2009). From the Late Ladinian (230 Ma) to the latest Rhaetian (200 Ma), the
eastern margin of North America (Schlische et al., 2002), the northwest African margin
(Davison, 2005) and the High, Saharan and Tunisian Atlas (Le Roy and Piqué, 2001,
Ellouz et al., 2003) began to move apart from each other (Fig. 2.6). This process
determined the formation of a separate Moroccan microplate at the boundary between
Laurasia and Gondwana, from segmentation of the latter. From the latest Rhaetian (200
Ma) to the Late Pliensbachian (185 Ma), the first oceanic crust started forming and the
Moroccan microplate continued to rift away from North America (Schettino and Turco,
2009). From the Late Pliensbachian (185 Ma) to Tithonian (147.7 Ma), plate motion
started along complex fault systems between Morocco and Iberia, whereas a rift/drift
transition occurred in the northern segment of the central Atlantic, between Morocco
and the conjugate margin of Nova Scotia (Schettino and Turco, 2009), with

implications for movement on the Cobequid-Chedabucto Fault Zone (CCFZ) (Fig. 2.6).
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Fig. 2.6: Structural fragmentation of Pangaea showing the eastern margin of the North American continent and the
northwest African margin moving apart from each other, as a rift/drift transition occurred in the northern segment of
the central Atlantic, between Morocco and the conjugate margin of Nova Scotia. (figure modified after LeRoy and

Pique, 2001).
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Triassic extension resulted in several distinctive half grabens (e.g. the Fundy
Basin) on the Laurentian margin, including generally northeast trending rift sub-basins,
the Shelburne, the Sable, the Abenaki and the Laurentian, beneath the present day
Scotian Shelf and Slope (Wade and MacLean, 1990). Within the same time period
extensional pre-existing thrust faults and ramps formed during the Variscan and earlier
orogenies (Manspeizer, 1988) were reactivated. The reactivation of these faults together
with a sinistral strike slip motion of the CCFZ (Withjack et al., 1995) that was followed
by several kilometers of dip-slip motion on the CCFZ (Pe-Piper and Piper, 2004)
formed the Fundy Basin.

The Late Triassic—(?) Early Jurassic salt of the Eurydice and Argo formations in
the Scotian Basin was probably deposited during drifting by progressive shallow water
deposition in basins confined by basement geometry and/or synrift sedimentation
(Albertz et al., 2010). During the Jurassic and the Cretaceous the Scotian Shelf started
to subside as clastic sediments of the Mohican, Missisauga and Logan Canyon
formations were deposited. The lithostatic pressure had a big impact on the tectonics
which was dominated by expulsion of autochthonous salt creating accommodation on
the present Scotian Shelf and emplacement of allochthonous salt bodies on the Scotian
Slope (Albertz et al., 2010). Shimeld (2004) discriminated five distinctive salt tectonic
zones along the strike of the Scotian Slope. Zones | and Il are dominated by vertical
structures, 111 and V by salt canopies and 1V by a regional salt detachment overlain by
an allochthonous synkinematic wedge of Jurassic sediments (Ings and Shimeld, 2006).

Deptuck (2011) separated the western Scotian margin (and Shimeld's 2004 zones

I and I1) into four proximal to distal postrift structural domains. The LaHave Platform
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(LP) Province is the most landward of these and corresponds to a glaciated platform
underpinned by thick continental crust broken in places by Triassic to Early Jurassic rift
basins and intervening basement highs (Wade and MacLean, 1990). The boundary
towards the sea is represented by a characteristic zone, known as hinge zone, across
which basement depth increases abruptly (Deptuck, 2011).

The tectonic evolution that took place in the western part of the Scotian margin is
characterized by folding and faulting of the bedded salt. This is clear evidence that the
La Have Platform experienced both extension and localized inversion during rifting
(Deptuck, 2011). In the Jurassic, the carbonate bank expanded over the platform by the
time most of the grabens were filled and horsts were planed off. By the Cretaceous, the
La Have Platform experienced low overall subsidence rates and was dominated by non-
marine to outer neritic depositional environments for most of its history. An Early
Eocene impact crater was penetrated by the Montagnais 1-94 well (Jansa et al., 1989),
located on the LaHave Platform. As a result, Cretaceous and Paleogene strata on the
outer part of the outer La Have Platform were transported and deposited across a wide
area, with a 65 km wide multi-tiered sub-circular failure scarp. The impact may have
destroyed shelf-edge deltas above the carbonate platform that might otherwise have
been preserved on the seaward parts of this low-accommaodation shelf (Deptuck and
Campbell, 2012).

The Slope Detachment (SD) Province is located seaward of the LP Province and
an important margin hinge zone where basement depth increases abruptly and
corresponds to the structural hinge zone that parallels the edge of the Upper Jurassic

carbonate banks. This area is dominated by salt pillows and rollers, but except for the
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mouth of the Mohican Graben, more prominent salt bodies are largely absent (Deptuck,
2011). Because of the steep morphology of the slope, Jurassic and Cretaceous
sediments deposited in this area have experienced displacement with detachment above
the weak primary salt layer (Deptuck, 2010a). The SD province topography has been
created and modified through time by the presence of widespread canyoning as
recorded on the deeply incised Late Jurassic, Cretaceous and Early Paleogene slope
strata. The presence of canyons indicates that these might represent the path for clastic
sediments to be transported from the LaHave Platform to deep water basins (Deptuck,
2011).

The SD Province passes down slope into the Diapir and Minibasin (DM) Province
where expelled salt bodies are tallest and separate generally well-developed minibasins
containing thick Jurassic and Cretaceous marine stratigraphic successions.

The seaward limit of the DM province is a major basement step that appears to
define the seaward limit of the primary salt basin (Deptuck, 2011). The step is located
within, and coincides closely with, the middle part of the East Coast Magnetic Anomaly
(ECMA). The Outer ECMA Province of Deptuck (2011) is located outside the primary
salt basin, in a region of minor salt overhangs that developed where the salt bodies were
extruded up and out of the primary salt basin and now overlie the crust along the outer

part of the ECMA.
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2.4 Paleogeography

The first order control on geography and climate is latitude, via the effect on the
angle of incidence of sunlight by the curvature of the Earth. Hence, the latitude at
which a continent is located has the principal effect on climate, relative to other areas
(Olsen and Et-Touhami, 2008).

Interpretations of paleomagnetic data available from the Newark Basin Coring
Project (Kent et al., 1995; Kent and Olsen, 1999) together with techniques developed to
overcome errors caused by sediment compaction (Tauxe and Kent, 2004; Kent and
Tauxe, 2005), suggest that during the Late Triassic and earliest Jurassic the Fundy
Basin was located about 20° N of the equator (Olsen and Et-Touhami, 2008). This
means that the eastern North American sub-basins migrated from the humid tropics to
the arid subtropics during the first deposition of synrift strata. Examples of such basins
are the Fundy Basin which shows an overall upward trend to more arid environments in
younger strata than in older strata, as would be expected with drift from the tropics to
subtropics. The semiarid to arid climate of the rift valley is demonstrated by the
presence in the Wolfville Formation of eolian sandstones, caliche paleosols, alluvial-
fan conglomerates, and braided-river sandstones and by the abundant playa gypsiferous
mudstones in the Blomidon red beds (Hubert and Hyde, 1982; Hubert and Mertz,
1980). The oxidized nature of the marginal facies in the Fundy Basin, together with
their continental origin, large volumes of sediments and moderate sedimentation cycle
suggest a generally hot and semiarid climate with periodic and/or seasonal heavy
rainfall and subsequent high fluvial discharge (Wade et al., 1995), with such sources

principally from the Meguma terrane (Li et al., 2012).
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During deposition of the Eurydice red-beds in Late Triassic and Early Jurassic
time, the climate in Nova Scotia was dominantly semiarid to arid, as evidenced by the
evaporite features in many of the sandstones and sandy mudstones. The same climate
continued at least until Early Jurassic when the salt of the Argo Formation and
carbonates of the Iroquois Formation were deposited.

Until the end of Early Jurassic, the Scotian shelf is marked by an erosional hiatus
sedimentation (Wade and MacLean, 1990) with influence from local developing rivers
in the Meguma terrane. By the Middle Jurassic, carbonates of the Iroquois Formation
and sediments of the Mohican Formation accumulated in rift-basins. The Middle
Jurassic Mohican Formation was derived principally by rivers from the Meguma
terrane (Li et al., 2012).

From Late Callovian and until the Late TIthonian the main depositional sediments
in the central Scotian Basin were shelf carbonate rocks of the Abenaki Formation,
typical of subtropical passive margin (Wade and MacLean, 1990). During the Jurassic,
the Abenaki carbonate platform was situated below 30° N of the paleoequator, in a
subtropical, easterly trade wind belt (Golonka et al., 1994; Scotese, 1997; Leinfelder et
al., 2002). The dominance of carbonates during Late Jurassic in the Scotian Shelf is
interpreted to result from opening of an ocean gateway for circumglobal equatorial flow
(Berggren, 1982), increased rise in sea level and transgression of continental margin, as
well as northward spread of warm water carbonate facies and associated regional
aridity (Hallam, 1984b).

During the transition zone from Late Jurassic to Early Cretaceous, iron oolites

were deposited in the southwestern Scotian Basin, specifically in Moheida P-15 and
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Dauntless D-35 (Weston et al., 2012). The accumulation of oolitic ironstones suggests a
subtropical to tropical environment (Hallam and Bradshaw, 1979). Westerly equatorial
currents were diverted into high northern and southern latitudes by the configuration of
Pangaea, resulting in warm climate at mid latitudes (van Houten, 1985).

During the Late Jurassic and Early Cretaceous, Nova Scotia and the Fundy Basin
were located approximately 30° N of the equator (Irving et al., 1993), the Atlantic
Ocean was approximately 1000 km wide (Ziegler, 1989), and the climate was warm
and temperate (Rees et al., 2000).

According to previous researchers, two hypotheses are thought to have
contributed to the change in rate of sand supply during Late Jurassic-Early Cretaceous.
One is related to change in the geographic location of the North American continent
due to northwest motion during the Late Jurassic and Early Cretaceous (Beck and
Housen, 2003). This change thus resulted in the region moving from arid to more
humid climate condition (Valdes et al., 1996) with development of a proto St.
Lawrence River system draining large areas of the eastern Canadian Shield (Wade and
MacLean 1990). The other hypothesis is related to the Early Cretaceous rifting and
drifting of the Grand Banks of Newfoundland from Iberia (Wade and MacLean, 1990)
with uplifting of the Avalon Terrane. Uplifting of the Avalon terrane was an important
contributor for the supply of Late Jurassic and Early Cretaceous sediments in the SW
part of the Scotian Basin. Recent provenance studies based on geochemical
composition of Late Jurassic to Early Cretaceous sandstones and mudstones from core
samples in the Scotian Basin suggest that abundance of coarse-grained clastic

sediments was due to supply initiated by uplift and rifting (Labrador Rift) from Late
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Kimmeridgian to Early Tithonian (Zhang et. al, 2014). Later on the absence of
sandstones from the Aptian Naskapi Member in the Scotian Basin implies
southwestwards diversion to the Fundy Basin of rivers that supplied sediments to the
Scotian Basin, due to uplift of the Meguma Terrane and extrusion of basalts in the
Aptian (Bowman et al., 2012) or high sea level as indicated from the presence of
benthic forams in the Aptian which indicate marine inundation (Intra Aptian Maximum

Flood Surface, Weston et al. (2012)).

2.5 Sources of diagnostic detrital minerals: generalities

Previous research, in the Scotian Basin and equivalent fluvial strata from the Lower
Cretaceous Chaswood Formation onshore, suggests that sediments from Late Jurassic
to Early Cretaceous have been transported from different areas of eastern Canada
(Fig.2.7) by at least three rivers (Pe-Piper and Piper, 2012, Zhang et al., 2014),

providing some constraints on minerals derived from specific sources.
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2.5.1 Chaswood Formation

The Lower Cretaceous Chaswood Formation represents the equivalent fluvial strata
for the deltaic Missisauga and Logan Canyon formations (Wade and MacLean, 1990),
and has been identified in the central, northern and eastern part of Nova Scotia and the
southern part of New Brunswick. Its occurrence in central Nova Scotia is limited in
fault-bounded basins with outliers such as the EImsvale Basin, Windsor and the West
Indian Road Pit (Gobeil et al., 2006). In eastern Nova Scotia minor outliers are present
at Brierly Brook and Diogenes Brook (Dickie, 1986; Stea et al., 1994; Pe-Piper et al.,
2005c¢), whereas in northern Nova Scotia there is the Belmont outlier. The Chaswood
Formation in southern New Brunswick is known only from the outlier at Vinegar Hill
(Piper et al., 2007). The clastic sediments of the Chaswood Formation were derived
from different sources (Fig.2.8) according to previous studies (Piper et al., 2007; 2008;
Pe-Piper et al., 2005).

Heavy minerals in sandstones of the Chaswood Formation at EImsvale Basin are
mostly altered ilmenite. Staurolite, tourmaline, zircon, monazite, chromite and lithic
clasts together with the light minerals muscovite and K-feldspar represent minor
components that vary in abundance with increase in depth (Pe-Piper et al., 2004; Piper
et al., 2008) (Fig.2.9). The most characteristic detrital heavy minerals present are zircon
and monazite. Single-grain dating of monazite from sandstones in the EImsvale Basin
yielded Ordovician ages (463 to 498 Ma) (Pe-Piper and MacKay, 2006), which is an
indicator of sediments sourced from northern New Brunswick. Most of the zircon is
characterized as euhedral, an indicator of first-cycle detrital minerals from igneous

sources. Few grains tend to be abraded suggesting a polycyclic origin. Lithic clasts
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point toward a local supply from reworking of Ordovician to Late Paleozoic sandstones
deposited in Nova Scotia with a minor influence from crystalline basement of the

Avalon terrane (Piper et al., 2008).
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Detrital heavy minerals at Brierly Brook are composed principally of ilmenite, and
in lesser amounts of staurolite and tourmaline, and varying amounts of zircon,
monazite, and andalusite (Pe-Piper et al., 2005). Rarely we found detrital rutile, garnet,
amphibole, clinopyroxene and orthopyroxene. Athough a light mineral, calcite is a
significant, but variable component of the heavy mineral assemblage; dolomite, another
light mineral is present as well. Most of the tourmaline chemistry indicates derivation
from reworking of Carboniferous rocks originally derived from the Li-poor granite of
the South Mountain Batholith (Piper et al., 2008). The remaining tourmaline has
composition typical of metasedimentary rocks. Garnet (almandine) has similar
chemical composition to garnet from the South Mountain Batholith, suggesting a first
cycle source or may be of second-cycle origin derived from Carboniferous sedimentary
rocks in Nova Scotia. The high proportion of staurolite at Brierly Brook may indicate
supply predominantly from a Miramichi Highland source in New Brunswick, but also
implies local derivation. Carbonate lithic clasts (dolomite and calcite) are most likely
derived from the Windsor Group limestone.

The detrital heavy minerals present in the Lower Cretaceous Chaswood Formation
at Vinegar Hill in southern New Brunswick were separated in two assemblages based
on abundance (Fig.2.7): i) one with sub-equal presence of staurolite-ilmenite and less
presence of orthopyroxene, clinopyroxene, tourmaline, andalusite, monazite/zircon and
rutile and ii) one with abundant ilmenite, subordinate staurolite, equal amounts of
monazite/zircon, andalusite and tourmaline. The high percentage of ilmenite and its
alteration products in both assemblages at Vinegar Hill supports the idea that the

sediments were derived possibly from two potential sources: i) directly from crystalline
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rocks of the Avalon terrane enriched in ilmenite providing fresh ilmenite at Vinegar
Hill which in turn altered as a result of diagenetic processes that operated during and
after the burial of the sediments and ii) from reworking of older sandstones deposited in
New Brunswick. Chemical composition of ilmenite with low values for Mn, when
compared to those from northern Nova Scotia, suggests ilmenite is of igneous origin.
Stable detrital heavy minerals like staurolite, andalusite, titanite and garnet appear to be
sourced from rocks abundant in staurolite and andalusite. On the other hand tourmaline
is both metamorphic and igneous, the latter likely to be derived from the Silurian
granites outcropping in central New Brunswick (Piper et al., 2007). Unstable minerals
such as actinolite and clinopyroxene are sourced from local sources in horsts (Piper et
al., 2007). Ultra stable detrital minerals, such as zircon, indicative of polycyclic sources
are almost absent (Piper et al., 2007). The Chaswood Formation in south New
Brunswick has a local supply of lithic clasts from bedrock of the outboard
Appalachians (Piper et al., 2007), with some diagnostic minerals reworked from
Carboniferous sedimentary rocks. Based on the mineralogical composition and modal
abundance of detrital minerals, the clastic deposits at Vinegar Hill were most likely
derived from crystalline bedrock rather than through reworking of older sedimentary
rocks. The aspect of sediments derived from crystalline rocks is also confirmed by
monazite geochronology yielding Silurian age (Pe-Piper and MacKay, 2006) which
suggest that the sediments were derived most likely from central New Brunswick (Piper
et al., 2007). In addition, the lack of chromite, which is characteristic of the Humber
terrane ophiolites and monazite with Ordovician age points that sediments at Vinegar

Hill were not derived from more distant sources than central New Brunswick.
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2.5.2 Horton Group

The Lower Carboniferous Horton Group is a first cycle sandstone-shale succession
derived principally from the metasedimentary and granititc rocks of the Meguma
terrane as inferred by chemistry of both detrital monazite and muscovite (Murphy and
Hamilton, 2000). Other detrital heavy minerals identified are tourmaline, garnet, zircon
and spinel/chromite. Tourmaline and zircon are abundant, whereas garnet and
spinel/chromite are almost absent. In addition lithic clasts are present.

Four types of tourmaline were identified in samples from the Horton Group, which
are type 1, type 2, type 3 and type 4; types 1 and 4 are abundant with minor types 3 and
2. Type 1 originates from granitoid rocks, type 2 from metapelites and calc-silicate
rocks, type 3 may be derived from meta-ultramafic rocks, meta-carbonates or Cr-V-rich
metasedimentary rocks, and type 4, is derived principally from metapelites and
metapsammites (Henry and Guidotti, 1985; Kassoli-Fournaraki and Michailidis, 1984),
although some may be derived from veins in granite (Clarke et al., 1989). The
distribution of tourmaline varieties in the Horton Group sandstones is similar to those in
the west Scotian basin, at Naskapi N-30 well where a major supply from the Meguma
terrane is suggested (Tsikouras et al., 2011). The major supply with sediments from the
Meguma terrane is also supported by the mineralogical composition of lithic clasts in
the Horton Group together with ages of dated detrital zircons (Murphy and Hamilton,
2000; Pe-Piper and Piper, 2012).

Garnet from the Horton Group is typical of grossularite, which is abundant,
followed by Mn-almandine, Ca- Mg-almandine and andradite, which are rare.

Grossularite and Ca- Mg- almandine are found in the metagabbro and the anorthosites

40



of the Grenville Province. However, their abundance in the Great Village River in Nova
Scotia, draining areas of the Avalon terrane, suggests that they are also derived from

calc-silicate metasedimentary rocks (Tsikouras et al., 2011). Mn almandine is abundant
in the Meguma Supergoup metasedimentary rocks and is perhaps characteristic of other

metasedimentary rocks, for example in the Gander terrane (Tsikouras et al., 2011).

2.5.3 Sable and Abenaki sub-basins

Mineral assemblages in the Lower Cretaceous Upper Missisauga and Logan
Canyon formations in Alma K-85 and Musquodoboit E-23 wells in the Sable sub-basin
include mainly tourmaline, garnet (almandine with significant spessartine and gossular
substitutions, spessartine), monazite, zircon, muscovite and spinel/chromite. Small
amounts of accessory minerals like tremolite and Mg- Ca-rich clinopyroxene were also
identified in Musquodoboit E-23. The Thebaud, Glenelg and Venture fields have
characteristic spinel/chromite. Biotite is absent, probably as a result of dissolution with
increase in depth (Pe-Piper et al., 2009).

Tourmaline and spinel/chromite are the most characteristic minerals identified.
Specifically, tourmaline is of metamorphic origin, whereas MORB, IAT and boninitic
spinel/chromite types are common mineral assemblage seen in all the wells from the
Sable sub-basin. Relative constant zircon/chromite ratio indicates polycyclic sources
(Tsikouras et al., 2011). Muscovite is predominantly of metamorphic origin with the
exception of that at Alma K-85, which is predominantly igneous. Accessory minerals
such as tremolite and/or Mg-, Ca-rich clinopyroxene at Musquodoboit E-23 appear to

be derived from thermally metamorphosed impure carbonate rocks, similar to those of
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the George River Group in Cape Breton Island, although a source on the inner shelf
cannot be ruled out (Pe-Piper et al., 2009). Neither a contaminant origin from drilling
mud can be completely excluded, since they have not been found in convemtional cores
from the Scotian Basin.

In the Upper Jurassic Lower Missisauga Formation from Thebaud and Venture
fields, tourmaline is predominantly type 4, followed by type 1 with minor type 3. The
chemical composition of muscovite indicates metamorphic origin. Geochronology of
detrital muscovite confirms a source for muscovite from metasedimentary rocks
(Reynolds et al., 2009) that experienced resetting during the Alleghanian orogeny on
the inner shelf (Reynolds et al., 2009). On the other hand, geochronology of detrital
monazite and zircon (Pe-Piper and MacKay, 2006) indicate derivation of sediments
from inboard terranes of the Appalachians and the Grenville province (Pe-Piper et al.,
2009). Spinel/chromite of MORB, IAT and boninitic origin is present and is a mineral
assemblage seen as well in the Lower Cretaceous formations of the Sable sub-basin
with sources in the Paleozoic sandstones from western Newfoundland. The relatively
high proportions of zircon and chromite/spinel in these sandstone indicates polycyclic
sources (Tsikouras et al., 2011). However, recent studies on whole rock geochemistry
of mudstones of the Cree member of the Logan Canyon Formation and Upper and
Middle Missisauga formations at Alma K-85 have shown a Labrador crystalline source
(Zhang et al., 2014). In addition, detrital monazite and zircon at Upper and Middle
Missisauga formations, demonstrate important sources from the Appalachians and the
Mesoproterozoic of Labrador (Zhang et al., 2014). Thus there is evidence for both,

crystalline basement sources in the Appalachians and Labrador and polycyclic sources
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probably mostly of Carboniferous age.

Lower Cretaceous formations (Middle and Upper member of Missisauga and Cree
member of Logan Canyon) in Peskowesk A-99 and Dauntless D-35 in the Abenaki sub-
basin comprise tourmaline, garnet, spinel/chromite, muscovite, biotite and lithic clasts.
Tourmaline is not common, metamorphic clasts are common, garnet is present only in
the Cree member of the Logan Canyon Formation and chromite/spinel is not as
abundant as in the Sable sub-basin. Biotite is mostly of igneous origin. Dauntless D-35
contains an unusual high-Ca apatite (Pe-Piper et al., 2009). At Peskowesk A-99 the

lithic clasts are principally of rhyolite-syenite-microgranite with different sources.

2.5.4 Naskapi N-30

The detrital mineral assemblage in Lower Cretaceous Missisauga Formation from
Naskapi N-30 is: ilmenite, tourmaline, zircon, garnet, monazite, apatite, muscovite,
plagioclase and biotite (Pe-Piper and Piper, 2007). Tourmaline resembles tourmaline of
both metamorphic (metapelites/metapsammites) and igneous rocks (peraluminous
granites) from the Meguma terrane. Garnet (spessartine with significant almandine
substitution) is only of metamorphic origin and resembles garnet from the
metasedimentary rocks of the Meguma terrane. Sub-equal abundances of metamorphic
and igneous muscovite are present. Both geochronology and chemical mineralogy of
muscovite point to a dominant supply from the South Mountain Batholith of the
Meguma terrane (Pe-Piper et al., 2009). Geochronological ages for monazite (Reynolds
et al., 2009) do not resemble the Ordovician monazite from the Chaswood Formation of

central Nova Scotia, implying a lack of sediment supply to Naskapi N-30 from the

43



Chaswood Formation. Both, geochronology and chemical composition of muscovite
and monazite point to a dominant sediment supply from the Meguma terrane.
Particularly, monazites in the range of 300—340 Ma and Na-rich muscovite suggest
derivation of some sediment from the inner shelf where there was Alleghanian resetting
(Reynolds et al., 2009; Pe-Piper et al., 2009). Biotite is of metamorphic origin and
resembles some biotites from the Chaswood Formation in central Nova Scotia. At
Naskapi N-30 lithic clasts are almost exclusively polycrystalline quartz (Pe-Piper and

Piper, 2007), presumably sourced from the metamorphic rocks of the Meguma terrane.

2.5.5 Polycyclic sources to Sable and Abenaki sub-basins

Polycyclic sources are important contributors for sediments in the central and
eastern part of the Scotian Basin (Tsikouras et al., 2011). Previous work using whole
rock geochemistry together with chemical composition, modal abundance,
geochronology and relative abundance of different types of detrital mineral species
have provide some information on crystalline sources and the relative influence of
polycyclic sources.

Provenance studies in the central and eastern Scotian Basin suggest that at least four
polycyclic sources have to be taken into consideration: i) reworking of Late
Paleozoic/Carboniferous sandstones from Newfoundland (Tsikouras et al., 2011), ii)
reworking of Carboniferous sandstones of the Horton Group in Nova Scotia, iii)
reworking of Jurassic sandstones deposited in the proximal parts of the Scotian Basin
and iv) erosion of sedimentary rocks in the Fundy Basin and New Brunswick (Piper et

al., 2007).
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The evidence of polycyclic sources is well preserved within clastic deposits from
upper units in the Sable sub-basin. Specifically, Lower Cretaceous Formations at Alma
K-85 are made up mostly by sediments transported by an ancestral Sable River with
major sources in the Labrador and Newfoundland from reworking of Late
Paleozoic/Carboniferous sandstones. Bulk geochemistry of rocks shows high Cr and Zr
contents which are indicators of ultra-stable detrital minerals such as spinel/chromite
and zircon (Morton and Hallsworth, 2007). In addition, modal abundance of detrital
heavy minerals confirms the enrichment in zircon and spinel/chromite. The high
abundance of spinel/chromite and zircon suggests concentration of these minerals
through polycyclic reworking (Tsikouras et al., 2011). The influence of the Sable sub-
basin with sediments through reworking of Late Paleozoic sandstones becomes more
evident considering the low occurrence of the less stable ilmenite and its alteration
products, suggesting involvement of more than one cycle of weathering and abrasion to
concentrate high amounts of ultra-stable minerals (Pe-Piper et al, 2008). The varieties
of spinel/chromite suggest that polycyclic spinel/chromite was ultimately derived
principally from western Newfoundland, rather than central Newfoundland (Tsikouras
etal., 2011). The higher presence of spinel/chromite and zircon to ilmenite and its
alteration products in sediments from the central Scotian Basin can be considered
indicator of polycyclic sources, but mineral abundance is further influenced by
hydraulic sorting, dissolution with increase in depth (garnet) and other diagenetic
processes. Tourmaline in the central Scotian Basin was predominantly derived from a
major source in the Meguma terrane, possibly in part through polycyclic sources

(Tsikouras et al., 2011). Garnet is abundant with varietal types of Ca-almandine and
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Ca- Mg-almandine to be common suggesting a different ultimate source and probably

polycyclic reworking (Tsikouras et al., 2011).

Chapter 3: Methodology

To fulfill the main objectives proposed for this study a number of steps were
followed. The first step was the selection of wells suitable for diagenesis and
provenance work. That was possible with the use of the BASIN database site, well
history reports stored at CNSOPB and wireline log data from the Geological Survey of
Canada. In this way the general assessment of data for the offshore wells, located in
both the SW Scotian Basin and the Fundy Basin, was obtained.

Petroleum exploration programs that took place within the *70s and mid “80s in
the Fundy Basin and SW Scotian Basin resulted in a total of 12 offshore wells being
drilled, including Mohawk B-93, Mohican 1-100, Shelburne G-29 and Chinampas O-
37; conventional cores, cutting samples and sidewall samples were obtained and stored

for future studies (Table.3.1).

Table 3.1: Location and summary of SW Scotian Basin offshore wells

Total  conventional

Well Basin Area/location  Latitude Longtude cuttings sidewall cores
depth (m)  cores

AcadiaK-62  SW Scotian Basin ~ Scotian Slope  42.86222 61.91737 52874 - v v
Albatross B-13  SW Scotian Basin ~ Scotian Slope  42.70296  63.03662  4047.5 - 4 v
Bonnet B-23  SW Scotian Basin LaHave Platform 42.38018 65.05052 4336 - v v
Chinampas O-37  Fundy Basin Fundy Basin ~ 44.94766 66.58963 3661.6 - v 4
Glooscap C-63 SW Scotian Basin Mohican Graben 43.20273 62.16576  4551.5 - v v
Mohawk B-93  SW Scotian Basin LaHave Platform 42.70298 64.7314 2126 - v v
Moheida P-15  SW Scotian Basin LaHave Platform 43.08231 6227898  4297.7 3 v v
Mohican I-100  SW Scotian Basin LaHave Platform 42.99418 62.48092 4393.4 7 v v
Naskapi N-30  SW Scotian Basin LaHave Platform 43.49619 62.56684  2205.2 1 v v
Oneida O-25  SW Scotian Basin LaHave Platform 43.2493  61.5601  4109.9 - v v
Sambro 29 SW Scotian Basin LaHave Platform 43.64307 62.80473  3069.6 - 4 v
Shelburne G-29 SW Scotian Basin ~ Scotian Slope  42.6408  63.5593 4005 - v v
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The well selection for this thesis was made based on the type of material available
for study and sampling, e.g. whether conventional cores or only cutting samples are
available; and on the lithologies that the available material represents. Wells that were
previously studied and wells that do not have suitable lithologies available in form of
conventional cores or in cuttings were excluded.

The second step comprises sample collection for the wells selected from both
conventional cores and cuttings. Sample collection was based on studies of well history
reports, washed cuttings and my own refinements for core samples. In the third step the
samples obtained are used for the production of polished thin sections of both rock and
cuttings and for whole rock geochemistry. In the final step the polished thin sections
were analyzed first under the polarized microscope and secondly on both the Scanning

Electron Microscope (SEM) and the Electron microprobe (EMP).

3.1. Sampling for detrital petrology, diagenesis and whole rock geochemistry

Of the 12 offshore wells, 11 originating in the SW Scotian Basin and 1 in the
Fundy Basin, only 5 were selected for this study, Mohican 1-100, Moheida P-15,
Mohawk B-93, Shelburne G-29 and Chinampas O-37 (Fig.3.1). Of the 5 wells only 3
have conventional cores: Mohican 1-100, Moheida P-15 and Naskapi N-30. Naskapi N-
30 has been previously studied (Pe-Piper and Piper, 2007; Reynolds et al., 2009) and
Moheida P-15 has only 3 short conventional cores, 3 m, 6 m and 14 m respectively in
length. On the other hand, Mohican 1-100 is represented by 7 cores corresponding to 54
m of recovered rock comprising lithologies with ages from Triassic (Eurydice

Formation) to Early Cretaceous (Roseway Equivalent Formation).
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Figure 3.1: Regional geological map of Nova Scotia, New Brunswick, Fundy Basin and Scotian Basin showing location and material

available for the wells selected in this study.

Stratigraphic columns for the wells selected were made based on cuttings

lithology described in well history reports stored at Canada Nova Scotia Offshore

Petroleum Board. Biostratigraphic markers for the formations identified and described

are based on Weston et al. (2012) and the PFA, (2011). Digital data of natural gamma

ray activity for each well was obtained from the Geological Survey of Canada (GSC)

for the production of plots.

The purpose of making stratigraphic columns is to have a better understanding of

the formations that are present in the SW Scotian Basin as well as their age and

lithologies. With the information obtained from stratigraphy a correlation between

wells is possible, which will show what conditions existed on the SW part of the

Scotian shelf compared to the slope, as well as how do these formations change

laterally. Correlation between wells was made using individual lithostratigraphy,

biostratigraphy and gamma ray interpretation.
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Lithologic descriptions of conventional cores from Mohican 1-100 and Moheida
P-15 wells (see appendices 1 and 2) were made at the Geoscience Research Centre of
the Canada-Nova Scotia Offshore Petroleum Board, so that the depositional facies and
possible diagenetic alteration of samples for provenance analysis were well understood.
The lithologic description of conventional cores includes macroscopic identification of
lithology and description of sedimentary structures. Such examples are grain size
estimation with comparison chart and identification of distinctive types of rock interval.
In addition, digital photos of conventional cores were obtained for the preparation of
summary well plots that comprise lithologic and stratigraphic description of both
sampled and non-sampled clastic intervals.

Slabs of rocks were cut from the back of conventional cores in Moheida P-15 and
Mohican 1-100, to be the most representative of the lithologies studied. The rock slabs
were cut by the core lab technician. Conventional cores are preferred in this study
because suitable samples can be collected for whole rock geochemical analysis and for
making polished thin sections which are required for detrital petrology provenance and
diagenesis work. Moreover, the use of conventional cores is important in understanding
the overall stratigraphy of the SW Scotian Basin, from my own refinements as well as
from already published work in the Scotian Basin. Polished thin sections are also
important because they can be analyzed by polarized microscope, by SEM and/or by
electron microprobe (EMP) depending on the purpose of the study.

The collection of offshore conventional cores is a very expensive and complicated
process and at the same time lots of space is required for thousands of feet of rock to be

stored. As a result, not all offshore wells are represented by conventional cores.
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Offshore wells lacking conventional cores were studied using cutting samples for the
extraction of detrital heavy minerals. The selection of intervals for cutting samples was
made based on cutting lithologies (e.g. sand percentage), identified from washed
cuttings and offshore well reports stored at CNSOPB. The preferred intervals for
sampling of cuttings are those with high composition in sand. The presence of sand in
cutting samples is important because it hosts diversity of detrital heavy minerals
necessary in assessing potential sources for sediments. The cutting samples, with
weight ~30 g, were washed and studied for detrital heavy minerals through the method
known as heavy mineral separation that took place at the Sedimentology Laboratory at
Bedford Institute of Oceanography (BIO) in Dartmouth.

All offshore wells are represented by cutting samples; however during this study
from the total of 12 offshore wells, only 4 were selected for heavy mineral analyses
which are Mohican 1-100, Mohawk B-93 and Shelburne G-29 from the SW Scotian
Basin and Chinampas O-37 from the Fundy Basin and only one, Mohican 1-100 was
selected for whole rock geochemical analyses. The remaining wells were excluded
because they had conventional cores, e.g. Moheida P-15, because they were previously
studied e.g. Naskapi N-30 or because the cuttings were mainly carbonates and can not
be used in assessing potential sources for sediments e.g. Bonnet P-23, Acadia K-62,
Albatross B-13.

A total of 55 representative samples, from conventional cores and cutting samples
from Early Jurassic and Late Cretaceous strata (Fig.3.2) were obtained and used during
this study. Of the 55 samples, 39 were obtained from conventional cores from Mohican

I-100 and Moheida P-15 offshore wells, with 29 and 10 samples respectively. Of the 39
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samples, 3 are shales and were used for X-ray diffraction analysis. The remaining

samples are from cuttings.
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Figure 3.2: Schematic stratigraphic columns for the wells studied, showing stratigraphic location
of anlysed samples (stratigraphic columns produced by author).

Note: the numbers in front of the symbols represent total number of samples collected. Symbols

without numbers represent only one sample.
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3.2 Preparation of polished thin sections (rock slabs from conventional cores)

A total of 28 rock slabs from conventional cores were collected from CNSOPB.
Each sample was trimmed to the appropriate size required for the production of
polished thin section using a Wizard saw thin section grinder with 4 inch diamond
blade at the Thin Section Lab of the Geology Department of Saint Mary's University. In
addition, the samples were washed with de-ionized water, to remove contaminants such
as dust, mud and foreign sediments from the surface. Obtaining clean samples is a very
important procedure during the process of producing polished thin sections, because
impurities on the surface adversely affect the image quality of minerals analyzed by
petrographic microscope, by SEM or by EMP and also alters the data obtained during
chemical analyses. The trimmed slabs were shipped to VVancouver Petrographics Ltd,
located in Vancouver, British Columbia, for vacuum impregnation with blue epoxy,
grinding to a thickness of 30 um and final polishing. From the 28 rock slabs only 26
polished thin sections (Table 3.2) were made as 2 of the rocks slabs were shale and
polished thin sections could not be made. This representative set of polished thin

sections was carbon coated and studied using a variety of analytical methods.
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Table 3.2: Presentation of polished thin sections from conventional cores

Stratigraphic Activil .

Sample Well Depth (m) Unit Age Pm 1 SEM | EMP Lithology
1-100 2526.53 | MohicanI-100] 2526.53 RE EK-LI| v v calc sst
1-100 2527.61 | Mohican I-100| 2527.61 RE EK-LJ| v sandy, biocl Ist
1-100 2529.62 | MohicanI-100] 2529.62 RE EK-LJ| v v calc sst
1-100 2530.47 | Mohican1-100| 2530.47 RE EK-LI| v v v | sandy, biocl Ist
1-100 2530.60 | MohicanI-100] 2530.6 RE EK-LI| v sandy, biocl Ist
1-100 2533.62 | MohicanI-100| 2533.62 RE EK-LI| v sandy, biocl Ist
1-100 2537.08 | MohicanI-100]| 2537.08 RE EK-LI| v sandy, biocl Ist
1-100 2538.84 | Mohican I-100| 2538.84 RE EK-LI| v v calc sst

1-100 2541.6 | MohicanI-100| 2541.6 RE EK-LI| ¥ biocl Ist
1-100 3692.41 | MohicanI-100] 3692.41 MO MJ v v sst
1-100 3693.47 [ MohicanI-100] 3693.47 MO MJ v sst
1-100 3964.6A | MohicanI-100] 3964.6A IR MJ v v sst
1-100 3964.6B | Mohican1-100| 3964.6B IR MJ v sst
1-100 4094.68 | MohicanI-100| 4094.68 IR 1J v sandy Ist
1-100 4095.65 | MohicanI-100| 4095.65 IR I v sst
1-100 4098.08 [ MohicanI-100] 4098.08 IR 1J v v calc sst
1-100 4331.05 [ MohicanI-100] 4331.05 IR 1J v sst
1-100 4332.97 [ MohicanI-100] 4332.97 IR 1J v sst
P-15 2563.67 | MoheidaP-15| 2563.67 RE EK v v v | oolitic ironstone
P-153306.03 | MoheidaP-15| 3306.03 AB LJ v v v oolitic st
P-15 3306.52 | MoheidaP-15] 3306.52 AB L) v oolitic st
P-153744.92 | MoheidaP-15| 3744.92 IR MJ v v sst

P-153745.8 | MoheidaP-15] 3745.8 IR MJ v 1st
P-153747.71B | MoheidaP-15] 3747.71 IR MJ v Ist
P-153750.94 | MoheidaP-15| 3750.94 IR MJ v v dist
P-153758.61 | MoheidaP-15| 3758.61 IR MJ v dlst

Note: RE=Roseway Equivalent, MO= Mohican, AB=Abenaki, IR=Iroquois
E=Early, M=Mid, L=Late, I-Indeterminate. K=Cretaceous, J=Jurassic, T=Triassic
Pm= Polarized microscope, sst=sandstone, Ist=limestone, dlst=dolostone, calc=calcareous, biocl=bioclastic
SEM=Scanning Electron Microscope, EMP= Electron Microprobe

3.3 Preparation of geochemical samples

A total of 10 samples from conventional cores (Table 3.3) at Mohican 1-100

contained sufficient material for geochemical analysis. The procedure of sample

preparation is nearly identical to the procedure described in the preceding paragraph for

production of polished thin sections. The clean rock samples were crushed using a

shatterbox with an iron bowl. The rock powders were analyzed by Activation Labs,

using their codes 4L.ithore search and 4BI.
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Table 3.3: Samples for whole rock geochemical analysis

Sample Well Depth (m) | Stratigraphic Unit | Age Lithology
1-100 2527.61 | Mohican I-100 | 2527.61 | Roseway Equivalent | EK-LJ | sandy, biocl Ist
1-100 2529.62 | Mohican I-100 [ 2529.62 | Roseway Equivalent | EK-LJ calc sst
1-100 2533.49 | Mohican I-100 | 2533.49 | Roseway Equivalent | EK-LJ calc sst
1-100 2533.62 | Mohican I-100 [ 2533.62 [ Roseway Equivalent | EK-LJ | sandy, biocl Ist
1-100 2537.08 | Mohican I-100 | 2537.08 | Roseway Equivalent | EK-LIJ | sandy, biocl Ist
1-100 2538.84 | Mohican I-100 | 2538.84 | Roseway Equivalent | EK-LJ calc sst
1-100 2539.18 | Mohican I-100 | 2539.18 | Roseway Equivalent | EK-LJ calc sst
1-100 2541.6 | Mohican I-100 | 2541.6 | Roseway Equivalent | EK-LJ biocl Ist
1-100 3692.41 | Mohican I-100 | 3692.41 | Mohican Formation MJ sst
1-100 3693.47 | Mohican I-100 [ 3693.47 | Mohican Formation | MJ sst

Note: E=Early, M=Mid, L=Late, K=Cretaceous, J=Jurassic
sst=sandstone, Ist=limestone, calc=calcareous, biocl=bioclastic

3.4 Heavy mineral separation

Heavy mineral separates were studied from offshore wells. A total of 53 cutting

samples from Mohawk B-93, Mohican 1-100, Shelburne G-29 and Chinampas O-37

were collected at the CNSOPB. The purpose of heavy mineral separation is to use

heavy minerals to produce polished thin sections which are finally chemically analyzed

by SEM and/or by EMP. To produce polished thin sections there must be a desirable

quantity of material comprising heavy minerals. Because of lack of material from

individually distinctive sand intervals in most of the wells studied, mixing of adjacent

samples was necessary. As a result from the 53 samples collected only 19 distinct

polished thin sections were made (Table 3.4).
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Table 3.4: Cutting samples used for polished thin sections

. . . Activity
Sample Well Depth (m) | Stratigraphic Unit | Age SEM | EMP
1-100 5990 Mohican I-100 1798.32 Logan Canyon Fm |EK-LJ| v
1-100 7230 Mohican I-100 2203.7 U Missisauga Fm | EK-LJ| ¥ v
1-100 7840 Mohican I-100 2389.63 M Missisauga Fm | EK-LJ v
1-100 8480 Mohican I-100 2584.7 Roseway Equiv EK-LJ| Y
1-100 8810 Mohican I-100 2685.28 Roseway Equiv EK-LJ| ¥
1-100 11400 Mohican I-100 3474.72 Abenaki Fm MJ v
1-100 12640 Mohican I-100 3852.67 Iroquois Fm MJ v
1-100 13800 Mohican [-100 4206.24 Iroquois Fm 1J v
B-93 4670 Mohawk B-93 1423 4 Roseway Equiv EK v
B-93 5170 Mohawk B-93 1577.33 Roseway Equiv EK v v
B-93 5410 Mohawk B-93 1650.48 Roseway Equiv EK v v
B-93 5760 Mohawk B-93 1743.45 Mohawk Fm LJ v
B-93 5860 Mohawk B-93 1787.64 Mohawk Fm LJ v
B-93 6210 Mohawk B-93 1892.8 Mohawk Fm LJ v
B-93 6340 Mohawk B-93 1932.43 Mohawk Fm MJ v v
B-93 6540 Mohawk B-93 1993.41 Mohawk Fm MJ v
B-93 6750 Mohawk B-93 2058.92 Mohawk Fm MJ v
0-37 990 Chinampas O-37 301.75 Scots Bay Fm EJ v
G-29 3635 Shelburne G-29 3635 Shortland Shale Fm EK v

Note: E=Early, M=Mid, L=Late, K=Cretaceous, J=Jurassic
The maximum weight permissible for sampling was 30 g or 30 % of the starting

sample weight stored in plastic bags, whichever was less. Even though there were
samples for each of the sand intervals described in well history reports, some of the
bags contained small amount of material (<30g), thus cutting samples could not be
obtained. The majority of the samples, as a result of being stored in bags for almost
more that 40 years since their collection, had a compact structure in form of aggregate.
In order to decompose the aggregate set of sand particle into loose sediment, the
samples were deposited into graduated glass beakers together with a liquid combination
made of dishwasher liquid detergent and natural water. The samples were left for at
least 3 days in the Geology Lab, located in the Department of Geology, Saint Mary's

University, so that the mud, which was the main component of the cement, breaks up,
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and released the individual clastic sediments. The purpose of adding dishwasher liquid
detergent was not only to convert the samples from a compact structure into clastic
sediment, but at the same time to get the samples as clean as possible.

After 3 days the cutting samples were washed with de-ionized water, sieved
through a 53 pum sieve to separate the mud from the rest of the material, and finally put
back in graduated glass beakers, water free this time.

The process of heavy mineral separation requires that the samples are completely
dry and any form of water, liquid or vapor must be removed. To save time and speed up
the process of sample drying, methanol was added. The samples were left with
methanol in fresh air for 2 to 3 days from the time it was added.

Heavy mineral separation was carried out at the Sedimentology Laboratory at
Bedford Institution of Oceanography (BI1O) in Dartmouth. The process took about 10
working days. The cutting samples were first passed through a sieve with an opening of
250 um so that rock fragments and mineral aggregate could be removed from the
samples and the resulting material would consist as much possible in individual
distinctive grains. In addition, the material comprising individual grains with diameter
less than 250 um was added in Fisherbrand 50 ml concentric base centrifuge plastic
tubes along with sodium polytungstate, which has a density of 2.9 g/cm3. Sodium
polytungstate was used because it is non-toxic and it is more efficient compared to
other heavy liquids. During this study heavy minerals were considered those with
specific gravity >2.9 g/cma.

In turn the tubes were placed in a Thermo Fisher SorvalXR Floor model

centrifuge that used 750 ml swinging buckets with inserts for 50 ml conical base
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centrifuge tubes and rotated for 30 minutes. To separate the heavy minerals on the
bottom of the tube from the light minerals on the surface of polytungstate liquid in the
tubes, liquid nitrogen was used. The material from the bottom of the tube (S.G.>2.9
g/cm?3) was washed with de-ionized water to remove the additional sodium
polytungstate. In addition, the samples were placed in an oven with a temperature of
60°C for at least 3 days to remove any form of water. To produce polished thin sections
there must be a desirable quantity of material comprising heavy minerals. Because of
lack of material from individually distinctive sand intervals in most of the wells
studied, mixing of adjacent samples was necessary. The final material obtained was

used for polished thin sections, as described above.

3.5 Optical microscopy

The polished thin sections were studied first by a petrographic microscope, using
polarized and reflected light, through which it was possible to identify and determine
distinctive groups of minerals that make up the rock samples, as well as textures to
distinguish detrital from diagenetic minerals (recrystallization, oxidation and
alteration). The polarized microscope is useful equipment in identifying distinct mineral
species within rock and cutting samples; to understand the petrography, textures,
discriminate detrital minerals from diagenetic minerals and to describe special features
where they can be identified.

The study was carried out in the Petrology-Mineralogy lab in the Department of
Geology, Saint Mary's University using a Nikon Eclipse E400 POL polarized

microscope. Images were obtained with a Pixel INK PL-A686C camera.
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3.6 Scanning Electron Microscope (SEM)

All polished thin sections (rock slabs and cuttings) were analyzed by electron
dispersion spectroscopy (EDS) using a LEO 1450 VP SME Scanning Electron
Microscope with a maximum resolution of 3.5 nm at 30 kV equipped with an INCA X-
max 80 mm? silicon-drift detector (SDD) with detection limit of > 0.1%, located at the
Regional Analytical Centre at Saint Mary’s University, Nova Scotia. To obtain high
quality data during chemical analysis by energy dispersive spectroscopy (EDS), the
polished thin sections were carbon coated at the Thin Section Lab of Department of
Geology, Saint Mary's University. The SEM uses a conventional high vacuum with a
cooling system of liquid nitrogen to -180°C. A tungsten filament produces a focused
beam of electrons which interacts with the atoms in the sample, generating signals that
can be detected and contain information about the sample’s chemistry, topography and
other. A copper standard was used for the calibration of the SEM.

SEM analyses are important to determine the chemical composition of detrital
heavy minerals and diagenetic minerals, something that can not be done with the
polarized microscope, to describe textures accompanying these sedimentary rocks and
to obtain back-scattered electron images of these textures and minerals for
interpretation of their diagenetic evolution. Also, for determination of the chemical
composition of distinctive minerals present within the lithic clasts, and hence possible
rock sources, we used EDS chemical analyses. For texture we also used back-scattered
electron images. All geochemical data were processed using MINPET software for
Windows, whereas editing of maps and diagrams were made using Coreldraw version

X3 software package for Windows.
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3.7 Electron microprobe (EMP)

All wavelength-dispersive spectroscopy (WDS) geochemical analyses of
detrital rutile were made using a JEOL-8200 electron microprobe with five wavelength
spectrometers and a Noran 133 eV energy dispersion detector, located at the Regional
Electron Microprobe Centre at Dalhousie University, in Halifax, Nova Scotia. The
operating conditions were at 15 kV of accelerating voltage with a 20 nA beam current,
a beam diameter of 1 micron and duration of analysis approximately 15 minutes. For
rutile analyses the trace elements analyzed were Nb, Zr and V. Before measuring the
intensities of the actual trace elements in detrital rutile from cutting samples, standards
were used to avoid peak interference and for calibration of the apparatus. WDS
detectors perform quantitative analyses compared to EDS which perform qualitative
analyses. Although the electron microprobe works similarly to the SEM, it has the
advantage of smaller electron beam and use of standards that are more similar to the
actual samples, so quantitative mineral chemical analyses are possible and more
accurate. All geochemical data were processed using MINPET software for Windows,
whereas editing of maps and diagrams were made using Coreldraw version X3 software

package for Windows.

3.8 Rock Classification

Classification of sedimentary rock types was determined by point counting. The
point counting data was collected using a Nikon Eclipse E 400 Pol polarizing
microscope equipped with a Coolpix digital camera, an automated stepping stage, and

the Petrog software from Conwy Valley Systems. In order to have a larger data set that
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will lead to better classification, a total of 600 different points were counted and

analyzed. Of the 26 samples only 18 were selected for point counting (Table 3.5). The

other 6 were 100% dolostone or limestone and hence not suitable for this purpose.

Table 3.5: Polished thin sections of conventional core selected for rock classification

Stratigraphic ]

Sample Well Depth (m) Unit Age Lithology
1-100 2526.53 | Mohican I-100| 2526.53 RE EK-LJ calc sst
1-100 2527.61 | Mohican I-100| 2527.61 RE EK-LJ| sandy, biocl Ist
1-100 2529.62 | Mohican I-100| 2529.62 RE EK-LJ calc sst
1-100 2530.47 | Mohican I-100| 2530.47 RE EK-LJ| sandy, biocl Ist
1-100 2530.60 | Mohican I-100] 2530.6 RE EK-LJ | sandy, biocl Ist
1-100 2533.62 | Mohican I-100| 2533.62 RE EK-LJ| sandy, biocl Ist
1-100 2537.08 | MohicanI-100] 2537.08 RE EK-LJ | sandy, biocl Ist
1-100 2538.84 | Mohican I-100| 2538.84 RE EK-LJ calc sst
1-100 3692.41 | MohicanI-100| 3692.41 MO MJ sst
1-100 3693.47 | MohicanI-100| 3693.47 MO MJ sst
1-100 3964.6 A | MohicanI-100| 3964.6A IR MJ sst
1-100 3964.6B | MohicanI-100] 3964.6B IR MJ sst
1-100 4094.68 | Mohican I-100| 4094.68 IR 1J sandy lIst
1-100 4095.65 | MohicanI-100] 4095.65 IR 1J sst
1-100 4098.08 | MohicanI-100| 4098.08 IR 1] calc sst
1-100 4331.05 | MohicanI-100] 4331.05 IR 1J sst
1-100 4332.97 | Mohican I-100| 4332.97 IR 1J sst
P-153744.92 | MoheidaP-15| 3744.92 IR MJ sst

Note: RE=Roseway Equivalent, MO= Mohican, IR=Iroquois, E=Early, M=Mid, L=Late, K=Cretaceous, J=Jurassic, T=Triassic

sst=sandstone, Ist=limestone, calc=calcareous, biocl=bioclastic

The 18 samples were first described based on mineral composition under the

polarizing microscope (Table 3.6). The minerals identified were divided into 8 groups:

monocrystalline quartz, polycrystalline quartz, feldspars (includes both K-feldspar and

plagioclase), unstable minerals (muscovite, chlorite, and biotite), resistant minerals

(such as garnet, apatite, detrital TiO, minerals, and ilmenite) and lithic clasts (include

igneous, metamorphic, and sedimentary rock fragments).
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Table 3.6: Percentage of detrital grains for rock samples from the SW Scotian Basin

Resistant .
Mono |Poly Qz| Feldspar pnstable Minerals Lithic Tot.al Total Total
Well Sample Qz % % % Minerals (bt, (ar, ilm, tur) clasts | detrital | dextral Count
chl, ms) % ’ % ? % |grains %| grains

1-1002526.53 | 89.1 5.0 2.0 2.6 13 0.0 50.3 302 600
1-1002527.61 | 1000 | 0.0 0.0 0.0 0.0 0.0 7.7 46 600
1-1002529.62 | 96.0 2.0 0.3 0.6 0.6 0.6 58.8 353 600
1100253047 | 87.4 1.0 1.0 10.7 0.0 0.0 17.2 103 600
1-1002530.60 | 93.9 0.0 6.1 0.0 0.0 0.0 11.0 66 600
1-1002533.62 | 94.4 1.9 3.7 0.0 0.0 0.0 9.0 54 600
1-1002537.08 | 96.7 0.0 0.0 1.6 1.6 0.0 10.2 61 600
1-1002538.84 | 92.1 0.0 3.6 4.3 0.0 0.0 233 140 600

Mohican I-100 | 1-1003692.41 | 70.1 0.0 7.8 0.0 13.1 9.0 55.8 335 600
1-1003693.47 | 87.3 1.4 8.5 0.0 2.8 0.0 353 212 600

1-100 3964.6A | 87.8 0.6 3.0 6.1 2.4 0.0 273 164 600

1-100 3964.6B | 88.3 0.0 7.8 1.6 1.6 0.8 213 128 600
1-1004094.68 | 91.3 0.0 43 0.0 4.3 0.0 3.8 23 600
1-1004095.65 | 98.0 0.0 2.0 0.0 0.0 0.0 16.8 101 600
1-1004098.08 | 91.8 0.0 7.6 0.0 0.6 0.0 28.5 171 600
1-1004331.05 | 95.8 0.0 3.6 0.0 0.7 0.0 51.0 306 600
1-1004332.97 | 949 0.0 5.1 0.0 0.0 0.0 32.7 196 600

Moheida P-15 P-153744.92 | 829 0.2 4.5 0.2 4.7 7.4 67.3 404 600

The numbers after I-100 and P-15 represent the depths from which the samples were collected
Lithic clasts include all lithic clasts (igneous, metamorphic, sedimentary) other than polycrystalline quartz

The samples then were classified using their mineralogical composition. For
sandstone classification and paleotectonic environment, only quartz (monocrystalline
and polycrystalline), feldspars, and lithic clasts were used. The data collected were
plotted, using the software MinPet, into 3 ternary diagrams to determine rock
classification and probable provenance type. The QFL sandstone classification diagram
of Folk (1968) contains seven fields dependent upon variations in the percentages of
each total quartz (Q) including both monocrystalline and polycrystalline, feldspar (F)
including K-feldspar and plagioclase, and lithic clasts (L) including igneous,
metamorphic and sedimentary rock fragments. These fields are arkose, lithic arkose,
feldspathic litharenite, litharenite, subarkose, sublitharenite, and quartzarenite.

The paleotectonic environment of origin of sandstones can be determined by using

two diagrams, the QFL and the QmFLt diagrams, developed by Dickinson et al. (1983).

61



These diagrams are divided into three main categories of provenance, which are
continental block, magmatic arc, and recycled orogen. The QFL plot uses total quartz
grains (Q), versus feldspar (F) and lithic clasts (L). The QmFLt plot, uses the same
principal components as the QFL plot, regarding percentages of feldspar (F), with the

only difference that polycrystalline quartz is included in the lithic clasts.

3.9 Contaminants
3.9.1 Cuttings

In petroleum exploration, drilling mud is used to aid the drilling of boreholes into
the earth. The main functions of drilling muds include providing hydrostatic pressure to
prevent formation fluids from entering into the well bore, keeping the drill bit cool and
clean during drilling, carrying out drill cuttings, and suspending the drill cuttings while
drilling is paused and when the drilling assembly is brought in and out of the hole. The
drilling mud used for a particular job is selected to avoid formation damage and to limit
corrosion. Water-based drilling mud most commonly consists of bentonite clay (gel)
with additives such as barium sulfate (barite), calcium carbonate (chalk) or hematite.

Offshore wells during the 70’s and the 80’s in the Scotian Basin and the Fundy
Basin were drilled by adding drilling mud as shown from well history reports stored at
CNSOPB. As a result cuttings collected from offshore wells studied include
contaminants from drilling mud by the time the cuttings were transported to the surface
and collected.

The heavy mineral polished thin sections from the studied wells comprise a high

amount of artificial contaminants (see appendices 3 to 6). The most common
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contamintant identified is barite and PbO mineral, which are present in almost all the
samples analyzed. In addition, hematite was found in great amount in sample 1-100
7230 from Mohican 1-100 well. Other contaminants in smaller amount are zincite,

sphalerite and talc.

3.9.2 Polished thin sections

After the process in chapter 3.2.2 is accomplished the rock samples must be
polished to achieve a desirable thinckness so that chemical analyses analyses and
optical observations can be done. The desirebale thickness can be achieved by polishing
the sample with water or other materials such as Sn powder.

Chemical analyses of polished thin section P-12 2563.67 in Moheida P-15 well
has show high amount of cassiterite (see appendix 10-1B). Personal communication
with the technician who produced the polished thin sections showed that a substance
enriched in SnO, was used for polishing. As a result cassiterite is considered a

contaminant.
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4. Results
4.1 Stratigraphy
4.1.1 Lithostratigraphy and biostratigraphy

The lithostratigraphic correlation is presented in figure 4.1 based on lithologic
picks from the PFA (2011). The oldest Jurassic strata in both Mohican 1-100 and
Moheida P-15 wells is represented by the Iroquois Formation, which comprises mostly
dolomite with sand and shale interbedding. Although the lithologic composition of the
Iroquois Formation in both wells seems to be similar, the formation expands over a
bigger interval in Mohican 1-100 (3787 m-4286 m) compared to Moheida P-15 (3728 m
-4043 m).

The Iroquois Formation in both wells is in turn conformably overlain by the
Mohican Formation. At Moheida P-15 the Mohican Formation has abundant sandy
intervals, whereas at Mohican 1-100 it is mostly shale and siltstone.

The Abenaki Formation was identified in both Mohican 1-100 and Moheida P-15,
above the Mohican Formation. The main lithology recognized is limestone of the
Scatarie and Baccarro members. Shales and siltstone of the Misaine Member separate
the two limestone members.

The Mohawk Formation was identified only at the bottom of Mohawk B-93 well.
The formation comprises mostly coarse and fine sandstone. It is overlain in the
Mohawk well by the Roseway Formation, made up of limestone with coarse and fine
sandy intervals. The Roseway Formation passes vertically on the continental shelf into
the shales and sands of the Missisauga Formation (see Mohican 1-100 and Moheida P-

15) and on the slope passes upwards into the shales of the Verrill Canyon Formation
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(see Shelburne G-29). Small sandy-limestone intervals presumably equivalent to the
sandy intervals of the Roseway Formation have been recognized at the bottom of
Missisauga Formation in both Mohican 1-100 and Moheida P-15 and attributed to the
Roseway Equivalent Formation in these wells. The shaly-sandy Logan Canyon
Formation occurs above the Missisauga Formation and is lithologically equivalent to

the shaly Shortland Shale Formation at Mohawk B-93 and Shelburne G-29.
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The data obtained after lithologic descriptions of conventional cores were made,
were used for the production of summary core plots (Fig.4.2). Conventional core number
9 in Mohican 1-100 well comprises reddish siltstones of the Late Triassic? Eurydice
Formation. Conventional cores 8 and 7 in Mohican 1-100 and conventional core 3 in
Moheida P-15 comprise mostly dolostone with limestone interbedding of the Jurassic
Iroquois Formation. An Exception is a small sandy interval in Moheida P-15. Different
types of limestone of the Upper Jurassic Abenaki Formation, with some shale and
mudstone interbedding were identified in cores 5, 4 and 3 in Mohican I-100. Rocks from
the same formation were identified in core 2 in Moheida P-15. Cores 2 and 1 in Mohican
1-100 and core 1 in Moheida P-15 comprise very fine and fine sandstone with mudstone-

shale interbbedding of the Roseway Equivalent Formation.
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Figure 4.2: Summary plots of conventional cores from Mohican 1-100 and Moheida P-15, showing
lithostratigraphy and biostratigraphy.
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The biostratigraphic correlation is presented in figure 4.3 based on the PFA
(2011) and Weston et al. (2012). The biostratigraphic correlation indicates that the
major lithostratigraphic units are not diachronous. It demonstrates that the Mohawk
Formation is age equivalent of the Abenaki and Mohican formations.

The indeterminate Jurassic together with Bajocian to Bathonian are characterized
mostly by the Iroquois and Mohican formations. The Late Bathonian to Callovian
represents the upper section of the Mohican Formation and the Scatarie and Misaine
members and the lower section of the Mohawk Formation. The Baccaro member is of
Oxfordian to Tithonian age, as is the upper section of the Mohawk Formation and
almost the entire section of Verrill Canyon Formation. Early Cretaceous deposits are
very thick (~1.2 km) in the NE part of the study area, comprising the Roseway
Equivalent (200 m), the Missisauga (300 m) and the Logan Canyon-Shortlan Shale
Formation (800 m), to thin (~300) m in the SW part, comprising the Roseway
Formation (250 m) on the shelf and the upper section of the Verrill Formation on the

slope (50 m).

69



NE

Scotian Shelf

Scotian Slope

SW Fundy Basin

Moheida P-15

Mohican 1-100

Mohawk B-93

Shelburne G-29

Chinampas 0-37
MD (m)E E £ lithology

Glooscap C-63

Gamma Ray
@ E 8L gy

Gamma Ray

Gamma Ray

Gamma Ray

core

" o,
| e ey

f

| "
unig Lo it

by ﬂ"l-Ll--H.a‘-]'l" g

l i

ki M
_“}"h‘ M Ll;‘.‘I“"" .!:Ii...'lllu. L

g

S

£

a o

Wiy | meounrs N_WLl W ITWHS ONVILHOHS

we |_oes NYIETY L

5 BT (L PR T | Sl TR N WY P e G e i P! A P N W) M I e | M P . e
= Q 2 9 =N - | 2 o o o 9 9 (=]
e §8383g 88828885 zclEessg¢g¢e¢s g8 g 8
3 . T R . . S L SR L R S U S R L b L

B N OHVIOVE Lo
e | W4 NOANYD NYD2OT Jrineavenvsmsin], S22, W4 YNIEY
SNOI0VLTHO 10T [Puvinvowas oL ivisy 20 NYIETY 301 OL AL [ e FILET™ T iyenandzvcs oL evduoaxc] o Sriies I STeeit
= é T é T T é T T é ‘L é é ‘; é é I T T é é T 1 1] 8[ &
g 8 g g B g gl ¢
¢ FEIEEREIEERRERESRREEEI G
|
2
8
s
£
E
sty b Myt il (i )
| ™ ;
L " lll' ‘L'r i ""“h”"“{'ﬂh“hl.\. s b it
P [ & ouvoova
g W4 NOANYD Ny9D1_Junoavenvaissin] Jioea | W4 IMYNIEY Wi SI0ND0MI
e SNOI0VITHD ATV F D (. o
= T 1T T T T T T T[T T T T 1 1 T
£
8 28 28 88 8 8 8 8 g2 B g2 g g §§
ET R f 8 & d 8 8 Bl 88 F 8 78 8 T 598
.
g
£
B Jiligi by | o Ll
] e ,,.-JJ..-n.iﬁ Wi
an I ] ]
Wy WE NOANYD NOSAMY] W MAEHOW
Wa L Js] wvovincs feer ] 2 =
I EETE weEEl
L=3 = 5
g% F 8 ¥ 2 S
1 : = ow Jw W #Eg
: i
= ]
g =
g 5§ ¢ % 2 g i
- 5 2 < & = 2EE 8
E: T B § 2z T |d£:S
i | - S - 58 F
r,wuw_:u.lwﬂe‘m\p -m\..r*‘pr"f“'\. h q’? E w o C] ] % £ .§ % E
-
dalrE
W
w4 " W4 Z'IV_HSEIN_V:I.L
wa | vicuns avva osam = g
z e e [ = : |5 g5
cf § § § 8 § g £ g % |Egc2
€5 % § 3 7 g $ B % E"E'i
= W I
H o i g 2 -1 E.‘.} - 8-
' E 2 0§ E3 g s |°F5:
=] a E"g : £ S :E o=
3 E £ 8§35 & % |ziil
2 = = = © loxdZg
: $
o
L =
s 5 59
-l X
lus ava siong = E & & g
EEZEY 2
xm:rm: g IEE ; &
i I 20
LA £af gd

3*4hd PFA.

T.0.=4298

Figure 4.3: Biostratigraphic correlation of wells studied. Lithology is based on cuttings with data taken from well reports stored at CNSOPB, biostratigraphy based on Weston et al. 2



4.1.2 Key correlation surfaces and uncertainties in well correlation

The objective of this sub-chapter is to to interpret and correlate strata with same
age in the SW Scotian Basin. The correlation will help us understand lateral changes of
lithology and determine depositional environments, episodic events (e.g. maximum
flooding surfaces, unconformities) and transport of sediments from the shelf to the
slope and further to deep water basins.

Of the five wells selected for study, only Mohican 1-100, Moheida P-15, Mohawk
B-93 and Shelburne G-29 are used for correlation. Chinampas O-37 is excluded
because it is located in the Fundy Basin. Additional wells used are Bonnet P-23 and
Glooscap C-63. Bonnet P-23 is used because it is similar in age to Mohawk B-93 and is
located at the boundary between the shelf and the slope of the Scotian Basin. The
correlation between the Mohawk B-93 and the Bonnet P-23 wells will help us
understand if the coarse sands of the Mohawk Formation were deposited at Bonnet P-
23 and if, under certain circumstances such as low sea level, tectonic uplift affected the
outer shelf. Glooscap C-63 is used because it is lithologically similar to Mohican 1-100
and Moheida P-15 and because it is located at the boundary between the SW and the
central part of the basin. This will help us understand how the strata in the SW Scotian
Basin change towards the central part of the basin and if there are significant
differences in the river systems depositing sediments in these parts of the basin.The
correlation of wells studied from the SW Scotian Basin is shown in figure 4.4 based on
the PFA (2011) and Weston et al. (2012) and the present lithologies with similar ages

are presented in chapter 4.1.1.
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4.1.2.1 J163 seismic marker

The J163 seismic marker was identified in Glooscap C-63 well at around 3350 m
depth, where it corresponds to the top of the limestone Scatarie Member of Callovian
age (Weston et al., 2012), characterized by low gamma ray spike. The seismic marker
can be easily identified and followed in both Mohican 1-100 and Moheida P-15 wells at
the top of the same member having similar age and gamma ray spike as in Glooscap C-
63. In Mohawk B-93 well the J163 seismic marker was identified at the boundary
between a thin coarse sand interval and a shaly interval of Callovian age (Ascoli, 1988),
characterized by a small gamma ray spike. 1 did not choose the gamma ray spike of
Bathonian age within the Mohawk Formation because, as noted by Weston et al.
(2012), the J163 seismic marker in Glooscap C-63 is close to the top of Misaine
Member, which is of Callovian age. Further to the west, the seismic marker
corresponds to top of the dolomite Scatarie Member in Bonnet P-23 well. Towards the
slope, at Shelburne G-29 the J163 seismic marker is difficult to identify as the main
lithology is shale with minor limestone intervals, thus the gamma ray seem similar
through the entire well. However, at 3900 m a small gamma ray spike representing the
top of a small limestone interval probably of Callovian age was recognized and

interpreted as the J163 seismic marker.

4.1.2.2 Top Callovian Maximum Flooding Surface (TCMFS)
A maximum flooding surface was recognized at the Glooscap C-63, Moheida P-
15 and Mohican 1-100 wells below the top of the Misaine Member, having a high

gamma ray spike. The surface is of Late Callovian age and represents the top of a shaly
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interval just above the J163 surface. The TCMFS was recognized at the Mohawk B-93
well at the top of a thin shaly interval of Callovian age (Ascoli, 1988). In Bonnet P-23
the Callovian is mostly represented by low gamma ray as the main lithology is
limestone. We recognized a small gamma ray spike of Late Callovian age close to the
top of the limestone Misaine Member and tentatively interpreted it as the TCMFS in

this well.

4.1.2.3 Base Tithonian Maximum Flooding Surface (BTMFS)

A Base-Tithonian MFS has been interpreted within the Baccaro Member in the
Glooscap C-63, Mohican 1-100 and Moheida P-15 wells (Weston et al., 2012). The
surface represents the bottom of a limestone interval at Glooscap C-63 and Moheida P-
15 and the bottom of a shaly-sandy-silty interval in Mohican 1-100 well. In Mohawk B-
93 the Tithonian is characterized mostly by limestone with small sandy interval at the
top of the Mohawk Formation, thus to identify the key correlation surface is difficult
but arguable. I recognized a small gamma ray peak at almost 1650 m that was
considered to be the BTMFS. In Bonnet P-23 the surface could not be recognized
because the Tithonian is represented entirely by limestone, thus the gamma ray is
similar. In addition, some Tithonian strata have been removed by erosion (Weston et

al., 2012).

4.1.2.4 J150 seismic marker
We recognized the J150 seismic marker in Glooscap C-63 and Moheida P-15 near

the top of Baccaro member of Abenaki Formation. The seismic marker is characterized
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by a small peak in the gamma ray, as the Baccaro member is made mostly of limestone
and just above it lies the Roseway Equivalent Formation made up of sandstone,
limestone and shales. In Mohican 1-100 the location of this seismic marker is arguable
because the top of the Baccaro member is composed mostly of shales with minor
limestone and siltstone intervals, thus the gamma ray shows similar spikes making it
difficult to recognize which spike characterizes the J150 seismic marker. However, we
have drawn a key correlation line at around 2600 m in the Roseway Equivalent
Formation, below the Upper Jurassic-Lower Cretaceous boundary, with low gamma ray
spike that is considered to mark the J150 seismic marker. At Mohawk B-93 the J150
seismic marker was recognized within a limestone interval of the Roseway Equivalent
Formation, just above the BTMFS, characterized by a low gamma ray spike. Due to the
removal of Late Tithonian strata at Bonnet P-23, the J150 seismic marker was not

recognized.

4.1.2.5 Tithonian Maximum Flooding Surface (TMFS)

The Tithonian maximum flooding surface occurs around the Late Tithonian in
Glooscap C-63 and Moheida P-15, just above the J150 surface. The TMFS in these
wells corresponds to the top of a thin shaly interval within the Roseway Equivalent
Formation. At Mohican 1-100 and Bonnet P-23 the TMFS could not be recognized as
the surface was eroded beneath the Near Base Cretaceous Unconformity (NBCU). In
Mohawk B-93 it is hard to recognize the TMFS because the Tithonian consists entirely
of limestones of the Roseway Equivalent Formation and the gamma ray shows only low

spikes. However, we attribute a low spike at the top of a limestone interval within the
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Roseway Equivelant at the Late Tithonian to Early Berriasian boundary to the TMFS.
The surface was drawn based on the fact that it is close to the bottom of the Roseway
Equivalent Formation and has same age (Late Tithonian) as in the Glooscap C-63 and

Moheida P-15 wells.

4.1.2.6 Near Base Cretaceous Unconformity (NBCU)

This surface can be easily followed in almost all of the wells studied looking at
the biostratigraphy as there are gaps in age between Late Jurassic and Early Cretaceous
(Weston et al., 2012). Mohawk B-93 is the only well where such a surface could not be

recognized as the biostratigraphy seems to be continuous.

4.1.2.7 Intra Hautervian Maximum Flooding Surface (IHMFS) (K130)

The IHMFS it is recognized in the Glooscap C-63, Moheida P-15 and Mohican I-
100 wells at the top of a thick sandy interval within the Missiauga Formation. The
surface is of Hautervian age and it is characterized by a low gamma ray spike that
corresponds to limestone. In Mohawk B-93 we recognized the surface above a thick
sandy interval within the Roseway Equivalent, to correspond to a low gamma ray spike.
In Bonnet P-23 according to Weston et al. (2012), the IHMFS was recognized at around

1900 m in the Roseway Equivalent Formation.

4.1.2.8 Intra Aptian Maximum Flooding Surface (IHMFS)
The Intra Aptian maximum flooding surface is present in Glooscap C-63,

Moheida P-15 and Mohican 1-100 wells at the top of a thin sandy interval at the
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boundary between the Missisauga and Logan Canyon formations. In Mohawk B-93
well the surface was attributed to a small gamma ray spike within a thin limestone close
to the top of the Roseway Equivalent. In Bonnet P-23 the surface was not recognized

due to removal of Aptian strata.

4.1.2.9 Aptian Albian Boundary Maximum Flooding Surface (AABMFS)

The Aptian Albian boundary maximum flooding surface (AABMFS) was
recognized at the top of a shaly interval within the Logan Canyon Formation in
Moheida P-15 and Mohican 1-100 and within Shortland Shale Formation in Glooscap
C-63. The surface could not be recognized in Mohawk B-93 and Bonnet P-23 as from

biostratigraphy it seems that Aptian and Albian strata have been removed by erosion.

4.1.2.10 Albian Unconformity (AU)

The Albian unconformity can be recognized in the Glooscap C-63, Moheida P-15
and Mohican 1-100 around 1700 m and in Mohawk B-93 at around 1300 m from the
gap in the biostratigraphy (Weston et al., 2012). In Bonnet P-23 the Albian

unconformity was not specifically recognized, but Aptian strata are lacking.

4.2 Petrography
4.2.1 Modal composition-Sandstone classification

All sandstone samples have above 75% quartz (Fig. 4.5). The sandstones from
Roseway Equivalent Formation are predominantly classified as quartzarenite, 7

samples from the total of 8, with one exception that has modal composition similar to
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that of sublitharenite. On the other hand the samples from Mohican Formation have
different modal composition compared to those from Roseway Equivalent Formation:
one sample is subarkose and another sample is sublitharenite. The only sandstone
sample from the Iroquois Formation at Moheida P-15 is classified as sublitharenite
whereas the sandstones from the same formation at Mohican 1-100 are mostly

quartzarenites (5 from total of 7) with two subarkose samples.

Q Symbol legend
Q Mohican I-100
Roseway Equivalent
A 2526.63m
A 2527.53m
A 2529.62m
¢ 2530.47m
< 2530.60m
M 2533.62m
L |0 2537.08m
® 2538.84m
Mohican Formation
V 3692.41m
€ 3693.47m
Iroquois Formation
© 3964.6A
= 3964.6B
= 4094.68m
<& 4095.65m
® 4098.08m
. . <« 4331.05m
Subarkose Sublitharenites > 4332.97m
N N Moheida P-15
Iroquois Formation
F L A 3744.92m

Figure 4.5: QFL plot showing composition of all sandstones studied, using nomenclature and
fields from Folk (1968).

4.2.2 Modal composition-Paleotectonic classification

Based on both the QFL and the QnFL; diagrams (Figs. 4.6, 4.7), almost all
sandstones from Roseway Equivalent, Mohican and Iroqois formations at Mohican I-
100 and Moheida P-15 tend to plot in the field that represents continental block and
specifically in the craton interior subdivision. Exceptions are two sandstones one from

Mohican Formation at Mohican I-100 and one from Iroquois Formation at Moheida P-
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15 that plot only just in the recycled orogen field in both diagrams.
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Figure 4.6: Q,FL, (Q,=monocrystalline quartz, F= K-feldspar and plagioclase and L=lithic
clasts plus polycrystalline quartz) plot for framework modes using paleotectonic fields from

Dickinson et al. (1983).
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Figure 4.7: Q,FL, (Q,=monocrystalline quartz, F= K-feldspar and plagioclase and L=lithic
clasts plus polycrystalline quartz) plot for framework modes using paleotectonic fields from

Dickinson et al. (1983).
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4.2.3 Petrographic textures

To describe and understand the composition of clastic rocks in the SW Scotian

Basin rock samples were collected from representative sandy intervals in conventional

cores of Middle Jurassic to Lower Cretaceous formations (Roseway Equivalent,

Abenaki, Mohican, and Iroquois) at Mohican 1-100 and Moheida P-15. From the total

of 26 available polished thin sections, 11 were chosen for petrographic work (Table

4.1). The remaining samples were not selected because they were either entirely

dolostones or limestones or because some of the samples had the same characteristic

features, such as mineral composition (detrital and diagenetic) and textures.

Table. 4.1: Presentation of rock samples

Well Sample Depth (m) Formation Age Rock name

1-100 2526.53 | 2526.53 | Roseway Equivalent | Lower Cretaceous | carbonate-cement sst
1-100 2529.62 | 2529.62 [Roseway Equivalent | Lower Cretaceous | carbonate-cement sst
1-100 2530.47 | 2530.47 [ Roseway Equivalent | Lower Cretaceous | sandy, bioclastic Imst

Mohican I-100 | I-100 2538.84 | 2538.84 | Roseway Equivalent | Lower Cretaceous | carbonate-cement sst
1-100 3692.41 | 3692.41 Mohican Middle Jurassic | sulphate-cement sst
1-100 3964.6A| 3964.6 Iroquois Middle Jurassic | sulphate-cement sst
1-100 4098.08 | 4098.08 Iroquois Middle Jurassic | sandy, bioclastic Imst
P-152563.67 | 2563.67 | Roseway/Equivalent | Lower Cretaceous oolitic ironstone

Moheida P-15 P-153306.03 | 3306.03 Abenal'd UPper Jurassi.c oolitic limestone
P-153744.92 | 3744.92 Iroquois Middle Jurassic | sulphate-cement sst
P-153750.94 | 3750.94 Iroquois Middle Jurassic dolostone

The 11 rock samples were discriminated into six groups considering macroscopic

and microscopic observations. The general petrographic characteristics of these groups

are as follows:

1. carbonate-cement sandstone (framework grains>80% of the total rock sample,

20% carbonate cement)

2. sulphate-cement sandstone (framework grains>80% of the total rock, 20%

sulphate cement)
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3. sandy-bioclastic limestone (framework grains<50% of the total rock, and 50%
carbonate cement)

4. oolitic ironstone (FeCO3 00ids>60%, ~40% carbonate rich cement)

5. oolitic limestone (CaCO3 00ids>80%, ~20% carbonate cement)

6. dolostone (dolomite 100%)

In this study we consider peloids framework grains that are made up of micritic
components such as calcite, pyrite and quartz with no internal structure or nucleus and
no restriction on the size or origin of the grain (McKee and Gutschick, 1969).

In general coated grains are considered concentric layered grains that may have
irregular accretion and may involve minerals other than CaCO3 minerals (Fluegel,
2004). The coated grains seen in this study are spheroidal framework grains made up of
a series of concentric layers around a nucleus; their layers are made up of mostly
siderite, kaolinite and chlorite with calcite between the layers; their nucleus can be a
bioclast, a quartz grain or any other small fragment and

Ooids in this study are regular spherical grains made up of concentric growth of
calcite.

The framework grains identified in these lithologies include monocrystalline and
polycrystalline quartz, biotite, muscovite, chlorite, feldspar (albite, K-feldspar,
perthite), F-apatite, lithic clasts, opaque minerals (ilmenite, spinel), bioclasts, ooids,
coated grains, peloids, light-colored minerals (zircon) and dark colored minerals
(tourmaline, rutile). The carbonate cement includes calcite (Mg-rich, Mg-Fe- rich, Fe-
rich), siderite, ankerite and dolomite and the sulfate-cement includes only anhydrite.

Illite occurs as an alteration product of muscovite and feldspar in some low grade
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metamorphic rocks as well as in weathering and hydrothermal environments. Illite is
also common in sediments, soils, and argillaceous sedimentary rocks as diagenetic
mineral. Because illite has similar composition as muscovite, very often it is difficult to
discriminate them. For discrimination of illite from muscovite in this study we used
three criteria: i) chemical composition, ii) crystal size and iii) texture. For the purpose
of this study grains that have Al,03 >=25% and SiO, ~45% (43 to 47%) are considered
muscovite, whereas grains that have Al,O3 <25% and SiO, >47% are considered illite.
Grains that are less than 20um in size are considered illite whereas all other grains with
size >20um are considered muscovite. If the grains are present as inclusion in other
detrital mineral (e.g. quartz, ilmenite) or as framework grains we consider them detrital,
thus they are most likely to be muscovite. On the contrary if the grains are fibrous or
fill primary porosity between framework grains and/or secondary porosity in both
detrital and/or diagenetic grains and cement, we consider them diagenetic, and thus
they are most likely to be illite. Although the previous criteria are important in
discrimination between muscovite an illite there are still some constraints that need to
be discussed. One of the issues is that muscovite tends to alter into sericite and
hydromuscovite, and thus illite may be of detrital origin. As a result the chemical
composition is not reliable in this case, because the Al,O3 and SiO; contents of the
muscovite have been severely altered. Another issue is that during transportation some
detrital minerals may not retain their primary grain size and thus only a very small
fragment of the primary grain is deposited and preserved. As a result some detrital
muscovite grains might have crystal size <20um. In conclusion, in order to have a

better discrimination between illite and muscovite all three criteria must be taking into
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consideration and not each one individually.

The modal composition of the studied samples was determined by point counting
(600 grains per sample) and use of the QFL discrimination diagram for sandstone
classification (Folk, 1968).

Chemical composition of diagenetic minerals in association with textural
relationship between the various diagenetic minerals was taken in consideration to
establish the conditions under which the clastic sediments were influenced by
diagenesis. The relative ages of diagenetic minerals identified have been established

using their textural relationships in back-scattered electron images (BSE).

4.2.3.1 Mohican 1-100 well
Summary petrographic description of Lower Cretaceous Roseway Equivalent
sandstones and oolitic limestone
Sample 1-100 2526.53 (Roseway Equivalent Formation, 2526.53 m) fine grained
carbonate-cement sandstone (appendix 9-1)
Description

Based on the QFL discrimination diagram for sandstone classification, the modal
composition of this sample is that of sublitharenite (Fig.4.5). The framework grains in
this sample tend to come in direct contact with each other, suggesting compaction prior
to lithification. The sample is characterized as poorly sorted.

The majority of the framework grains are quartz followed by perthite and lithic
clasts, with sporadic zircon, chlorite, rutile, spinel and bioclasts (Fig.4.8). Minor zircon,

rutile, spinel and perthite tend to have sub-rounded crystal grains (Figs.4.8 A, B, C, H).
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Detrital quartz shows variations in grain size from <20um to > than 20 pum, is corroded
and has dissolution voids (Fig.4.8 B). In one perthite grain the albite lamellae alter into
calcite and chlorite (Fig.4.8 C). Lithic clasts identified are made up of albite and
muscovite (Fig.4.8 E). Muscovite is absent as a framework grain and appears only as
inclusion in detrital quartz (Figs.4.8 F). Detrital chlorite is plastically deformed, thus
creating a pseudomatrix (Fig.4.8 F). Bioclasts are made up entirely of Mg-calcite

(Fig.4.8 E) or Mg-calcite and Fe-calcite (Fig.4.8 F).
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Figure 4.8: Representative back-scattered electron images of sample [-100 2526.53 from Mohican I-
100 well. A) Diagenetic fibrous chlorite and pyrite fill secondary porosity in Mg-calcite (position A).
Calcite invades Mg-calcite (position B). Dolomite rhombohedrons show replacive texture against
diagenetic chlorite in the matrix (position C). Illite and some TiO, mineral are part of the cement
(position D). Kaolinite seems to be later than diagenetic chlorite as it fils space between detrital zircon
and diagenetic chlorite (position E). B) Detrital quartz is corroded (c.q), contains dissolution voids
and shows variation in grain size. Diagenetic chlorite is fibrous and fills embayments in detrital quartz
(position A) and in Mg-calcite (position E). Quartz overgrowths form around detrital quartz and often
seems to be cross-cut by Mg-Fe-calcite (position B). Quartz overgrowths invade Mg-calcite (position
C). Kaolinite fills embayment in Mg-calcite (positon D). C) Calcite fills secondary porosity and
embayments in detrital quartz (position A) and the spave between Mg-calcite and detrital quartz
(position B). One quartz grain has undergone dissolution leading to the penetration of one grain by
another, thus creating concavo-convex contacts (c-c). The albite lamellae in perthite grains alter into
chlorite and calcite. Secondary porosity in Mg-calcite is filled by framboidal pyrite (position C). D)
Calcite engulfs Mg-calcite (position A). Detrital quartz is corroded (c.q.). Diagenetic TiO, minerals
show replacive texture against detrital quartz grains (position B). Quartz overgrowths form around
detrital quartz and invade Mg-calcite (position C).
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Figure 4.8: Representative back-scattered electron images of sample 1-100 2526.53 from Mohican
I-100 well. E) One lithic clast is made up of albite and muscovite. One bioclast, probably an
echinoid spine, has been fossilized through entire replacement of the organic material by Mg-
calcite, followed by dissolution with creation of secondary porosity. Diagenetic chlorite cross-cuts
secondary fractures (position A). F) Muscovite is present as inclusion in detrital quartz (position A).
One bioclast, probably a gasteropod is made up of Mg-calcite and calcite. The Mg-calcite shows
secondary porosity and calcite is partly replaced by pyrite. Detrital chlorite is plastically deformed,
thus creating pseudomatrix. G) Diagenetic chlorite and illite together with TiO, mineral are part of
the cement. Framboidal pyrite fills secondary porosity in the matrix. H) Muscovite appears as
inclusion in detrital quartz. Fe-Mg-calcite seems to cross-cut Mg-calcite (position A). Fe-calcite has
straight crystal outlines and tends to invade Mg-calcite.
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Sample 1-100 2529.62 (Roseway Equivalent Formation, 2529.62 m) fine grained
carbonate-cement sandstone (appendix 9-2)

Description

This sample is a quartzarenite based on the QFL discrimination diagram for sandstone
classification (Fig.4.5). The framework grains in this sample tend to come in direct
contact with each other, suggesting compaction. The sample is poorly sorted with low
primary porosity.

The majority of the framework grains are quartz followed by perthite and lithic
clasts, with sporadic tourmaline, chlorite, rutile, spinel, K-feldspar and F-apatite.
Tourmaline, rutile, perthite, lithic clasts and F-apatite have subhedral crystal outlines
(Figs.4.9 A, B, C, D). Detrital quartz is corroded and contains dissolution voids
(Figs.4.9 C, E). Perthite exhibits brittle fracturing (Fig.4.9 B). Muscovite is present as
inclusion in detrital quartz (Fig.4.9 D). Some lithic clasts are made up of quartz,
chlorite and muscovite and some other of quartz and muscovite (Fig.4.9 D).Some
detrital chlorite is plastically deformed, thus creating pseudomatrix (Fig.4.9 E) and
some other have quartz inclusions and are partly replaced along the cleavage planes by

unknown diagenetic mineral (Fig.4.9 B).
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Figure 4.9: Representative back-scattered electron images of sample I-100 2529.62 from Mohican I-100
well. A) Calcite fills secondary porosity (position A, F) and engulfs (position E) Mg-calcite. Diagenetic
divergent fibrous chlorite fills embayment in corroded quartz (c.q.) (position B) and Mg-calcite and
occupies intragranular space between framework grains. Compact illite shows characteristic secondary
fractures that are often filled by framboidal pyrite (position C). Crystal boundaries between detrital
quartz grains are hard to distinguish in places where the cement is SiO, (position D). Quartz overgrowths
tend to invade Mg-calcite (position E). B) There seems to be two generations of Mg-Fe-calcite: one that
has high secondary porosity which is filled by diagenetic chlorite (position A) and one that is partly
replaced by illite (position B). Mg-Fe-calcite (position B) seems to invade Mg-calcite (position C) and
engulf Mg-Fe-calcite (positions A) in position D. One perthite has suffered brittle fracturing (position E).
Detrital chlorite has quartz inclusions and is partly replaced along the cleavage planes by unknown
diagenetic mineral (white color) (position F). Quartz overgrowths form around detrital quartz grains and
seem to invade Mg-calcite (position G). C) Detrital quartz is corroded (c.q.) and contains dissolution
voids. Illite is part of the cement in form of fibres (position A). Quartz overgrowths form around detrital
quartz and invade Mg-Fe-calcite and Mg-calcite (position B). Mg-calcite invaded illite (position C).
Diagenetic chlorite fills secondary porosity in Mg-calcite (position D) and fills open space between Mg-
Fe-calcite and detrital quartz (position E). D) Rarely, at the contact between quartz grains, one grain has
undergone solution leading to the penetration of one grain by another, thus creating concavo-convex
contact. Some lithic clasts are made up of quartz, chlorite and muscovite and some other of quartz and
muscovite. Muscovite is present as inclusion in detrital quartz (position A). Calcite and illite fill
secondary porosity in detrital quartz (position B). Rarely quartz overgrowth forms around detrital quartz
and invaded Mg-calcite (position C) and Fe-calcite (position D). Detrital quartz is corroded (c.q.) and
contains dissolution voids. Diagenetic divergent fibrous chlorite fills embayment in corroded quartz
(position A) and calcite (position B) and/or occupies intragranular space between framework grains.
Detrital chlorite is plastically deformed, thus creating pseudomatrix. Crystal boundaries between detrital
quartz grains are hard to distinguish in places where the cement is SiO, , position C. Late fractures and
secondary porosity lack diagenetic minerals, they are barren.
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Sample 1-100 2530.47 (Roseway Equivalent Formation, 2530.47 m) oolitic bioclastic
limestone (appendix 9-3)
Description

The majority of the framework grains in this sample are peloids and bioclasts,
with rare coated grains and detrital quartz. Rarely muscovite is present (Fig.4.10 A).
The sample is poorly sorted. In general, the peloids have irregular shape and are made
up principally of mixture of micritic Mg-Fe-calcite, Mg-calcite, quartz and pyrite
(Figs.4.10 A, B, C, D). Moreover, the peloids do not have any internal structure (e.g.
concentric layers) and lack nucleus. Coated grains have concentric layers of micritic
material composed of calcite, chlorite and pyrite (Figs.4.10 C, D) in some cases with a
nucleus of peloid. Euhedral to subhedral detrital quartz varies in grain size. One
bioclast, probably foraminifera, consists of calcite and Mg-calcite (Fig.4.10 B). Okwese
et al. (2012) discriminated four types of coated grains, type A, B, C and D at both
Peskowesk A-99 in the Abenaki sub-basin and Thebaud C-74 in the Sable sub-basin. In
this sample only type C was identified characteristically consisting of Fe- and Mg-

calcite together with pyrite.
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Figure 4.10: Representative back-scattered images of sample I-100 2530.47 (m) from Mohican I-100
well. A) Rare muscovite is present. The peloids are made up of micritic material composed of Mg-Fe-
calcite, pyrite, quartz, chlorite and others. The cements is mostly Fe-calcite however in places the
cement is a mixture between calcite, chlorite and pyrite (position A). Rarely ankerite can be part of the
cement and it seems to replace Fe-calcite (position B). Quartz overgrowths form around detrital
quartz and seem to invade Fe-calcite cement (position C). Rarely diagenetic chlorite fills secondary
porosity in the cement (position D). B) One bioclast probably from foraminifera is entirely replaced
by calcite and Mg-calcite. Ankerite engulfs Fe-calcite, thus is later (position A). Rarely diagenetic
chlorite fills secondary porosity in the cement (position B).Quartz overgrowths form around detrital
quartz and invade Fe-calcite cement (poisition C). C) Coated grains are previous peloids which are
coated by micritic Fe-Mg-calcite, chlorite and pyrite (position A). D) Illite and diagenetic TiO,
mineral fill secondary porosity in detrital quartz (position A).
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Sample 1-100 2538.84 (Roseway Equivalent Formation, 2538.84 m) fine grained
carbonate-cement sandstone (appendix 9-4)
Description

Based on the QFL discrimination diagram for sandstone classification, the modal
composition of this sample is that of quartzarenite (Fig.4.5). The sample can be
characterized as poorly sorted. The sediment is loosely-packed, suggesting that
cementation occurred before significant compaction took place.

The majority of the framework grains are quartz followed by sporadic chlorite, K-
feldspar, muscovite, lithic clasts and F-apatite. Anhedral detrital quartz has suffered
brittle and conchoidal fracturing and is corroded (Fig.4.11 A). In addition, dissolution
voids are present in most of the quartz grains. One detrital chlorite is plastically
deformed, thus creating pseudomatrix and has suffered brittle fracturing (Fig.4.11 A).
Another detrital chlorite exhibits only brittle fracturing (Fig.4.11 B). F-Apatite is
corroded and shows replacive texture against detrital quartz and cement (Fig.4.11 A).
K-feldspar also shows brittle fracturing (Fig.4.11 B). Muscovite is plastically deformed
in places, thus creating pseudomatrix (Fig.4.11 C). Lithic clasts are made up of

ilmenite, muscovite and chlorite (Fig.4.11 C).
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Figure 4.11: Representative back-scattered images of sample I-100 2538.84 (m) from Mohican I-
100 well. A) Detrital quartz in corroded (c.q.), shows brittle (position A) and conchoidal (position B)
fracturing. One detrital chlorite is plastically deformed, thus creating pseudomatrix, is partly
replaced by calcite and exhibits brittle fracturing (position C). Muscovite is almost entirely replaced
by calcite. Detrital F-apatite shows replacive texture against detrital quartz grains and the cement
and is corroded (position D). B) K-feldspar shows brittle fracturing (position A). One detrital
chlorite exhibits brittle fracturing and is partly replaced by calcite along its cleavage planes
(position B). Calcite together with other diagenetic minerals seem to fill secondary porosity
(position C) and embayment (position D) in detrital quartz. Quartz forms around detrital quartz
grains and tends to invade calcite (position E). C) One lithic clast is made up of ilmenite, muscovite
and chlorite (position A). Muscovite is plastically deformed in places, thus creating pseudomatrix
(position B). Quartz overgrowth forms around detrital quartz grains and tends to invade calcite
(position C). TiO, mineral and pyrite show replacive texture against the carbonate cement (position
D). Secondary porosity in calcite is rarely filled with F-apatite (position E).
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Summary petrographic description of Middle Jurassic Mohican sandstone
Sample 1-100 3692.41 (Mohican Formation, 3692.41 m) coarse grained sulphate-
cement sandstone (appendix 9-5)
Description

The sample is a poorly sorted sublitharenite (Fig.4.5). The majority of detrital
grains identified in this sample are quartz, followed by abundant ilmenite and lithic
clasts with sporadic K-feldspar, plagioclase, muscovite, chlorite, rutile, tourmaline and
zircon. Based on potential protolith the lithic clasts in this sample are discriminated in
two groups: i) metamorphic lithic clasts and ii) igneous lithic clasts. The metamorphic
lithic clasts comprise a variety of detrital minerals such as quartz, muscovite, chlorite
and ilmenite (Fig. 4.12 B) or muscovite, quartz and ilmenite (Fig.4.12 F). The igneous
lithic clasts comprise detrital minerals such as quartz, muscovite and feldspar (Fig.4.12
F). Often muscovite and ilmenite are inclusions in detrital quartz grains (Fig.4.12 C).
Muscovite is also seen as inclusion in albite grains (Fig.4.12 C). Detrital albite is
subhedral to anhedral and shows dissolution voids (Fig.4.12 C). K-feldspar can be both
altered and fresh. Fresh K-feldspar is subhedral to euhedral with characteristic fractures
such as euhedral crystal outlines and dissolution voids (Fig.4.12 G). Altered K-feldspar
together with detrital quartz are components of clasts that are hosted in the matrix
(Fig.4.12 G). llmenite can be both fresh (Figs.4.12 A, D, E) and altered (Fig.4.12 F)
mostly with characteristic quartz and muscovite inclusions. The matrix in this sample is
composed of silt size detrital minerals such as quartz, chlorite and muscovite (Fig.4.12

E).
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Figure 4.12: Representative back-scattered electron images of sample 1-100 3692.41 from Mohican
[-100 well. A) [lmenite tends to be fresh (position A). Anhydrite cement (anh) fills primary porosity.
Dertrital K-feldspar (kfs) is partly replaced by diagenetic albite (positions B, C). Remobilized
anhydrite (light grey color) partly replaces albitized K-feldspar (position B, C). B) Lithic clasts
derived from metamorphic rocks are made up of quartz, muscovite, chlorite and ilmenite. Quartz
overgrowths form around detrital quartz and invade anhydrite cement (position A). C) At the contact
between quartz grains, one quartz grain has undergone dissolution leading to the penetration of one
grain by another, thus creating concavo-convex contacts (c-c). Muscovite is present as inclusion in
quartz, albite and ilmenite grains (position A). Ilmenite is present as inclusion in detrital quartz
(position B) and detrital quartz is present as inclusions in detrital ilmenite (position C). Detrital albite
is subhedral to anhedral and shows dissolution voids. D) Albitized K-feldspar is partly replaced by
remobilized anhydrite. [Imenite seems to be fresh.
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Figure 4.12: Representative back-scattered electron images of sample I-100 3692.41 from Mohican
[-100 well. E) Fresh ilmenite with characteristic quartz inclusions. The matrix is made up of silt size
muscovite, detrial quartz and detrital chlorite. Secondary porosity in the matrix lacks diagenetic
minerals (position A). F) Altered ilmenite shows characteristic quartz and muscovite inclusions
(position A). One lithic clast derived from metamorphic rock is made up of muscovite, quartz and
ilmenite and another lithic clasts derived from igneous rocks is made up of quartz, muscovite and
feldspar. quartz overgrowths fill secondary porosity in anhydrite cement (position B). G) Fresh K-
feldspar is subhedral to euhedral. Albitized K-feldspar, party replaced by anhydrite can also be,
together with detrital quartz, component of clasts that are hosted in the matrix (position A).
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Summary petrographic description for Middle Jurassic Iroquois sandstone and
limestone

Sample 1-100 3964.6A (Iroquois Formation, 3964.6m) fine grained sulphate-cement
sandstone (appendix 9-6)

Description

This sample is a poorly sorted subarkose (Fig.4.5). The sediment is packed,
suggesting that compaction took place before cementation. Often, at the contact
between quartz grains, one grain has undergone dissolution leading to the penetration of
one grain by another, thus creating concavo-convex contacts (c-c) (Fig.4.13 B).

The main detrital components of this sample are quartz, followed by sporadic K-
feldspar, albite, biotite, muscovite and chlorite. Detrital quartz has illite inclusions that
probably occur as an alteration product of muscovite (Fig.4.13 A). K-feldspar can be
fresh with anhedral to subhedral crystal shape or altered with dissolution voids and
partly replaced by anhydrite (Figs.4.13 A, B). Biotite is plastically deformed, thus
creating pseudomatrix (Fig.4.13 A). Albite shows dissolution voids (Fig.4.13 C). Some
biotite and muscovite grains alter to chlorite (Fig.4.13 C). The matrix in this sample is
composd of silt size detrital minerals such as quartz, albite, micas and chlorite (Fig.4.13

A). Muscovite is present as inclusions in detrital quartz (Fig.4.13 B).
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Figure 4.13: Representative back-scattered electron images of sample I-100 3964.6A from Mohican
I-100 well. A) K-feldspar shows dissolution voids, has anhedral to subhedral crystal shape and is
partly replaced with anhydrite. Detrital quartz has illite inclusions, that probably occur as an alteration
product of muscovite (position A). Pyrite is diagenetic and shows displacive texture against the matrix
(position B). Biotite and other minerals are platically deformed, thus creating pseudomatrix. The
matrix is composed of silt size detrital minerals such as quartz, albite, muscovite, biotite and chlorite.
B) Quartz overgrowths form around detrital quartz and tend to invade anhydrite cement (position A).
Anhydrite partly replaces K-feldspar (position B) and engulfs biotite and muscovite (position C).
Detrital quartz has muscovite inclusions (position D). Often, at the contact between quartz grains, one
grain has undergone dissolution leading to the penetration of one grain by another, thus creating
concavo-convex contacts. One biotite grain is partly replaced along the cleavage planes by pyrite
(position E). C) Albite is either partly replaced with calcite (position A) or shows dissolution voids.
TiO, mineral is diagenetic and shows replacive texture against the derital quartz (position B). Some
biotite and muscovite grains alter to chlorite.
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Sample 1-100 4098.08 (Iroquois Formation, 4098.08m) sandy limestone (appendix 9-7)
Description

Based on the QFL discrimination diagram for sandstone classification, the modal
composition of this sample is that of quartzarenite (Fig.4.5). The sample is poorly
sorted. Chemically, a small variety of detrital minerals are identified in this sample:
quartz, K-feldspar, muscovite and albite (Fig.4.14). Quartz is abundant with minor K-
feldspar and albite. Muscovite appears as inclusions in detrital quartz as well as
framework grains. K-feldspar is fresh with sub-rounded crystal outlines which are

replaced by calcite.
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Figure 4.14: Representative back-scattered electron
images of sample I-100 4098.08 from Mohican I-100 well.
Detrital minerals in this figure are K-feldspar, albite ,
quartz and muscovite. Albite grains are partly replaced by
anhydrite (position A), whereas K-feldspar shows rim
replacement by calcite (position B). Muscovite appears as
inclusions in detrital quartz as well as framerwork grains.
Micritic calcite is the main cement that replaced anhydrite
cement (position C). Rare quartz overgrowth forms around
detrital quartz grains. Pyrite and TiO, appear to nucleate on
cement and framework grains boundaries, and often they
are replacing pre-extisting detrital minerals (position D).
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4.2.3.2 Moheida P-15
Summary description of Lower Cretaceous Roseway Equivalent oolitic ironstone
Sample P-15 2563.67 (Roseway Equivalent Formation, 2563.67 m) oolitic ironstone
(appendix 10-1A)
Description

This sample is composed mostly of coated grains that have spherical to oval shape
with narrow concentric bands (Figs.4.15 A, D) comprising various proportions of
siderite, kaolinite and other minerals (Fig.4.15 A). Although cassiterite is a main
component of the coated grains it is considered contaminant from thin section polishing
and as a result it has not been taken into consideration. Often massive calcite is trapped
between concentric layers (Fig.4.15 A). Most of the coated grains lack nucleus. When
present the nucleus is made up mostly of Fe-calcite aggregates with small amounts of
siderite (Figs.4.15 A, D). Quartz is the only detrital mineral identified having fine grain
size (Fig. 4.15 B). Rarely, bioclasts present are totally replaced by Mg-Fe-calcite (Fig.

4.15 A).
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Figure 4.15: Representatwe back-scattered electron images of sample P-15 2563.67 from Moheida
P-15 A) Framework grains are oolites with narrow concentric bands. The chemical composition of the
coated grains is a mixture of siderite, kaolinite and other minerals. Often massive Fe-Mg-cal is trapped
between concentric layers (position A). Although cassiterite (cst) is abundant it does nor represent
a detrital nor a diagenetic mineral but instead is a contaminant. The coated grains lack nucleus and
have spherical to oval shape. One bioclast is replaced by Mg-calcite and siderite with chlorite
(position B). B) Quartz is the only detrital mineral identified having fine grain size. The cement is
mixture of ankerite, siderite and chlorite. Late siderite engulfs early siderite. Early ankerite predates
early and late siderite (position A). Late ankerite (position B) postdates early ankerite, both early and
late siderite and chlorite. Chlorite fills secondary porosity in the cement (position C). C) Enlarged
image to show the main components of the cement. Diagenetic minerals are ankerite, chlorite, apatite,
calcite and siderite. Late ankerite (position A) tends to cross-cut both early and late siderite and
diagenetic chlorite. Mg-Fe-calcite is partly replaced by late siderite. Late siderite surrounds early
siderite and early ankerite (position B). D) Oval to spherical coated grain with narrow concentric
bands and nucleus. The nucleus is made up of Fe-calcite aggregates with small amounts of siderite
and other diagenetic minerals
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Summary petrographic description for Upper Jurassic Abenaki oolitic limestone
Sample P-15 3306.03 (Abenaki Formation, 3306.03 m) oolitic limestone (appendix 10-
2)
Description

Peloids and ooids are the framework grains in this sample (Fig.4.16 A). All
framework grains are made up mostly of a micritic mixture of Mg-calcite, calcite and
pyrite. The peloids have irregular shape and size, do not have internal structure such as
concentric bands and lack a nucleus (Fig. 4.16 A). The ooids have spherical shape and
generally show internal structure of concentric bands and a nucleus of detrital albite or
quartz (Fig.4.16 A). Rarely, at the contact between framework grains, one grain has

undergone dissolution leading to the penetration of one grain by another (Fig.4.16 A).
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Figure 4.16: Representative back-scattered electron images of sample P-15 3306.03 from Moheida P-15
well. A) Peloids and oolites are framework grains in this figure. All framework grains are made up by
micritic mixture of Mg-calcite, calcite, pyrite and other. Often, detrital albite and detrital quartz represent
the nucleus for some of the oolites and or are components of the framework grains. Rarely, at the contact
between coated grains, one grain has undergone dissolution leading to the penetration of one grain by
another (position A). Secondary porosity in the cement lacks diagenetic minerals. The peloids have
irregular shape and no internal structure. The oolites have a spherical shape and often tend to show
internal structure such as nucleus and some concentric bands. B) This figure shows the main components
of the cement that supports the framework grains in figure 4.15 (A) as well as their textural relationship.
The supporting material is a mixture of silt seize dolomite, diagenetic chlorite, pyrite, muscovite, calcite,
Fe-calcite and detrital quartz. Quartz overgrowths form around detrital quartz. Fe-calcite and calcite are
the main cement replacing both detrital quartz (position A) and dolomite (position B). Pyrite is
diagenetic and shows replacive texture against dolomite and cement (position C). .
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Summary petrographic description for Middle Jurassic Iroquois sandstone and
dolostone

Sample P-15 3744.92 (Iroquois Formation, 3744.92 m) fine grained sulphate-cement
sandstone (appendix 10-3)

Description

Based on the QFL discrimination diagram for sandstone classification, the modal
composition of this sample is that of sublitharenite (Fig.4.5). The sample is poorly
sorted with low primary porosity that is filled with diagenetic minerals (Fig.4.17). The
sediment is packed, thus the framework grains in this sample tend to come in direct
contact with each other suggesting that compaction took place before cementation.
Often, at the contact between quartz grains, one grain has undergone dissolution
leading to the penetration of one grain by another, thus creating concavo-convex
contacts (c-c) (Fig.4.17).

The majority of the framework grains are quartz followed by sporadic muscovite,
chlorite, biotite and lithic clasts. Detrital quartz is highly corroded and commonly
contains muscovite inclusions and/or illite inclusions that probably occur as an
alteration product of muscovite (Fig.4.17 A). The lithic clasts are of metamorphic
origin, show foliation, and are made up of quartz, chlorite, ilmenite and muscovite (Fig.

4.17 B).
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Figure 4.17: Representative back-scattered electron images of sample P-15 3744.92 from Moheida
P-15 well. A) Detrital quartz is highly corroded and often contains muscovite inclusions and/or illite
inclusions that probably occur as an alteration product of muscovite (position A). Anhydrite engulfs
biotite (position B). In places, illite forms in the space between detrital quartz and anhydrite cement.
Kaolinite and illite fill embayments in detrital quartz (position C). Quartz overgrowths for around
detrital quartz and invade anhydrite cement (position D). Illite forms in the space between anhydrite
cement and detrital quartz (position E). B) One lithic clast identified shows foliation, is derived from
metamorphic rocks and are made up of quartz, chlorite, ilmenite and muscovite. TiO, mineral shows
replacive texture against biotite (position A). Kaolinite and illite fill embayment in anhydrite cement
(position B). Kaolinite and illite tend to be replaced by the TiO, mineral (position A). C) Anhydrite
fills primary porosity and engulfs muscovite (position A). Framboidal pyrite shows replacive texture
against anhydrite and TiO, mineral show replacive texture against anhydrite (position B). Both TiO,
mineral and pyrite seem to cross-cut all the other minerals.
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Sample P-15 3750.94 (Irogquois Formation, 3750.94 m) dolostone (appendix 10-4)
Description

The entire sample is made up of euhedral dolomite grains (Fig.4.18).
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Figure 4.18: Representative back-scattered electron images
of sample P-15 3750.94 from Moheida P-15 well. The
entire sample is made up by dolomite, thus the rock is
dolostone. Secondary porosity in the rock is partly filled
with anhydrite.
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4.3 Provenance
4.3.1 Modal composition for detrital heavy minerals assemblage from wells
studied

The data presented for provenance in this section were obtained after analytical
methods described in chapters 3.2.6, 3.2.7 and 3.2.8 were applied on polished thin
sections of the heavy mineral separates. Mineral analyses from both the SEM and the
EMP, together with back-scattered electron images were used for the discrimination
between detrital heavy, detrital light and diagenetic minerals.

The modal composition of detrital heavy minerals identified in one sample is
expressed as percentages of distinct individual detrital heavy minerals in that sample.
The percentage of each distinct mineral is presented as the number of grains of that
mineral divided by the total number of detrital mineral grains in the sample.

Although heavy mineral analyses have been successfully used in assessing
potential sources for sediments (e.g. Pe-Piper et al., 2009) there are some constraints
regarding this method: i) identification and counting of detrital heavy minerals in back-
scattered electron images requires lots of skill as minerals with distinct chemical
composition might show similar contrast and brightness (e.g. zircon and spinel, both
have white color and high contrast) or some grains might be altered, thus as a result it is
difficult to identify what mineral it is; ii) mineral mounts are made in general from
individual grains but in some cases aggregates containing more than one mineral might
be present, thus it is hard to determine the chemical composition of individual mineral
in the aggregate; iii) the heavy mineral mount in made up grains with size >53 um and

<250 um, thus if a mineral has grains outside this size range, it will not be identified.
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4.3.1.1 Chinampas O-37 and Shelburne G-29

The data obtained for these two wells regarding their modal composition is
presented in supplementary table 4.3 (see back of the Thesis). One sample from the
Scots Bay Formation at Chinampas O-37 and one sample from the Shortland Shale at
Shelburne G-29 were studied from a heavy mineral perspective. The weight percentage
of the heavy fraction separates from the Scots Bay Formation in Chinampas O-37 was
10.82%, whereas the same weight percentage from the Shortland Shale Formation in
Shelburne G-29 was 4.83%. The grain mounts of the heavy fraction in both wells
included 92% to 98% light and diagenetic minerals.

The dominant detrital heavy mineral at Chinampas O-37 is magnetite (96.7%),
followed by rare amphibole, apatite, garnet (spessartine with almandine substitution,
pyrope), ilmenite and tourmaline (0.3%) (Fig.4.18). At Shelburne G-29 the dominant
detrital heavy mineral is ilmenite (65.4%), followed by tourmaline and apatite, with

equal zircon and chromium spinel and rare aluminium spinel (1.3%).
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Figure 4.19: Stratigraphic columns of Chinampas O-37 and Shelburne G-29 showing
location of cutting samples as well as modal abundance of detrital heavy minerals in each
of the samples obtained.

4.3.1.2 Mohawk B-93

The data obtained for Mohawk B-93 well is presented in table 4.4 (see back of the
Thesis). A total of 9 samples, 3 from Lower Cretaceous Roseway Equivalent Formation
and 6 from Upper Jurassic-Middle Jurassic Mohawk Formation were obtained for

detrital heavy minerals. The weight percentage of the heavy fraction separates in the
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studied well ranged from 1.71% in sample B-93 6210 (1892.8 m) to 16.28% in sample
B-93 4670 (1423.4 m).

IlImenite is the dominant detrital heavy mineral in almost all samples from this well
(Fig.20) with weight percentage ranging from 59.9% in sample B-93 6540 (1993.41 m)
to 85.5 % in sample B-93 5410 (1650.48 m). In sample B-93 4670 (1423.4m) ilmenite
has the minor weight percentage, around 23%. Tourmaline is the second most abundant
detrital mineral in most of the samples with weight percentage that ranges from 19.4%
at B-93 6210 (1892.8 m) to 5.9% in B-93 6340 (1932.43 m), except for 2 samples, B-93
5410 (1650.48 m) and B-93 5860 (1787.64 m) where it is the third most abundant and
one, B-93 4670 (1432.4 m) where it is the fourth most abundant. Sample B-93 4670 has
the highest percentage in zircon ~46.7% followed by samples B-93 5410 with 15% and
sample B-93 6750 (2058.92 m) with 4%. Garnet percentage ranges from 1.7% in
sample B-93 5410 to 13.9% in sample B-93 6450. Staurolite is present in samples B-93
5760 (1743.45 m) with 5.5% and in B-93 5860 (1787.64 m) with 6.9%. Other detrital
heavy minerals like magnetite, apatite, monazite, rutile and xenotime are almost absent.
Apatite is present in most samples; however its percentage ranges from 0.3% in sample
B-93 5410 to 14.35% in sample B-93 4670. Magnetite is present in only 2 samples,
B-93 4670 and B-93 5170, with weight percentage ranging from 9.5% to 1%
respectively. Rutile was identified in 3 samples, B-93 5170 (2%), B-93 5410 (1%) and
B-93 6340 (0.7%). Monazite, xenotime and aluminium spinel were identified in
different single samples: B-93 6210 has 1.1% monazite, B-93 5410 has 0.3% xenotime

and B-93 6340 0.4% aluminium spinel.
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Figure 4.20: Stratigraphic column of Mohawk B-93 showing location of cutting samples and
modal abundance of detrital heavy minerals in each sample.
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4.3.1.3 Mohican 1-100

The data obtained for Mohican 1-100 well is presented in table 4.5 (see back of the
Thesis). Three samples from Lower Cretaceous strata (1 from Logan Canyon, 1 from
Upper Missisauga and 1 from middle Missisauga), 2 from Lower Cretaceous-Upper
Jurassic strata (both from Roseway Equivalent Formation), 1 from Upper Jurassic strata
(Abenaki Formation) and 2 from Middle Jurassic strata (both from Iroquois Formation)
were studied for detrital heavy minerals. limenite is the most abundant detrital heavy
mineral in all the samples from this well (Fig.4.21) with weight percentage that ranges
from 42.1 % at 1-100 7840 (2389.63 m) to 81% at 1-100 13800 (4026.24 m).
Tourmaline is the second most abundant detrital heavy mineral in most of the samples
with percentage that ranges from 6.9% in sample 1-100 7230 (2203.7 m) to 21.7% in
sample 1-100 11400 (3474.72 m). Garnet pergentage ranges from 0.9% in samples I-
100 8480 (2584.7 m) to 16.4% in sample 1-100 12640 (3852.67 m). Sample 1-100 7230
has the highest percentage in zircon ~12.1% whereas sample 1-100 8480 has the lowest
percentage in zircon ~3.5%. Other detrital heavy minerals like andalusite, apatite,
monazite, rutile, aluminium spinel, chromium spinel and staurolite are almost absent.
Andalusite is present only in two samples, 1-100 5990 and 1-100 13800 with 2.9% and
0.4% respectively. Apatite percentage ranges from 0.4% in sample 1-100 13800 to 4.1%
in sample 1-100 11400. Monazite is present in two samples 1-100 11400 (2.7%) and I-
100 12640 (0.8%). Rutile was identified only in one sample 1-100 7230 making up 5%.
Spinel makes about 2.6% of the total in sample 1-100 7230. Staurolite ranges from

0.9% in sample 1-100 7230 to 8.8% in sample 1-100 5990.
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Figure 4.21: Stratigraphic column of Mohican I-100 showing location of cutting samples and
modal abundance of detrital heavy minerals in each sample.
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4.3.2 Chemical composition of detrital minerals (appendices 3 to 8)

Previous work regarding the sources for the Jurassic to Cretaceous clastic
sediments in the central and eastern Scotian Basin was done using chemistry of
common detrital heavy minerals such as tourmaline, garnet, spinel/chromite (Pe-Piper
et al., 2009, Tsikouras et al., 2011), zircon (Piper et al., 2007) and rutile (Ledger, 2013).
Light detrital minerals, such as feldspar, muscovite, biotite and chlorite, can also be
diagnostic of rock sources and thus they have also been taken into consideration.
Provenance in general was interpreted on the basis of several techniques, including
geochemistry of detrital heavy minerals and modal abundance of heavy minerals (Pe-
Piper et al., 2009), whole rock geochemical analysis (Pe-Piper et al., 2008, Zhang et al.,
2014), morphology of detrital heavy minerals (Piper et al., 2007; Ledger, 2013),
geochronology of detrital minerals (Pe-Piper and MacKay, 2006; Reynolds et al., 2009)
and hot cathodoluminescence of detrital quartz (Sawatzky and Pe-Piper, 2013).

In this study we chose the geochemistry of detrital heavy minerals identified in
polished thin sections of both cuttings and core samples as the primary technique,
because detrital heavy minerals usually do not alter and can be transported far from the

source and deposited in sedimentary basins.

4.3.2.1 High stability group detrital minerals
4.3.2.1.1 Tourmaline

Tourmaline is a common detrital mineral in the Mesozoic formations of the
Scotian Basin and has been widely used as an indicator in assessing potential sources

for sediments that form these formations (Li et al., 2012). Based on chemical variation,
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tourmaline has been classified in terms of different type of sources, 10 in total, by
Henry and Guidotti (1985) and Kassoli-Fournaraki and Michailidis (1994) (Fig. 4.22).
A new discrimination of tourmaline, also based on its chemical variation, was
introduced by Pe-Piper et al. (2009), which included only four types with four
distinctive fields. The four distinctive fields projected for tourmaline discrimination are
a result of a combination of fields proposed by Henry and Guidotti (1985) and Kassoli-
Fournaraki and Michailidis (1994), with natural clusters in chemical composition of
tourmaline analysed from Lower Cretaceous sandstones originating in the Scotian
Basin (Pe-Piper et al., 2009). Chemically, type 1 suggests a granitic rock source, type 2
a metapelitic and calc-silicate rock source, type 3 a meta-ultramafic rock source and
type 4 a metapelitic/metapsammitic rock source. Considering tourmaline discrimination
introduced by Pe-Piper et al. (2009), only 3 from the total 4 types of tourmaline have
been identified within Mesozoic sediments (Mid Jurassic to Early Cretaceous)

deposited in the SW Scotian Basin: type 1, type 3 and type 4.
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. Metacarbonate and metapyroxenite
. Ca-rich metapelite
0. Ca-poor metapelite, -psammite, or type 3

O Mohawk Fm (2058.92m)

A Logan Canyon Fm (1798.32m)
A U-Missisauga Fm (2203.7m)

A M-Missisauga Fm (2389.63m)
@ Roseway Equivalent (2587.4m)

A Roseway Equivalent (14230.4m) after Henry & Guidotti 1985)

A Roseway Equivalent (1577.33m) 1. Li-rich pegmatite, aplite

A Roseway Equivalent (1650.48m) 2. Li-poor granite

@ Mohawk Fm (1743.45m) 3. Fe-rich qz-tourmaline rock

& Mohawk Fm (1787.64m) 4. Metapelite, -psammite with Al saturating phase

< Mohawk Fm (1892.8m) 5. Metapelite, -psammite lacking Al saturating phase

@ Mohawk Fm (1932.43m) 6. Metapelite, calc-silicate rock, or type 3

© Mohawk Fm (1993.41m) {73 Meta-ultramafic rock; Cr, V-rich metasedimentary rock
9
1

; ca Colour legend

< Roseway Equivalent (2685.28m) Each distinct colour indicat _ Heh "
. Abenaki Fm (347472m) MaOChaWIE IBn-(é3C((;)AC))Ur Inaicates a unique otishore wei
O Iroquois Fm (3852.67m) Mohican 1-100 (B)

+ Shortland Shale Fm (3635m) Shelburne G-29 (C)

All data (D)
Fe* Mg
(A) Ca (B) Ca

Fe™ Mg Fe” Mg

Fig.4.22: Chemical variations in tourmaline based on Ca - Mg - Fe'.

Chinampas O-37

No detrital tourmaline has been identified in the samples from this well.

Mohawk B-93
Only 2 of the 4 types interpreted by Pe-Piper et al. (2009) have been distinguished
in samples from Mohawk B-93, which are type 1 and type 4 (Fig.4.23 A). The overall

dominant tourmaline type is 4 and its presence can be observed in samples collected
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from Roseway Equivalent Formation, with 32 grains counted in Lower Cretaceous, as
well as in samples from Mohawk Formation with 38 grains in Upper Jurassic and 35
grains in Middle Jurassic. On the other hand type 1 is restricted, with only 1 sample
(1650.48m in depth) (out of 3 samples in total) from Roseway Equivalent Formation
that has 2 grains in Lower Cretaceous, 3 samples (out of 6 samples in total) from
Mohawk Formation, where 1 sample (1892.8m in depth) has 2 grains in the Upper
Jurassic and 2 separate samples have 2 grains (1932.43m in depth) and 1 grain

(1993.41m in depth) in the Middle Jurassic.
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KEY TO FIELDS (Kassoli-Fournaraki & Michailidis 1994, | | Colour legend
after Henry & Guidotti 1985) Each distinct colour indicates a unique offshore well
1. Li-rich pegmatite, aplite Mohawk B-93 (A)
2. Li-poor granite Mohican 1-100 (B)
3. Fe-rich gqz-tourmaline rock Shelburne G-29 (C)
4. Metapelite, -psammite with Al saturating phase All data (D)

5. Metapelite, -psammite lacking Al saturating phase

6. Metapelite, calc-silicate rock, or type 3

7. Meta-ultramafic rock; Cr, V-rich metasedimentary rock

8. Metacarbonate and metapyroxenite

9. Ca-rich metapelite

10. Ca-poor metapelite, -psammite, or type 3

Al

¢ 2+ N ¢ 2+
Fe Type-2 Mg Fe Type-2 Mg

Fig.4.23: Chemical variations in tourmaline based on Al - Mg - Fe” showing discrimination of
different types of tourmaline. For symbols representing different formations within same well and
sample depths see Fig.4.22. The type numbers are from Pe-Piper et al. 2009.
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Mohican 1-100

Only 3 types of tourmaline have been identified in Mohican 1-100, type 1, type 3
and type 4 (Fig.4.23 B). Type 4 is the most abundant type and is found in all formations
sampled, 3 grains in Logan Canyon, 7 grains in Upper Missisauga Formation (Lower
Cretaceous), 6 grains in Middle Missisauga Formation (Lower Cretaceous), 15 grains in
Roseway Equivalent Formation (Upper Jurassic-Lower Cretaceous), 14 grains in
Abenaki Formation (Middle Jurassic) and 32 grains in Iroquois Formation (Middle
Jurassic). Type 1 is sub-ordinate to type 4 with a total of 10 grains counted from 4
formations: 1 grain is from Upper Missisauga, 3 grains are from Roseway Equivalent, 1
grain from Abenaki Formation (Middle Jurassic) and 5 grains from Iroquois Formation
(Middle Jurassic). Type 3 is restricted and represented only by 4 grains, 2 from Middle

Missisauga, 1 from Abenaki and 1 from Iroquaois.

Shelburne G-29

Shortland Shale (Lower Cretaceous) is the only formation sampled in Shelburne
G-29 for detrital heavy mineral separation. Although the total number of detrital heavy
grains identified, 75, is low, tourmaline is abundant with 12 grains. Two types of
tourmaline have been identified, type 4 and type 1, each represented by 4 grains,
(Fig.4.23 C). Type 4 and type 1 show a linear correlation with chemical variation in

Fe*? and Mg.

Summary

1. Tourmaline is the second most common detrital heavy mineral identified, after
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ilmenite

2. A total of 209 tourmaline grains were counted, 112 in Mohawk B-93, 89 in
Mohican 1-100, 8 in Shelburne G-29

3. Type 4 tourmaline is a main component when found in formations sampled, type 1
is common in all three wells, whereas type 3 is rare and restricted only in Mohican I-

100 (Middle Missisauga, Abenaki and Iroquois formations)

4.3.2.2 Intermediate stability group detrital minerals
4.3.2.2.1 Garnet

Together with tourmaline, garnet represents one of the most used detrital minerals
in assessing potential sources for sediments because is relatively insensitive to change
in the chemical composition during transportation as well as during and after deposition
(Deer et al., 1982; Arai, 1992). It also has distinctive chemical composition for different
varieties. Although garnet has been frequently used as provenance indicator, two
disadvantages limit its effectiveness: i) because of its relative stability, garnet may be of
second cycle and thus it is hard to discriminate first cycle from second cycle sources; ii)
with increase in depth, different types of garnet tend to become more corroded and
eventually dissolve completely.

To classify the garnets analyzed, we compared our analyses with such analyses
collected from the literature from known sources in Appalachian and Grenville bedrock
(Pe-Piper et al., 2009). Garnet analyses collected from the literature are available for
the following potential onshore sources: Meguma Terrane granites and Meguma

Supergroup metasediments, the Clark Head orthogneiss and the Avalonian plutons in
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SE Cobequid Highlands of the Avalon terrane and the Grenville Province that includes

the Grenville metagabbro and the Grenville

Alm
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Meguma Group, Beaverbank (Feetham, 1995)
Meguma Group, Naskapi N-30 (Pe-Piper, unpublished)
Meguma Group, Halfway Cove (Ham, 1988)

Meguma Group, Rawdon (Haysom, 1994)
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anorthosite-charnockite suite (Fig.4.24a).
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South Mountain Batholith (Allan and Clarke, 1981)
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New Cornwall granite (Pe-Piper and Ingram, 2001)
Wedgeport pluton (Pe-Piper, unpublished)
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Avalonian plutons, SE Cobequid Highlands (Meagher, 1994)
Clark Head orthogneiss (Pe-Piper, unpublished)

Chaswood Formation

Brierly Brook

Elmsvale Basin

KEY TO FIELDS
Type 1A: almandine with almost no grossular substitution

Type 3: almandine with prominent grossular substitutions

Type 1B: almandine with significant grossular and pyrope substitution
Type 2: almandine with prominent spessartine and grossular substitutions

Type 4: almandine with prominent spessartine substitutions
Type 5: spessartine with prominent almandine substitutions

Fig.4.24a: Chemical variation in garnets from known sources in Appalachian and Grenville bedrock,
modified from Pe-Piper et al. (2009). Data for Chaswood Formation from Pe-Piper et al. 2005.
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Two ternary diagrams have been used for classification of garnets analyzed in this
study: almandine-grossular-pyrope (with spessartine <10%) and almandine-grossular-
spessartine (with pyrope <10%). Based on the chemical variations that garnet shows, 5
types have been discriminated according to Pe-Piper et al. (2009): types 1, 2, 3, 4 and 5.
Depending on the conditions under which garnets in field 1 have been crystallized, such
as pressure (P) and temperature (T), type 1 can be divided in two sub-categories which
are type 1A and type 1B. Type 1A is characteristic of garnets that show no grossular
substitution and significant almandine-pyrope substitution. On the other hand type 1B
is typical of substitution between all three end-members almandine-grossular-pyrope,
with significant substitution of almandine and prominent substitution of grossular and
pyrope. Regarding other types, almandine with prominent spessartine and grossular
substitutions are typical of type 2, almandine with prominent grossular substitutions
typical of type 3, almandine with prominent spessartine substitutions typical of type 4

and spessartine with prominent almandine substitutions typical of type 5.

Chinampas O-37

Only one cutting sample from Scots Bay Formation (Lower Jurassic) has been
obtained for heavy mineral separation. Garnet is one of the few detrital minerals found
in this well along with biotite and chlorite. However, data are limited with two grains to
have been identified from the total of 3763 grains analyzed and counted; one grain was
plotted as 100% pyrope onto the almandine-grossular-pyrope ternary diagram
(Fig.4.24b C), and the other represents garnet of type 5 projected on the almandine-

grossular-spessartine diagram (Fig.4.24c C). Type 5 garnet from this well shows similar
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chemical composition to type 5 garnet from the Meguma Supergroup metasediments

(Beaverbank).
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Colour legend
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Fig.4.24b: Chemical variation in garnet projected onto Almandine - Grossular - Pyrope ternary
plane, for garnet with <10% Spessartine.
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Mohawk B-93

Garnet is the fourth most abundant detrital heavy mineral in this well after
ilmenite, tourmaline and zircon. Both Roseway Equivalent Formation (Upper Jurassic-
Lower Cretaceous) and Mohawk Formation (Upper and Middle Jurassic) sandstones
have been studied for chemical variations in garnet. Garnet has been identified in both
formations, but one sample from Upper Jurassic strata in Mohawk Formation at a depth
of 1787.64 m lacks garnet. The absence of garnet can not be related to dissolution with
increase in depth because samples obtained from greater depths contain garnet. In
addition, the modal abundance of garnet shows an increase with depth.

From the total number of analyzed garnets (19 grains) in the whole well, only 6
grains, from same formation (Mohawk) with same age (Middle Jurassic), have the
criteria to be plotted onto the almandine-grossular-spessartine ternary diagram as type
1A (4 grains) and type 1B (2 grains) (Fig.4.24b A). The remaining 13 grains were
plotted onto the almandine-grossular-spessartine diagram as type 2, type 4 and type 5
(Fig.4.24c A). Type 4 is the most abundant type with 8 grains in total; 2 grains from
Upper Missisauga Formation (Lower Cretaceous), 2 grains from Mohawk Formation
(Upper Jurassic) and 4 grains from Mohawk Formation (Middle Jurassic). Two grains
from Mohawk Formation (Upper Jurassic) and 1 grain from Mohawk Formation
(Middle Jurassic) represent type 5. Two grains from Middle Jurassic sample (1993.41
m in depth) in Mohawk Formation are of type 2.

The Lower Cretaceous succession (Roseway Equivalent) has type 4 garnets with
chemical composition that is similar to those analyzed from Naskapi N-30 offshore

well (Upper Missisauga Lower Cretaceous) and Halfway Cove of the Meguma
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Supergroup metasediments. Garnets in Upper Jurassic Mohawk Formation are typical
of type 4 and 5 and similar to those from the Meguma Supergroup metasediments
(Halfway Cove). Middle Jurassic Mohawk Formation comprises all 5 types of garnet
identified in this well, type 1A, type 1B, type 2, type 4 and type 5 with chemical
composition similar to those from the Meguma Terrane (Meguma Terrane granites and

Meguma Supergroup metasediments) and the Grenville Province.
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Fig.4.24c: Chemical variation in garnet projected onto Almandine - Grossular - Spessartine ternary
plane, for garnet with <10% Pyrope. 123



Mohican 1-100

All Lower Cretaceous formations, that include Logan Canyon, Upper Missisauga
and Middle Missisauga, Upper Jurassic-Lower Cretaceous Formation Roseway
Equivalent and Middle Jurassic formations, Abenaki and Iroquois, have been sampled
and studied for detrital heavy minerals used in assessing potential sources for
sediments. Garnet is a common detrital heavy mineral in samples obtained from this
well with 21 grains counted in total. Upper Missisauga and Iroquois formations have
the highest number of garnet, with 9 and 8 grains respectively. On the other hand
Roseway Equivalent Formation is restricted to only 2 grains, whereas both Abenaki and
Middle Missisauga formations have just 1.

Upper Missisauga Formation, when compared to other formations sampled in this
well, is the only one with garnet analyses that plot onto the discrimination diagram in
figure 4.24b, representing garnet with spessartine< 10% in its chemical composition.
Three grains from Lower Cretaceous Upper Missisauga Formation are typical of type
1B (Fig.4.24b B). The remaining 6 plot onto the discrimination diagram that represents
garnet with <10% pyrope as type 4 (3 grains), type 2 (2 grains) and type 5 (1 grain).
Middle Jurassic Iroquois Formation is abundant in garnet of type 4 with 7 grains and
rare in type 2 with only 1 grain present. Garnet analyses (2 in total) from Roseway
Equivalent Formation (Upper Jurassic-Lower Cretaceous) are exclusively of type 5
(Fig.4.24c B).In contrast, Middle Jurassic Abenaki Formation is depleted in garnet with
1 grain that plots as type 4.

Compared with analyses collected from the literature (Fig.4.24a), Lower

Cretaceous Upper Missisauga Formation has similar garnets as those from both the
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Meguma Supergroup metasediments (Beaverbank and Naskapi N-30) and the Grenville
Province. The Upper Jurassic-Lower Cretaceous Roseway Equivalent Formation, when
compared to Lower Cretaceous formations, has garnets similar only to those from the
Meguma Supergroup metasediments (Beaverbank and Rawdon), as is the case for

Middle Jurassic Abenaki and Iroquois formations.

Shelburne G-29
No detrital garnet has been found in this well. The lack of garnet can be assessed
to the fact that the sample collected was obtained from a depth of 3635 m; hence most

of the garnet might have been completely dissolved as a result of garnet dissolution.

Summary

1.  Garnet is an abundant detrital mineral in Mohawk B-93 (23 grains in total),
Mohican 1-100 (21 grains in total), rare in Chinampas O-37 (2 grains in total) and
absent from Shelburne G-29

2. Ten garnet grains (6 from Mohawk B-93, 3 from Mohican 1-100 and 1 from
Chinampas O-37) from total 46 have chemical composition with spessartine< 10%

3. The most abundant type present is type 4 (almandine with prominent spessartine
substitution) (11 grains); type 1A (almandine with almost no grossular substitution) and
typelB (almandine with significant grossular and pyrope substitution) are rare (4 grains
and 5 grains), type 2 (almandine with prominent spessartine and grossular substitutions)
and type 5 (spessartine with prominent almandine substitution) are almost absent and

share the same number of grains (3)
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4.  Type 1A is restricted only in Mohawk B-93 (Mohawk Formation/Middle Jurassic)
5. Type 1B is present only in Mohawk B-93 (Mohawk Formation/Middle Jurassic)
and Mohican 1-100 (Middle Missisauga Formation)

6. Type 4 and 5 garnet have similar chemical composition to garnets from Meguma
Supergroup metasediments and Meguma Terrane granites

7. Type 1A garnet resembles most that at Meguma Terrane granites whereas type 1B

and type 2 are similar to those from the Grenville Province

4.3.2.3 Light group detrital minerals (S.G. < 2.9 g/cm®)
4.3.2.3.1 Feldspar

Feldspar is a common detrital mineral in the heavy mineral separates for the studied
wells regardless its specific gravity ~2.6g/cm?®. The abundance in detrital feldspar in
Mohican 1-100 well is confirmed in the conventional cores analyzed. Petrographic
analyses showed that after quartz, feldspar is the most common detrital mineral present
in polished thin sections of conventional cores.

Feldspars provide important information in terms of petrology and geochemistry of
the potential source rocks. Alkali feldspars, for example, commonly exhibit optical or
sub-optical intergrowths of albite and K-feldspar (perthite), which have morphologies
and crystallographic characteristics that are distinctive of the igneous or metamorphic
environment in which they grew. Beyond chemical composition, microtextures can also
be used as a provenance indicator for clastic sediments. However, the effectiveness of
the detrital feldspars as source indicators may be limited by their sensitivity to chemical

and mechanical changes during both transport and burial. Previous research has shown
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that the amount of detrital feldspar tends to decrease systematically with burial depth
(Wilkinson and Haszeldine, 1996; Wilkinson et al., 1997, Pe-Piper and Yang, 2014).
Due to lack of organized data from the literature regarding chemistry of feldspar
from known rock sources no comparison diagrams were made. For classification of
feldspar we used ternary plots showing chemical variations based on K-Na-Ca

composition.

Chinampas O-37

Only 3 grains, from Scots Bay Formation (Lower Jurassic) were identified from the

total of 3763 grains analyzed. All 3 grains identified are K-feldspar (Fig.4.25).
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Fig.4.25: Ternary plots showing chemical variations of feldspars based on K-Na-Ca composition.



Mohawk B-93

A total of 26 grains of detrital feldspars were counted in the Middle Jurassic to
Lower Cretaceous samples. Five samples were from the Roseway Equivalent
Formation and 21 from Mohawk Formation. Seven grains, 2 from Roseway Equivalent
Formation, 4 from Upper Jurassic strata and 1 from Middle Jurassic strata in Mohawk
Formation, are K-feldspar and have chemical composition with K>90% (Fig.4.25).
Exception is only 1 grain from Roseway Equivalent Formation, with K~85%. The
remaining 14 grains, 2 from Roseway Equivalent Formation, 8 from Upper Jurassic
strata in Mohawk Formation and 8 from Middle Jurassic strata in Mohawk Formation

are 100% albite.

Mohican 1-100

K-feldspar and albite are the only feldspars identified in cutting samples from
Mohican 1-100 (Logan Canyon, Upper and Middle Missisauga, Roseway-Equivalent,
Abenaki and Iroquois formations). Both K-feldspar and albite are common in this well,
present within almost each formation sampled. Exceptions are 1 sample from Roseway-
Equivalent Formation at 2685.28 m depth and 1 sample from Iroquois Formation at
3852.67 m depth where no feldspar was identified.

Polished thin sections of rock slabs from conventional cores have shown that K-
feldspar and albite (counted together) are the second most abundant detrital minerals,
after quartz, in sedimentary rocks, especially in Middle Jurassic strata. In addition,
compared to cutting samples, perthite was identified and is sub-ordinate to K-feldspar

and albite.
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A total of 42 feldspar grains were counted in heavy mineral separates: 24 from
Lower Cretaceous sandstones (18 grains in Logan Canyon Formation, 4 grains in Upper
Missisauga Formation and 2 grains in Middle Missisauga Formation), 6 grains from
Upper Jurassic-Lower Cretaceous sandstones (Roseway Equivalent Formation) and 12
grains from Middle Jurassic sandstones (5 grains in Abenaki Formation and 7 grains in
Iroquois Formation). From the total number of feldspar counted in this well, 23 grains
from Lower Cretaceous sandstones (16 from Logan Canyon Formation, 1 from Upper
Missisauga Formation and 6 from Middle Missisauga Formation), 2 grains from Upper
Jurassic sandstones (Roseway Equivalent Formation) and 6 grains from Middle Jurassic
sandstones (Abenaki Formation and Iroquois Formation) are K-feldspar (Fig.4.25). On
the other hand the remaining 11 grains, 7 from Lower Cretaceous formations (2 from
Logan Canyon, 4 from Upper and 1 from Middle Missisauga), 3 from Upper Jurassic-
Lower Cretaceous Formation (Roseway Equivalent) and 1 from Middle Jurassic

formations (Iroquois) are albite.

Shelburne G-29
Only two grains, one K-feldspar and one albite have been identified in Lower

Cretaceous Shortland Shale Formation in Shelburne G-29 (Fig.4.25).

Summary
Important observations from figure 5.4, on feldspars from heavy mineral separates
together with interpretations made on polished thin sections of conventional cores are

summarized as follows:
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1.  K-feldspar and albite are the only end-members from the feldspar mineral group
identified in mineral separates; perthite was identified only in polished thin sections of
conventional cores

2.  End-members of the feldspar mineral group are common in heavy mineral
separates in Mohawk B-93 (26 grains in total), Mohican 1-100 (42 grains) and almost
absent from Chinampas O-37 (3 grains) and Shelburne G-29 (2 grains)

3. Polished thin sections of conventional cores from Mohican 1-100 show and
confirm that feldspar is common

4.  K-feldspar is more abundant (45 grains) compared to albite (28 grains) in cutting
samples

5. Lower Cretaceous Logan Canyon Formation (Mohican 1-100) has the highest
number of feldspar counted in mineral separates with a total of 18 grains (16 are K-
feldspar and 2 are albite) whereas Shortland Shale Formation (Mohican 1-100) has only

two

4.3.2.3.2 Muscovite

Muscovite is absent from the polished thin sections of the heavy mineral fraction of
Chinampas O-37, Mohican 1-100 and Shelburne G-29. Muscovite analyses were
obtained only from grains analyzed in Mohawk B-93; thus the number of detrital
muscovite grains analyzed from the wells studied is low (only 10 in total). The paucity
of muscovite can be related to two facts: i) during diagenetic alteration it changes into
hydromuscovite, illite and/or kaolinite which usually develop along its cleavage planes

making it thus difficult to obtain good quality chemical analyses, ii) is considered a
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light detrital mineral and as a result is has been removed from cutting samples during
heavy mineral separation. Due to limited data obtained during chemical analysis of
muscovite from heavy mineral separates, chemical analyses of detrital muscovite from
polished thin section of conventional cores at Mohican 1-100 and Moheida P-15 have
been used.

For interpretation of data collected during EDS analyses we used analyses from
known sources in the literature such as the Lower Cretaceous Chaswood Formation at
Vinegar Hill (New Brunswick) and EImsvale Basin (Nova Scotia), the Lower
Cretaceous formations (Logan Canyon, Upper and Middle Missisauga) at Naskapi N-30
and Venture field (Lower Missisauga Formation) as well as the Meguma Supergroup
metasedimentary rocks and the Meguma Terrane granites (Fig.4.26).

The purpose was first to distinguish igneous from metamorphic muscovite and
second to assess potential sources for the studied sediments based on variations in
muscovite chemical composition.The total Al and total K (expressed as atomic formula
units [a.f.u.] calculated on the basis of Si= 8) can be used to distinguish metamorphic
from igneous muscovite (Fig.4.26). The field for metamorphic muscovite has a range in
K [a.f.u] from 1.1 to 1.6, whereas K [a.f.u.] for igneous muscovite has a range from 1.6

to 2.0 (Reynolds et al., 2010).

132



6.0———r—— 6.0 ——
¢ e e RS ...;, \
\ ~~ 1
—~55F St ol N ~55P ‘c‘: ) .&&
=. i AN ® ® M n N\ o 6 ] =. \ s ’0 o %o
I|—_ S~ // o - .\ “- o ~
G 50 ~ . R © 50F
>~ | metasedimentary i | >~ | metasedlmentary H
— 'l 9 — ‘ .\
< 45t '\jgneou\ﬁ <Last \jgneous|
4.0 - 40 E
- (A) F (B)
3.5 — L 3.5 — :
1.0 1.5 2.0 1.0 1.5 2.0
K (a.f.u.) K (a.f.u.)
6.0 ~TIr- Ax 6.0 R —
L A A :—x\\A A - ——-A-.\' 3 _—\\\\ < s =
1 M N ALA ~ 1 S~ xS ~.
AP ) AL -
—_ 55F \\ ‘ * “ > I:\‘ AA .\/- —_ 5.5p ‘\\ ¢ O% g\ggd%o © '\;-
=' N A A 7 A\. ! =' \ .7 OQng K
. i AN A v A ! . i AN 0.7 IR R ]
Y 5.0 \\\\ JRe A \ v Y 500 \\\\ bl 0804 v
e a----~ L W & 5 v Y
2 ! s ! b : A ! L
< 451 \ q < 45+ . L
3 \ - \ -
V\. - \ -
40 TS 40+ T
(C) - (D)
3.5 A 3.5 — L
1.0 1.5 2.0 1.0 1.5 2.0
K (a.f.u.) K (a.f.u.)

Symbol legend (cuttings)
A Roseway Equivalent (1423.4m)
€ Mohawk Fm (1743.45m)
& Mohawk Fm (1787.64m)
@® Mohawk Fm (1932.43m)
O Mohawk Fm (2058.92m)
Symbol legend (core)
O Roseway Equivalent
Iroquois Formation
® Iroquois Formation

Symbol legend (comparison)
Meguma Terrane granites
M Type 1
@ Type 2
Type 3
® Type 4
® Meguma Group metasediments
» Vinegar Hill
A Elmsdale Basin
< Naskapi N-30
O Venture field

Colour legend for well
Mohawk B-93 (cuttings)

Moheida P-15 (core)

Fig.4.26: Potential source rock for muscovite from studied wells (A). (B) Meguma Terrane
granites (igneous rocks), which comprise, type 1=South Mountain Batholith, type 2=Port Mouton,
type 3=Eastern Meguma plutons (primary muscovite), type 4=Eastern Meguma plutons
(secondary plutons) and Meguma Supergroup metasedimentary rocks. The igneous and
metasedimentary fields for the Meguma terrane rocks (igneous and metamorphic) are from
Reynolds et al. (2010) C) Lower Cretaceous Formation at Vinegar Hill and Elmsvale Basin (data
taken from Pe-Piper et al. 2004a; 2004b; Pe-Piper and Piper, 2007) D) Previous dated offshore
Cretaceous muscovites Naskapi N-30, Venture field (data taken from Reynolds et al. (2009).
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Chinampas O-37

No muscovite was found in samples from this well.

Mohawk B-93

From the total of 10 detrital muscovite analyses obtained from heavy mineral
separates, 4 plotted in the metamorphic field, 4 in the igneous field and 2 do not belong
to either category. Mohawk B-93 has muscovite in both formations that were studied
and sampled, Roseway Equivalent (Lower Cretaceous) and Mohawk (Upper Jurassic
and Middle Jurassic). Muscovite in Roseway Equivalent Formation is 100% igneous
and is represented by only 1 grain. On the other hand Mohawk Formation has both
metamorphic (2 grains in Upper Jurassic and 2 grains in Middle Jurassic) and igneous
muscovite (3 grains in Middle Jurassic).

Consideration of observations made from the discrimination diagram in figure 4.26,
shows that 1 muscovite from Roseway Equivalent Formation (Lower Cretaceous) and 3
from Mohawk Formation (Middle Jurassic) have a similar composition as muscovite
from both the Meguma Terrane granites (South Mountain Batholith) and the Lower
Cretaceous formations at Naskapi N-30. Al'-Fe?*-Mg ternary plot (Fig.4.27) shows that
muscovite from Mohawk Formation (Upper Jurassic and Middle Jurassic) tend to be

depleted in Mg and enriched in Fe?*.
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Fe* Mg

Symbol legend
A Roseway Equivalent (1423.4m)
€ Mohawk Fm (1743.45m)
Colour legend for well 9 Mohawk Fm (1787.64m)
Mohawk B-93 @® Mohawk Fm (1932.43m)
O Mohawk Fm (2058.92m)
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M Type 1
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® Meguma Group metasedimentary rocks|

Fig.4.27: Al'-Fe-Mg ternary plot of muscovite from studied wells in comparison with muscovite
from Meguma terrane. A) Mohawk B-93 offshore well, B) Meguma Terrane granites (igneous
rocks), which comprise type 1=South Mountain Batholith, type 2=Port Mouton, type 3=Eastern
Meguma plutons (primary muscovite), type 4=Eastern Meguma plutons (secondary plutons), C)
Meguma Group metasedimentary rocks, D) comparison of data from Mohawk B-93 with data

from Meguma terrane rocks.
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Mohican 1-100

Polished thin sections at Mohican 1-100 were made from core slabs representing the
Roseway Equivalent, the Mohican and the Iroquois ormations. Muscovite analyses are
available only for Roseway Equivalent and Iroquois formations. Almost all analyses
(15) plot in the field that represents metamorphic muscovite as is the case for
metasedimentary rocks of the Meguma terrane and the sedimentary rocks at ElImsvale
Basin and Venture field (Fig.4.26). Exceptions are 2 analyses that plot outside the
boundaries of the field.

All muscovite chemical analyses for this well were obtained from framework grains
that are principal components of sedimentary rocks. However, detrital muscovite was
also identified as inclusions in both detrital quartz and detrital ilmenite. The accurate
chemical composition for muscovite inclusions was not determined, because

contamination occurred during EDS analyses as a result of their small size.

Moheida P-15

Three formations, Roseway Equivalent, Abenaki and Iroquois were sampled for
polished thin sections. Iroquois is the only formation to have chemical analyses of
detrital muscovite. In total 4 grains were identified as muscovite. All analyses (4) plot

in the field that represents muscovite of metamorphic origin (Fig.4.26).

Shelburne G-29

No muscovite was found in samples from this well.
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Summary

1.  Detrital muscovite in mineral separates from Mohawk B-93 is almost absent;
muscovite analyses are abundant in polished thin sections of rock slabs at Mohican I-
100 and rare at Moheida P-15

2. Analyses from Mohican 1-100 and Moheida P-15 represent only metamorphic
muscovite

3. Muscovite at Mohawk B-93 is both metamorphic and igneous

4.  Chemical analyses of muscovite from polished thin sections are similar to those
from the Meguma Supergroup metasediments and those at Venture field and Chaswood
Formation at EImsvale Basin

5. Chemical analyses of muscovite from heavy mineral separates are similar to those

from both the Meguma Supergroup metasediments and Meguma Terrane granites

4.3.2.3.3 Biotite

Available organized data in the literature regarding biotite chemistry from potential
rock sources around the Scotian Basin are restricted. Biotite data in this study were
compared with analyses from one onshore potential source, the Port Mouton Pluton of
the Meguma Terrane granites as well as with biotite analyses from Lower Cretaceous
formations at Naskapi N-30 (Fig.4.28). The interpretation was made in terms of
chemical variations in biotite based on TiO, vs Al,Ozand A" vs Fe/(Fe+Mg)
discrimination diagram (Fig.4.29). Data in figure 4.30E from Fleet (2003) was used for
interpretation of chemical variations in biotite regarding potential rock type sources

(metamorphic, igneous and peraluminous igneous rocks). For further discrimination of
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igneous biotite, the MgO-FeO-Al,O5 ternary plot was used showing potential rock

sources such as alkali, calcalkali and peraluminous igneous rocks (Fig.4.31).
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Fig.4.28: Biotite analyses from the Port Mouton Pluton (A,B,C) (Douma, 1988) and Naskapi N-30
(D,E,F) (Pe-Piper et al., 2009), A)&D) Chemical variations in biotite and phlogopite based on Al"
vs Fe/(FetMg), nomenclature from Deer et al. (1992), B)&E) Chemical variations in biotite
showing potential rock type sources for biotite, the data for the distinctive fields (igneous,

metamorphic and peraluminous) are from Fleet (2003), C)&F) Chemical variations in biotite
based on MgO wt% vs FeO/(FeO+MgO).
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Fig.4.29: Chemical variations in biotite and phlogopite based on Al" vs Fe/(Fe+Mg).
Nomenclature from Deer et al. (1992).

139



\ (B) ]
\
6l - -
IGNEOUS ~ \
X N,
= °
3 4l N PERALUMINOUS
(o) N | GRANITE
- ~._° /97 T¥ e
Smige e y
oL / 14
] Jd-
\ A 1
S~ -
0 . METAMORPHIC
10 14 18 22
Al,O, wt%
8 : : :
\ (D)
\
o 6 IGNEOUS ~ \ 7
g X 3
¢ \
2 4l N SN . BERALUMINOUS
o N A a ! X _ GRANITE
= SRS 1A
LY 4 O Y
o x oY
2 | )z( .’
\ Xe%®
~~_° X
0 . METAMORPHIC
10 14 18 22
Al,O,wt%

Colour legend

Each distinct colour indicates a unique offshore well

Chinampas O-37 (A)

Mohawk B-93 (B)

Mohican [-100 (C)

All data (D)

Rock type source for biotite (E)

Symbol legend

Scots Bay Fm

Mohawk Fm (1743.45m)
Mohawk Fm (1787.64m)
Mohawk Fm (1892.8m)
Mohawk Fm (1932.43m)
Mohawk Fm (2058.92m)

8 T T T T
\ (A)
\
6 IGNEOUS ~ \, ]
X 3
b
3 al N X PERALUMINOUS
o N I'x _  GRANITE
= N, AR
= Se. ,‘/X;(,x v
2t RS
X X
\ ]
S~ ‘& J
0 . METAMORPHIC
10 14 18 22
Al,O, wt%
8 : : ,
\ (C)
\
. 6 IGNEOUS ~ \ ]
> .
246 NI - BERALUMINOUS
(o} N A a ! GRANITE
= ~. ANV Y
~. a7 \
~— e - o 1 1
oL ’ ) ; 1
| i
\ 0%0 ]
~ ~— - / -
0 . METAMORPHIC
10 14 18 22
AlLL,O, wt%
8 : : :
*, (E) |
\
2 6 IGNEOUS ~ \ T
o
E ® ¢
~ 4L “ve® ° PERALUMINOUS
o RN | GRANITE
- ‘N e e
. ® 7/ P X
~.. @ ", ‘\- H
2 H @ lgneous /g A‘ “i.':_
@ Peraluminous granite 4 A%a 4
|| © Hydrothermal \\“ at!
A Metamorphic ==/
0 ) . METAMORPHIC ©
10 14 18 22
AlL,O, wt%

Logan Canyon Fm (1798.32m)
M-Missisauga Fm (2389.63m)
Roseway Equivalent (2685.28m)

oo>P OGO e eX

Iroquois Fm (3852.67m)
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Colour legend

Each distinct colour indicates a unique offshore well
Chinampas 0O-37

Mohawk B-93

Mohican 1-100

Symbol legend

X Scots Bay Fm (O-37)
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Fig.4.31: Fields showing chemical discrimination of igneous biotite based on data taken from
Abdel Rahmen (1994); A=alkali, C=calcalkali, P=peraluminous.

Chinampas O-37

Most of the analyses from Scots Bay Formation are biotite and only two analyses
have chemical composition biotite/phlogopite (Fig.4.29 A). Biotite from Chinampas O-
37 is mostly of metamorphic origin (13 grains from 18 in total) and only 1 grain is of
igneous origin (Fig.4.30 A). Four grains were plotted in the gap between the fields that
represent igneous and metamorphic biotite. The igneous biotite plots on the boundary
between calcalkali and peraluminous sources (Fig.4.31). The analyzed biotites show a
linear correlation between MgO and FeO/(FeO+MgO) (Fig.4.32). Biotite at both Port

Mouton Pluton and Naskapi N-30 has different chemical composition to biotite from

this well (Fig.4.28).
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Fig.4.32: Chemical variations in biotite based on MgO wt% vs FeO/(FeO+MgO).
Mohawk B-93

Two formations, Roseway Equivalent and Mohawk, have been sampled and
analyzed for detrital biotite. No detrital biotite has been identified in any of the samples

collected from Roseway Equivalent Formation. On the other hand, detrital biotite was
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found in samples from Mohawk Formation at different depths representing different
ages. The majority of biotite (8 grains from 10) is from the Upper Jurassic samples of
Mohawk Formation and it is of metamorphic origin (6 of 8) (Fig.4.30 B). The
remaining two grains are of igneous origin. Two biotite grains have also been identified
in Middle Jurassic sandstones (Mohawk Formation) and plot in the space between the
igneous and metamorphic fields. From the igneous biotite of the Mohawk Formation
(Upper Jurassic), one analysis plots onto the boundary between calcalkali and
peraluminous rock discrimination diagram and one plot onto the field that represents
100% biotite from peraluminous rocks (Fig.4.31). Biotite at Port Mouton Pluton and
Naskapi N-30 show different chemical differentiation composition to biotite from this

well (Fig.4.28).

Mohican 1-100

No biotite was identified in samples from Upper Missisauga and Abenaki
formations. Biotite is abundant in Iroquois Formation, 11 grains from the total of 19
analyzed in the well. Logan Canyon and Middle Missisauga formations share the same
number of grains, 3, whereas Roseway Equivalent Formation has only 1 grain. One
grain from Iroquois Formation does not belong to any of the biotite fields created in
figure 4.30 for biotite discrimination.

From the binary discrimination plot in figure 4.30 C, it can be observed that biotite
in the Iroquois Formation has an origin from both metamorphic (9 grains) and igneous
rocks (2 grains). Biotite from Lower Cretaceous sandstones is 100% of igneous origin

with 3 grains in each of the Logan Canyon and Middle Missisauga formations. The
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igneous biotite in Mohican 1-100 can be alkali, calcalkali and peraluminous (Fig.4.31).
No correlation was made between biotite at Mohican and that from Naskapi N-30 and

Port Mouton Pluton.

Shelburne G-29

No biotite was identified in Shelburne G-29 well.

Summary

1.  Biotite has been identified in 3 of the 4 wells studied: 2 of the wells are from the
SW Scotian Basin (Mohawk B-93 and Mohican 1-100) and 1 from Fundy Basin
(Chinampas O-37); no biotite was identified in Shelburne G-29 (SW Scotian Basin)
2. Overall in all the wells studied the most abundant biotite type is of metamorphic
origin

3. Biotite of igneous origin is present in Mohawk B-93, 2 grains in Mohawk
Formation (Upper Jurassic) and Mohican 1-100, 6 grains in Lower Cretaceous strata (3
in Logan Canyon Formation and 3 grains in Middle Missisauga Formation) and 2
grains in Middle Jurassic sandstones (Iroquois Formation)

4.  Both the Port Mouton Pluton and the Naskapi N-30 offshore well have biotite

with different chemical composition compared to biotite found in the studied wells

4.3.2.3.4 Chlorite
The chemistry of chlorite from Chinampas O-37, Mohawk B-93, Mohican 1-100

and Shelburne G-29 offshore wells, has been studied using EDS analyses. Chlorite is a
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mineral that can form under a wide range of pressure and temperature; hence it is
difficult to distinguish detrital from diagenetic chlorite. The purpose of determining
chemical composition of chlorite was to try to discriminate chemically detrital from
diagenetic chlorite. Detrital chlorite occurs in metamorphic rocks and hydrothermal
rocks. Diagenetic chlorite may originate through alteration of mafic minerals
(pyroxene, amphibole, biotite etc.) in igneous rocks or through diagenesis in
sedimentary rocks. Data from studied wells was compiled using only good chlorite
analyses (those not containing more than 1 wt% of CaO, TiO2z, K20 or Na20). For the
discrimination between diagenetic and detrital chlorite we used a series of suitable
diagrams as demonstrated by Pe-Piper and Weir-Murphy (2008) and Sedge (2015).

Data from the literature regarding chlorite analyses from onshore potential sources
is restricted. Chlorite chemistry from the wells studied were compared only with
chlorite from the Meguma Supergroup metasediments (personal communication with
Dr. Chris White) and from the Venture field of the Scotian Basin (Gould, 2007). A total
of four distinctive chlorite types have been discriminated by Gould (2007) which are:
type 1= chlorite rims, type 2= from expanded mica, type 3= pore filling and type 4=
grain replacement. The MgO vs. SiO, (Fig.4.33) and the FeOYMg vs SiO, (Fig.4.34)
were used first for discrimination of metamorphic and diagenetic chlorite based on
weight percent of SiO; in the chemical composition. Chlorite with chemical
composition >30 wt% SiO; is characterized as diagenetic, whereas chlorite with <30%
SiO, is considered detrital (Sedge, 2015). The FeOYMgO vs. MgO (Fig.4.35) diagram
was used to show differences between diagenetic and detrital chlorite regarding

chemical differentiation of Mg and Fe. In addition, the FeOYMgO vs. SiO»/Al,O3
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discrimination diagram by Pe-Piper and Weir-Murphy (2008) (Fig.4.36a, b) was plotted
with fields for diagenetic, metamorphic (detrital), and igneous (detrital) types of
chlorite. To improve the diagram, which used chlorite analyses from Cretaceous rocks
from the Orpheus Graben (Weir-Murphy, 2004), we added a new field that represents
diagenetic chlorite based on chemical analyses obtained from diagenetic chlorite from
sandstone samples of the Venture field (Fig.4.36a, b). In this work chlorite

nomenclature is after Hey (1954) (Fig.4.37a, b).
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Fig.4.34: Chemical variations in chlorite based on FeOt/MgO
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detrital and diagenetic chlorite after Sedge (2015).

147

Symbol legend

X Scots Bay Fm (301.75m)

A Roseway Equivalent (1577.33m)
A Roseway Equivalent (1650.48m)
<& Mohawk Fm (1787.64m)

< Mohawk Fm (1892.8m)

@® Mohawk Fm (1932.43m)

© Mohawk Fm (1993.41m)

O Mohawk Fm (2058.92m)

A M-Missisauga Fm (2389.63m)

@ Roseway Equivalent (2587.4m)
< Roseway Equivalent (2685.28m)
M Abenaki Fm (3474.72)

O Iroquois Fm (3852.67m)

@ Iroquois Fm (4206.24m)

+ Shortland Shale Fm (3635m)

® Meguma Group metasediments




6 — : 6 ————— .
[ .. (A) | [ - (B) ]
o T 1 o ]
o o
s | - = ]
[e} [e)
(V] (V]
19 (T8
1F - 1F -
r % ] . g % ]
- diagenetic . - diagenetic . ]
o5 . . . . ] o . . . . ]
5 10 30 5 10 30
MgO wt% MgO wt%
6 6 ———— .
I 1 L. ]
i (C) | i . (D) .
o I ) o '
O) o)
s | - s | ]
[e) [e)
(V] ()
[T [T
1+ - 1k i
[ . ) [ . . * )
[ diagenetic . ] [ diagenetic . i
o5 . . . . ] o5 . . . . ]
5 10 30 5 10 30
MgO wt% MgO wt%

Colour legend

(E) Each distinct colour indicates a unique offshore well
Chinampas O-37 (A)

. Mohawk B-93 (B)

Mohican 1-100 (C)

J Shelburne G-29 (D)

All data together (E)

Symbol legend
X Scots Bay Fm (301.75m)
A Roseway Equivalent (1577.33m)

diagenetic A Roseway Equivalent (1650.48m)
0.5 M| . <& Mohawk Fm (1787.64m)
5 10 30 <& Mohawk Fm (1892.8m)
MaO wt® @ Mohawk Fm (1932.43m)
g0 wt% © Mohawk Fm (1993.41m)

O Mohawk Fm (2058.92m)

. . L. . . A M-Missisauga Fm (2389.63m)
Fig.4.35: Chemical variations in chlorite based on | & Roseway Equivalent (2587.4m)

FeO'/MgO vs MgO wt%. Comparison of data between © Roseway Equivalent (2685.28m)
wells studied and Meguma Group metasediments, data for | B Abenaki Fm (3474.72)
Meguma Group metasediments provided by Dr. Chris | O Iroquois Fm (3852.67m)

White. Diagenetic chlorite field after Sedge (2015). e & S P (3035m)

® Meguma Group metasediments

148



200../\. ——r 200 —— —
100} N A) 3 100 N B)3
2 . (A) 3 2 G (B)3
-Diagenetic™<_ D‘\"_—— i -Diagenetic™><_ IT_———— i
O i ~ Bertheriens;aagnet;1 ?Zt;::amosite/) O B \\ Bertherienelaagr?c? eCtIr::amosite/) 7
D0y (TR R op e T ————
S AW A AN =FN LN N :
[T [ \>e< o X \ - (18 i N, A // 1
= ’ .x X S=—=" = = N, ~I S=-—- I =
T :/I(;ér‘nbfphic (Basalt ar?c?'el'ﬁijfsalteration) 1 § \M;t.a?n'o/rphic (Basalt ar?;?’ﬁlfjfsalteration) §
(Detrital) N (Detrital) ]
0.1L.1 ; A 0101
0.8 1 _ 10 0.8 1 _ 10
Si0,/ALLO, SiO,/ALO,
200————————————— 200 ————
100 /> - 2N __
3 ( N (C) 3 100¢ ( N (D)3
C \_ \\‘ 3 C o ~— ]
- Diagenetic ™~ Diagenatic ~ L Diagenetic ~~_ S —— ]
o B \] ~ Bertheriens;aag:; eCtlr::amosite ) o B ~ Bertherier?elagrfg ((E)l;famosite ) 7
e, - - e _~ =~
Em 107772y (T~ ——e ——— - Em 0L\ (T~ ——e —— -
T N TR ANERE s
= F( . @ * AN ] = H ™ LY > 3
o _.\‘ 1 o" \ \ [ ] \ ] % _.\‘ :é: _'u -\\\ \\ .
I.‘Il., ; - \.\\ II \\ ’// 1 L , B \\"{- II \\ // i
= . ; - Igneous = - N, - =
F M;éﬁbfphic (Basalt ar?d Tuff alteration) 3 F M;t'eﬁbjrphic (Basalt alr%l-' ?I'zgsalteration) 3
N (Detrital) B (Detrital) ]
0.1L .1 A A NP 01l .
0.8 1 . 10 0.8 1 10
Si0,/AlO, Si0,/ALO,
200 ———————————————r
100L N J | Colour legend
E ~ E) 1 Each distinct colour indicates a unique offshore well
= ~ 3
CDi N —~——______ 1 | Chinampas O-37 (A)
L. Diagenetic -
o B \\ Bertherier?;aag:dn%tlhcamositv) ] Mohawk B-93 (B)
EU’ 1027 Tva r~~———___——" 41 |[Mohican I-100 (C)
S e 5 ) AN 1 | shelburne G-29 (D)
% Ly Sat i@ \\ 1 | All data together (E)
N X ; J
L 1 Y - Igneous i Symbol legend
F MetéEbfphic (Basalt and Tuff alteration) 3 X Scots Bay Fm (301.75m)
- (Detrital) . A Roseway Equivalent (1577.33m)
- - A Roseway Equivalent (1650.48m)
010 ¥ Mohawk Fm (1787.64m)
0.8 1 10 < Mohawk Fm (1892.8m)

Si0,/Al,0,

Fig.4.36a: FeO'/MgO vs SiO,/AL,O, discrimination
diagram of chlorite from studied wells. FeO/MgO vs
Si0,/ALQ, discrimination diagram of chlorite from Weir-
Murphy (2004). The discrimination fields have been
plotted using chlorite analyses from the Cretaceous rocks
from Orpheus Graben (Pe-Piper & Weir-Murphy, 2008).

@® Mohawk Fm (1932.43m)

© Mohawk Fm (1993.41m)

O Mohawk Fm (2058.92m)

A M-Missisauga Fm (2389.63m)
@ Roseway Equivalent (2587.4m)
< Roseway Equivalent (2685.28m)
M Abenaki Fm (3474.72)

O Iroquois Fm (3852.67m)

@® Iroquois Fm (4206.24m)

+ Shortland Shale Fm (3635m)

® Meguma Group metasediments

Diagenetic chlorite field after Sedge (2015).

149



200 — ———————r 200 —

100 (/ S (A) 1 100 {/ RN (B)=
F ~— 3 2 ~— 3
_Dlagenetlc\\ @Rtlc —_— _Diagenetic\\ ﬁge?netlc —
% - \\ Bertheriene and Chamosite _/ ] % r \ Bertheriene and Chamosﬂ;/ 1
oo iNA T \\\*———/ = = \\‘———/ -
E 10 E I‘ : ~ N E E 10 ~ < a 5
< F/ . 8”. * \ 7 = \ 3
o £ -\ \ ] o ° \ ]
(V] - x | . () 1 J
l - - s—---"1
= LY ; —— neous = - —— ne -
E Met?r'ﬁﬁi'ghic (Basalt ar?d Tuff alteration) § 1 E Metamorphm. (Basalt ar?d T?J?fsalteration) §
r (Detrital) ] X (Detrital) ]
01L.1 . . e 0.1 [ Ll * ]
0.8 1 10 0.8 1 10
SiO,/AlQ, SiO,/AlLQ,
200 — . T ———T Colour legend
100 ﬁ\\\ piagenetic (C) < | Each distinct colour indicates a unique offshore well
F ( A b 4 ™ Bertheriene and Chamosite 3 | All data compared to Meguma metasediments (A)
o E \\:\o ‘“ ——— 71 All data compared to data from Gould (2007) (B)
I ~ %8 1 | Data from Weird-Murphy 2004 (C)
S 10k TN e ~
E g me T~ T————7 3
- E(/ ’e\‘\' | N N E
(@) L \ \ Well |
L fheeee Y & Argo: 1
1E RN ./" S Tgneous CrOW. -
F Mefermo’rphic (Basaltand Tuff | Foy ) 3 Symbol legend
L ; alteration) H 3
r (Detrital) ] X Scots Bay Fm
r T A Roseway Equivalent (1577.33m)
0.1 ; — A Roseway Equivalent (1650.48m)
0.8 1 10 ® Mohawk Fm (1787.64m)
SiO,/ALO, <& Mohawk Fm (1892.8m)

® Mohawk Fm (1932.43m)

© Mohawk Fm (1993.41m)

O Mohawk Fm (2058.92m)

A M-Missisauga Fm (2389.63m)
@ Roseway Equivalent (2587.4m)
Fig.4.36b: A) FeO'/MgO vs SiO,/ALO,chlorite discrimination | & Roseway Equivalent (2685.28m)

. . . | i .
diagram for wells studied and Meguma Group metasediments. | ﬁg:gi:: ,Em Eggggggmg

B) FeO'/MgO vs SiO,/AlO; chlorite discrimination diagram | @ Iroquois Fm (4206.24m)

for wells studied and different types of chlorite as mentioned | + Shortland Shale Fm (3635m)
by Gould (2007) : type 1=chlorite rims, type 2=expanded Meguma Terrane _
mica, type 3=pore filling and type 4=grain replacement. C) ¢ '\Gﬂggtjmgog;our’ metasediments
FeO/MgO vs SiO,/ALO, discrimination diagram of chlorite | g Type 1

from Weir-Murphy (2004). The discrimination fields have | @ Type 2

been plotted using chlorite analyses from the Cretaceous rocks | A Type 3

from Orpheus Graben (Pe-Piper & Weir-Murphy, 2008). ® Type 4

150



Fe'/(Fe'+Mg) Fe'/(Fe'+Mg)

Fe'/(Fe'+Mg)

Fig.4.37a: Chlorite nomenclature diagrams for wells

12.0
/{@
&
. / é(‘ -
0.8 3 {\(§0 o 8.0
&
06f & X
E & x
0.4F—12 X, x 4.0
02 2 §°’ 2 Diabantite
2 & o
&
0.0 —(Jo‘o * | Penninite [Talc-chlorite 0.0
4.0 50| 6.0 7.0 8.0
Sheridanite Sl Clinochlore
12.0
0.8 /ég XX . 8.0
3 & y&nochi®rite
S °
06 F qf“ o |« —
x
0.4 F—12 4.0
[}
E 12 Diabantite
02 & [
00 E * ] Penninite [Talc-chlorite 0.0
"4.0 50| 6.0 7.0 8.0
Sheridanite Sl Clinochlore
12.0
0.8 /@ 8.0
&
E .gf
0.6 F &
E 90
u4iL———‘§ 4.0
E (\\&\@ -g_ Diabantite
0.2 °b°Q 4
0.0 -oo‘° A X[ Penninite [Talc-chlorite 0.0
4.0 50 | 6.0 7.0 8.0

Sheridanite S Clinochlore
1

studied based on the system of Hey (1954).

L 12.0
Brunsvigite (B) é
0.8 /\@ ‘Q / 1 80
& Pycnochlorite
- ‘\ 3
Sosk & 3
= S S
Q
.‘; 0.4 /% 1 40
. N Diabantite 3
‘E 0.2 E ¢°Q I3 E
w E °&° A Penninite [Talc-chlorite
0.0 ! 0.0
4.0 50| 6.0 7.0 8.0
i i . Cli hl
Sheridanite Si inochlore
12.0
. (D)
&
0.8 /«“ OQ’(‘Q / 8.0
& 0/ Pycnochlorite
E &
é? 06f & # | —
)
+ F?® nj-
@ 04— £ 4.0
& " .
:li; 0.2 : 606&\\\ :;E_ Diabantite
E 3 0‘°° A Penninite [Talc-chlorite
0.0 ! 0.0
4.0 50| 6.0 7.0 8.0

Sheridanite Si Clinochlore

Colour legend

Each distinct colour indicates a unique offshore well
Chinampas O-37 (A)

Mohawk B-93 (B)

Mohican 1-100 (C)

Shelbourne G-29 (D)

All data together (E)

Symbol legend

X Scots Bay Fm (301.75m)

A Roseway Equivalent (1577.33m)
A Roseway Equivalent (1650.48m)
<& Mohawk Fm (1787.64m)

< Mohawk Fm (1892.8m)

@® Mohawk Fm (1932.43m)

© Mohawk Fm (1993.41m)

O Mohawk Fm (2058.92m)

A M-Missisauga Fm (2389.63m)

@ Roseway Equivalent (2587.4m)
< Roseway Equivalent (2685.28m)
M Abenaki Fm (3474.72)

O Iroquois Fm (3852.67m)

@ Iroquois Fm (4206.24m)

+ Shortland Shale Fm (3635m)

151



12.0 12.0

8.0 0.8 8.0
° > 0.6
- :
X T 4.0 F 04 £ 4.0
I'J_-, 3 Q.&\ E_ L Diabantite u;, 3 Q‘\& g_ Diabantite
uw 02 E- &(\60 [3 -vo 02 k- @Qéo 3
m o_o E o° } 1 Penninite Talc-chlorite 00 lL 00 _.?? ........ *. a1 .?l A\ r:’e.r:nnl?lnt? talg-?'.“.o.n.‘e. 0_0

4.0 50| 6.0 7.0 8.0 4.0 50| 6.0 7.0 8.0

Sheridanite Si Clinochlore

Sheridanite Si Clinochlore

Symbol legend

X Scots Bay Fm

A Roseway Equivalent (1577.33m)

A Roseway Equivalent (1650.48m)

<& Mohawk Fm (1787.64m)

<& Mohawk Fm (1892.8m)

® Mohawk Fm (1932.43m)

© Mohawk Fm (1993.41m)

O Mohawk Fm (2058.92m)

A M-Missisauga Fm (2389.63m)

# Roseway Equivalent (2587.4m)

< Roseway Equivalent (2685.28m)

M Abenaki Fm (3474.72m)

O Iroquois Fm (3852.67m)

@ Iroquois Fm (4206.24m)

+ Shortland Shale Fm (3635m)
Meguma Terrane (Metamorphic rocks)

® Meguma Group metasediments
Meguma Terrane (Igneous rocks)
Gould, 2007

M Type 1

@ Type 2

A Type 3

® Type 4

Chinampas O-37

Colour legend

Each distinct colour indicates a unique offshore well
All data compared to Meguma metasediments (A)
All data compared to data from Gould (2007) (B)

Fig.4.37b: Chlorite nomenclature diagrams for
wells studied based on the system of Hey
(1954), with comparison to Meguma Group
metasediments (A) and Gould (2007) (B), where
Type 1=chlorite rims, Type 2=expanded mica,
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The only formation sampled for detrital chlorite in this well is Scots Bay (Lower

Jurassic). Chlorite is a common mineral in Chinampas O-37. Three analyses from the

total of 18 plot as diagenetic chlorite and the rest plot as detrital (Figs.4.33, 4.34).

Based on discrimination diagram by Pe-Piper and Weir-Murphy (2008) most of the

analyses obtained plot onto the field with the lowest ratio between FeO/MgO and

SiO,/Al,03 (Fig.4.36a A), which represents detrital metamorphic chlorite. However,
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almost half (7 of 18 grains) of the chlorite analyses plot in the new field that represents
what we consider chlorite of diagenetic origin.

At least three different types of chlorite have been distinguished based on their
chemical composition. The most abundant type of chlorite is ripidolite (8 grains from
the total of 18) (Fig.4.37a A). Four grains were identified as brunsvigite, whereas
pycnochlorite and diabanite are represented by 2 grains each. Two analyses do not
belong to any of the chlorite types, based on the system suggested by Hey (1954)
(Fig.4.37a A).

Compared to chlorite analyses from Meguma Supergroup metasedimentary rocks,
diagenetic chlorite from Chinampas O-37 generally has higher percentage of SiO,

(Figs.4.33 A, 4.34A) and almost the same percentage of MgO (Fig.4.35 A).

Mohawk B-93

The chemistry of chlorite from both the Roseway Equivalent Formation (Lower
Cretaceous) and Mohawk Formation (Upper Jurassic and Middle Jurassic) have been
studied. Chlorite is abundant with a total of 37 grains analyzed.

All chlorite grains, except 2, plot as detrital in the diagrams from figures 4.33 B and
4.34 B. In addition, almost all analyses plot in the metamorphic (detrital) field produced
by Pe-Piper and Weir-Murphy (2008). Exception are 7 grains, all from Mohawk
Formation (Upper Jurassic) that plot in the new field created by us representing
diagenetic chlorite (Fig.4.35a B).

Chlorite in Mohawk B-93 is represented by different types which are based on

chemical composition ripidolite, brunsvigite, daphnite, diabanite and pycnochlorite
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(Fig.4.37a B). Ripidolite is the most abundant chlorite type (23 grains from 37) and it is
found in both Roseway Equivalent (Lower Cretaceous) and Mohawk (Upper Jurassic
and Middle Jurassic) Formation. Brunsvigite is the second most abundant chlorite type
with 5 grains restricted to the Mohawk Formation (Upper Jurassic). Pycnochlorite
(Roseway Equivalent) and diabanite (Roseway Equivalent and Mohawk-Middle
Jurassic) are represented by 2 grains each and 1 grain is daphnite (Roseway
Equivalent).

Compared to chlorite analyses from Meguma Supergroup metasediments,
diagenetic chlorite from Mohawk B-93 has a higher percentage of SiO, (Figs.4.33 B,

4.34 B) and almost the same percentage of MgO (Fig.4.35 B).

Mohican 1-100

Chlorite is abundant in Mohican 1-100 and can be observed in Lower Cretaceous to
Middle Jurassic formations (Logan Canyon, Upper and Middle Missisauga, Roseway
Equivalent, Abenaki, Iroquois).

Based on MgO vs SiO, and FeO/MgO vs SiO, diagrams, only 3 grains from the
total of 48 are diagenetic (Figs.4.33 C, 4.34 C). The majority of chlorite grains analyzed
plot as metamorphic (detrital) in the field of Pe-Piper and Weir-Murphy (2008) with
exception one grain that was plotted in the field that represents igneous chlorite
(Fig.4.35a C). Eleven chlorite analyses plot in the new field for diagenetic chlorite.
Lower Cretaceous chlorites are concentrated only in the metamorphic (detrital) field.
On the other hand chlorite from Upper Jurassic and Middle Jurassic sandstones tends to

concentrate in both the detrital field (created with data from Orpheus Graben chlorites)
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and the new diagenetic field (produced after chlorites from the Venture field).

The chlorites analyzed classify as ripidolite, pycnochlorite and brunsvigite
(Fig.4.37a C). The most abundant chlorite type identified is ripidolite (25 grains from a
total of 48) with analyses from all the Mesozoic formations. Brunsvigite and
pycnochlorite are common chlorite types in Mohican 1-100 with 10 and 6 grains
respectively, present from Lower Cretaceous to Middle Jurrasic.

In general, chlorites from Mohican 1-100 have higher percentage of SiO; and lower
or similar MgO as the chlorites from Meguma Supergroup metasediments (Figs.4.33 C,

4.34 C).

Shelburne G-29

Chlorite is almost absent from Shelburne G-29, with only 4 analyses available.
Three grains are detrital according to diagrams in figures, 4.33 D, 4.34 D, 4.35a D and
1 analysis plotted outside the discrimination fields.

Three distinctive types of chlorite have been identified, pseudothuringite, ripidolite
and brunsvigite (Fig.4.37a D). Two grains are pseudothuringite, 1 grain is ripidolite and

1 grain is brunsvigite.

Summary

1. Chlorite in present in all the wells studied in the SW Scotian Basin

2. 6 different types of chlorite have been identified based on their chemical
composition: ripidolite, brunsvigite, daphnite, pseudothuringite, pycnochlorite and

diabanite
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3.  Ripidolite is the most abundant chlorite type found in the SW Scotian Basin and it
is present in Lower Cretaceous, Upper Jurassic and Middle Jurassic sandstones from
Chinampas O-37, Mohawk B-93, Mohican 1-100 and Shelburne G-29

4. Most of the chlorite grains analyzed are metamorphic (detrital); diagenetic
chlorite is rare in each of the wells studied: Chinampas O-37 (8 grains from 17),
Mohawk B-93 (7 from 35) Mohican 1-100 (11 from 45) and Shelburne G-29 (1 grain
from 4)

5. All chlorite analyses show a higher percentage of SiO, and lower or equal
percentage of MgO compared to chlorite analyses from Meguma Supergroup

metasediments

4.3.2.4 Rare high stability group detrital minerals
4.3.2.4.1 Spinel/Chromite

Spinel/chromite is a common detrital mineral in Lower Cretaceous sandstones from
the Scotian Basin, specifically in the central part (Pe-Piper et al., 2009). Although
spinels/chromites have not been widely used in work related to sedimentary
provenance, they can provide significant information due to their advantages which are
the same as for garnet: i) relatively stable during diagenetic processes ii) wide chemical
compositional range that can be correlated to particular rock lithologies and tectonic
environments. However, there is one distinctive characteristic that make
spinels/chromites more useful in assesing potential sources for sediments when
compared to garnets: spinels/chromites do not dissolve nor disappear with increase in

depth as is the case for specific types of garnet. On the other hand because
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spinels/chromites are insensitive to weathering and to diagenetic factors that influence
sediments during transportation, deposition and after burial, there is a lack of evidence
of surface corrosion, they are better preserved, and therefore are more likely to be
polycyclic.

The elements used for chromite discrimination are: Cr, Al, Fe**. Combinations
between these parameters have led previous researchers to produce several
discrimination diagrams for spinels/chromites. For work that is related to provenance of
sediments, we used 2 discrimination diagrams: one for classification of
spinels/chromites based on variations in their chemical composition, after Stevens

(1944) and one for potential sources after Pearce et al. (2000).

Chinampas O-37

No detrital spinels/chromites have been identified in cutting samples from this well.

Mohawk B-93

Two formations from this well, Roseway Equivalent (Lower Cretaceous) and
Mohawk (Upper Jurassic and Middle Jurassic) were sampled for detrital heavy
minerals. Only Middle Jurassic Mohawk samples contain detrital spinels/chromites at a
depth of 1932.43 m. One grain has been identified as spinel/chromite from the total of
271 detrital heavy mineral grains, and based on the classification diagram proposed by
Stevens (1944) plots as Cr-spinel (Fig.4.38 A). Regarding sedimentary provenance and
origin of the tectonic environment, the spinel/chromite grain plots in the field that

represents mid-ocean ridge basalt (MORB) (Fig.4.39 A).
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Mohican 1-100

This well has the highest number of detrital spinel/chromite grains (4 in total)
identified compared to the other wells studied. All 4 grains are found in the Lower
Cretaceous Upper Missisauga Formation. Only 3 distinctive spinel/chromite types (6 in
total) have been identified which are: Cr-spinel (2 grains), Al-chromite (1 grain) and
Fe-chromite (1 grain) (Fig.4.38 B).

The TiO, depleted Cr-spinel, the Al-chromite, and the Fe-chromite have boninites
as host rocks suggesting a fore-arc basin as tectonic environment, whereas the other Cr-
spinel have MORB as host rock, suggesting thus a mid-ocean ridge environment

(Fig.4.39 D).

Shelburne G-29

Two grains from Lower Cretaceous Shortland Shale Formation are
spinels/chromites. Both grains have been identified as chromites. One grain has almost
no Fe in its chemical composition and plots as Al-chromite, whereas the other is

enriched in Fe and plots as Fe-chromite (Fig.4.39 C).

Summary

1.  Spinels/chromites are not common detrital heavy minerals in sediment samples
from the SW Scotian Basin

2. Only 3 of the total 6 types of spinels/chromites have been identified in the wells
studied which are: Cr-spinel, Al-chromite and Fe-chromite

3. The most abundant type identified is the Cr-spinel with a total of 3 grains, 2 from
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Lower Cretaceous Upper Missisauga Formation (Mohican 1-100) and 1 from Middle
Jurassic Mohawk Formation (Mohawk B-93); Al-chromites and Fe-chromites are
subordinate with 2 grains for each type from Shortland Shale (Shelburne G-29) and
Upper Missisauga (Mohican 1-100) formations

4. Most of the spinels/chromites (4 grains) were derived from boninite originating in
fore-arc basin representing a subduction zone; 2 grains were derived from mid-ocean

ridge basalts, whereas one grain had as a host rock island arc tholeiites

4.3.2.4.2 Rutile

Detrital rutile, one of the 3 titania (TiO,) polymorphs, is rare within Mesozoic
sandstone formations in the Scotian Basin. After tourmaline, rutile is the second detrital
heavy mineral from the high stability group used for identification of potential onshore
rock sources for sediments in our study. Although rutile is an ultra-resistant heavy
mineral, its usage in sedimentary provenance is restricted mostly because it usually
tends to concentrate in polycyclic and mature sandstones, where most of the diagnostic
detrital heavy minerals are destroyed by weathering and diagenetic processes (Zack et
al., 2002; 2004). However, past researchers have created discrimination diagrams for
rutile (Zack et al., 2002; 2004; Ledger, 2013) based on its chemical composition,
particularly in abundance of trace elements (Zr, Nb, V), useful in tracing the source of
this detrital mineral.

For this research we used 3 diagrams related to potential onshore sources. One
was produced by Zack et al. (2002) that represents only the Cr vs Nb discrimination

and was improved by Ledger (2013) by adding new fields for potential onshore sources
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(Fig.4.40). The other 2 discrimination diagrams are taken from Ledger (2013) and
represent chemical differentiations between two groups of trace elements Zr vs V and
Zr vs Nb (Figs.4.41, 4.42). To classify the rutile analyzed we compared our analyses

with those from known sources presented by Ledger (2013).
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Fig.4.40: Cr vs. Nb chemical variation diagrams that show the best discrimination of some potential
source rocks, fields taken from Zack et al. 2002.
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Fig.4.41: Zr vs V chemical variation diagrams that show the best discrimination of some potential
source rocks, fields after Ledger (2013).
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Fig.4.42: Zr vs Nb chemical variation diagrams that show the best discrimination of some potential
source rocks, fields after Ledger (2013).
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Chinampas O-37

No detrital rutile has been identified in cutting samples from this well.

Mohawk B-93

Three samples, from the total of 9 collected from sandstones in this well, contain
detrital rutile, 2 from Roseway Equivalent Formation (Lower Cretaceous) and 1 from
Mohawk Formation (Middle Jurassic). Two samples from 1577.33 m and 1650.48 m
(Roseway Equivalent) each contain 2 detrital rutile grains, as does the sample from
Mohawk Formation (1932.43 m).
The discrimination diagram proposed by Zack et al. (2002), Cr vs Nb (Fig.4.40 A),
when compared to that proposed by Ledger (2013), for Zr vs Nb, (Fig.4.42 A) shows
similarity regarding weight percentage participation of Cr and Zr within the samples
collected, with variation in Nb. The grains from 1650.48 m in Roseway Equivalent
Formation have higher percentage in Cr compared to samples from Mohawk Formation
and from Roseway Equivalent Formation (1577.33m). Figure 4.41 A shows that all
samples collected have similar weight percentageof V and Zr.

Two known types of onshore bedrock have rutile with chemical composition similar
to those from this well (Figs.4.40, 4.41, 4.42): 1 is the granulite or the coarse granite,
for sediments that comprise the Roseway Equivalent Formation at a depth of 1650.48 m
and the other is metapelite for sediments that comprise Mohawk Formation at a depth

of 1932.43 m and Roseway Equivalent Formation at a depth of 1577.33 m.
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Mohican 1-100

All samples with detrital rutile are from the Lower Cretaceous Upper Missisauga
Formation. All 6 rutile chemical analyses from these samples plot in the same field
regardless of the discrimination diagram, suggesting similar participation of two groups
of trace elements, niobium/vanadium and zirconium/chromium (Figs.4.40 B, 4.42 B) in
the samples collected from this well. Rutile analyses in this well are similar to rutile

from known crystalline bedrock such as metapelite and coarse granite.

Shelburne G-29

No detrital rutile has been identified in cutting samples from this well.

Summary

1. Rutile is almost absent from sandstone formations sampled, with 6 detrital grains
identified in each of the Mohican 1-100 and Mohawk B-93

2. Lower Cretaceous formations are the only ones to have detrital rutile in Mohican
1-100, 6 grains in Upper Missisauga; 4 grains were identified in Roseway Equivalent
and 2 grains in Mohawk Formation from Mohawk B-93

3. Discrimination diagrams proposed by Zack et al. (2002) and Ledger (2003)
suggest that rutile analyses in the SW Scotian Basin are similar to those from

metapelites and somewhat resemble those from granulites or coarse granites
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4.3.2.5 Other diagnostic detrital minerals
4.3.2.5.1 llmenite

IImenite is an important component of sedimentary rocks originating in the central
and eastern part of the Scotian Basin. In the SW Scotian Basin, ilmenite is the most
abundant detrital heavy mineral identified in cutting samples, making up 40 to 80% of
the heavy mineral fraction. Although ilmenite is a common detrital mineral in
sedimentary rocks, its usage as provenance indicator for clastic sediments is restricted
because of two factors: i) ilmenite alters during transport and diagenesis with
progressive loss of Fe (Teufer and Temple, 1966; Force, 1991; Schroeder et al., 2002)
and ii) it has a simple chemical composition, FeTiOs, with only minor chemical
variation between grains from different sources. It is well known from the literature that
ilmenite alters first to pseudorutile (a mineral with a well defined structure), then to
leucoxene (a fine-scale mix of pseudorutile and rutile) and finally to either anatase or
rutile (Pe-Piper et al., 2005).

Previous studies of the chemical composition of detrital ilmenite in Holocene and
Pleistocene sands (Darby, 1984; Darby and Tsang, 1987; Basu and Molinaroli, 1989)
have been successful in identifying source rock variability. However, as Darby and
Tsang (1987) pointed out, a more comprehensive analysis of detrital ilmenite from
specific source rocks would allow to one match rock types with individual ilmenite
grains.

Mathison (1975) and Haggerty (1976a) have showed that the enrichment and
narrow range in TiO, content of detrital ilmenite from mafic sources is consistent with

studies of ilmenite in mafic igneous rocks. On the other hand, the enrichment in MnO
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content of detrital ilmenite from felsic sources is also consistent with studies of ilmenite
in felsic igneous rocks (Haggerty, 1976b; Whalen and Chappell, 1988). However, strict
adherence to presence and percentage of these oxides in the chemical composition of
detrital ilmenite can lead to error in provenance interpretation. Nonetheless, a full
understanding of the chemical complexities of detrital ilmenite is still lacking. To avoid
sedimentary provenance interpretation based on ilmenite chemistry we used other
characteristics such as texture and mineral inclusions. Interpretation of characteristic
textures and inclusions were made using back-scattered electron images of ilmenite
from polished thin sections of both heavy mineral separates and conventional cores. For
identification of ilmenite and determination of the chemical composition of mineral

inclusions, EDS chemical analyses were obtained.

Chinampas O-37

From a total of 11 grains identified as detrital minerals in this well, only one is
ilmenite. The surface of the crystal is covered in places with black round patches
interpreted as quartz inclusions. The crystal form is lathlike, narrow in the central part
and elongated towards the edges, as well as anhedral with well curved crystal outlines

that have embayments as a result of erosion during transportation.

Mohawk B-93
IiImenite is the most abundant detrital heavy mineral this well making a total of
72% of the heavy mineral separates. Upper Jurassic Mohawk Formation has the highest

average in ilmenite, ~80%, when compared to Lower Cretaceous Roseway Equivalent
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Formation (~53%) and Middle Jurassic Mohawk Formation (~74%). Mineral inclusions
in ilmenite from this well are characterized by unoriented round low back-scattered
minerals representing detrital quartz. Rarely, muscovite and/or feldspar inclusions with
prismatic form are present. The crystal form of detrital ilmenite varies a lot between
grains with shapes from ellipsoid to annular. IImenite is commonly anhedral; however
some subhedral ilmenite is also present. Back-scattered electron images show a wide
range of textures, which are most likely inherited and preserved from the original
ilmenite. Almost all detrital ilmenite are fresh having homogenous intensity in back-
scattered electron images. Alteration is almost absent with only few exceptions. Few
grains present alteration characterized by dark, dusty areas, probably due to the creation

of pores as the development of pseudorutile begins.

Mohican 1-100

Sixty percent of the heavy mineral separates in Mohican 1-100 are made up
ilmenite, the second highest percentage in the Scotian Basin. Lower Cretaceous
formations are represented by 60% of ilmenite, Upper Jurassic Formation by 53% and
Middle Jurassic by 73%. Most of the ilmenite grains have a large number of unoriented
quartz inclusions. In some cases other detrital minerals such as muscovite and feldspar
are present. Ilmenite in polished thin sections from this well appears with two different
types of textures: 1) as detrital minerals with quartz, muscovite and feldspar inclusions
and 2) as part of mineral aggregates that form the lithic clasts, lacking mineral
inclusions. Ilmenite exhibiting type 1 texture is presented in more detail in the

paragraph regarding the lithic clasts (see below). Round quartz inclusions come into
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direct contact with the host ilmenite and persist without any change throughout the

alteration processes.

Shelburne G-29

No detrital ilmenite has been identified in cutting samples from this well.

Summary

1. llmenite is the most abundant mineral in heavy mineral separates from the SW
Scotian Basin

2. Mohican 1-100 and Mohawk B-93 are abundant in ilmenite; Chinampas O-37 has
only one grain, whereas Shelburne G-29 lacks ilmenite

3. Most of the ilmenite is characterized by abundance of quartz inclusions with
minor presence of muscovite and feldspar inclusions

4.  Alteration of ilmenite is rare in polished thin sections of both heavy mineral

separates and conventional cores

4.3.2.5.2 Lithic clasts

Only polished thin sections of conventional cores from Mohican 1-100 and Moheida
P-15 were used due to lack of lithic clasts in heavy mineral separates. From a total of
11 polished thin sections (7 in Mohican 1-100 and 4 in Moheida P-15) only 4 have lithic
clasts (3 in Mohican 1-100 and 1 in Moheida P-15). Two of the thin sections in
Mohican 1-100 that have lithic clasts are from the Lower Cretaceous Roseway

Equivalent Formation, whereas the third one is from the Middle Jurassic Mohican
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Formation. In Moheida P-15 lithic clasts were found in a polished thin section of the
Middle Jurassic Iroquois Formation.

Lithic clasts are common in the Lower Cretaceous Roseway Equivalent in Mohican
I-100, with abundant polycrystalline quartz (metapsammite) and some greenschist
metamorphic rocks (chlorite schist) with a foliation. Abundant chlorite and
polycrystalline quartz and lesser muscovite point to metamorphic rocks.

Lithic clasts are abundant in polished thin sections of Middle Jurassic conventional
cores in both Mohican 1-100 and Moheida P-15. Most lithic clasts are metapsammites
and metapelites with characteristic mineralogical composition: a) ilmenite, chlorite,
muscovite and quartz, b) muscovite, chlorite and ilmenite with inclusions of quartz and
muscovite. In addition, rare lithic clasts of polycrystalline quartz are present. Based on
mineral composition, lithic clasts in Middle Jurassic strata at both Mohican 1-100 and
Moheida P-15 tend to be from metapsammites and metapelites. Based on textures lithic
clasts in Middle Jurassic strata at both Mohican 1-100 and Moheida P-15 have high

content in ilmenite. Many lithic clasts in Mohican 1-100 lack foliation.

4.4 Diagenesis

The data presented for diagenesis in this section is based on analytical methods
outlined in chapter 3. Mineral analyses from the both the SEM and the EMP, along with
accompanying back-scattered electron images, were collected and interpreted (see
appendices 9 and 10). Informative detrital and diagenetic minerals, clasts, textures and
relative relationships from samples at Mohican 1-100 and Moheida P-15 were studied

and documented with microphotos and chemical analyses. All these describe the
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petrography of cores from these wells. Chemical analyses obtained from SEM and
EMP were utilized, using appropriate diagrams, to determine the secondary chemical
mineralogy developed during diagenesis of these wells.

Calcite is a common diagenetic mineral in most of the sedimentary rocks. Based
on chemical composition, calcite in this study was discriminated in four types regarding
their content in CaO, MgO and FeO (table 4.2). The relative ages of these four types of
calcite have been established using their textural relationship in back-scattered electron
images. The four types are described below and representative chemical analyses for
each calcite type are presented in table 4.2.

Calcite: CaO0>54%, MgO<1% and FeO<1%
Mg-calcite: CaO=51-53%, MgO=1-3% and FeO<1%
Fe-calcite: CaO=52-53%, MgO<1% and FeO=1-2%

Mg-Fe-calcite: Ca0=52-53%, MgO=1-2% and FeO=1-2%
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4.4.1 Mohican 1-100 well

Diagenetic minerals and paragenetic sequence of Lower Cretaceous Roseway

Equivalent sandstones and oolitic limestone

Sample 1-100 2526.53 (Roseway Equivalent Formation, 2526.53 m) fine grained

carbonate-cement sandstone (Appendix 9-1)

Description

Diagenetic minerals present in this sample are calcite, chlorite, quartz

overgrowths, dolomite, kaolinite, illite, pyrite, TiO, mineral and F-apatite. Some illite
and TiO, mineral are part of both the matrix and the cement. Calcite invades (Fig.4.8
A) or engulfs (Figs.4.8 C, D) Mg-calcite. In addition, calcite fills secondary porosity
and embayments in detrital quartz (Fig.4.8 C). Mg-calcite seems to be cross-cut by
Mg-Fe-calcite (Fig.4.8 H). Secondary porosity in Mg-calcite is filled by framboidal
pyrite (Fig.4.8 C). Fe-calcite shows straight crystal outlines and tends to invade Mg-
calcite (Fig.4.8 H). Fe-calcite in a bioclast is partly replaced by pyrite (Fig.4.8 F).
Some diagenetic chlorite is fibrous and fills secondary porosity in Mg-calcite (Fig.4.8
A) and embayments in detrital quartz (Figs.4.8 B, D). Some other diagenetic chlorite
is part of the cement together with illite (Fig.4.8 G) and cross-cuts late fractures
(Fig.4.8 E). Quartz overgrowths have straight outlines and invade Mg-calcite
suggesting that they are later (Fig.4.8 B). Rarely, at the contact between quartz grains,
one grain has undergone dissolution leading to the penetration of one grain by
another, thus creating concavo-convex contacts (c-c) (Fig.4.8 C). The dolomite
rhombohedrons show replacive texture against diagenetic chlorite in the cement

(Fig.4.8 A). Kaolinite booklets fill primary porosity and in places tend to fill
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embayment in Mg-calcite (Fig.4.8 B) and detrital quartz (Fig.4.8 C). In addition,
kaolinite fills open space between diagenetic chlorite and detrital zircon (Fig.4.8 A)
and embayment in Mg-calcite (Fig.4.8 C). Rarely diagenetic TiO, minerals show
replacive texture against detrital quartz grains (Fig.4.8 D). Framboidal pyrite is
associated with all the diagenetic minerals mentioned above filling secondary

porosity. Late fractures lack diagenetic minerals.

Paragenetic sequence: Mg-calcite and calcite predate Mg-Fe-calcite and Fe-calcite.
Kaolinite postdates Fe-calcite and predates quartz overgrowths. Chlorite together with
illite, pyrite and TiO, mineral predate the quartz overgrowths. Dolomite seems to be

the last diagenetic minerals to have crystallized.

Sample 1-100 2529.62 (Roseway Equivalent Formation, 2529.62 m) fine grained
carbonate-cement sandstone (Appendix 9-2)
Description

The diagenetic minerals present in this sample are calcite, chlorite, pyrite, illite
and quartz overgrowths. Calcite seems to be homogenous in back-scattered electron
images and engulfs, invades or fills secondary porosity in Mg-calcite (Figs.4.9 A, F).
Based on texture there seem to be two generations of Mg-Fe-calcite: one that shows
high secondary porosity and is filled with chlorite and one that shows low secondary
porosity and is partly replaced by illite (Fig.4.9 B). The Mg-Fe-calcite seems to
invade Mg-calcite and engulf Mg-Fe-calcite (Fig.4.9 B). In general Mg-calcite tends

to show dissolution voids that lack diagenetic minerals. Rarely quartz overgrowths
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form around detrital quartz and invade Mg-calcite (Figs.4.9 A, B), Mg-Fe-calcite and
Fe-calcite (Figs.4.9 C, D). Diagenetic divergent fibrous chlorite fills embayments in
corroded quartz and calcite and/or occupies intragranular space between framework
grains and cement (Figs.4.9 A, E). Moreover, diagenetic chlorite fills secondary
porosity in Mg-calcite and open space between Mg-calcite and detrital quartz
(Figs.4.9 B, C). lllite can be compact with characteristic secondary fractures that are
often filled by framboidal pyrite (Fig.4.9 A) or can be part of the cement in form of
fibres (Fig.4.9 C). Framboidal pyrite fills secondary porosity in Mg-calcite (Fig.4.9
C). Mg-calcite tends to invade fibrous illite (Fig.4.9 C). Crystal boundaries between
detrital quartz grains are hard to distinguish in places where the cement is SiO,
(Fig.4.9). Rarely, at the contact between quartz grains, one grain has undergone
dissolution leading to the penetration of one grain by another, thus creating a
concavo-convex contact (Fig.4.9 D). Unknown calcite type, illite and other diagenetic
minerals fill secondary porosity in detrital quartz. Late fractures and often secondary
porosity lack diagenetic minerals, they are barren (Fig.4.9 E).

Paragenetic sequence: Mg-calcite predates Fe-calcite, calcite and Mg-Fe-calcite
which in turn predate chlorite, illite and TiO, mineral. Quartz overgrowths postdate

all the previous diagenetic minerals.

Sample 1-100 2530.47 (Roseway Equivalent Formation, 2530.47 m) oolitic bioclastic
limestone (Appendix 9-3)
Description

Diagenetic minerals identified in this sample are calcite, ankerite, TiO, mineral,
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chlorite, quartz overgrowths and illite. The Fe-calcite represents the main supporting
cement for the framework grains in the sample. In places, the cement is very fine
made up of chlorite, calcite and pyrite or rarely it can be represented by ankerite
(Fig.4.10 A). Rarely, diagenetic chlorite tends to fill secondary porosity in Fe-calcite
(Figs.4.10 A, B). TiO, mineral together with illite fill secondary porosity in detrital
quartz (Fig.4.10 D). Often, quartz overgrowths form around detrital quartz and
replace Fe-calcite cement (Figs.4.10 A, D). Ankerite engulfs Fe-calcite and invades
chlorite and pyrite (Fig.4.10 B).

Paragenetic sequence: Fe-calcite predates quartz overgrowth, chlorite and pyrite.

Ankerite postdates all the previous diagenetic minerals.

Sample 1-100 2538.84 (Roseway Equivalent Formation, 2538.84 m) fine grained
carbonate-cement sandstone (Appendix 9-4)
Description

Diagenetic minerals in this sample are calcite, TiO,, pyrite, F-apatite, chlorite and
quartz overgrowths. The calcite and the Mg-Fe-calcite were identified in this sample
filling primary porosity. The calcite tends to show homogenous light grey color,
whereas the Mg-Fe-calcite often shows brittle fracturing (Fig.4.11 B). Calcite of
unknown type replaces detrital chlorite along its cleavage planes. Calcite fills
secondary porosity in detrital quartz together with other diagenetic minerals, which is
referred as carbonate cement (Fig.4.11 B). The cement can be calcite, Mg-Fe-calcite
or calcite plus other diagenetic minerals. Rarely, diagenetic F-apatite showing straight

crystal outlines fills secondary porosity in the carbonate cement (Fig.4.11 C).
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Diagenetic chlorite fills embayment in detrital quartz grain (Fig.4.11 B). TiO, mineral
and pyrite show replacive texture against the carbonate cement (Fig.4.11 C). Quartz
overgrowths are rare, form around detrital quartz grains and tend to invade calcite

(Figs.4.11 B, C). Secondary porosity often lacks diagenetic minerals.

Paragenetic sequence: Mg-Fe-cal predates calcite which predates pyrite, F-apatite,

TiO, mineral and quartz overgrowths.

Diagenetic minerals and paragenetic sequence of Middle Jurassic Mohican
sandstone
Sample 1-100 3692.41 (Mohican Formation, 3692.41 m) coarse grained sulphate-cement
sandstone (Appendix 9-5)
Description

Diagenetic minerals in this sample are anhydrite, quartz overgrowths and albite.
Anhydrite is the main cement composed of aggregate of anhydrite grains with visible
cleavage planes and shows high porosity around grain boundaries. Anhydrite cement
fills primary porosity between framework grains. Detrital K-feldspar at depths > 3 km
is partly replaced with diagenetic albite (albitization of detrital K-feldspar). Albitized
K-feldspar is partly replaced by anhydrite (Figs.4.12 A, D). Anhydrite is a mobile
mineral, thus remobilization of anhydrite replacing albitized K-feldspar can be from
late anhydrite cement or from early anhydrite, in form of nodules, through veins, as
noted by Sedge (2015). Secondary porosity in the cement and the matrix (Fig.4.12 E)

lacks diagenetic minerals. Quartz overgrowths form around detrital quartz grains and
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invade anhydrite cement (Fig.4.12 B). At the contact between quartz grains, one
quartz grain has undergone dissolution leading to the penetration of one grain by
another, thus creating concavo-convex contacts (c-c) (Fig.4.12 C). Rarely, TiO;

mineral fills primary porosity in the matrix (Fig.4.12 D).

Paragenetic sequence: Anhydrite cement predates albitization of detrital K-feldspar

and quartz overgrowths. Albitized K-feldspar predates remobilized anhydrite.

Diagenetic minerals and paragenetic sequence of Middle Jurassic Iroquois
sandstone and limestone
Sample 1-100 3964.6A (Iroquois Formation, 3964.6m) fine grained sulphate-cement
sandstone (Appendix 9-6)
Description

Diagenetic minerals in this sample are anhydrite, pyrite, quartz overgrowths, pure
calcite and TiO, mineral. The sample has very low primary porosity that is filled by
anhydrite (Fig.4.13 B). Anhydrite partly replaces detrital K-feldspar and albite and
engulfs biotite and muscovite (Fig.4.13 B). Quartz overgrowths form around detrital
quartz grains and seem to invade anhydrite cement (Fig.4.13 B). Framboidal pyrite
shows replacive texture against the matrix (Fig.4.13 A) and TiO, show replacive
texture against detrital quartz, micas and anhydrite (Fig.4.13 C). Rarely, calcite tends
to partly replace albite and/or fill intragranular space (Fig.4.13 C).
Paragenetic sequence: Anhydrite predates quartz overgrowths, calcite and TiO,

mineral.
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Sample 1-100 4098.08 (Iroquois Formation, 4098.08m) sandy limestone (Appendix 9-7)
Description

Diagenetic minerals are anhydrite, calcite, chlorite, quartz overgrowth, pyrite and
TiO,. Micritic calcite is the main cement that replaced anhydrite cement (Fig.4.14).
Rare quartz overgrowths form around detrital quartz grains. Pyrite and TiO, mineral
show replacive textures against the detrital quartz grains and the micritic carbonate
cement. In general, diagenetic chlorite, pyrite and TiO, mineral appear to nucleate on
cement and framework grains boundaries, and often they are replacing pre-extisting

detrital minerals.

Paragenetic sequence: The data obtained for this sample are not enough to determine
the precise paragenetic sequence. However, based on the textural relationships
between diagenetic minerals it seems that anhydrite or calcite predate TiO, mineral

and pyrite.

4.4.2 Moheida P-15 well
Diagenetic minerals and paragenetic sequence of Lower Cretaceous Roseway
Equivalent oolitic ironstone
Sample P-15 2563.67 (Roseway Equivalent Formation, 2563.67 m) oolitic ironstone
(Appendix 10-1A)
Description

The intragranular space in this sample is filed with a mixture of ankerite, siderite

and chlorite (Figs.4.15 B, C). Mg-Fe-calcite is partly replaced by late siderite

181



(Fig.4.15 C). Based on textural relationship there seems to be two generations of
ankerite, early and late and two generations of siderite, early and late (Figs.4.15 B,
C). Early ankerite has subrounded crystal outlines and seems to be invaded by early
siderite (Fig.4.15 B). Early siderite and early ankerite are surrounded and partly
replaced by late siderite (Figs.4.15 B, C). Late ankerite tends to cross-cut both early
and late siderite as well as diagenetic chlorite (Fig.4.15 C). Fe-Mg-calcite fills
primary porosity and is replaced by late siderite (Fig.4.15 A). Diagenetic chlorite is
rare, fibrous and when present tends to be associated with calcite or fills secondary
porosity in the cement (Fig.4.15 C). Bioclast is entirely replaced by Mg-calcite
(Fig.4.15 A).

Diagenetic paragenesis: Fe-Mg-calcite and Mg-calcite predate predate Fe-calcite,
early ankerite and early siderite. Late siderite postdates Fe-cal and early ankerite and

predates chlorite which in turn predates late ankerite.

Diagenetic minerals and paragenetic sequence of Upper Jurassic Abenaki oolitic
limestone
Sample P-15 3306.03 (Abenaki Formation, 3306.03 m) oolitic limestone (Appendix 10-2)
Description
The supporting material is a mixture of silt size dolomite, diagenetic chlorite,
pyrite, muscovite, Fe-calcite and detrital quartz (Fig.4.16 B). Quartz overgrowths
form around detrital quartz and tend to replace Fe-calcite (Fig.4.16 B). Fe-calcite is
the main cement replacing dolomite. Pyrite is diagenetic and shows replacive texture

against dolomite and e-calcite cement (Fig.4.16 B). Secondary porosity in the cement

182



lacks diagenetic minerals (Fig.4.16 A).

Paragenetic sequence: Dolomite predates Fe-calcite and pyrite.

Diagenetic minerals and paragenetic sequence of Middle Jurassic Iroquois
sandstone and dolostone
Sample P-15 3744.92 (Iroquois Formation, 3744.92 m) fine grained sulphate-cement
sandstone (Appendix 10-3)
Description

Diagenetic minerals identified are anhydrite, pyrite, quartz overgrowths, illite,
kaolinite and TiO, mineral. Anhydrite fills primary porosity and engulfs biotite
(Fig.4.17 A) and muscovite (Fig.4.17 C). Kaolinite and illite fill embayments in
detrital quartz (Fig.4.17). In places illite forms in the space between detrital quartz
and anhydrite cement (Fig.4.17 A). Quartz overgrowths form around detrital quartz
grains and tend to invade anhydrite cement (Fig.4.17 A). Framboidal pyrite shows
replacive texture against the anhydrite (Fig.4.17 C) and TiO, mineral show replacive
texture against biotite (Fig.4.17 B) and anhydrite (Fig.4.17 C). Both TiO, mineral and
pyrite seem to cross-cut all the other minerals (Fig.4.17 C).
Paragenetic sequence: Anhydrite predates TiO, which in turn predates kaolinite and

illite. Quartz overgrowths predate all the previous diagenetic minerals.

Sample P-15 3750.94 (Iroquois Formation, 3750.94 m) dolostone (Appendix 10-4)
Description

Secondary porosity is filled by anhydrite (Fig.4.18).
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5. Discussion
5.1 Provenance

The main objective of this chapter is to use the results presented in chapter 4 to
interpret the provenance of Mid Jurassic to Early Cretaceous sediments deposited in the
SW Scotian Basin and Early Jurassic sediments in the Fundy Basin.

The chemical composition and the relative abundance of detrital heavy minerals
such as tourmaline, garnet, spinel/chromite, rutile, of detrital light minerals like
muscovite, biotite, chlorite, feldspar and mineralogical composition of lithic clasts from
Mid Jurassic to Early Cretaceous sandstones in the SW Scotian Basin are compared
with the mineralogical composition of local onshore potential rock sources such as the
Meguma terrane (Nova Scotia) and more distant onshore rock sources from both more
inboard Appalachian terranes, like Avalon and Gander (New Brunswick) and outboard
parts of the Canadian Shield such as the Grenville Province (Labrador). In addition, the
chemistry and the relative abundance of these minerals is compared with elsewhere in
the Scotian Basin, particularly in the central part (Sable sub-basin and Abenaki sub-
basin) and the western part (Naskapi N-30 well) and with the Chaswood Formation on

land (Nova Scotia and New Brunswick).

5.1.1 Sources for Lower Cretaceous sandstones in the SW Scotian Basin
5.1.1.1 Tourmaline

Tourmaline is common in the Lower Cretaceous in Mohican I-100, with same
chemical characteristics as in Naskapi N-30: type 4 abundant, type 1 subordinate to 4

and type 3 rare. However, it is different from the tourmaline in the Abenaki sub-basin,
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at Dauntless D-35, the Sable sub-basin at Musquodoboit E-23, Alma K-85, Chebucto
K-90 and the Laurentian sub-basin, at Emerillon C-56 and Hermine E-94 (Fig.5.1). The
only exceptions in the Sable sub-basin are wells in the Thebaud, Glenelg and Venture
fields (Pe-Piper et al., 2009), which have similar tourmaline as Mohican I-100 and
Naskapi N-30.

Type 4 from Mohican I-100, derived from metapelitic/metapsammitic rocks, shows
the similar chemical variation as type 4 tourmaline in Naskapi N-30 but has a wider
range of Al content. The Al content is also more variable compared to tourmaline from
Lower Cretaceous formations in wells from other parts of the Scotian Basin, such as
those at the Thebaud field, Alma K-85 and Chebucto K-90 in the Sable sub-basin and
Emerillon C-56 and Hermine E-94 in the Laurentian sub-basin. Type 1 from igneous
rocks, and type 3 from meta-ultramafic and meta-carbonate rocks, are similar only to
those in Naskapi N-30.

Tourmaline of type 1 and type 4 at Mohawk B-93 and Shelburne G-29 wells has
similar abundance and chemical composition to tourmaline from Lower Cretaceous
formations at Mohican I-100 and Naskapi N-30. However type 3 is absent in both
wells. Sediment samples at Vinegar Hill have the same tourmaline types (1, 3 and 4) as
those found in Mohican I-100 and Naskapi N-30, in part of metapelitic/metapsammitic
origin and in part of granitic origin, where the latter is likely to be derived from the
Silurian peraluminous tourmaline granites of central New Brunswick, including the
Pokiok batholith (Piper et al., 2007). Tourmaline of type 1 at Vinegar Hill is almost as
abundant as type 4 and not subordinate to the latter, which is the case for wells

originating in the SW Scotian Basin (Mohican [-100 and Mohawk B-93). In addition,
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tourmaline types 1 and 4 have a narrow chemical range enriched in Al, whereas
tourmaline in wells on La Have Platform (Mohican I-100 and Mohawk B-93) and the
Scotian Slope (Shelburne G-29) show a wide range of Al content within same type, as
well from one type to another. Chemical mineralogy and abundance of tourmaline in
the SW Scotian Basin suggests that during Early Cretaceous the clastic sediments were
derived mostly from metamorphic rocks of the Meguma terrane, rather than igneous

rocks.
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5.1.1.2 Garnet

Wells from the central (Musquodoboit E-23 and Dauntless D-35) and the eastern
part (Hermine E-94 and EmerillonC-56) of the Scotian Basin and the Orpheus graben
(Argo F-38 and Jason C-20) show differences in the chemical composition and the
relative abundance of garnet when compared to the four types identified in the SW
Scotian Basin for Lower Cretaceous formations (Fig.5.2). Specifically types 1A and 1B
are the most abundant types identified in the central and eastern Scotian Basin and the
Orpheus graben, followed by type 2 or type 3. In addition, types 4 and 5 are absent
from all the wells. Only 2 grains were identified as spessartine and grossular in samples
from Vinegar Hill.

Naskapi N-30 and Alma K-85 are the only wells in the Scotian Basin to have some
garnets with similar chemical composition and relative abundance of specific types as
those in Mohican 1-100 and Mohawk B-93. Types 4 and 5 garnets at Naskapi N-30
and Alma K-85 are similar to those from Mohawk B-93 and Mohican I-100. These
types 4 and 5 garnets also resemble types 4 and 5 garnets from the Meguma Supergroup
metasedimentary rocks (Pe-Piper et al., 2009). Type 1B and type 2 are absent from
Naskapi N-30, but present in Mohican I-100 well.

The garnets at Mohican I-100 chemically are types 1B, 2, 4, and 5 (Fig.5.2). Such
garnets are characteristic of anorthosites from the Grenville Province (type 1B and 2)
and metamorphic rocks of the Meguma terrane (type 4 and 5) (Pe-Piper et al., 2009).
Types 4 and 5 are abundant, type 1B subordinate and type 2 rare. Type 4 garnet from
the Roseway Equivalent Formation in Mohawk B-93 is the only type identified, rare

with most likely sources in the Meguma Supergroup metasediments. Shelburne G-29 is
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lacking garnet, most likely due to dissolution with increase in depth as the sample
studied was obtained from 3635 m depth.

The chemical composition and relative abundance of garnet at Mohawk B-93 and
Mohican I-100, for Lower Cretaceous strata, point to a dominant sediment supply from
the Meguma terrane, similar to that for Naskapi N-30 and Alma K-85, which most
likely are the Meguma Supergroup metasediments and the Meguma terrane granites
(Fig.5.2). The presence of type 1B and type 2 garnet in Mohican I-100 similar to type
1B and type 2 in Alma K-85 suggests a minor derivation of sediments from meta-

ultramafic rocks.
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5.1.1.3 Spinel/chromite

A few spinel/chromite grains have been analyzed from Lower Cretaceous
formations in the SW Scotian Basin (Middle Missisauga in Mohican I-100 and
Shortland Shale in Shelburne G-29). Spinel/chromite is absent from Mohawk B-93
well. Chemically the spinel/chromites in Mohican I-100 resemble those from boninites
and this is the most abundant type followed by MORB and island-arc tholeiite derived
spinel/chromite type (Fig.5.3). The same mineral assemblage is found in Shelburne G-
29 with sub equal boninite and MORB types (Fig.5.3). The absence of spinel/chromite
in Chaswood Formation at Vinegar Hill and in Naskapi N-30 suggests that the
spinel/chromite is not derived from the Meguma terrane rock lithologies, or from the
more inboard terranes of New Brunswick. The lack of supply with sediments from
central and northern New Brunswick at the Naskapi N-30 can be confirmed as well
from the absence of Early Paleozoic monazite from the same area (Reynolds et al.,
2009).

Similar assemblage of spinel/chromite to that in the SW Scotian Basin has also been
found in Lower Cretaceous formations in the central and eastern part of the basin,
where it is more abundant (e.g. in Musquodoboit E-23, Alma K-85, Thebaud and
Glenelg fields of the Sable sub-basin and Dauntless D-35 and Peskowesk A-99 in the
Abenaki sub-basin) (Fig.5.3) and where the spinel/chromite to zircon ratio is high. The
relative proportion of the three types in the SW Scotian Basin is similar to proportions
in Sable sub-basin (Fig.5.4). However, the difference in the overall abundance of
spinel/chromite supports the suggestion that Lower Cretaceous formations in offshore

wells in the SW Scotian Basin (Mohican I-100 and Shelburne G-29) have different
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potential sources from equivalent formations in wells in the central and eastern part.
Spinel/chromite of MORB, IAT and boninitic affinity in the central and eastern Scotian
Basin strongly suggests an ultimate source in ophiolites and/or reworking of Paleozoic
sandstones. During Lower Cretaceous the central and eastern Scotian Basin were
influenced with sediments transported by Sable River. As a result, most likely, at times,
a distribution of the Sable River extended southwestward to the Mohican 1-100 well.
The periodic distribution of sediments from an ancestral Sable River in Mohican I-100
is also implied from presence of type 3 tourmaline and type 1B and type 2 garnet with

sources in meta-ultramafic rocks.
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Fig.5.3: Chemical variation in spinel/chromite in wells studied and wells in the central and eastern Scotian Basin used
for comparison. Fields after Pearce et al. (2000).
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Fig.5.4: Relative proportion of the three types of spinel/chromite in the SW Scotian Basin and in
the Sable and Abenaki sub-basins.

5.1.1.4 Rutile

Most of the rutile analyses from Lower Cretaceous formations in Mohican I-100
and Mohawk B-93 plot in the field that represents metapelite on a Cr vs. Nb diagram
(Zack et al., 2002). Nevertheless, a Zr vs Nb discrimination diagram (Ledger, 2013)
shows potential sources similar to those as shown by tourmaline (type 1 and 4) and
garnet (type 4 and 5), discussed in the preceding text, either directly from an igneous

(granite) or a metamorphic protolith (metapelite/metapsammite).

5.1.1.5 Micas and chlorite
Rather few muscovite analyses from heavy mineral separates in cutting samples

only from Mohawk B-93 are available for Lower Cretaceous formations in SW Scotian
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Basin, which have chemical composition that point to igneous rock sources
(granitoids), presumably the South Mountain Batholith of the Meguma terrane. The
chemical composition of muscovite in polished thin sections of conventional cores in
Mohican I-100, suggest a metamorphic origin similar to muscovite from metamorphic
rocks of the Meguma terrane. However, the presence of muscovite as mineral
inclusions in detrital quartz indicates that some of the muscovite was derived from

peraluminous igneous rocks (Fig.5.5) as well.
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Fig.5.5: SEM back-scattered electron image of Lower Cretaceous sedimentary
rock from Mohican I-100 well showing inclusion of muscovite in detrital quartz.

Muscovite ages for rock samples collected from one conventional core, at Naskapi
N-30, taken from near the top of the Missisauga Formation, show derivation from the
South Mountain Batholith of the Meguma terrane (Reynolds et al., 2009). On the other
hand, muscovite chemistry indicates a dominant supply from metamorphic rocks and

minor supply from the igneous rocks of the Meguma terrane similar to muscovite from
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the SW Scotian Basin. Horton Group clastic rocks in Nova Scotia comprise muscovite
with ages that reflect a late stage of exhumation of the South Mountain Batholith or
ages older than the metamorphic rocks of the Meguma terrane (Reynolds et al., 2010).
Only few muscovite ages from rock samples in the Horton Group are similar to those
from the South Mountain Batholith. As a result, metamorphic muscovite in the SW
Scotian Basin (Moheida P-15, Mohican I-100 and Mohawk B-93) was derived directly
from the metamorphic rocks of the Meguma terrane, whereas igneous muscovite was
sourced either from igneous rocks of the Meguma terrane or from reworking of
previously deposited Horton Group clastic rocks in Nova Scotia.

Biotite chemistry from Mohican I-100 resembles some of that at Naskapi N-30,
enriched in Al,O3 and depleted in TiO,, representing biotite of igneous origin from
peraluminous granites.

Detrital chlorite containing <1% CaO, TiO,, K,O and Na,O seems to be abundant
in Mohawk B-93 and almost absent from Mohican I-100 and Shelburne G-29. In all
three wells detrital chlorite has higher SiO, and lower MgO compared to most of the
detrital chlorite from the Meguma terrane (Fig.5.6). All detrital chlorite analyses in the
SW Scotian Basin have < 30 wt% SiO,, which represents the boundary between
diagenetic and detrital chlorite (Sedge, 2015).

Pe-Piper and Weir-Murphy (2008) used texture, morphology mode of occurrence
and grain size to classify the chlorites of the Lower Cretaceous sandstones from the
Orpheus Graben into diagenetic and detrital. They further subdivided the detrital
chlorites into metamorphic (sourced from metamorphic rocks) and igneous (sourced

from alteration of magmatic minerals in igneous rocks, mostly basaltic cuttings). These
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groups of chlorite were used to subdivide a discrimination diagram: FeO/MgO vs
Si0,/Al,0s5. This same discrimination diagram was used in Sedge (2015) to plot the
data of Gould (2007) who studied chlorite rims (diagenetic) from the Venture field of
the Scotian Basin. The chlorite data of Gould (2007) defines a small field representing
diagenetic minerals within the “metamorphic field” of Pe-Piper and Weir-Murphy
(2008). Detrital chlorite analyses from Mohawk B-93, Mohican I-100 and Shelburne G-
29 plot in the “metamorphic” field of Pe-Piper and Weir-Murphy (2008) but outside of

the diagenetic field of Gould (2007).
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Fig.5.6: Chemical variations in chlorite based on MgO wt% vs SiO2 wt% for studied wells (colored
symbols). Comparison of data between wells studied and Meguma Group metasediments, data for
Meguma Group metasediments (black dots) taken from Dr. Chris White. Fields taken after Pe-Piper et
al. (2009).
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5.1.1.6 Other heavy minerals

Staurolite and some ilmenite from cutting samples collected at Mohican 1-100 and
Mohawk B-93, show similar low composition in MnO (<0.5 wt% for staurolite and
<1.5 wt% for ilmenite), as does most of staurolite and ilmenite from Vinegar Hill,
southern New Brunswick (Piper et al., 2007). However, the chemistry of a mineral is
not always characteristic of a single source and thus both minerals could have been
derived from the Meguma terrane.

[Imenite with low abundance in Mn at Vinegar Hill, with likely provenance from
igneous rocks (Basu and Molinaroli, 1989), when compared to those from northern
Nova Scotia (Pe-Piper et al., 2005b), suggest that rivers depositing sediments at
Vinegar Hill did not extend to Nova Scotia (Piper et al., 2007). Therefore, it is more
likely that Vinegar Hill River and other rivers might have passed through low lands in
the Fundy Basin, entered and finally deposited some sediments to the Shelburne delta

(Wade and MacLean, 1990).

5.1.1.7 Feldspar and lithic clasts

Feldspar is a very abundant detrital mineral in polished thin section of conventional
cores from Mohican I-100. Specifically, orthoclase and perthite are the most common
feldspars identified (Fig.5.7). The presence of potassic feldspar together with intimate
intergrowth of sodic and potassic feldspar (perthite) suggests derivation from felsic
igneous rocks like granite, syenite and granodiorite. The high abundance in potassic
rich feldspars is also observed from the feldspar classification diagram where most of

the analyses plot as orthoclase.
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Lithic clasts are common in Mohican I-100, with abundant polycrystalline quartz
(metapsammite) and some greenschist facies metamorphic rocks (chlorite schist) with a
foliation. The characteristic mineralogical assemblage of lithic clasts that point to
metamorphic rock sources is abundant chlorite and polycrystalline quartz and lesser
muscovite (Fig.5.8) Based on mineralogical composition and texture and their
similarity to lithic clasts from Naskapi N-30, most likely rock sources for these lithic

clasts are slates and metasandstones of the Meguma Supergroup.
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Fig.5.7: SEM back-scattered electron images of Lower Cretaceous sedimentary rocks from
samples studied at Mohican I-100 showing abundance in detrital K-feldspar and perthite.
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Fig.5.8: SEM back-scattered electron images of Lower Cretaceous sedimentary rocks from
samples studied at Mohican I-100 showing mineralogical composition in lithic clasts.

5.1.1.8. Stratigraphic trends in modal abundance of heavy minerals-Lower
Cretaceous

The different sources for sediments in the SW Scotian Basin, when compared to
central Scotian Basin, can also be revealed from modal abundance of detrital heavy
minerals. The dominant detrital minerals at Mohawk B-93, Mohican I-100 and
Shelburne G-29 are in decreasing order ilmenite, tourmaline, zircon, garnet, rutile and
spinel/chromite (Fig.5.9). In contrast, in the central Scotian Basin, zircon is the most
abundant; spinel/chromite is subordinate followed by tourmaline, and garnet, which are
rare.

Based on modal mineral abundance, the Lower Cretaceous rock sources for
sediments in the SW Scotian Basin are also different from sources for the Chaswood
Formation in Nova Scotia and New Brunswick (Fig.5.9). The fluvial Chaswood
Formation was mostly supplied with sediments from central New Brunswick at Vinegar
Hill (southern New Brunswick) and from northern New Brunswick at Elmsvale (central
Nova Scotia) and Brierly Brook (eastern Nova Scotia), based on monazite

geochronology (Pe-Piper and MacKay, 2006). Staurolite and andalusite are the most
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abundant minerals at Vinegar Hill, most likely derived from a metapelitic rock source
(Piper et al., 2007). Ilmenite, tourmaline and staurolite are the most abundant at
Elmsvale Basin and Brierly Brook probably sourced from more inboard Appalachians

with a minor influence from rocks of the Meguma terrane (Piper et al., 2008).
1 2 3

420 grains 169 grains 75 grains
n=3 n=2 n=1

n=number of samples
included

SW Scotian Basin

1. Mohawk B-93

2. Mohican 1-100

3. Shelburne G-29
Chaswood Formation
4. Vinegar Hill

5. Elmsvale Basin

2214 grains 1116 grains
n=7 n=5 Color Legend
Mineral

Al Spinel

Andalusite

Apatite

Chr Spinel

Fe-Ti oxides

Garnet

lImenite

Muscovite

Magnetite

Pyroxene

Rutile

Staurolite

Tourmaline

Xenotime

Zircon

Zircon & monazite

EEER EE(/EEEREENCH

Fig.5.9: Pie chart diagrams showing differences in the modal abundance of detrital heavy minerals
in cutting samples for Lower Cretaceous Formations in the studied wells and samples from the Lower
Cretaceous Chaswood Formation. Data for the Vinegar Hill is taken from Piper et al. (2007), whereas data
for the Elmsvale Basin is taken from Pe-Piper et2 28.0(2004) and Piper et al. (2008).



The Horton Group in Nova Scotia has same modal abundance in detrital heavy
minerals as Lower Cretaceous formations in the SW Scotian Basin (Tsikouras et al.,
2011). However, the chemical composition and the relative abundance of different
types of tourmaline and garnet in the Horton Group do not resemble entirely garnet and
tourmaline from the SW Scotian Basin. From the four types identified in the Horton
Group only three, types 1, 2 and 3 are present in the SW Scotian Basin. Although types
1, 3 and 4 in the SW Scotian Basin have same relative abundance as types 1, 3 and 4
tourmaline in the Horton Group, type 2 is absent. Garnet from the Horton Group is
typically grossularite, which is abundant, followed by Mn-almandine, Ca- Mg-
almandine and rare andradite. SW Scotian Basin is abundant in spessartine and Mn-rich
almandine garnet. Differences in modal abundance of detrital heavy minerals are also
observed between Mohawk B-93, Mohican I-100 and Shelburne G-29. These
differences include mostly the abundance of ilmenite, tourmaline, garnet, staurolite,
zircon and rutile. In Mohawk B-93 ilmenite is the most dominant mineral. Zircon and
tourmaline are equal in abundance and subordinate, with rare but equal abundance in
staurolite and garnet. Although zircon represents an important component in the heavy
mineral separates, its percentage decreases significantly with increase in depth,
compared to ilmenite which shows high increase and tourmaline which shows low
increase with depth (Fig.5.10). The decrease in proportion of ultra-stable zircon to
ilmenite and the absence in ilmenite alteration products may indicate less supply from
polycyclic sources and more supply from crystalline bedrock abundant in ilmenite and
tourmaline. The abundance of metamorphic over igneous tourmaline in the modal

composition indicates strong input from metamorphic rock sources.
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Fig.5.10: Scatter plot showing variations in abundance of the 5 most abundant detrital minerals
found at Mohawk B-93.

In Mohican I-100 ilmenite is the most abundant detrital heavy mineral identified,
followed by tourmaline and garnet (almandine, spessartine), whereas zircon and
staurolite are rare. Tourmaline at Mohican I-100 is inversely proportional to ilmenite,
which decreases in abundance with increasing depth (Fig.5.11). The increase in
tourmaline at different depths, might suggest that the rivers supplying were draining
crystalline rocks with different amounts of tourmaline. Specifically, the high presence
of tourmaline with a metapelitic/metapsammitic origin, when compared to those with
an igneous and a meta-ultramafic origin, together with abundance in types 4 an 5 garnet

suggest that the rivers were probably draining large areas of metamorphic rocks. The
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decrease in ilmenite might be a result of its loss through alteration, which implies
polycyclic origin e.g. with reworking of Carboniferous sandstones of the Horton Group
and/or Jurassic sandstones in the proximal part of the Scotian Basin. However, specific
evidence for this process is lacking in Mohican I-100 as ilmenite alteration products
(TiO; minerals) are almost absent in all samples. Detrital rutile is present only in one
stratigraphic level from Lower Cretaceous Upper Mississauga Formation.

Different types and relative abundance of garnet were identified in sandstones from
Mohawk B-93 and Mohican I-100. Almandine with prominent substitution of
spessartine, pyrope and grossular is abundant whereas spessartine with prominent
almandine substitution is rare. According to Morton (1987) garnet compositions
become less diverse due to preferential dissolution of the more calcium-rich garnets,
especially below about 2 km. In this study, Shelburne G-29 is a deep well (4000m total
depth), the sample studied was obtained from 3635m and Ca-garnet dissolution may be
the reason why garnet is lacking.

Modal abundance at Shelburne G-29 is represented by abundant ilmenite with less

presence of tourmaline and rare apatite, spinel/chromite and zircon.
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Fig.5.11: Scatter plot showing variations in abundance of the 5 most abundant detrital minerals
found at Mohican 1-100.

5.1.1.9 Polycyclic sources to the SW Scotian Basin-Lower Cretaceous

Magnetite is the dominant mineral in clastic deposits in the Fundy Basin with rare
apatite, tourmaline, garnet, tremolite, richerite and anthophyllite. The absence of ultra-
stable detrital minerals, such as zircon and rutile, indicative of polycyclic sources,
suggests that the sediments are first cycle and probably were sourced from crystalline
rocks enriched in magnetite, such as basalts. On the other hand Lower Cretaceous
clastic deposits in southernw New Brunswick are enriched in staurolite and andalusite,

followed by ilmenite and its alteration products, with rare tourmaline, zircon and rutile.
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In general, the mineralogical composition of clastic deposits in the Fundy Basin and
in southern New Brunswick suggests that the sediments tend to be first cycle from
crystalline rocks.

Specifically, the Scots Bay Formation at Chinampas O-37 in the Fundy Basin has
different mineral composition compared to sediments in the SW Scotian Basin at
Mohawk B-93, as well as different modal abundances of detrital heavy minerals in
cuttings samples (Fig.5.12).

Although it is believed that the Vinegar Hill River deposited in southern New
Brunswick might have passed through the Fundy Basin, there is no evidence that it
deposited in the SW Scotian Basin as far east as Mohawk B-93. For example heavy
mineral separates in Mohawk B-93 are enriched in ilmenite, tourmaline and zircon,
whereas the Scots Bay Formation is abundant in magnetite. This fact implies that there
was no influence from reworking of Early Jurassic rocks from the Fundy Basin in the

SW Scotian Basin during Early Cretaceous.
1 2

i ] Color Legend
420 grains 345 grains Mineral

n=3 n=1 Amphibole =
Apatite

n=number of samples 1. Mohawk B-93 Garnet

included 2. Chinampas O-37 :\I/Irggl;gzte

Rutile
Staurolite
Tourmaline
Xenotime
Zircon

EEE E(/ENEN

Fig.5.12: Pie chart diagrams showing differences in the modal abundance of detrital heavy minerals
in cutting samples for Lower Cretaceous Formations at Mohawk B-93 and samples from the Scots
Bay Formation at Chinampas O-37 in the Fundy Basin. 205



5.1.1.10 Summary

The heavy and light mineral analysis has been proved to be a valuable tool for
discrimination of sources for Lower Cretaceous sediments in the Scotian Basin.
Tourmaline, garnet, rutile, muscovite and biotite chemistry, together with mineral
abundance, all indicate different sources to the SW compared to the central and eastern
Scotian Basin. For example, the SW Scotian Basin was supplied by a source almost
lacking spinel/chromite, in comparison with the central and eastern Scotian Basin,
which shows sources abundant in zircon and spinel/chromite through reworking of
Paleozoic sandstones. Chemical composition and modal abundance of detrital minerals
in Mohican I-100, Mohawk B-93 and Shelburne G-29 do not reflect any influence from
polycyclic sources through reworking of sedimentary rocks older than Mesozoic.
Monazite and zircon geochronology in the central Scotian Basin suggests derivation of
sediments through a river draining local areas of the Meguma terrane. Monazite is
absent from the SW part of the basin. In addition, garnet and tourmaline in the SW
Scotian Basin have different chemical composition and thus different types when
compared to garnet and tourmaline from the central and eastern part of the basin.

[lmenite, tourmaline, garnet, rutile, muscovite, chlorite and biotite chemistry all
indicate that the predominant source area comprises mostly metapelites/metapsammites
and granites. Abundant Mn-rich ilmenite is known from the Meguma Supergroup
metasediments. Tourmaline is almost exclusively from metapelites/metapsammites
(low grade metamorphic rocks) with small amount from granites. Garnet, rutile and
chlorite are mostly all from metamorphic rock sources. Muscovite as tourmaline is both

of metamorphic and igneous origin. Muscovite and tourmaline inclusions in detrital
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quartz indicate peraluminous granites. Orthoclase is a major component in felsic rocks
such as granite. Lithic clasts in the studied rocks have characteristic mineralogical
composition typical of low-grade metamorphic rocks, as is the case for
metasedimentary rocks of the Meguma terrane. The only such source area in Atlantic
Canada that is characterized by rocks of low grade greenschist metamorphism,
abundant in ilmenite/tourmaline, and peraluminous granites is the Meguma terrane of
the southern Nova Scotia.

In addition to the main source from the Meguma terrane, several lines of evidence
suggest a small influence from one or more rivers draining one or more distant sources
occurred during Lower Cretaceous, particularly in Mohican I-100. The evidence
includes the presence of unusual type 1B and type 2 garnets (almandine with significant
grossular substitution), with chemical composition similar to those from anorthosite,
possibly from anorthositic bedrock of the Grenville Province, from a small presence of
spinel/chromite with sources from meta-ultramafic rocks and from the presence of type
3 tourmaline. This evidence suggests that in Mohican I-100, because of its location,
mixing of sediments from rivers with different sources was possible. At times, an
ancestral Sable River depositing sediments in the Sable sub-basin (Zhang et al., 2014)
might have transported sediments from Labrador westwards in Mohican I-100 well.
This fact is confirmed from comparison of types and chemical composition only of
garnet and spinel/chromite at Alma K-85, which was predominantly supplied by Sable
River, with minor Meguma terrane input.

Similar types and abundances of spinel/chromite and garnet are found at Alma K-85

compared to spinel/chromite and garnet at Mohican I-100. A total of six garnet types

207



were identified (1A, 1B, 2, 3, 4 and 5) at Alma K-85, whereas at Mohican I-100 only
four types are present (1B, 2, 4 and 5). Types 2 and 3 at Alma K-85 are similar to type
2 from Mohican I-100 with sources from the Grenville Province. In both wells the
common types 1B, 2, 4 and 5 have similar abundances. Although type 1A is absent
from Mohican I-100, at Alma K-85 only one garnet is type 1A.

Spinel/chromite is the most representative mineral showing transportation of
sediments by the Sable River in the central (e.g. Alma K-85) and eastern Scotian Basin
(e.g. Peskowesk A-99). Spinel/chromites at both Mohican I-100 and Alma K-85 have
two types with similar chemical composition, one enriched in Al and one enriched in
Fe.

Although garnet and spinel/chromite at Mohican I-100 when compared to similar
minerals at Alma K-85 have same characteristics there are differences in the modal
abundance for each of the mineral species in both wells. Garnet and spinel/chromite are
abundant at Alma K-85 whereas at Mohican I-100 are rare. However, abundance
differences are expected as ~80% of the sediments at Alma K-85 were transported by
an ancestral Sable River with sources from the Grenville Province and Labrador (Zhang
et al., 2014) and ~20% were transported by local rivers draining areas of the Meguma
terrane. On the other hand at Mohican I-100 ~90% of the sediments were transported
by rivers draining areas of the Meguma terrane and only ~10% seem to have been
transported by an ancestral Sable River.

At Alma K-85 tourmaline of type 4 is abundant with the remainder type 1
subordinate; type 3 is absent. However, only 7 analyses have been reported (Pe-Piper et

al., 2009). Type 4 tourmaline at Mohican I-100 is as abundant as in Alma K-85, type 1
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is still subordinate and type 3 is rare. Type 3 tourmaline was interpreted by Pe-Piper et
al (2009), based on Kassoli-Fournaraki and Michailidis (1994), in the central and
eastern Scotian Basin as sourced from meta-ultramafic rocks, meta-carbonate rocks or
Cr-V-rich metasedimentary rock. Tsikouras et al. (2011) found type 3 tourmaline in the
Horton Group and in sand from the Debert River in northern Nova Scotia. This
observation implies that some sources for type 3 tourmaline exist in the Meguma and
Avalon terranes. The type 3 tourmaline at Mohican I-100 thus might have been sourced
either from the Grenville Province meta-carbonate rocks of the Meguma or Avalon
terranes.

Tourmaline of type 3, spinel/chromite and garnet of type 1B and 2 are absent from
all the samples at Mohawk B-93, suggesting that the most SW part of the Scotian Basin
did not receive sediment dispersed southwestward from the Sable River during Lower
Cretaceous. Spinel/chromite is present at Shelburne G-29, which suggests a possible

Sable River source.

5.1.2 Sources for the Upper Jurassic sandstones in the SW Scotian Basin
5.1.2.1 Tourmaline

The chemical composition and the modal abundance of detrital heavy minerals,
such as tourmaline, garnet and detrital light minerals such as muscovite, biotite and
chlorite, from Upper Jurassic formations, are compared to chemical composition and
modal abundance of similar minerals from Lower Cretaceous strata in the SW Scotian
Basin and Upper Jurassic strata in the Sable sub-basin.

Tourmaline from Upper Jurassic strata in Mohican I-100 (Roseway Equivalent
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Formation) and Mohawk B-93 (Mohawk Formation) has similar chemical composition
and abundance in types 4 and 1 as Lower Cretaceous tourmaline in same wells. A lack
of type 3 tourmaline in Upper Jurassic strata in both wells indicates no influence from a
meta-ultramafic or a meta-carbonate rock source (Fig.5.13). As argued previously for
Lower Cretaceous strata, the presence of type 4 and type 1 tourmaline suggests
sediments with sources from metamorphic and igneous rocks of the Meguma terrane,
respectively.

Tourmaline from the lower member of Missisauga Formation at the Thebaud and
Venture fields in the Sable sub-basin has types 4 and 1 similar in abundance as
tourmaline from Upper Jurassic strata. However, differences in the chemical
composition suggest different sources (Fig.5.13). Type 4 tourmaline in Mohican I-100
and Mohawk B-93 tend to show a wide range of Al and small range in Mg and Fe,
whereas tourmaline from the Venture and Thebaud fields show consistent Al
composition and important differentiation in Mg and Fe. Moreover type 3 present at
both the Venture and Thebaud fields is absent from both Mohawk B-93 and Mohican I-
100.

In general Upper Jurassic tourmaline shows less variability regarding chemical
composition in both Mohawk B-93 and Mohican I-100 compared to Lower Cretaceous

tourmaline, with depletion in Fe and enrichment in Mg.
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Fig.5.13: Chemical variation in tourmaline based on Al - Mg - Fe showing differences and
similarities in types between Lower Cretaceous and Upper Jurassic. Fields after Pe-Piper et al. (2009).
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Fig.5.14: Histrograms of detrital tourmaline from the studied wells showing chemical differentiation
in Fe”" and Mg and thus different potential rock sources.
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5.1.2.2 Garnet

Type 5 garnet is the only type found in the Upper Jurassic Formation in Mohican I-
100. In Mohawk B-93 two types, 4 and 5 were identified in Upper Jurassic formations.
Types 4 and 5 in both wells have chemical composition similar to those of the Meguma
Supergroup metasediments from Beaverbank (Feetham, 1995) and Rawdon (Haysom,
1994). Similar chemical composition to types 4 and 5 garnet from Upper Jurassic strata
have also been seen in Lower Cretaceous formations at Mohawk B-93 and Mohican I-
100 (Fig.5.15). Garnet from Upper Jurassic strata in the central and eastern Scotian
Basin is known only from the lower member of the Missisauga Formation in the
Thebaud field. Its chemical composition represents types 1A and 4. Type 4 is enriched

in Fe when compared to type 4 in Mohawk B-93, which is enriched in Mn.
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5.1.2.3 Muscovite

Muscovite chemistry is restricted, indicating derivation from metamorphic rocks,
which Reynolds et al. (2009) showed for Naskapi N-30 was from rocks metamorphosed
in the Acadian and Alleghanian orogenies (Pe-Piper and Jansa, 1999). This observation
implies some erosion of the Meguma terrane on the inner Scotian Shelf. Muscovite in
the Venture and Thebaud fields is similar to Upper Jurassic muscovite in the SW

Scotian Basin.

5.1.2.4 Biotite

Biotite is absent at Naskapi N-30 and the Thebaud and Venture fields, whereas in
Mohican I-100 and Mohawk B-93 is dominant, depleted in Al,O; and enriched in TiO,.
Biotite enriched in TiO; and depleted in Al,Oj3 is characteristic of amphibolite
(intermediate) grade metamorphic rocks, with only minor amounts at greenschist (low)
grade. Its appearance is characteristic of upper greenschist grade but it becomes more

abundant at amphibolite grade.

5.1.2.5 Chlorite

Detrital chlorite in Mohican [-100 and Mohawk B-93 has similar composition in
Si0, and MgO as most of the detrital chlorites from both Lower Cretaceous strata and
metamorphic rocks of the Meguma terrane. All detrital chlorite analyses plot in the
“metamorphic” field based on detrital chlorite analyses from Pe-Piper and Weir-
Murphy (2008) but outside of the diagenetic field based on diagenetic chlorite analyses

from Gould (2007).
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5.1.2.6 llmenite

[Imenite at Mohican I-100 and Mohawk B-93 shows similar low content of MnO
(<1.5 wt%) as does most of ilmenite from Lower Cretaceous strata in the same wells
and Vinegar Hill. The chemistry of a single mineral species is not always characteristic
of a single source and thus ilmenite could have been derived from the Meguma terrane
or from other sources that provided sediments to Vinegar Hill. However, because the
chemistry of other detrital minerals such as tourmaline and types 4 and 5 garnet in the
SW Scotian Basin tend to show a local supply from the Meguma terrane, it is most

likely that same source has provided ilmenite.

5.1.2.7 Stratigraphic trends in modal abundance-Upper Jurassic

Modal abundance of detrital minerals in Upper Jurassic strata shows less diversity
in detrital heavy minerals, compared to modal abundance for Lower Cretaceous strata
in the same wells (Fig.5.16). The only detrital heavy minerals identified are ilmenite,
tourmaline, zircon, staurolite and garnet; rutile and spinel/chromite are absent.

Ilmenite is still the most abundant detrital mineral identified in Upper Jurassic
sandstones at both Mohawk B-93 and Mohican I-100, as it is for Lower Cretaceous
formations in the same wells. However, ilmenite from the Upper Jurassic at Mohawk
B-93 decreases with depth. In contrast ilmenite from the Upper Jurassic at Mohican I-
100 increases with depth. This implies that although both wells are located in the SW
Scotian Basin, at different different rock sources were eroded: at Mohican I-100 a
source enriched in ilmenite, whereas at Mohawk B-93 a source depleted in ilmenite.

Alternatively this difference may be due to different weathering of the transported
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detritus and/or increase of ilmenite dissolution as the burial depth increases and/or
hydraulic sorting.

Tourmaline is the second most abundant detrital heavy mineral in Mohawk B-93,
with higher percentage than tourmaline from the Lower Cretaceous in the same well. In
addition, tourmaline tends to increase with depth, suggesting an increasingly more
tourmaline dominant source (see Fig.5.10). A small change in tourmaline abundance is
observed towards the base of the Late Jurassic in Mohawk B-93 suggesting less
contribution from rocks rich in tourmaline. Tourmaline in Mohican I-100 decreases
with depth compared to Lower Cretaceous tourmaline (see Fig.5.11). All these changes
probably are due to local variations in tourmaline in the source rocks.

Garnet decreases in Upper Jurassic strata in Mohican I-100, continuing a trend
shown by the Lower Cretaceous in the same well (see Fig.5.10). Regarding Mohawk B-
93, garnet shows a small increase with depth compared to Lower Cretaceous strata (see
Fig.5.11). The increase is represented by presence of type 5 garnet, which is absent
from Lower Cretaceous strata.

Zircon decreases from the Cretaceous to the Upper Jurassic and is subordinate to
tourmaline in Mohawk B-93 (see Fig.5.10). The exception is in the lower Upper
Jurassic where a sudden increase in zircon is observed. On the other hand zircon
abundance in Mohican I-100 tends to be constant and have the same abundance as

Lower Cretaceous zircon (see Fig.5.11).
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Fig.5.16: Pie chart diagrams showing differences in the modal abundance of detrital heavy
minerals in cutting samples between Lower Cretaceous and Upper Jurassic strata in the studied
wells.

5.1.2.8 Summary
Garnet, muscovite and chlorite chemistry all show derivation only from the
metamorphic rocks of the Meguma terrane. Tourmaline is sourced from both

metamorphic and igneous rocks, presumably of the Meguma terrane, as implied from
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similar chemistry of Lower Cretaceous tourmaline. Biotite is mostly metamorphic with
a small presence of biotite of igneous origin. Abundant Mn-rich ilmenite is known from
the Meguma Supergroup metasedimentary rocks. Thus the main source for sediments
for Upper Jurassic strata is the Meguma terrane, with a major influence from
metamorphic rocks and a minor influence from igneous rocks. Although the main
source for sediments in both Lower Cretaceous and Upper Jurassic strata in the SW
Scotian Basin is the same, the local distribution of metamorphic and igneous source
lithologies is different in Mohican I-100 and Mohawk B-93. Sediments during Early
Cretaceous in Mohican I-100 were eroded from areas of the Meguma terrane enriched
in tourmaline, whereas during Late Jurassic areas enriched in ilmenite were eroded. The
opposite is the case for Mohawk B-93 where ilmenite-rich rocks were eroded during
Early Cretaceous and tourmaline rich rocks were eroded during Late Jurassic. The fact
that the distribution with sediments is different for Mohican I-100 and Mohawk B-93
implies that probably more than one river drained different areas of the Meguma terrane
and thus depositing sediments with different character off SW Nova Scotia.

Apart from a major contribution of sediments from the Meguma terrane, during the
Late Jurassic, a small influence from rocks rich in ultra-stable minerals was detected in
samples from Mohawk B-93, as implied by the small increase in modal abundance of
zircon. The increase in zircon abundance can be a result of reworking of sedimentary
rocks or derivation with sediments from a source hosting zircons, as for example
granites. There is no evidence of any contribution from the Sable River or the Vinegar

Hill River to Mohican I-100 or the wells around it.
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5.1.3 Sources for the Middle Jurassic sandstones in the SW Scotian Basin
5.1.3.1 Tourmaline

The detrital heavy minerals from Middle Jurassic strata were also compared to
Lower Cretaceous and Upper Jurassic detrital minerals from Mohawk B-93 and
Mohican I-100. Middle Jurassic Mohican and Iroquois formations in Mohican I-100
have tourmaline with similar types and chemical composition as Lower Cretaceous
tourmaline in the same well (Fig.5.17). Three types of tourmaline were identified, type
1, 3 and 4; type 4 is abundant type 1 sub-ordinate to type 4 and type 3 rare. Type 4 is
sourced from metamorphic and type 1 from igneous rocks of the Meguma Terrane. The
presence of Mg-rich tourmaline (type 3) suggests a contribution from most likely meta-
ultramafic or meta-carbonate rocks.

Middle Jurassic Mohawk Formation in Mohawk B-93 has the same tourmaline
types and chemistry as Lower Cretaceous and Upper Jurassic tourmaline from same
well (Fig.5.17). The same chemical compositions and types are also found in Upper
Jurassic sandstones at Mohican I-100. Types 1 and 4 were identified with type 4
abundant and type 1 rare. Types 4 and 1 tourmaline in the SW Scotian Basin as already
mentioned suggest derivation from metamorphic and igneous rocks of the Meguma

terrane, respectively.
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Fig.5.17: Chemical variation in tourmaline based on Al - Mg - Fe showing differentiation and
similarity in types between Lower Cretaceous, Upper Jurassic and Middle Jurassic samples from
wells studied. Fields after Pe-Piper et al. (2009).

5.1.3.2 Spinel/chromite
One spinel/chromite grain was identified in the Mohawk Formation in Mohawk B-
93. Based on chemical composition is an Al-rich spinel/chromite. Similar

spinel/chromite was identified in Lower Cretaceous formations at Alma K-85 (Sable

sub-basin) and Mohican I-100 (Shelburne sub-basin).
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5.1.3.3 Garnet

Middle Jurassic garnet in Mohican I-100 almost entirely resembles Lower
Cretaceous garnet in the SW Scotian Basin, with type 4 abundant and type 2 rare;
however, type 1B and type 5 are absent (Fig.5.18). Middle Jurassic type 4 has similar
chemical composition to garnet from metasedimentary rocks of the Meguma terrane,
whereas type 2, as mentioned for Lower Cretaceous, has chemistry similar to garnets
from anorthositic rocks of the Grenville Province.

Unusual types of garnet are present in Mohawk B-93. Types 1A, 1B and 2, 4 and 5
are all representative of distinctive sources. These types are different compared to
Lower Cretaceous and Upper Jurassic garnet where only two of the types, 4 and 5, were
found to represent metamorphic rocks of the Meguma Terrane (Fig.5.18). Type 1A was
not identified in other samples from the SW Scotia Basin with potential source in
igneous rocks of the Meguma terrane. Types 1B and 2 are representative of anorthositic
rocks from the Grenville Province, whereas types 4 and 5 are similar to garnet from
metamorphic rocks of the Meguma terrane.

The presence of small amounts of type 1B garnet in Mohawk B-93 and type 2
garnet in both Mohican I-100 and Mohawk B-93 is unusual as this type of garnet tend
to occur in meta-ultramafic rocks. During the Mid Jurassic, the presence of other
representative mineral indices of meta-ultramafic rocks at Mohawk B-93, such as
spinel/chromite, suggests that an equivalent river to the Lower Cretaceous Sable River
at Alma K-85 has contributed sediments from the Labrador and the Grenville Province.
The contribution with sediments from a distant source can be confirmed from the fact

that same types of garnet (1A, 1B, 2, 4 and 5) and spinel/chromite (Al-spinel) are found
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in both Mohawk B-93 and Alma K-85.

Spinel/chromite or other minerals indicative of a meta-ultramafic rocks source are
absent in Middle Jurassic formations at Mohican I-100. The absence of minerals
indicative of meta-ultramafic source implies that a type of rock source different from
that at Mohawk B-93 may have been eroded. Data regarding garnet chemistry from
meta-ultramafic rocks in the Appalachians is absent. The only data regarding garnet
from meta-ultramafic rocks is available from the Grenville Province (Schrijver, 1973;
Rivers and Mengel, 1988; Indares, 1992; Pe-Piper and Dessureau, 2002). As a result,
other potential sources for type 2 garnet at Mohican I-100 can be as a second cycle
origin from Carboniferous sandstones covering areas of the Meguma Terrane or an
unusual metamorphic origin of rocks associated with the Meguma Terrane gabbros

(Tate and Clarke, 1995).
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5.1.3.4 Micas and chlorite

Rare muscovite analyses in Mohawk B-93 are of both metamorphic and igneous
origin. The metamorphic muscovite resembles the muscovite from the metamorphic
rocks of the Meguma Terrane, whereas igneous muscovite resembles muscovite from
the deformed East Kemptville leucogranite that experienced sodium metasomatism and
Alleghanian resetting (Kontak et al., 1995). Muscovite analyses from core samples in
Mohican I-100 and Moheida P-15 show derivation only from the metamorphic rocks of
the Meguma terrane. The metamorphic origin of muscovite is also confirmed from
some muscovite of similar chemical composition in Lower Cretaceous strata in Naskapi
N-30, which Reynolds et al. (2009) suggested is presumably from the Meguma
Supergroup metasediments (Fig.5.19).

Biotite from Middle Jurassic strata in Mohican I-100 is different from Lower
Cretaceous biotite, predominantly metamorphic with minor presence of grains of
igneous origin. In contrast, biotite in Mohawk B-93 is almost absent with potential
source only in metamorphic rocks.

Detrital chlorite in Mohawk B-93 and Mohican I-100 is similar in composition to
detrital chlorite from Lower Cretaceous and Upper Jurassic strata as well as from
Meguma terrane (Fig.5.20). All detrital chlorite analyses plot in the “metamorphic”
field produced by Pe-Piper and Weir-Murphy (2008) but outside of the diagenetic field

produced by Sedge (2015).
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Fig.5.19: Potential source rock for muscovite from studied wells (A). (B) Meguma Supergroup
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N-30, Venture field (data taken from Reynolds et al., 2009).
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and Middle Jurassic strata for the studied wells. Comparison of data between wells studied and
Meguma Group metasediments, data for Meguma Group metasedimentary rocks provided by Dr. Chris White.
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5.1.3.5 Feldspar and lithic clasts at Mohican 1-100 and Moheida P-15

Sandstones from the Iroquois Formation at Mohican I-100 and Moheida P-15
contains abundant feldspars. Orthoclase is the most common potassium feldspar,
representing the majority of detrital minerals other than quartz found in the SW Scotian
Basin (Fig.5.21). Potassium feldspars suggest felsic igneous rocks, especially granites

as source rocks.

A i
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Fig.5.21: SEM back-scattered electron images of Middle Jurassic sedimentary rocks from samples
studied at Mohican I-100 showing abundance in detrital K-feldspar.

Lithic clasts are abundant in polished thin sections of conventional cores in both
Mohican I-100 and Moheida P-15. The abundance of lithic clasts in Middle Jurassic
strata at Mohican I-100 and Moheida P-15, as well as Lower Cretaceous Formation, is

in contrast to the lack of clasts in Upper Jurassic formations. Most lithic clasts are
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metapsammites and metapelites with characteristic mineralogical composition: a)
ilmenite, chlorite, muscovite and quartz, b) muscovite, chlorite and ilmenite with
inclusions of quartz and muscovite. In addition, rare lithic clasts of polycrystalline
quartz are present. Based on mineral composition lithic clasts from metapsammites and
metapelites in Middle Jurassic strata at both Mohican I-100 and Moheida P-15 are
similar to those from Lower Cretaceous. However, based on abundance lithic clasts in
Middle Jurassic sandstones at Mohican I-100 are more common than lithic clasts in
Lower Cretaceous sandstones in same well. Examples of other differences are the high
presence of ilmenite in Middle Jurassic lithic clasts, compared to low presence in
Lower Cretaceous clasts as well as lack of both foliation and lithic clasts of
polycrystalline quartz. The absence of foliation in lithic clasts from Middle Jurassic
formations at Mohican I-100 suggests that the sediments were sourced from rocks that
experienced lower grade metamorphism (metapsammites) than the Lower Cretaceous
lithic clasts (slates) that are indicative of higher grade metamorphism. In conclusion
Middle Jurassic lithic clasts at Mohican I-100 are sourced from the Meguma
Supergroup metasediments however from different areas than Lower Cretaceous lithic
clasts. Lithic clasts in Moheida P-15 show foliation and are similar to those from Lower
Cretaceous sandstones in Mohican I-100 suggesting similar sources from high grade
metamorphic rocks (Fig.5.22). Although lithic clasts in Middle Jurassic and Lower
Cretaceous strata seem to have been eroded from different areas of the Meguma

Supergroup metasediments, no difference in grain size was observed.
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Fig.5.22: SEM back-scattered electron images of sedimentary rocks showing textural and compositional
differences between Lower Cretaceous and Middle Jurassic lithic clasts found in the wells studied.

5.1.3.6. Stratigraphic trends in modal abundance-Middle Jurassic

The modal abundance of heavy minerals in Middle Jurassic strata shows the same
diversity in detrital heavy mineral species as Lower Cretaceous strata (Fig.5.23). Small
differences in diversity of mineral species are observed in Mohican I-100, compared to
Upper Jurassic strata in same well, with rutile and spinel/chromite to be absent.
Mohawk B-93 has the same diversity in mineral species as Upper Jurassic strata in the
same well.

In Mohican I-100 ilmenite abundance tends to be constant with depth in the mid
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and late part of the Mid Jurassic. In Mohawk B-93 ilmenite percentages vary with
depth, with notable increases in Early and Mid Jurassic strata in both wells.

Tourmaline in Mohican I-100 and Mohawk B-93 is the second most abundant
detrital heavy mineral with a small increase with depth. In general Middle Jurassic
tourmaline shows higher percentage, compared to Lower Cretaceous and Upper
Jurassic tourmaline.

Middle Jurassic zircon in Mohican I-100 has a higher percentage compared to
Lower Cretaceous and Upper Jurassic zircon. In general the modal abundance of zircon
is constant with a small decrease in depth. The exception is the Middle Jurassic where
an increase has been observed.

Garnet (almandine and spessartine) and staurolite are almost absent in Mohican I-
100, except towards the early Middle Jurassic, where an important influence with
garnet is identified. In Mohawk B-93 the same minerals show variation.

The consistency in abundance of tourmaline, zircon, garnet and staurolite in
Mohican I-100 in Mid Jurassic strata, suggests that the sediments were derived from
rock sources that did not show high differences in mineralogical composition. The
increase in ilmenite, garnet and zircon towards the beginning of Mid Jurassic implies
sources enriched in these minerals. The small increase in zircon might suggest a
contribution with sediments from a second cycle source.

On the other hand, variation in modal abundance for same minerals in Mohawk B-
93 suggests that one source was enriched in tourmaline, zircon, garnet and staurolite

and another was enriched in ilmenite.
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Fig.5.23: Pie chart diagrams showing differences in the modal abundance of detrital heavy minerals
in cutting samples for Lower Cretaceous, Upper Jurassic and Middle Jurassic Formations in the
studied wells.
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5.1.3.7 Summary

Middle Jurassic ilmenite has similar potential sources as Lower Cretaceous and
Upper Jurassic ilmenite from metamorphic rocks of the Meguma terrane. Muscovite
and chlorite resemble metamorphic muscovite and chlorite in the Meguma Supergroup
metasediments. Lithic clasts are sourced from metapelites and metapsammites. Garnet
from Middle Jurassic formations in Mohawk B-93 is almost similar to garnet from
Lower Cretaceous formations at Alma K-85 sourced from rocks of the Meguma terrane
and meta-ultramafic rocks. Lithic clasts seem to have been derived exclusively from the
Meguma Supergroup metasediments. In conclusion the main source for Middle Jurassic
strata in the SW Scotian Basin is from the Meguma terrane with probably a small
contribution of sediments derived from Labrador and the Grenville Province. This latter
statement is based on types 1B and 2 garent with chemical composition to garnet from
the Grenville Province and spinel/chromite with similar chemistry as spinel/chromite
found in Alma K-85 interpreted as derived mainly from Humber terrane lower
Paleozoic ophiolites, perhaps second cycle via Paleozoic sandstones.

By the Middle Jurassic, sufficient subsidence of the rift shoulder had taken place so
that clastics of the Iroquois and Mohican formation were deposited. The high
abundance of lithic clasts in Middle Jurassic strata derived from a metamorphic
protolith, reflects rapid unroofing of the Meguma Terrane. This evidence supports the
idea that during Middle Jurassic the Meguma Terrane experienced significant erosion,
under the influence of tectonic setting of the hinterland that led to concentration of
sedimentation in the developing central Atlantic rift (Li et al., 2012) and/or the

development of a proto river system draining different areas of the Meguma terrane.
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5.1.4 Lower Jurassic strata, Fundy Basin

In the Lower Jurassic Scots Bay Formation at the Chinampas O-37 well in the
Fundy Basin, only the chemistry of the detrital garnet and biotite were used for
provenance. Although one grain was identified as tourmaline, the chemical analysis
was not pure enough to be plot onto discrimination diagrams. Other heavy and light
detrital minerals identified based on their chemical composition are ilmenite, apatite
and amphibole. Based on chemical composition, the 4 amphiboles identified belong to
3 different groups, Mg-Fe-Mn-Li, calcic and sodic-calcic (Na-Ca) (Fig.5.24A),
considering the amphibole classification proposed by Leake et al. (1997). Chemically
the two calcic amphiboles are tremolite, however in the discrimination diagram for
calcic amphiboles (Fig.5.24B) only one plots in the tremolite field. The sodic-calcic
amphibole is probably winchite or richterite, whereas the Mg-Fe-Mn-Li amphibole is
probably anthophyllite or ferro-anthophyllite. The classification of these amphiboles
was done only chemically as none of them could be plot on the diagrams used by Leake

et al. (1997) for classification of these amphiboles.
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Fig.5.24: A) Nomenclature of amphiboles and B) calcic amphibole group based on the classification
system of Leake et al. (1997).
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The garnet from this well is type 5 Mn-rich garnet (spessartine) and has chemical
composition similar to spessartine-rich garnet present in some Mn-rich Meguma
Supergroup metasedimentary rocks (Pe-Piper et al. 2009; Tsikouras et al. 2011)
(Fig.5.25). Mg-rich garnet (pyrope) plots as 100% pyrope and this type of garnet is an
indicator for high pressure rocks, most commonly derived from the mantle, sourced
from mafic/ultramafic rocks and/or from high grade metamorphic rocks such as

eclogites.
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Fig.5.25:Chemical variation in garnet projected onto the Almandine - Grossular - Pyrope plane,
for garnets with < 10% Spessartine and onto the Almandine - Grossular - Spessartine plane, for
garnets with < 10% Pyrope for Lower Cretaceous Jurassic Scots Bay Formation from Chinampas
0-37 and onshore known potential rock sources. Fields after Pe-Piper et al. (2009).
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Most biotite from Chinampas O-37 is of metamorphic origin and the rest of igneous
origin. Some biotite resembles that of Mohican 1-100 and some that of Naskapi N-30
suggesting that its source could be from the metamorphic rocks of the Meguma terrane.

Fe-oxides are the most abundant detrital grains found in Chinampas O-37. Three
hypotheses have been considered regarding the high levels of Fe-oxides: i) unreported
weighting material from drilling the well, ii) episodic laterite weathering of mafic and
ultra-mafic rocks e.g. basalt, peridotite and iii) a detrital origin from a local Fe-oxide
hydrothermal deposit. Each of the hypotheses is discussed below.

1) During the process of drilling oil and natural gas wells or even simple boreholes,
such as water wells, drilling mud is used. The main functions of drilling mud include
providing hydrostatic pressure to prevent formation fluids from entering into the well
bore, keeping the drill bit cool and clean during drilling, carrying out drill cuttings, and
suspending the drill cuttings while drilling is paused and when the drilling assembly is
brought in and out of the hole. The well history report of Chinampas O-37 in the Fundy
Basin includes an incomplete list of materials with distinct chemical composition used
as drilling mud. None of the drilling mud reported materials that include any FeO in its
chemical composition.

i1) The second hypothesis is related to the fact that Fe-oxides can be a product of a
prolonged process of chemical weathering called laterization. Fe-oxides occur in mafic
igneous rocks and other iron-rich rocks. The Chaswood Formation at Vinegar Hill
sourced from central New Brunswick, is abundant in Fe-Ti oxides, whereas modal
abundance in Scots Bay Formation is enriched in Fe-oxides. This suggests that the

sediments deposited in the Fundy Basin during Early Jurassic do not have same sources
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as sediments at Vinegar Hill and that there are no deposits in New Brunswick enriched
in meta-ultra mafic minerals. The absence of minerals indicators of meta-ultramafic
rocks together with a lack of remnants or detrital minerals altered into Fe-oxides
suggests that their origin is not from laterites.

ii1) The third hypothesis was tested using three different microscopes, optical,
scanning electron microscope and electron microprobe. The Fe-oxides are opaque
under the optical microscope when polarized light is used. In contrast, when reflected
light is used the Fe-oxides have a characteristic grey color with brownish tint. Fractures
are common in most of the grains which tend to have a cubic to prismatic shape.

Electron dispersion spectroscopy geochemical analyses of Fe-oxides show FeO
with concentrations ranging from 97 to 99 wt % and an actual total of 85%. On the
other hand, wavelength-dispersive spectroscopy (WDS) geochemical analyses of same
Fe-oxides show similar FeO concentrations (~ 98 wt %) but higher actual total (~ 98%).
The only FeO rich mineral that crystallizes in the isometric system, is isotropic with
transmitted light, has a grey color under reflected light and has more than 8§9% wt FeO
in its chemical composition is magnetite. In conclusion most likely the Fe-oxides are
sourced from a magnetite parental rock, likely the North Mountain Basalt that outcrops
in the north-west Nova Scotia around the Fundy Basin.

Based on interpretation of chemical analyses from detrital minerals (heavy and
light) and modal abundance it can be summarized that the main source from the Scots
Bay Formation is probably in part from the Meguma terrane, presumably from the
Meguma Supergroup metasediments. Other minerals, such as pyrope, tremolite,

richterite and winchite are not normally found in the Meguma terrane. However,
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tremolite is known from the Musquodoboit E-23 well, apparently derived from the
Meguma terrane (Pe-Piper et al., 2009). Sodic amphiboles are also known from the
Avalon terrane of Northern Nova Scotia (Papoutsa and Pe-Piper, 2013), and are likely
present in similar rocks in New Brunswick. Their low abundance at Vinegar Hill may

be due to the intense diagenesis or weathering in those deposits.
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5.2 Diagenesis

To determine the paragenetic sequence, textural relationships between
diagenetic and detrital minerals were used. Quartz overgrowths provide a useful marker
for distinguishing between early cement, where intergranular pores are filled by other
diagenetic minerals and thus predate the overgrowths, and later cements, which are
synchronous with or engulf the overgrowths and thus postdate quartz cementation. For
a better discrimination we separate the diagenetic minerals in this study based on
chemical composition in three groups which are: the carbonate cements, the silicate
cements and the other diagenetic mineral cements. The carbonate cement group
includes diagenetic minerals such as calcite, Mg-calcite, Mg-Fe-calcite, Fe-calcite,
ankerite, dolomite and siderite. The quartz overgrowths, albite, kaolinite, chlorite and
illite all together represent the silicate cement group. The third cement group includes
pyrite, TiO, minerals, F-apatite and anhydrite. The coated grains, the oolites and the

peloids, which represent sea-floor diagenesis, are discussed separately.

5.2.1 Mineral assemblages
5.2.1.1 Mohican 1-100
Lower Cretaceous Roseway Equivalent sandstones and oolitic limestone
Carbonate cements

The most abundant carbonate cement recognized is Mg-calcite. Generally, Mg-
calcite tends to fill primary porosity prior to compaction or to replace bioclasts. Back-
scattered electron images have shown that Mg-calcite appears to have a dark grey color.

Often, the Mg-calcite cement in back-scattered electron images shows numerous
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dissolution voids. Both calcite and Fe-calcite fill intragranular space or replace
bioclasts and have homogenous light grey color in back-scattered electron images. Fe-
calcite is in form of individual euhedral grains that tend to resemble rhombohedrons.
Very often, calcite fills secondary porosity and embayments in detrital quartz and Mg-
calcite, and thus postdates Mg-calcite. Mg-Fe-calcite is rare and when present tends to
show a mixture between Mg-calcite and Fe-calcite rather than a homogenous
composition. All calcite cements come in direct contact with detrital grains and predate
quartz overgrowths. Ankerite cement having euhedral rhombohedrons was recognized
only in sample I-100 2530.37 replacing Fe-calcite cement. A few dolomite euhedral
rhombohedrons seem to show replacive texture against diagenetic chlorite. Secondary
porosity within the cement at lower depths is mostly associated only with dissolution
voids that tend to be replaced by diagenetic minerals. With increase in depth the
dissolution voids are replaced by brittle fracturing of the cement, thus showing an

increase in secondary porosity which suggests possible overpressure conditions.

Silicate cements

Kaolinite booklets are abundant and fill large intragranular pores between detrital
grains only in sample [-100 2526.53. Kaolinite commonly fills embayments in detrital
quartz, thus predating quartz overgrowths. With increased depth kaolinite seems to be
replaced by illite and chlorite. Illite has been recognized having two textures: 1) one that
is massive filling primary porosity, with late fractures that lack diagenetic minerals and
i1) one that is fibrous, mostly filling secondary porosity in the Mg-calcite and the Mg-

Fe-calcite. When present, the fibrous illite is usually associated with fibrous chlorite.
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Moreover, fibrous chlorite tends to replace kaolinite booklets or to fill open space
between Mg-calcite and detrital quartz. Quartz cement forms around detrital quartz
grains in places where the carbonate cement starts to dissolve and occurs as euhedral

overgrowths.

Other cements

Diagenetic minerals identified from this group are F-apatite, TiO; and pyrite. F-
apatite filling secondary porosity in calcite was identified only in sample I-100
2538.84. On the other hand, pyrite and TiO, minerals are recognized in all the samples.
Pyrite is framboidal and is associated mostly with Mg-calcite filling dissolution voids,

whereas TiO; is associated with all the digenetic minerals.

Middle Jurassic Mohican and Iroquois sandstones and limestone
Carbonate cements

Calcite is the only diagenetic mineral identified from this group. However, it is
absent in sample 1-100 3692.41 from Mohican I-100 well in the Mid Jurassic Mohican
Formation. With increase in depth, and thus age, calcite appears replacing detrital
minerals such as albite as well as anhydrite cement. Calcite becomes the main
supporting material for framework grains in Mid Jurassic samples in the Iroquois
Formation.
Silicate cements

Quartz overgrowths and albite are the only diagenetic minerals recognized from

this group. Quartz overgrowths are common and form around detrital quartz grains in
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open space within the anhydrite cement. Albite is recognized as dark grey patches on
the surface of detrital K-feldspars having irregular shape. Although some grains show
chemical composition similar to that of illite, the chemical analyses contain
contaminants and thus it is hard to recognize if the grains are diagenetic illite,

muscovite clasts or altered muscovite.

Other cements

Anhydrite is the main cement filling large intragranular space between framework
grains in sample [-100 3692.41 from the Mohican Formation (Late Bathonian to
Callovian). In samples I-100 3964.6A and 1-100 4098.08 from Iroquois Formation with
age from Bajocian to Late Bathonian, anhydrite has a local character filling small
intragranular space and partly replacing detrital K-feldspar. The TiO, mineral and pyrite
tend to be present in all the Mid Jurassic samples filling secondary porosity in other
diagenetic minerals or in the matrix. An exception is the sample from Mohican

Formation which lacks pyrite.

5.2.1.2 Moheida P-15
Lower Cretaceous Roseway Equivalent oolitic ironstone
Carbonate cements

The carbonate diagenetic minerals identified in sample P-15 2563.67 are calcite,
siderite and ankerite. All diagenetic minerals are part of the cement filling large
intragranular space. Based on chemical composition calcite can be Mg-calcite, Fe-

calcite or Mg-Fe-calcite. Based on textural relationship ankerite and siderite can be
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both early and late. Both early siderite and ankerite have subhedral crystal grains. On
the other hand, late ankerite shows euhedral rhombohedral grains. Late siderite looks

amorphous in back-scattered electron images.

Silicate cements
Chlorite is the only diagenetic mineral identified from this group. Texturally,
chlorite is in form of needles and seems to fill secondary porosity in the cement or to

replace Mg-Fe-calcite.

Upper Jurassic Abenaki oolitic limestone
Carbonate cements

Dolomite and calcite are the only diagenetic minerals recognized from this group
representing the main cement in sample P-15 3306.03. Dolomite grains are euhedral
rhombohedrons and are scattered through the entire sample. Calcite varies in
composition from Fe-calcite to pure calcite (FeO<1% and MgO<1%). Generally,
calcite grains have amorphous shape and are smaller in size compared to the dolomite
grains.
Silicate cements

Quartz overgrowths and chlorite are the silicate cement identified in sample P-15
3306.03. Quartz overgrowths form around detrital quartz grains, whereas chlorite can
be found scattered in places, having local character. In general, both the quartz

overgrowths and the chlorite are rare.
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Other diagenetic cements

Pyrite is rare, with cubic grains that have local character.

Middle Jurassic sandstone and dolostone
Carbonate cements
Carbonate cements were not identified in any of the samples. However, sample P-

15 3750.49 is entirely made up of dolomite, thus is a dolostone.

Silicate cements

Quartz overgrowths, kaolinite and illite are diagenetic minerals recognized from
this group. Quartz overgrowths are common and form around detrital quartz grains in
open space where the anhydrite cement is dissolved. Illite and kaolinite tend to have
needle like shape and fill embayments in detrital quartz. Rarely, illite and kaolinite fill

open space between detrital quartz and anhydrite cement.

Other diagenetic cements

In general, anhydrite is the main cement filling large intragranular space between
framework grains. Only in sample P-15 3750.94 anhydrite fills secondary porosity
within dolomite. The TiO, mineral and pyrite both show replacive texture against

detrital minerals (e.g. biotite) and fill secondary porosity in the cement.

5.2.2 Coated grains, ooids and peloids

Only two samples (from 11 studied), I-100 2530.47 from Lower Cretaceous
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Roseway Equivalent Formation in Mohican I-100 well and P-15 2563.67 from same
formation in Moheida P-15 well, have coated grains as framework grains. Coated
grains in Mohican I-100 have spherical to oval shape and have a nucleus of peloids
coated by micritic calcite, chlorite and pyrite. Chemically the nucleus is made up of
Mg-calcite, Fe-Mg-calcite and pyrite. Coated grains in Moheida P-15 show concentric
layers that are made up mostly of siderite with minor chlorite, kaolinite and pyrite.
Rarely, the coated grains have a nucleus of an intraclast made up of Fe-calcite, kaolinite
and siderite. Often, calcite is between siderite-rich concentric layers and has been
recrystallized to sparry Fe-Mg-calcite. We compared the coated grains in this study
with those identified by Okwese et al. (2012). Type A coated grains are Fe-rich, with
the outermost layer comprising siderite, glauconite, chlorite or francolite. Inner
concentric layers include the same minerals, in addition to Fe-calcite, illite, kaolinite,
and Fe-chlorite. Intergranular cements include Fe-calcite, calcite, siderite, minor pyrite
and chlorite. Type B coated grains have alternating layers of Fe-calcite and chlorite.
Type C coated grains consist of calcite or Fe-calcite and pyrite, and may include a
cortex of clay minerals, probably of detrital origin. The outer rim of some coated grains
includes small crystals of pyrite and Fe-calcite. Type D coated grains have an outer
layer of Mg-calcite, and commonly an inner layer of ankerite, with Fe-calcite, pyrite,
and clay minerals present in lesser amounts. The nucleus is commonly either chlorite or
Fe-calcite. There are small differences between coated grains in this study compared to
those identified by Okwese et al. (2012). The Mohican sample although it has pyrite
and clay minerals (chlorite), instead of calcite or Fe-calcite which is in type C and Mg-

calcite and ankerite which are in type D, has Mg-Fe-calcite.
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The Moheida P-15 sample has concentric layers made up mostly of siderite and
kaolinite instead of Fe-calcite and chlorite which is the case for type B coated grains.
Based on chemistry and texture in back-scattered electron images, the coated grains
from Mohican well are most likely similar to type D coated grains from the Mid
Jurassic MicMac Formation in the Peskowesk A-99 well, whereas coated grains from
the Moheida P-15 well are most likely type B coated grains from the Lower Cretaceous
Lower Member of the Missisauga Formation in the Thebaud C-74 well.

Sample I-100 2530.47 together with coated grains contains peloids as framework
grains. Sample P-15 3306.03 from Upper Jurassic Abenaki Formation in Moheida P-15
also contains peloids. In both samples the peloids tend to have same brightness and
irregular shape in back-scattered electron images. Peloids in Mohican 1-100 are made
up of a mixture of calcite, Mg-calcite, Mg-Fe-calcite, Fe-calcite, silt size detrital quartz
and pyrite. Peloids in Moheida P-15 have similar chemical composition as peloids in
Mohican I-100 with the difference that Fe-calcite is absent. Although, the peloids in
both samples are similar regarding texture and chemistry there is a difference in grain
size. Peloids in Mohican I-100 have a grain size around 30 pm whereas the same grains
in Moheida P-15 are around 200 um in size. In addition, detrital quartz in peloids from
Moheida P-15 varies in size from of 20 pm to 100 um, whereas in Mohican 1-100
detrital quartz is ~10 pm. Ooids were recognized only in sample P-15 3306.03 from
Moheida P-15 well having oval shape and lacking internal structure (i.g. nucleus,
concentric layers). Compared to the peloids in the same sample, the ooids tend to be

homogenous in composition made up of Mg-calcite.
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5.2.3 Dissolution events
5.2.3.1 Mid Jurassic

The Mid Jurassic sandstone samples from Mohican I-100 and Moheida P-15 wells
seem to be affected by at least three dissolution events. However, the information
regarding the dissolution voids is not enough to determine the exact order in which
these events took place. One dissolution event is related to the presence of dissolution
voids in the inner part of detrital grains, such as quartz, lithic clasts and K-feldspars
(Figs.4.12 A, C) as well as in the matrix (Fig.4.12 D). Anhydrite cement in Mid
Jurassic sandstones shows secondary porosity as a result of volume reduction from a
gypsum precursor. This dissolution event is distinct from the previous event as the
secondary porosity occurs at anhydrite grain boundaries that fill primary porosity
(Fig.4.12 B). Other types of cement from Mid Jurassic sandstones that show secondary
porosity which lacks diagenetic minerals (Figs.4.16 A, B) are considered to have been

influenced by a different event compared to the other two events mentioned above.

5.2.3.2 Upper Jurassic and Lower Cretaceous

Four dissolution events have been recognized in Upper Jurassic-Lower Cretaceous
sandstones from Mohican I-100 and Moheida P-15. One dissolution event is related to
the presence of open space between detrital grains, especially quartz, and carbonate
cements, especially Mg-calcite, which often is partly filled with diagenetic chlorite,
favourable for precipitation of quartz overgrowths (Fig.4.9 C). Another dissolution
event is related to the presence of embayments in the quartz overgrowths. These

embayments are result of dissolution caused by corrosive fluids, which are filled by
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diagenetic chlorite (Figs.4.8 D, 4.9 C, position E), suggesting that this event postdates
the previous event. A distinct dissolution event is related to both bioclasts and detrital
grains. Bioclasts that are made up of Mg-calcite together with detrital minerals (quartz,
perthite, and rutile) tend to show dissolution voids (Figs.4.8 B, E, G, 4.9 C), which do
not seem to have any relationship with the carbonate cements that fill primary porosity.
Often, the carbonate cements that fill primary porosity are characterized by dissolution
voids visible on their surface, mostly in the Mg-calcite cement, which are filled by late
diagenetic minerals (Figs.4.8 A, C, 4.9 C). This dissolution event is considered to be
distinct from the previous events. Another dissolution event is recognized from the
presence of open space around detrital crystal boundaries that lack diagenetic minerals

(Figs.4.8 C,4.9 C).

5.2.4 Paragenetic sequence
5.2.4.1 Early Cretaceous and Late Jurassic paragenetic sequence

Sea-floor diagenesis during Late Jurassic-Early Cretaceous in Abenaki and
Roseway Equivalent formations is represented by coated grains, peloids, ooids and
bioclasts (Fig.5.26). Coated grains usually develop as a result of episodic burial and
erosion at the sea-floor (Pufahl and Grimm, 2003). Thus, they preserve sea-floor
diagenetic minerals which are informative of early diagenesis. Based on chemical
composition the two types of coated grains identified, B (mostly siderite) and D (mostly
calcite) were formed under different sea- floor conditions. The abundance of siderite
(A) and the absence of pyrite in type B coated grains (Moheida P-15) imply no activity

of sulphide ion, but high ratio of Fe*" to Ca*" compared to type D coated grains
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(Mohican I-100). Often, between layers there is sparry Fe-Mg-calcite, suggesting
recrystallization of the precursor calcite. The preservation of discrete concentric layers
of mostly siderite (A) suggests that probably there was no replacement of the carbonate
mineral by another during mesodiagenesis, but isochemical replacement cannot be
excluded (Okwese et al., 2012). The chemical assemblage of Mg-calcite (A), Mg-Fe-
calcite (A) and pyrite (A) in type D coated grains in this study implies activity of
sulphide ion and high ratio of Ca*"to F ¢*". The presence of calcite (A) and pyrite (A) in
the outer rim of some of the type D coated grains suggest that the calcite precipitated in
the sulphidic zone by the time the coated grain was buried (Okwese et al., 2012). In
addition chlorite (A) in the outer rim of type D coated grains is inferred to have
replaced Fe-rich clays and berthierine precursors during mesodiagenesis (Aagaard et
al., 2000). Similar replacement is observed in the proximal part of the eastern Scotian
Basin, where the coated grains are buried and preserved at a depth less than 600 m (Pe-
Piper and Weir-Murphy, 2008). Previous studied have shown that the transformation of
berthierine to chlorite occurs at temperatures between 70-100° C (e.g. Aagaard et al.,
2000; Worden and Morad, 2003). Although there is no evidence in the studied samples,
it is likely that the berthierine was the precursor of the chlorite. The nucleus in both
types of coated grains is made up mostly of Fe-calcite (A) suggesting that the primary
conditions were uniform at the time they began to form.

Ooids in the Moheida P-15 well are made up mostly of Mg-calcite (B) suggesting
that at the time they were formed the sea-floor conditions were uniform. Peloid
chemistry is almost similar to that of type D coated grains, with the difference that silt

size detrital quartz is present. The absence of internal structure together with the texture
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implies that most likely they are product of biomineralization in the zone of physical
reworking.

The bioclasts in both wells are mostly made up of Mg-calcite (C) which represents
the original Mg-calcite skeleton. Rarely, together with Mg-calcite, some calcite (B)
(MgO<1% and FeO<1%) can be identified in some bioclasts (Figs.4.8 F, 4.10B). The
fact that the calcite is part of bioclasts, which probably are gastropods, implies that it
might have occurred from recrystallization of the original aragonite. However,
replacement of the Mg-calcite with calcite can not be ruled out. If calcite formed
through replacement then most likely it was isochemical and took place during early
diagenesis.

Kaolinite (A) tends to fill only intragranular space between framework grains
(Fig.4.8 A). The fact that kaolinite is present only in one sample (I-100 2526.53)
suggests influence of meteoric water, which is required for kaolinite precipitation
(Rossi et al., 2001), only at specific stratigraphic layers. Samples lacking kaolinite
suggest that most likely rapid burial with sufficient subsidence took place so that
important flux of meteoric water did not occur.

Mg-calcite (D), calcite (C), Mg-Fe-calcite (B), Fe-calcite (B) in Mohican [-100 well
and ankerite (A), siderite (B) and dolomite (A) in Moheida P-15 well are usually the
main cement in uncompacted sandstone filling primary porosity (Figs.4.8 D, 4.11 B,
4.8 H,4.10 A, 4.15 C, 4.16 B) indicating precipitation of cement under early diagenetic
conditions. Mg-calcite is considered a mobile mineral and the fact that it is one of the
most abundant cements, and the main component in bioclasts which are abundant in

most of the sandstones, suggests that the later is probably the source for Mg-calcite.

250



Iron in Fe-calcite (B) is most likely ultimately detrital from alteration of ilmenite or
diagenetic from remobilization of Fe*" present in Mg-Fe-calcite. In Moheida P-15,
ankerite (A) is thought to fill primary porosity during early diagenesis and most likely
precipitated before quartz overgrowths (Fig.4.15 C). Dolomite was identified in
Moheida P-15 filling primary porosity, and at greater depths is partly replaced by Fe-
calcite (C) (Fig.4.16 B).

Compact illlite (A) filling intragranular space in sandstones from Lower Cretaceous
Roseway Equivalent Formation (Mohican I-100) (Fig.4.9 A) most likely formed due to
dissolution of perthite and K-feldspar, which are abundant in these rocks, and could be
a source of K for illite.

Fe-calcite (B) cement filling primary porosity in rocks from Mohican I-100
(Fig.4.10 B) is partly replaced by ankerite (B). On the other hand, ankerite (A) and
siderite (B) in Moheida P-15 are partly replaced by siderite (C) (Fig.4.15 C), which
means the later postdates the previous two carbonate cements.

Mesogenetic fibrous chlorite (B) fills secondary porosity in Mg-calcite (C), Fe-Mg-
calcite (B), ankerite (A) and siderite (A,B) cements (Figs.4.8 A, 4.9 B, 4.15C) , and
pores between Mg-calcite cement and detrital quartz (Fig.4.9 C). Fibrous chlorite also
tends to replace kaolinite (A) that fills primary porosity and fills embayments in places
where detrital quartz is corroded (Fig.4.8 D). The presence of fibrous chlorite in detrital
quartz embayments suggests that most likely the corrosive fluid that produced the
embayments is the same that led to chlorite formation.

Pyrite (B), illite (B), TiO, minerals, F-apatite and calcite (D) all fill secondary

porosity in the carbonate cement or show replacive texture against other detrital or
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diagenetic minerals (Figs.4.8 C,4.9 B, 4.8 D, 4.11 A, 4.9 A). In places, pyrite fills
secondary porosity in both the carbonate cement and the quartz overgrowths (Fig.4.8
D) and thus postdates them. The possible source for Ti for TiO, mineral and Fe for
pyrite and illite is probably detrital ilmenite, which is the most abundant detrital heavy
mineral in all the samples as shown from provenance work done in this study, but also
elsewhere in the Scotian Basin as discussed by Pe-Piper et al. (2005). Although Ti may
be mobile during diagenesis, that mobility usually is local (Pe-Piper et al., 2011).
Diagenetic dolomite (B) occurs as euhedral rhombohedrons at shallow depths in the
Roseway Equivalent Formation (Mohican I-100 well) showing replacive texture against
mesogenetic fibrous chlorite (B) (Fig.4.8 A). Quartz overgrowths invade Mg-calcite

(D), Fe-Mg-calcite (B) and Fe-calcite (B) (Figs.4.8 D, 4.9 C, 4.10 B), and thus they are
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Figure 5.26: Paragenetic sequence deduced from mutual textural relationship in Late Jurassic and
Early Cretaceous sandstones from Mohican 1-100 and Moheida P-15 well. The boundary between
eodiagenesis and mesodiagenesis is according Morad et al. (2000) and El-Ghali et al. (2006b).
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5.2.4.2 Comparison to paragenetic sequences in Early Cretaceous rocks from the
Sable sub-basin

Sea floor-diagenetic processes recorded and preserved in coated grains, during
Late Jurassic-Early Cretaceous in the Mohican Graben located in the eastern part of the
SW Scotian Basin (Mohican I-100 and Moheida P-15 wells) seem to be different from
those in the Sable sub-basin during same time period. Specifically, the Sable sub-basin
at Thebaud C-74 well has types A and B coated grains (Okwese et al., 2012), compared
to the SW Scotian basin where types B and D coated grains were identified (see 5.2.3).

The presence of type A coated grains in the Sable sub-basin with nucleus of
detrital quartz and outer rim of mostly siderite and Fe-chlorite indicates precipitation in
the ferruginous diagenetic zone. On the other hand, type D coated grains in the
Mohican Graben (SW Scotian Basin) have inner zones of pyrite and Fe-calcite and
outer zones composed of calcite, chlorite and pyrite. These inner zones resemble type C
coated grains that appear to have been reworked and transported (Okwese et al., 2012)
into areas with different chemical conditions as implied from the composition of the
outer zones. The presence of small pyrite grains in the outer zone may imply that the
calcite precipitated in the sulphidic zone.

Although type B coated grains occur in both the Sable sub-basin and the Mohican
Graben, the diagenetic minerals forming this type of coated grains differ from one sub-
basin to another, suggesting different sea-floor diagenetic evolution. Type B coated
grains in the Mohican Graben have concentric layers mostly of siderite with minor
kaolinite whereas the same type in the Sable sub-basin has alternating layers of Fe-

calcite and chlorite (Okwese et al., 2012). This change in mineral composition within
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same type implies a higher ratio of Fe*" to Ca®" in the Mohican Graben compared to the
Sable sub-basin where a higher ratio of Ca®" is observed. The lower ratio of Fe*" to Ca®"
in the Sable sub-basin is also confirmed from the Fe-calcite rich coated grains identified
in the Glenelg, Thebaud and Kegeshook fields, as noted by Karim et al. (2010). The
change in types of coated grains, and chemical composition within same type of coated
grains from one sub-basin to another, suggests that during that time period the sea-floor
conditions in the Mohican Graben in the eastern SW Scotian Basin were different from
those in the Sable sub-basin.

The difference in sea-floor conditions from one sub-basin to another is also
observed in the chemical composition of bioclasts identified. For instance, in the Sable
sub-basin the original Mg-calcite skeleton in bioclasts has been replaced by Fe-calcite,
whereas bioclasts in the Mohican Graben have kept their original Mg-calcite skeleton
composition. The fact that bioclasts in the Mohican Graben maintained their primary
composition suggests that the input of Fe*” was used entirely for the formation of Fe-
rich type B coated grains or that the sea-floor conditions did not favour replacement of
Mg-calcite by Fe-calcite. Nevertheless, the high input of Fe*" in both basins suggests
availability from breakdown of detrital ilmenite with release of reactive Fe (Pe-Piper et
al., 2005).

Eodiagenesis in the Mohican Graben is represented mostly by Mg-calcite, with
minor Fe-calcite, Fe-Mg-calcite, kaolinite, illite, siderite, dolomite and ankerite. On the
other hand, mostly siderite, with minor kaolinite, calcite, pyrite, Fe-calcite and Mg-
calcite are early diagenetic minerals identified in the Sable sub-basin. The main cement

in the Mohican Graben is Mg-calcite compared to the Sable sub-basin where siderite is
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one of the most abundant diagenetic minerals showing variation in Mg®" and Ca**
(Karim et al., 2010). The abundance of Mg-calcite cement in the Mohican Graben
suggests full marine conditions during Late Jurassic-Early Cretaceous and less fluvial
influence compared to the Sable sub-basin where the variation in Mg®" and Ca®" in
siderite from the Sable sub-basin is interpreted to result from fluctuating salinity of
seawater in the sea-floor diagenetic system from input of fresh meteoric water from
rivers (Karim et al., 2010).

Eogenetic siderite and ankerite in the Mohican Graben were identified only as
supporting cement between type B, Fe-rich coated grains. On the other hand, siderite
cement in the Sable sub-basin not only is found with type B, but also as cement in
uncompacted sandstones. Slight corrosion of the siderite cement and pyrite in the Sable
sub-basin may be caused by input of meteoric water that led to the creation of
secondary porosity as well as precipitation of kaolinite (Rossi et al., 2001). Kaolinite in
the Mohican Graben is engulfed by Mg-calcite cements, and thus predates them. The
fact that kaolinite in the Sable sub-basin postdates siderite implies that the fully marine
conditions experienced some flux of meteoric water (Karim et al., 2010). On the other
hand, the Mohican Graben in the eastern SW Scotian Basin was influenced first by
fresh meteoric water with precipitation of kaolinite, before fully marine conditions
seem to have occurred. The influence with fresh meteoric water from rivers in both
basins suggests that the subsidence rates were not sufficient to avoid the input with
fresh water in the sea-floor diagenetic systems.

Mesodiagenesis in the Mohican Graben is represented by diagenetic minerals that

fill secondary porosity or show replacive textures against detrital or other diagenetic
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minerals. Examples of such mesodiagenetic minerals are F-apatite, siderite, pyrite,
ankerite, Ti0,, illite, chlorite, Fe-calcite, calcite, quartz overgrowths and dolomite.
Chlorite, illite, quartz overgrowths, ankerite, Fe-calcite, albite, and siderite represent
the mesodiagenetic minerals identified in the Sable sub-basin (Karim et al., 2010).

Pyrite, chlorite and siderite in the Sable sub-basin are the first mesodiagenetic
minerals to form synchronous with quartz overgrowths (Karim et al., 2010). Although
there is no clear evidence of which mesodiagenetic minerals were formed first and
which formed last in the Mohican Graben in the eastern SW Scotian Basin, most likely
chlorite, calcite and pyrite are the first to have precipitated, probably at the same time.
This assumption is made based on the fact that all three previous mesodiagenetic
minerals are identified, sometimes, together filling secondary porosity in Mg-calcite
which is considered an early eodiagenetic phase. The synchronous precipitation of both
siderite and calcite with pyrite suggests that the conditions in both basins were
indicative of sulfate reduction. Although both basins have same early mesodiagenetic
minerals there is a slight difference, the Mohican Graben has calcite instead of siderite
identified in the Sable sub-basin. This difference can be related to the fact the Sable
sub-basin has abundance in shales, which are made up mostly of illite, but they do
contain chlorite and very fine-grained iron hydroxides. In addition, these shales contain
siderite which is considered a common eodiagenetic mineral forming pre-compaction
concretions. As a result shales in the Scotian Basin comprise a variety of diagenetic
minerals which contain Fe**, which is necessary for the precipitation of late siderite. On
the other hand, the Mohican Graben is mostly limestone, and thus the calcite

precipitation.
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Two types of mesodiagenetic chlorite were identified in the Sable sub-basin: one as
chlorite rims overlying Fe-rich clays and forming around detrital grains, and one as
fibrous chlorite filling secondary porosity (Karim et al., 2010). In the Mohican Graben,
eastern SW Scotian Basin, only the fibrous chlorite was identified. Although the fibrous
chlorite type was identified in both sub-basins it seems to show different preference
from sub-basin to sub-basin. In the Sable sub-basin this chlorite type fills intragranular
pores and predates widespread carbonate cementation (Karim et al., 2010), whereas in
the Mohican Graben the same chlorite type tends to fill secondary porosity in the
carbonate cements (e.g. Fig.4.8 A).

Detrital K-feldspar in the Sable sub-basin is partly replaced by albite whereas the
same mineral in the Mohican Graben is still fresh. The absence of albitized K-feldspar
in the SW Scotian Basin is at depths < 2.4 km and so do not reach depths that favour K-
feldspar dissolution, > 2.2 km in the Sable sub-basin (Pe-Piper, 2012).

The latest diagenetic phases in the Mohican Graben are ankerite and dolomite
whereas in the Sable sub-basin, ankerite, Fe-calcite and calcite are the last
mesodiagenetic minerals to have formed. Again, this slightly difference is the result of
abundance in sedimentary rocks in each of the sub-basins as mentioned earlier.

In conclusion, the Late Jurassic-Early Cretaceous sandstones in the Sable sub-basin
are grain supported and cemented mostly by Fe-rich diagenetic minerals, whereas in the
Mohican Graben of the eastern SW Scotian Basin similar rocks seem to be cemented by
Mg-rich diagenetic minerals. Taking in consideration that the Fe*" is mostly detrital
from ilmenite breakdown and probably as Fe-hydroxides in clay flocs derived from

river erosion of soils, the influence with meteoric water from rivers appears to have
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been higher in the Sable sub-basin compared to the eastern SW Scotian Basin where

mostly full marine conditions occur.

5.2.4.3 Mid Jurassic

Early eodiagenesis in the Mohican Formation, in both the Mohican I-100 and
Moheida P-15 well (Fig.5.27), is consistent with a sabkha depositional environment
(Sedge, 2015). When the seawater evaporates on tidal flats, gypsum crystals precipitate
at the top of the water table. During burial diagenesis, gypsum then converts to
anhydrite cement. Cement-supported sandstone implies that the anhydrite cement (A)
(Fig.4.12 A, B) precursor was an early cement or concretion. It seems that the anhydrite
precursor was gypsum, which undergoes a reduction of ~20% of the volume when it
converts to anhydrite (Fig.4.12 F). Volume reduction creates porosity, probably around
grain boundaries, enabling formation of quartz overgrowth around detrital quartz, that
postdate anhydrite cement (A) (Fig.4.12 F).

Kaolinite together with illite (A) fill primary porosity and seem to be engulfed by
anhydrite cement, thus they predate both quartz overgrowths and anhydrite cement
(Figs.4.17 B, C). Possible sources for K required for kaolinite and illite are detrital K-
feldspars which after a depth > 2 km tend to dissolve, as seen in Mohican I-100 well.
Although K-feldspar is considered to be a high K source, it is most likely that illite in
this case occured from alteration of detrital muscovite.

Mesodiagenesis starts at depths >3 km, where most of the detrital K-feldspars are
replaced by albite (A) (Figs.4.12 A, D). This results in small albite crystal patches

nucleating on the K-feldspar surface together with dissolution voids lacking diagenetic
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minerals. The presence of incomplete filling of the available dissolved surface by
diagenetic albite suggests that K-feldspar dissolution was more intense than the
precipitation of albite supposed to maintain the replacement (Pe-Piper and Yang, 2014).
According to Saigal et al. (1988) and Aagaard et al. (1990) such replacement of K-
feldspar occurs at around 60-80 ° C. Possible sources for the Na required for albite
precipitation are detrital plagioclase precursors enriched in Na. Provenance work has
shown that all the sandstones are abundant in plagioclase, specifically albite and
oligoclase.

Anhydrite is a mobile mineral, and can be seen in more than one generation in the
sedimentary sequences (Sedge, 2015). Partial replacement of detrital K-feldspar by
remobilized anhydrite (B) postdates albitization, as albite patches in the albitized K-
feldspar are engulfed by remobilized anhydrite (B) (Fig.4.12 A, D). The source for
anhydrite can be either remobilization of anhydrite from the anhydrite cement or
possibly remobilization through veins from early anhydrite nodules, as mentioned by
Sedge (2015). Secondary porosity at crystal boundaries favours the formation of quartz
overgrowths around detrital quartz grains (Figs.4.12 F, 4.17 B). With increase in depth
the anhydrite cement (A) is replaced by calcite (A) (Figs.4.13 C, 4.14), which becomes
the main supporting cement filling primary porosity in sandstones or secondary
porosity in dolostone. TiO, minerals and pyrite fill secondary porosity or show

replacive texture against the anhydrite cement (Figs.4.13B, C).
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Figure 5.27: Paragenetic sequence deduced from mutual textural relationship in Mid Jurassic

sandstones from Mohican I-100 and Moheida P-15 well. The boundary between eodiagenesis and
mesodiagenesis is according Morad et al. (2000) and El-Ghali et al. (2006b).

5.3 Overall Summary

5.3.1 Provenance and tectonic implication of the Early Jurassic to Early
Cretaceous sediments

During the Early Jurassic provenance and sediment dispersion are poorly
understood in the Fundy Basin. In the Scotian Basin there is no evidence regarding
sediment conditions, as there are no definite rocks of that age. The absence of sediment
on the Scotian Shelf in the Scotian Basin at this time suggests uplift of the rift shoulder
on what is now the Scotian Shelf.
Based on seismic interpretation and estimates of unroofing almost 2 km of
principally shales from the top of the thick terrestrial Scots Bay Formation, thought to
have been as young as Aalenian, were removed due to erosion in the Fundy Basin

(Wade et al., 1996). The oldest, preserved, part of the formation is of Pliensbachian
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age. During that time, abundant magnetite with minor Mn-rich spessartine, igneous and
metamorphic biotite, ilmenite and amphibole (tremolite, richterite and winchite) were
deposited. Garnet, biotite and ilmenite chemistry all indicate derivation from the
Meguma terrane, with influence mostly from metamorphic rocks, rather than igneous.
The only magnetite parental rock around the Fundy Basin is the North Mountain Basalt.
Tremolite at Musquodoboit E-23 well is thought to be derived from the Meguma
terrane (Pe-Piper et al., 2009). Sodic amphiboles are known from the Avalon terrane of
northern Nova Scotia (Papoutsa and Pe-Piper, 2013). The fact that the mineral
chemistry of the magnetite shows influence mostly from magmatic sources suggests
that soon after cooling, the North Mountain Basalt was exposed to extensive erosion.
Exposure of the North Mountain Basalt to surface conditions probably occurred from
minor uplift of western Nova Scotia. However, an uplift of the area north of the
Cobequid-Chedabucto fault zone in northern Nova Scotia and erosion of rocks of the
North Mountain Basalt that covered the area at that time can not be excluded. The
second assumption is related to the fact that from the seismic profile (Fig.16) of the
Scots Bay Formation in Wade et al. (1996) it seems that both the North Mountain
Basalt and the Scot Bay Formation were synchronously folded. However, towards the
edges of the basin onlap of the Scots Bay Formation onto the North Mountain Basalt
can be observed. This local uplift does not seem to have influenced the structural
character of the Fundy Basin as sediments of the Scots Bay Formation continued to be
deposited at least until Aalenian (Wade et al., 1996). Other minerals such as pyrope,
richterite and winchite are not normally found in the Meguma terrane and may indicate

a source from the north. However, the Lower Cretaceous Chaswood Formation at
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Vinegar Hill in southern New Brunswick, with sources from the Gander terrane in
central and northern New Brunswick, does not contain any garnet or amphibole (Piper
et al., 2007). The absence of amphibole may be due to intense diagenesis or alteration
of those deposits. The local character of sediments in the Fundy Basin, with abundance
of magnetite, is characteristic of arid rift systems where the main sources are
considered local. The low contribution with sediments from rocks of the Meguma
terrane implies that any uplift in Nova Scotia during the Lower Jurassic was minor.

By the Mid Jurassic, subsidence and peneplanation of the uplifted rift shoulder
began, as sediments of the Iroquois and Mohican formations were deposited in rift
basins on the Scotian Shelf. The detrital mineral data in this study together with the
abundance of metamorphic lithic clasts show that the Mid Jurassic sediments on the
Scotian Shelf were derived exclusively from the metamorphic rocks of the Meguma
terrane. Few igneous lithic clasts imply minor contribution with sediments from
igneous rocks of the Meguma terrane exposed at that time. The derivation with
sediments from crystalline rocks, rather than reworking of older sedimentary rocks, is
confirmed by the higher proportion of ilmenite and tourmaline to ultrastable zircon. The
abundance of lithic clasts suggests tectonic uplifting of the Meguma terrane with rapid
unroofing. The presence of type 1A garnet in Mohawk B-93 well with chemistry
similar to that from the South Mountain Batholith suggests that the Late Devonian
igneous rocks of the Meguma terrane were exposed to erosion by that time. Small
amounts of spinel/chromite and types 1B and 2 garnet at Mohawk B-93 are similar to
those from Lower Cretaceous Upper and Middle Members of the Missisauga Formation

at Alma K-85 (Pe-Piper et al., 2009) that indicate a distant source from the ophiolites of
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the inboard Appalachians and mafic intrusions of the Grenville Province. The current
absence of clastic sediments at Bonnet P-23 implies that the Fundy Basin most likely
did not experience uplift, followed by deformation and erosion until after Middle
Jurassic and that the outer shelf did not receive sediments. However, from the presence
of clastic sediments at Mohawk B-93, to the NE of Bonnet P-23, suggests that possible
uplift, predating rocks penetrated at the base of Bonnet, can not be ruled out. What is
clear is that there is no evidence of supply of sediments from the North Mountain
Basalt at that time, except the abundant magnetite in the Mic-Mac H-86 well (Li et al.,
2012).

Late Jurassic at Mohican I-100 and Moheida P-15 is considered a period with low
transportation and deposition of sediments to the outer shelf as the carbonate banks of
the Abenaki Formation with shale interbedding were deposited. Similar carbonate
sediments to those at Mohican I-100 and Moheida P-15 are present at Bonnet P-23
well. Northward of Mohican I-100, at Sambro I-29 well, and northward of Bonnet P-23,
at Mohawk B-93, the status is different as the thick clastic sands of the Mohawk
Formation were deposited. The deposition of sediments mostly on the inner shelf
suggests that the influence from tectonics was insignificant compared to that from sea
level rise as indicated from the maximum flood event (TMFS) that took place in the
latest Jurassic. However, in periods of low sea level sand might have reached the shelf
edge and get deposited locally, as indicated by the presence of small sandy intervals in
between maximum flood surfaces in the stratigraphic column.

Chemically, garnet, muscovite, chlorite and the majority of tourmaline and biotite

in both Mohican [-100 and Mohawk B-93 wells show supply from metamorphic rocks
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of the Meguma terrane. There is no evidence of influence with sediments from
Labrador as is the case in the Venture and Thebaud fields inferred from monazite and
zircon geochronology for the former and abundance in spinel/chromite for the latter
(Pe-Piper et al, 2009). The absence of sands at Bonnet P-23, but presence of shales in
the Abenaki Formation at Mohican I-100 and Moheida P-15 and their absence from the
Mohawk Formation at Mohawk B-93 suggests that fine grained sediments were
transported from Mohawk B-93 well eastwards and deposited at Mohican 1-100.
Another explanation could be that clastic sediments were not deposited at all at
Mohawk B-93 during the Late Jurassic, whereas the presence of shales at Mohican I-
100 implies small changes in the sea level at times. The structural inversion of the
Fundy Basin may be the result of dextral strike slip movement (Pe-Piper and Piper,
2004) on the Cobequid-Chedabucto fault zone that occurred during the extension of the
proto-North Atlantic between Grand Banks and Labrador. In this case, the inversion
may have been initiated in the Kimmeridgian. During the same period of time the inner
Scotian Shelf in the eastern part of the Scotian Basin was exposed to erosion as
indicated from the presence of Alleghanian muscovite in the Venture B-93 well.
Erosion is also clearly imaged on seismic reflection profiles (e.g. Deptuck et al., 2014).
Probably, by Late Tithonian the Fundy Basin was uplifted and the sediments of the
Scots Bay Formation started to erode. This evidence can be confirmed by the presence
of an unconformity in the Bonnet P-23 well most likely caused by rivers transporting
sediments from the Fundy Basin southwards, presumably across the bank edge into
deep water, during low sea level stands.

During the Early Cretaceous thick sand successions, several km in thickness, of
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the Missisauga and Logan Canyon formations were deposited on the Scotian Shelf at
Mohican I-100 and Moheida P-15 wells. Detrital mineral chemistry implies direct
supply of sediments from the metamorphic and igneous rocks of the Meguma terrane.
The influence from igneous rocks, as shown from detrital mineral chemistry, seems to
be higher compared to Mid and Upper Jurassic strata where the sediments showed
mostly a metamorphic source. This supports the idea that by the Early Cretaceous,
much of the Meguma metamorphic rocks were already eroded, unroofing igneous
intrusive rocks, exposing them to Early Cretaceous erosion. Metamorphic clasts in
Early Cretaceous strata tend to show higher metamorphic grade with foliation,
compared to Mid Jurassic metamorphic clasts that lack foliation, derived from inboard
crystalline rocks of the Meguma terrane. The oldest known age in the Chaswood
Formation basins on land is Valanginian (Falcon-Lang et al., 2007). These facts may
indicate intensification of the structural inversion in the Fundy Basin and uplift of the
inner Meguma terrane and the inner Scotian Shelf, during Early Cretaceous, that led to
erosion and transportation of Alleghanian metamorphic lithic clasts to the Scotian
Basin. Few grains of type 1B garnet and spinel/ chromite in Mohican I-100 are similar
in composition with those at Alma K-85 well, supplied by ancestral Sable River
draining areas of the Labrador and the Grenville Province (Pe-Piper et al., 2009). This
could be a result of occasional progradation of delta distributary, or marine reworking
of the Sable delta deposits to the west with mixing of sediments. The abundance of
ultrastable zircon at one stratigraphic level (1423.4 m) of Hauterivian age in Roseway
Equivalent Formation at Mohawk B-93 well indicates possible reworking of older

sedimentary rocks. Those rocks might be from erosion of Jurassic rocks in the Fundy
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Basin as can be observed at Bonnet P-23 where there is significant reworking of
Jurassic palynomorphs and nannofossils in an interval (1822-2065 m) that yielded
Valanginian to Hauterivian ages within the Roseway Equivalent Formation. If
significant intensification of the structural inversion of the Fundy Basin took place at
that time with erosion, most likely the sediments were transported south in the
Shelburne sub-basin. The decrease in abundance of high stability detrital zircon to
ilmenite and tourmaline from younger to older strata in Mohawk B-93, suggests greater
derivation of sediments from crystalline rocks in the older part of the section rather than

reworking of older sedimentary rocks.

5.3.2 River patterns and paleogeography

Paleocurrent studies in the Fundy Basin suggest that Triassic sediments were
transported by rivers draining local areas of the Meguma terrane (Leuleu and Hartley,
2010). The chemistry of detrital minerals from the Lower Jurassic Scots Bay Formation
in this study confirms the local character of sediments. Most likely the rivers supplying
sediments ran along the Cobequid-Chedabucto fault zone westwards and deposited in
the Fundy Basin (Fig.5.28). We suggest this river pathway as the Meguma terrane
supplied sediments to another river running along the Cobequid-Chedabucto fault zone
to the Orpheus graben (Tanner and Brown, 1999). However, a river path directly from
the Meguma terrane that did not flow along the Cobequid- Chedabucto fault zone can
not be excluded. During the Early Jurassic the Fundy Basin was located 20° N of the
equator, and the climate was hot and semi arid (Olsen and Et-Touhami, 2008). This

suggests that the sediments were deposited mostly by small local seasonal rivers during
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heavy rainfall seasons that resulted in high fluvial discharge. However, the deposition
of sediments by organized river systems that involved long-distance fluvial supply,
draining the Canadian Shield and the inboard terranes of the Appalachians, can not be

excluded, as shown from detrital mineral chemistry.
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Fig.5.28: Schematic map showing potential rivers and sources for Early Jurassic sediments

in the SW Scotian Basin and the Fundy Basin (this study). 2 km isopachs of offshore basins
are from Williams and Grant (1998).

Detrital mineral chemistry of Mid Jurassic strata at both Mohican 1-100 and
Mohawk B-93 wells suggest rivers with local character draining areas of the Meguma
terrane. However, sediments from the Labrador and the Grenville Province may have
reached the Mohawk B-93 well through a river running along the Cobequid-
Chedabucto fault zone that entered and deposited in the Fundy Basin (Fig.5.29). It is
unlikely that such a river passed through the Orpheus graben before following the path
to the Fundy Basin. We suggest that the river most likely entered the present Chignecto

Bay to the Fundy Basin, because if it would have taken a more easterly path it would
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have supplied sediments to the Wyandot E-53 and Mic Mac H-86 wells, where no
distant mineral indicators are known (Li et al., 2012). Sediments deposited by this river
in the Fundy Basin may have reached the Mohawk B-93 areas by coastal longshore
drift, shallow water tidal currents or a separate local river. Although the sediments at
both Mohican I-100 and Moheida P-15 have a local source, there is a lateral change in
composition of Late Bathonian to Callovian strata with sand, shale, limestone and
dolomite of the Mohican Formation and limestones of Scatarie Member and shales of
the Misaine Member in the east to the coarse sandstones and shale of the Mohawk
Formation to the west. At the Mohican I-100 and Moheida P-15 wells, the Mid Jurassic
strata have similar composition, which means that the sediments were probably
deposited by the same rivers. On the other hand, at Mohawk B-93 the Mid Jurassic
coarse sandstone of the Mohawk Formation seem to have been deposited continuously
by one river as the lithology tends to be consistent (coarse sandstone with small shaly
intervals). Dolomite and limestones at Bonnet P-23 well and the lack of sandstone in
Shelburne G-29 well suggest that the river(s) depositing at Mohawk B-93 did not
deposit sediments west to the Bonnet P-23 well. Mid Jurassic sandstones at both
Mohican I-100 and Moheida P-15 wells have grain-supporting anhydrite cement, most
likely recrystallized from a gypsum precursor deposited in a sabkha environment. The
presence of a Top Callovian Maximum Flooding Surface (TCMFS) representing a
period with highstand of sea level, suggests that probably the sediments were trapped in
estuaries which experienced water evaporation and precipitation of evaporite. The fact
that in Moheida P-15 kaolinite filling primary porosity is engulfed by anhydrite

suggests that the sediments received some fresh meteoric water through rivers entering
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and depositing there. Based on the previous statements it seems that the same semiarid
to arid climate, as that during Late Triassic and Early Jurassic when the Eurydice and

the Argo formations were deposited, continued during Mid Jurassic.
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Fig.5.29: Schematic map showing potential rivers and sources for Middle Jurassic sediments
in the SW Scotian Basin and the Fundy Basin (this study). 2 km isopachs of offshore basins
are from Williams and Grant (1998).

Late Jurassic river supply of sediments to the SW Scotian Basin was not any
different from that during Mid Jurassic, except that there is no influence with sediments
from distant rivers (Fig. 5.30). The thick carbonate Abenaki Formation with
interbedded shale at Mohican I-100 and Moheida P15 wells is equivalent to the sandy
Mohawk Formation at Mohawk B-93 well. According to Tucker (2003), the thick
carbonate sequence of Abenaki Formation with thick clastic successions of the
Missisauga and Logan Canyon formations above it are representative of a lower
carbonate-upper sandstone sequence stratigraphy. Based on that, most likely the

limestones were initiated during a rapid sea-level rise as the entire Late Jurassic was
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influenced by a highstand of sea level (top Tithonian maximum flood surface) (Weston
et al., 2012). The absence of coarse clastic sediments in the Abenaki Formation
suggests that sands were deposited only on the inner shelf, forming the Mohawk
Formation in Sambro [-29 well north of Mohican I-100 and Moheida P-15. It is more
likely that the fine grained interbeds (shales) within the Abenaki Formation were
transported to the east by east-flowing currents from Mohawk B-93. The relationship
between clastic sediments and limestone is a situation that is found on many low-
latitude continental shelves. The mixed cycles in Mohican I-100 and Moheida P-15
may have been controlled by sea-level changes, or possibly by fault-related uplift
(Tucker, 2003). The sea level rise might have been such that there was little time for
reworking of the coastal plain (Tucker, 2003). However, a plentiful supply of
terrigenous material is necessary to generate the upper clastic unit of the carbonate-
upper sandstone sequence. The fact that the Bonnet P-23 well southwest of Mohawk B-
93 comprises only carbonates, equivalent to the sandy deposits at Mohawk, suggests
that most likely the river-derived sands did not pass through the carbonate banks and
were not deposited in deep water basins, at least until the early Tithonian. However, the
presence of clinoforms extending from the Mohawk sands in the Mohawk well to the
margin hinge zone suggests that during periods of low sea level sediments were
deposited in deepwater basins. Clearly there is no Sable Delta on the SW Shelf, but
there were probably gaps in the carbonate banks (particularly in the lower part, above
the J163) and in the Mohican equivalent section. Because of the very few data points
(wells), seismic data is required. A modern analogue to the area around Mohawk B-93

well and Mohican I-100 during Late Jurassic is the Great Barrier Reef of Australia on
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the outer shelf, where coral reefs are equivalent to the Abenaki Formation and landward
sand deposits supplied by rivers draining eastern Australia are equivalent to the sandy
Mohawk Formation. The fact that the Late Jurassic sandy deposits in Mohawk B-93 are
continuous from the Mid Jurassic sandy deposits and have been attributed to the same
formation (Mohawk) suggests that probably the same river that deposited during Mid

Jurassic continued to deposit in the Late Jurassic.
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Fig.5.30: Schematic map showing potential rivers and sources for Upper Jurassic sediments
in the SW Scotian Basin and the Fundy Basin (this study). 2 km isopachs of offshore basins
are from Williams and Grant (1998).

Supply of terrigenous material was plentiful from Valanginian to Albian when
sands and shales of the Missisauga, Logan Canyon and Shortland Shale formations
were deposited on the shelf at Mohican I-100 and Moheida P-15 wells. Based on
mineral chemistry, the rivers locally drained areas of the Meguma terrane and deposited
sands at both wells (Fig.5.31). The accumulation of oolitic ironstones in the Lower
Cretaceous Roseway Equivalent Formation at Moheida P-15 suggests that the climate

was subtropical to tropical. In addition, chemistry of some garnet together with
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presence of spinel/chromite implies sediments from distant rivers draining the Grenville
Province and ophiolites of the inboard Appalachians were deposited at Mohican I-100.
The river might have deposited directly at Mohican I-100 or it could be the result of
occasional progradation of a delta distributary, or marine reworking of the Sable delta
deposits to the west. The latter hypothesis is most likely the correct one as the
spinel/chromite and the garnet are much less common at Mohican I-100 compared to
Alma K-85 where similar minerals derived from same river are abundant. On the other
hand, the presence of limestones at Bonnet P-23 well and mostly limestone with sandy
intervals at Mohawk B-93 shows that there was not a big influence of river derived
sediment during Early Cretaceous in that area of the basin.

In conclusion, the Mesozoic strata in the western part of the SW Scotian Basin at
Mohawk B-93 and Bonnet P-23 wells seem to be different from strata in the eastern
part at Mohican I-100 and Moheida P-15. For example, the western part is
characterized by high clasic sediment supply during Mid and Late Jurassic, whereas the
eastern part is mostly limestones. On the other hand, in the Early Cretaceous lots of
clastics were deposited in the eastern part of the SW Scotian basin and limestones
deposited in the western part. Mineralogical data suggest that most likely the SW
Scotian Basin was supplied with sediments by more than one river systems through the
entire Mesozoic and that most likely mixing between the sediments of different river

systems did not occur.
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6. Conclusions

A) Provenance

In general, detrital petrology indicates that Mid Jurassic sediments were derived
mostly from the Meguma terrane; exceptions are types 1B and 2 garnet which were
probably derived from meta-ultramafic rocks and spinel/chromite that was sourced
from ophiolites. Both minerals were found only in the Mohawk Formation from the
Mohawk B-93 well

Upper Jurassic sediments were exclusively sourced from the Meguma terrane
Lower Cretaceous sediments have similar sources as Mid Jurassic sediments;
however the index minerals of distant sources were identified in the Upper
Missisauga Formation from the Mohican [-100 well

Rutile chemistry in this study confirms the source of sediments from Meguma
terrane implying that it is an important provenance indicator; the same with light

detrital minerals such as muscovite, biotite and chlorite

B) River patterns and paleogeography

Mid Jurassic rivers draining the Grenville Province in Quebec and/or Labrador most
likely ran along the Cobequid-Chedabucto fault zone and deposited in the Fundy
Basin, whereas rivers draining the same areas during Early Cretaceous entered the
Sable sub-basin through the Cabot Strait and deposited close to Mohican I-100 well
down axis of the Mohican Graben

Late Jurassic rivers were local; there is no evidence of sediments supply from
distant rivers at that time

During Late Jurassic the areas around Mohawk B-93 and Mohican I-100 wells
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seems to have been similar to that offshore of the modern eastern Australia, where
the coral barrier reefs form on the outer shelf and clastic sediments are deposited
close to river mouths on the inner shelf; during periods of low sea level clastic
sediments tend to overstep the carbonate edge and get deposited further away on the

outer shelf or in deep water basins

C) Diagenesis-Paragenetic sequence

The framework grains in Mid Jurassic sandstones are supported by anhydrite
cement that suggests deposition of sediments in a sabkha environment; the
precursor for the anhydrite cement is an early gypsum/anhydrite cement that was
mobilized several times during the history of these rocks

Kaolinite and illite fill primary porosity and are engulfed by anhydrite cement, thus
they predate quartz overgrowths and sulfate cementation; at depths > 3.3 km detrital
K-feldspar is no longer stable and is partly replaced with diagenetic albite, with
source for Na from detrital plagioclase grains (albite and oligoclase)

Coated grains chemistry in the Upper Jurassic and Lower Cretaceous sandstones in
the SW Scotian Basin imply that the sea-floor conditions were not uniform at that
time; for example coated grains in Mohican [-100 well are typical type D, enriched
in calcite with inner part made up of mostly of Fe-calcite and the outer part of
mixture between calcite and pyrite, whereas in Moheida P-15 coated grains are
typical type B with concentric layers composed mostly of siderite

Cements in the Upper Jurassic and Lower Cretaceous sandstones are mostly calcite,
and Mg-calcite is the most common carbonate cement identified; all the carbonate

cements postdate framework coated grains and in turn predate anhydrite cement
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D) Diagenenetic evolution-SW Scotian Basin versus Sable Sub-basin

Sea-floor conditions in the SW Scotian Basin are different from those in the Sable
sub-basin as shown from mineral composition of coated grains; specifically coated
grains in the Sable sub-basin are made up mostly of Fe-rich minerals such as
chlorite and Fe-calcite with minor siderite which indicate precipitation in the
ferruginous diagenetic zone, whereas coated grains in the SW Scotian Basin are
made up of Fe-calcite with Mg-calcite and pyrite coating, suggesting precipitation
in the sulfidic zone or mostly siderite suggesting precipitation in the ferruginous
diagenetic zone

Eodiagenesis in the SW Scotian Basin is represented mostly by Mg-calcite whereas
in the Sable sub-basin siderite is the most abundant eodiagenetic mineral; the
abundance in Mg-calcite in the SW Scotian Basin suggests fully marine conditions
compared to the Sable sub-basin where a change in the Mg”" and Ca*" in siderite
suggests fluctuating salinity of the sea-water from input of fresh meteoric water
from rivers

Mesodiagenesis in both the SW Scotian Basin and the Sable sub-basin is almost
similar, represented by pyrite and chlorite with the difference that in the former
calcite is the predominant mineral, whereas in the latter it is siderite

The small difference in mesodiagenesis in the SW Scotian Basin and the Sable sub-
basin (calcite versus siderite) is related to the mineralogical composition of rocks in
each of the sub-basins; the Sable sub-basin is enriched in shales which are enriched
in chlorite, thus the Fe*" necessary for siderite precipitation, whereas the SW

Scotian Basin is mostly carbonates which are the primary source of Ca*"
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