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Abstract
The Pennsylvanian stratigraphy of the western Cumberland Basin has been influenced
by salt tectonics, specifically the formation of the Minudie Anticline, a salt wall. South
of the Minudie Anticline, in the Athol Syncline, the strata exposed along the Joggins
UNESCO World Heritage shoreline have been extensively studied. Here, the
Cumberland Group succession of strata younger than the Boss Point Formation is
assigned to the Little River, Joggins, Springhill Mines, and Ragged Reef formations. In
contrast, north of the Minudie Anticline, the little studied Grande Anse Formation lies in
angular unconformity on the Boss Point and basal Little River formations.
Investigation of the Grande Anse Formation sedimentology indicates four lithofacies
associations: floodplain, braided channel, sheet flood, and debris flow deposits. A
comparative lithostratigraphic study suggests two possible depositional models. One
model has the Black Point sub-basin with its own hydrological system, completely
separated from the Athol Syncline. The second model proposes that the strata north of
the salt wall were exposed to erosion during accumulation of Joggins and Springhill
Mines formations. Subsequently, the sediments of the lithologically similar Ragged Reef
and Grande Anse formations, either (i) were deposited unconformably on all the
underlying strata, or (ii) gradually onlapped to the north, becoming unconformable on
the folded Boss Point Formation.
To further assess the two models, forty sandstone samples from the strata above the
Boss Point Formation were geochemically analyzed to determine major element
compositions. The results show statistically significant differences between the Little
River, Joggins, and Springhill Mines formations and the Grande Anse Formation,
whereas the Ragged Reef and Grande Anse formations statistically show no significant
ii

difference. These latter two units show greater maturity likely due to more intense
chemical weathering under sub-humid to humid climate. Thus, the deposition of the
Ragged Reef Formation in the Athol Syncline may have gradually onlapped across the
Minudie Anticline and then continued further north as the Grande Anse Formation.
Petrographic investigations reveal that the Grande Anse Formation has undergone
various diagenetic alterations, most extensively in the eodiagenetic near-surface subrealm. Initially, dissolution of unstable minerals followed by precipitation of iron
oxides/hydroxides and kaolinization occurred under slightly acidic porewaters of the
vadose zone. Fluctuation to higher pH in the lower vadose zone and upper phreatic zone,
due to close proximity of the salt wall, produced microcrystalline calcite, and silica
phases comprising quartz overgrowths, macrocrystalline quartz, chalcedony, and
pseudomorphous silica after gypsum. Later phases of high-Mn calcite and ferroan
dolomite indicate anoxic phreatic conditions during shallow burial. The deep burial
mesodiagenetic realm reflects only minor alterations including dickite and illitization of
kaolinite.
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Chapter One: Introduction

1.1. General statement
The overall aim of this research project is to study the sedimentology and stratigraphy
of part of the ~8 km-thick Mississippian-Pennsylvanian stratigraphic succession in the
Cumberland Basin, one of several basins in the Maritimes Basin Complex of Atlantic
Canada (Fig. 1.1; Williams 1974; Keighley 2008). The Cumberland Basin covers an
area of approximately 3,600 km2 (Ryan et al. 1987; Fig. 1.2) and, in the western part,
includes rocks that are exposed in the study area along the Bay of Fundy shores of New
Brunswick (NB) and Nova Scotia (NS).
Salt tectonics markedly influenced the rapid evolution of the Cumberland Basin. Salt
tectonics involve the basin-scale movement of halite and related evaporite rock into
various domes, diapirs, and walls. This may also result in the rapid accumulation of a
thick sediment pile above salt welds that typically form in the adjacent basin
depocentres (Fig. 1.3; Waldron et al. 2013). Increasingly, other salt basins are global
targets for petroleum exploration (Matthews et al. 2007). However, to date, there are
limited documented outcrop analogues of salt-influenced nonmarine basins from which
industry might develop sedimentological models – including halokinetic, sequence
stratigraphic, and diagenetic models.
In the western Cumberland Basin, a salt wall forms the Minudie Anticline, and is
composed of Mississippian (Viséan) evaporites that were originally buried by
continental red-beds later in the Mississippian (Serpukhovian). Salt movement
(halokinesis) commenced during deposition of the Boss Point Formation in the early
Pennsylvanian (Langsettian or mid-Bashkirian). South of the Minudie Anticline, along
1

the shoreline of the Joggins Fossil Cliffs UNESCO World Heritage Site, the strata above
the Boss Point Formation succession comprises an ~ 3000 m succession of gently
southward dipping strata assigned to the Little River, Joggins, Springhill Mines, and
Ragged Reef formations; these strata have been extensively studied over the last 175
years (e.g. Logan 1845; Ryan et al. 1991; Davies et al. 2005; Rygel 2005; Allen et al.
2013). In contrast, north of the salt wall, major folds and faults in the Boss Point and
overlying basal Little River formations are truncated by the angular unconformity at the
base of the Grande Anse Formation – potentially representing a halokinetic sequence
boundary. Relative to the aforementioned units, the Grande Anse Formation has been
the subject of limited study (e.g. Vangel 2015; Craggs et al. 2017).
This thesis aims to provide much greater detail of the stratigraphy and sedimentology
of the Grande Anse Formation as well as the first extensive bulk geochemistry of the
unit in order to help resolve its relationship to the potentially equivalent formations on
the south side of the Minudie salt wall – the Little River, Joggins, Springhill Mines, and
Ragged Reef formations. The strata are placed into a halokinetic model to help interpret
the overall geological history. The research also investigates diagenetic controls that
have affected porosity and permeability, and hence reservoir quality, in the Grande Anse
Formation. Since this research relates directly to one of Canada's few geological
UNESCO World Heritage Sites, it has not only regional and national, but also
international importance.
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1.2. General tectonic setting and structure of the Cumberland Basin
The Maritimes Basin Complex (Williams 1974; Keighley 2008) includes a series of
sedimentary basins, separated by faults that mostly trend NE-SW (Bradley 1982; Knight
1983; Boehner et al. 1986; Gibling and Rust 1986; Yeo and Ruixing 1986; Martel 1987;
McCutcheon and Robinson 1987; Carter 1989; Gates 1989; Hamblin 1989; McCutcheon
1990; Nickerson 1994; Ryan and Boehner 1994; Gibling 1995; van de Poll 1995;
Waldron and Rygel, 2005; Gibling et al. 2008; Keighley 2008; Park and St. Peter 2009;
Waldron et al. 2013; Waldron et al. 2015; Rygel et al. 2015; Craggs et al. 2017). In
some of the fault-bounded basins in southern New Brunswick and northern Nova Scotia,
the succession of upper Devonian to Mississippian strata is over 6.5 km thick. The
succession is mapped along numerous linear belts that follow the regional SW-NE fabric
imposed on the region by earlier events (Barr et al. 2003; Percival et al. 2004; Keighley
2008; Craggs et al. 2017). These Neoproterozoic to early Paleozoic orogenic events
included the Taconian, Salinian, and Acadian orogenies (Marillier et al. 1989; Barr et al.
1998; Van Staal et al. 1998), meaning that, by the Mid-Devonian, the region was made
up of a combination of diverse terranes (Fig. 1.1) that had accreted to the Laurentian
continental margin. The subsequent docking of the peri-Gondwanan Meguma Terrane
underlying southern Nova Scotia has been attributed to the Early to Mid-Devonian,
Acadian Orogeny (van Staal et al., 1998). Following this continental collision, the
northern Appalachians were influenced by mostly right-lateral strike-slip along the main
transcurrent faults sub-parallel to the orogen (Keighley 2008; Waldron et al. 2015;
Craggs et al. 2017). During the Devonian and Mississippian, there were contemporary
areas of transtension and transpression forming small scale (~10 000–100 000 km2) pull-
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apart basins with local volcanism (Wilson and White 2006; Park and St. Peter 2009;
Park et al. 2010; Waldron et al. 2015). These pull-apart basins are represented in
southern New Brunswick and adjacent northern Nova Scotia by the Cumberland Basin,
Moncton Basin, and Sackville Basin (Keighley 2008). Dextral motion on SW-NE faults
generally declined around the end of the Mississippian but was followed by a main
event of transpression associated with the E-W Minas Fault Zone (Murphy et al. 2011).
During the later Pennsylvanian, thermal relaxation produced regional cooling and
subsidence. This led to the creation of an expanded sedimentary basin that buried much
of the rapidly deposited and deformed pull-apart basins with a cover of sediment that
was more mature, and mostly accumulating more slowly (Craggs et al. 2017). These
strata of Pennsylvanian to Early Permian age extend from western New Brunswick and
northern Nova Scotia to south western Newfoundland (Fig. 1.1) and cover the older
basins (Keighley 2008; Craggs et al. 2017). In Nova Scotia, this cover is up to 10 km
thick in parts of the Cumberland Basin of Nova Scotia and under the Gulf of StLawrence (e.g. Durling and Marillier 1993; Alsop et al. 2000; Lavoie et al. 2009;
Hayward et al. 2013). However, the cover is relatively thin, less than 250 m, in many
parts of New Brunswick (Craggs et al. 2017).
The accommodation of several kilometres of lower Pennsylvanian coal-bearing strata
in the west of the Cumberland Basin developed in association with the expulsion of
underlying evaporite strata. The evaporite deposits originally accumulated in a grabenlike transtensional setting between normal faults represented by the Shepody–Beckwith
Fault system to the north and the Spicer’s Cove Fault to the south (Fig. 1.1B; Waldron
and Rygel 2005; Waldron et al. 2013). The latter fault was reactivated as a reverse fault
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by the transpression event during the early Pennsylvanian. Major uplift resulted in the
fluxing of sediment into the southwest of the Basin, and the resultant loading caused
evaporite expulsion to the north and east, inflating the Minudie Anticline located
adjacent to the Shepody-Beckwith Fault. To the south of this Minudie Anticline, the
mini-basin that developed around the Joggins section now forms the broad, shallow
Athol Syncline (Craggs et al. 2017).

1.3. Lithostratigraphy of the western Cumberland Basin
The western Cumberland Basin includes the UNESCO World Heritage (geological)
coastline at Joggins, which was first investigated in the 1840s, for example by Lyell
(1843), Dawson (1845), and Logan (1845), who all reported on the unusually great
thickness of strata in the region and first attempted subdivision of the succession. In the
present day, the succession is divided as follows.

1.3.1. Mississippian strata (Middle Viséan to early Serpukhovian)
The sedimentary units that deposited during the Viséan to early Serpukhovian include
the Pugwash Mines and the Lime-kiln Brook formations of the Windsor Group, and the
Middleborough, Shepody, and Enragé formations of the Mabou Group (Fig. 1.4; Carter
1990; Jutras et al. 2015). Boehner (1984) described the Windsor Group as a complex
cyclic sequence of evaporites (dominantly halite, anhydrite, and gypsum with minor
potash), redbed fine sandstone to mudstone, and fossiliferous limestone and dolomite.
Salt tectonics have severely altered the thickness and distribution patterns of the
Windsor Group across the Basin; the total original thickness is estimated to range from
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370 to 1400 m in the Tatamagouche syncline and ~4200 m in the Athol syncline
(Waldron et al. 2015). The maximum thickness of the Mabou Group is about 1100 m
(Rygel, 2005). All strata of Mabou Group in the study area are also variably tilted by
evaporite tectonics.

1.3.1.1. Pugwash Mines Formation: Ryan and Boehner (1994) introduced this formation
which is the lowermost unit exposed in the study area. Carter (1990) described a
composite type section from subsurface workings and drill core at the Pugwash salt
mine near Pugwash in Cumberland County, Nova Scotia. The closest reference section
is in a well located 1.8 km south of Dorchester, New Brunswick (depth interval 1576–
2371 m, Dorchester #1 in Fig. 1B), in the northwestern corner of the Sackville Basin. In
the study area, the Pugwash Mines Formation crops out as white and mottled red to
grey, folded beds of gypsum, with sporadic slivers of entrained red mudstone, in a
narrow 250 m wide zone on the west side of the Maringouin Peninsula (Fig. 1.2; Craggs
et al. 2017). The outcrop exhibits a complexly folded, disrupted, and stratified evaporite
succession (Ryan and Boehner 1994; Craggs et al. 2017). Both immediately south and
north of the gypsum are areas of coastline lacking outcrop. St. Peter and Johnson (2009)
summarized the depositional environments, which are i) restricted marine, ii) continental
playas and perennial saline lakes, and iii) coastal sabkhas and ephemeral to perennial
salinas.

1.3.1.2. Lime-kiln Brook Formation: The type section is the Lime-kiln Brook quarry and
contiguous outcrops along Lime-kiln Brook near Nappan, Nova Scotia (Fig. 1.2). The
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original thickness of the Lime-kiln Brook Formation is in the range of 640 m. It contains
fossiliferous limestone and dolomite interstratified with redbeds, including fine-grained
sandstone, mudstone, minor conglomerate, and evaporites of gypsum, anhydrite, and
salt (Bell 1944). The fossiliferous limestones contain bivalves, brachiopods,
cephalopods, and algae, collectively indicating a marine origin (Bell 1944). Flaherty
(1933) reported that the Lime-kiln Brook Formation on the western shore of Maringouin
Peninsula about 3 km northeast of Cape Maringouin (Fig. 1.2) contains about 30 m of
both marine and terrestrial rocks and accordingly presents a record of marine
transgressions and regressions. Also, he stated that the gypsum is followed by red shale,
followed in turn by fossiliferous limestone. St. Peter and Johnson (2009) suggest that the
sulphate is an offshore marine sequence, whereas the grey mudstones and associated
evaporites in the lower part of this formation refer to a hypersaline marine lagoon. Also,
they interpret red mudstones with lesser salt in the upper part of the unit as an alluvial
mudflat.

1.3.1.3. Middleborough Formation: This formation was introduced by Bell and Norman
(1938) in Nova Scotia and is equivalent to the Maringouin Formation of Norman (1941)
in New Brunswick. Jutras et al. (2015) suggested use of the Middleborough Formation
based on precedence. The type section is located along the Wallace River, near the
village of Middleborough, Nova Scotia, and a reference section is found in the north part
of the Joggins Section between Mill Cove and Downing Cove (Fig. 1.2; Ryan and
Boehner 1994). The Middleborough Formation appears to conformably overlie the
Windsor Group. This formation has an overall thickness of 968 m at the type section
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(Bell 1944), and ~300 m in the incompletely exposed reference section (Ryan and
Boehner 1994). On the west side of the Maringouin Peninsula, the Middleborough
Formation strata (north of Minudie Anticline) are steeply north-dipping to vertical to
slightly overturned (Craggs et al. 2017).
The Middleborough Formation comprises red calcareous, very fine- to fine-grained,
ripple- and climbing-ripple-laminated sandstone, red siltstone and mudstone and
sandstone with small-scale-trough-cross beds that interbed of conglomerate in the lower
part. The paleoflow directions are predominantly towards ENE (Allen et al. 2013). The
base of the Middleborough Formation is composed of laminar mudstone, with no
pedogenic overprint, suggesting a subtidal setting. The presence of limestone laminae
and lime-supported siltstone and fine sandstone also supports the interpretation of a
subtidal setting. The upper part of the Middleborough Formation is mainly planarbedded, but a modest pedogenic overprint is interpreted to represent a progression
towards a dominantly supratidal mudflat environment that was cut by broad fluvial
channels (Jutras et al. 2015, 2016).

1.3.1.4. Shepody Formation: This formation was introduced by Norman (1941). The
type section, defined by Williams et al. (1985) is exposed between about 0.8 km and 1.5
km north of Cape Maringouin on the east side of Shepody Bay, New Brunswick (Fig.
1.2) and a reference section is found along the Joggins shoreline east and north of
Downing Cove, toward Mill Cove in Cumberland County, Nova Scotia (Ryan and
Boehner 1994). The Shepody Formation conformably overlies the Middleborough
Formation. The overall thickness of this formation at the type section is approximately
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330 m (St. Peter and Johnson 2009), but on the overturned north limb of the Minudie
Anticline near Johnson Mills, the formation is less than 200 m thick. A similar thickness
is preserved south of the Minudie Anticline, east of Downing Cove (Fig. 1.2; Carter
1990).
The lower part of this Formation comprises greenish-grey to red, fine-grained, currentrippled to parallel-laminated sandstone that is interbedded with red mudstone. In the
upper part, grey fine- to very coarse-grained sandstone and minor limestone-pebble
conglomerate are interbedded with red and grey mudstone. In general, paleoflow
directions are predominantly towards ESE. Allen et al. (2013) interpreted the
successions of grey coarse-grained, cross-channelized sandstone with plant remains as
sandy braidplain deposits. However, the intervals of planar-bedded red mudstone and
fine-grained sandstone are interpreted as playa deposits related to more arid periods,
whereas interbedded sandstone and conglomerate may represent deposition from more
permanent fluvial systems (Craggs et al. 2017).

1.3.1.5. Enragé Formation: This formation was introduced by Norman (1941). The type
section is also exposed on the southwest side of the Maringouin Peninsula, between
about 0.4 and 0.8 km north of Cape Maringouin, New Brunswick (Fig. 1.2; Williams et
al. 1985; St. Peter and Johnson 2009). A reference section is found on the east side of
the Maringouin Peninsula, between ~0.4 km and 0.5 km south southwest of Black Point
(Fig. 1.2; St. Peter and Johnson 2009). This formation is correlative with the Claremont
Formation in Nova Scotia which consists of red, cross-cutting channels of coarse to
granular sandstone along with conglomerate, fine to medium sandstone, and mudstone.
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Finer-grained intervals in the Joggins area of Nova Scotia contain numerous erosionally
based, medium- to coarse-grained lenticular sandbodies with low-angle crossbedding
and flat bedding (Bell 1944). The Enragé Formation conformably overlies the Shepody
Formation, and in the type section it is approximately 100 m thick, although the upper
contact is not exposed. North of the Minudie Anticline, the Enragé Formation crops out
as slightly overturned strata (Craggs et al. 2017).
The lower part of the Enragé Formation is composed of red conglomerate and very
coarse-grained, cross-bedded sandstone, whereas the upper part of this formation
consists mainly of mudstone, with well developed calcrete and, locally, silcrete zones.
Conglomerate facies predominate in areas proximal to pre-Carboniferous terrain. The
paleoflow measurements in the type section show SW paleoflow directions. The
vertically continuous sequence of cross-cutting conglomerate channels indicates that the
depositional environment of the Enragé Formation is a braided fluvial system (St. Peter
and Johnson 2009).

1.3.2. Pennsylvanian strata (Bashkirian – Moscovian)
The lower Pennsylvanian strata of the westernmost Cumberland Basin are divided into
seven formations comprising the Boss Point, Little River, Joggins, Springhill, Ragged
Reef, Grande Anse, and Malagash formations, and are included in the Cumberland
Group (Figs. 1.2 and 1.4). Overlying, upper Pennsylvanian strata of the Pictou Group
are not preserved in the study area but are present further east in the Cumberland Basin
(Ryan et al. 1991).
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1.3.2.1. Boss Point Formation: this formation was introduced by Bell (1914). The type
section is exposed at Boss Point, from Downing Cove south to Lower Cove, Nova
Scotia (Fig. 1.2; Bell 1944). A reference section is exposed on Cape Maringouin in New
Brunswick (Fig. 1.2; Ryan and Boehner 1994). The type section of the Boss Point
Formation disconformably overlies the Enragé Formation (St. Peter and Johnson 2009).
The overall thickness of the Boss Point at the type section is approximately 1125 m
(Rygel et al. 2015). The Boss Point Formation on the Maringouin Peninsula shows
extensive folding and faulting north of the Minudie Anticline, again related to salt
tectonics (Craggs et al. 2017).
The lithology of the Boss Point Formation is predominantly grey to greenish-grey,
quartz-rich trough cross-bedded, rippled, and planar cross-bedded sandstone, which is
interbedded with grey and minor red, fine-grained sandstone and mudstone (Ryan et al.
1990; Ielpi et al. 2014). The paleoflow directions of the Boss Point Formation
commonly show ESE directed paleoflow, except north of the Minudie Anticline where
paleoflows in the upper part of the Boss Point Formation gradually change upsection
from east to a dominantly north direction (Browne and Plint 1994; Fig. 1.2). This
deflection of paleoflow perpendicular to the orientation of the anticline suggests that salt
movement, and concomitant mini-basin subsidence had commenced during deposition
of the upper Boss Point Formation in the late Yeadonian (Fig. 1.4; Craggs et al. 2017).
Several studies suggest that the Boss Point Formation was deposited within a large
braided river system with associated open lacustrine, and deltaic environments (e.g.
Browne and Plint 1994; Rygel et al. 2015).
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1.3.2.2. Little River Formation: This formation was introduced by Calder et al. (2005).
The type section is exposed at Lower Cove, along the Joggins coastline of Chignecto
Bay, Nova Scotia (Fig. 1.2; Calder et al. 2005). The base of this formation also is
exposed in the Hard Ledges Syncline at Johnson Mills, on the western side of
Maringouin Peninsula, New Brunswick (Fig. 1.2). The type section of the Little River
Formation conformably overlies the Boss Point Formation, and the overall thickness at
the type section is approximately 636 m (Calder et al. 2005).
The Little River Formation is composed of very fine- to medium-grained, trough
cross-bedded, rippled, planar cross-bedded, and primary current lineation sandstone.
Lag deposits are clast-supported and contain pebble-sized rip-up clasts of red and green
mudstone with rare granule-sized quartz clasts (Calder et al. 2005). The paleoflow
measurements in the type section show WSW directions, inconsistent with adjacent
units. Calder et al. (2005) and Allen et al. (2013) interpreted the Little River Formation
to represent fluvial and floodplain deposits in a semiarid climate with a pronounced dry
season.

1.3.2.3. Joggins Formation: This formation was introduced by Bell (1914), although the
section was first measured during Logan’s pioneering studies of 1843. The type section
is located south of Lower Cove, along the Joggins Fossil Cliffs, Nova Scotia (Bell 1944;
Fig. 1.2). The type section conformably overlies the Little River Formation (Ryan and
Boehner 1994) and comprises approximately 932 m of gently southward tilted strata
(Rygel et al. 2014).
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The Joggins Formation shows three lithofacies associations, which are (i) open-water,
(ii) poorly drained floodplain and (iii) well-drained floodplain (Rygel 2005; Davies et al.
2005; Allen et al. 2013). The base of the open-water lithofacies association usually
contains thin coal overlain by a thick dark limestone (Rygel 2005). Overlying siltstone
in this association is laminated and contains siderite nodules, bivalves, ostracodes, and
the remains of plants (Solem and Yochelson 1979; Archer et al. 1995; Reisz 1997;
Hebert and Calder 2004; Falcon-Lang et al. 2004; Tibert and Dewey 2005; Rygel 2005;
Grey et al. 2012). The sandstone units contain unidirectional and bidirectional ripple
cross-lamination, local mud drapes, and rare hummocky cross-stratification indicating
wave activity, and trace fossils, which suggest a marine environment (Davies and
Gibling 2003; Davies et al. 2005). The poorly drained floodplain deposits are of
sandstone, green/grey mudstone, coal, carbonaceous shale, and minor limestone, with
siderite nodules. Some of the thicker sandstone and mudstone beds contain tree fossils
(e.g. lycopsids) standing in life position up to one metre tall (Falcon-Lang 2003; Rygel
2005; Davies et al. 2005; Ielpi et al. 2015), various footprints (e.g. Archer et al. 1995;
Stimson et al. 2012), and the oldest reptile fossil (Dawson 1860). Davies and Gibling
(2003) and Davies et al. (2005) suggested that the environments in the poorly drained
floodplains included coastal wetland or deltaic plain, with shallow lakes that were
infilled by channel systems. Hower et al. (2000) suggested that the Joggins coals are
produced in short-lived mires that formed in high pH conditions. “The abundance of
charcoal and burnt standing trees (Falcon-Lang 2000) indicates that these short-lived
mires were able to withstand frequent forest fires only to be eventually overwhelmed by
either rising base level or catastrophic burial during floods” (Rygel 2005; p. 89). The
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well drained floodplain assemblage comprises red mudstone and sandstone, with minor
grey mudstone, rare coal, and ostracod-bearing limestone. The rarity of coal, the red
colouration and the calcareous nodules in the well-drained floodplain facies indicated
improved drainage. Davies and Gibling (2003) suggested that the presence of multiple
lenticular sandstone units indicates fluvial systems, with splay and levee deposits.

1.3.2.4. Springhill Mines Formation: This formation was introduced by Ryan et al.
(1991) and revised by Rygel et al. (2014). The type section of the Springhill Mines
Formation is exposed in the Springhill area of Nova Scotia (Fig. 1.1B; Ryan et al. 1991),
but a reference section is in the study area along the shore of Chignecto Bay from 400 m
north of MacCarron River southward to a point 500 m north of Ragged Reef, Nova
Scotia (Ryan et al. 1991). In this gently tilted coastal section, the Springhill Mines
Formation conformably overlies the Joggins Formation (Davies et al. 2005; Rygel et al.
2014). The overall thickness of the Springhill Mines at the type section is approximately
697 m (Rygel et al. 2014).
The Springhill Mines Formation is divided into the poorly drained and well-drained
lithofacies associations (Davies and Gibling 2003; Davies et al. 2005). The poorly
drained facies association comprises green to grey mudstone, carbonaceous shales, thin
coals, and sheet sandstones. Green to grey mudstone beds are the most common
lithofacies and represent immature paleosols. Laminated carbonaceous shales and grey
mudrocks demonstrate suspension deposition in floodplain lakes. The presence of
reddish brown mudrocks within the poorly drained facies association intervals reveals
either transport of reddened sediment into swampy areas (Davies et al. 2005; Rygel et al.
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2014) or localized changes in drainage conditions. The predominant well-drained facies
association is composed of reddish-brown mudstone, scattered carbonaceous shales and
organic-rich horizons, channel bodies, minor green and grey mudstones, and sheet
sandstones. Reddish-brown mudrock in the Springhill Mines Formation is typical of
sediments that have experienced good drainage and modest or possibly sporadic
oxidation. The presence of in situ plant fossil (e.g. lycopsids) in the reddish-brown
mudrocks suggests that many of these intervals were adjacent to swamps whereas
certain trace fossils also indicate marine influence (Rygel et al. 2014).

1.3.2.5. Ragged Reef Formation: This formation was introduced by Ryan et al. (1991).
The type section is exposed from 500 m north of Ragged Reef, along the Joggins coastal
section, south to Shulie, Nova Scotia (Fig. 1.2). The Ragged Reef Formation
conformably overlies the Springhill Mines Formation (Ryan et al. 1991). The total
thickness of the Ragged Reef Formation is approximately 1000 m in the type section
(Ryan et al. 1991). The Ragged Reef Formation is gently tilted in the study area.

The Ragged Reef Formation comprises predominantly fine to coarse-grained red and
grey, trough cross-bedded, ripple cross-laminated, and planar-bedded sandstone with
subordinate polymictic pebble to cobble, trough cross-bedded conglomerate interbedded
with grey and red mudstone. The green to grey mudstone and thin, interbedded sheet
sandstone are common in the lower part of this formation. These strata are interpreted as
distal floodplain or wetland deposits under seasonally oxidizing conditions. However,
the upper part of this formation is a basin-margin lithofacies that onlaps basin-margin
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alluvial-fan deposits and was deposited by proximal, braided fluvial channels (Allen et
al. 2013).

1.3.2.6. Malagash Formation: This formation was introduced by Ryan et al. (1991). The
type section of this formation is located at Malagash Point, Cumberland County, Nova
Scotia (Ryan et al. 1991). In this study, this formation only crops out inland along
streams (Fig. 1.2), with no reference section in the study area. The Malagash Formation
conformably overlies the Ragged Reef Formation and is about 450 m thick in the type
section (Ryan et al. 1991).
The Malagash Formation consists of grey to greyish-brown sandstones, grey and red
mudstones, and calcareous mud-chip conglomerates. Laterally persistent thin,
limestones and coal seams are present. The sandstones and conglomeratic bodies
represent multistoried and multilateral, trough cross-stratified units, usually 5 to 20 m in
thickness. Thin red sandstones with planar bedding occur within the mudstonedominated sequences. Naylor et al. (1998) stated that the lithofacies of the Malagash
Formation suggest braided fluvial deposition alternated with an extensive period of
floodplain development.

1.3.2.7. Grande Anse Formation: This formation was introduced by Norman (1941) and
crops out as gently north-dipping strata at three locations along the coast of the Bay of
Fundy (Fig. 1.2). The type section of the Grande Anse Formation is approximately 400
m thick and exposed on the coast of Grande Anse, on the western side of Maringouin
Peninsula, New Brunswick (St. Peter and Johnson 2009). The formation is also exposed
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on the east side of the Maringouin Peninsula and extends under the Cumberland Strait
into Nova Scotia where it also outcrops at Minudie Point. As discussed by Craggs et al.
(2017), the lower contact of the Grande Anse Formation in the type section is an angular
unconformity that overlies the Little River and Boss Point formations. The upper contact
of the Grande Anse Formation is not exposed, but it is interpreted to be unconformable
to disconformable with the overlying strata (Fig. 1.2; St. Peter and Johnson 2009).
The lithology of the Grande Anse Formation in New Brunswick has been briefly
described as pinkish-grey and reddish-brown, medium- to coarse-grained, chiefly
quartz-rich arenite, pebbly arenite, and conglomerate (St. Peter and Johnson 2009). Van
de Poll (1994) noted the conglomerates are up to 37% of combined section thickness,
and contain pebbles to small cobbles of rhyolite, quartz, plagioclase porphyry, quartzite,
and metasedimentary rocks. Fine-grained facies include reddish-brown and minor
bluish-grey siltstone, mudstone, and very fine- grained to fine-grained sandstone.
Repetitive fining-upward cycles comprising roughly subequal amounts of coarse- and
fine-grained facies characterize the type section (Fig. 1.2; St. Peter and Johnson 2009).
The sedimentology and stratigraphy of this unit has yet to be described in detail,
although Allen et al. (2013) interpreted the Grande Anse Formation in Nova Scotia to
consist of fluvial and floodplain deposits.

1.4. Methods and Study Outline
As noted above, the Grande Anse Formation has never previously been studied in
detail. The overall aim of this research project is to study the sedimentology and
stratigraphy, bulk geochemistry, and diagenesis of the formation, and to better determine
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its relationship with the other more extensively investigated Pennsylvanian formations
described above, particularly those that outcrop south of the Minudie Anticline,
including along the Joggins UNESCO World Heritage coastline. This thesis is presented
in a research-paper format and, following this introductory chapter, is organized into 3
chapters, each of which has been (or is in the process of being) submitted to a peerreviewed scientific journal, followed by a conclusions chapter. Methodologies are
briefly discussed in each research paper and in more detail in the following section.

1.4.1. Methods
1.4.1.1. Field work and sampling: In this study, strata were measured in three
stratigraphic sections with differing accessibility issues (Fig. 1.2; Appendix I). The type
section, at Grande Anse, on the western side of Maringouin Peninsula, is close to NB
route 935 and access to this exposure is relatively easy from either the base or top of the
section. The basal contact is sporadically covered by mud on the foreshore. The upper,
probably faulted, contact is obscured by vegetation and a small stream. The reference
section extends around Black Point north-eastward to Allen Creek. To access this
section requires a 1 km traverse across young forest from route 935. The third section of
the Grande Anse Formation is exposed further east in Nova Scotia at Minudie Point, and
intermittently for about 3 km southward. It is accessed by traversing marsh and beach
for ~ 1 km north of Lower Cove Road at Mill Creek. In general, all the three locations
are of low, occasionally overhanging cliffs with less steep, or weathered and covered,
intervals. The resistant cliff-forming units also extend onto the foreshore as wave-cut
platforms and elongate reefs often slippery with algae. The tides in the Bay of Fundy
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range more than 11 metres which restricts access to the cliffs to times of low tide. At the
time of the field work, the distribution of fine-grained sediment on the beach (mud flats)
also sporadically impeded the examination of exposures across the wave-cut platforms.
The three detailed stratigraphic logs of the Grande Anse Formation were created from
direct field observations. This was accomplished by physically measuring the coastal
sections at low tides during the summers of 2016 and 2017. Sections perpendicular to
strike were measured using a metre stick divided into 10 cm sections, which was taken
to be the general minimum resolution of beds to be recorded. Strike-and-dip data were
measured with a Suunto MC-2 compass and covered intervals were calculated by
utilizing the dip of the beds, and the surface-length of the unexposed section, to
calculate the true thickness. Paleocurrents were measured from cross-bedding to
determine the drainage direction and potential source area of sediment supply. Digital
photographs were taken over all three section localities. These pictures recorded
descriptive features of the rock units and the sampling locations.
A total of eighty-three fresh sandstone and conglomerate samples were collected from
throughout all logged sections of the Grande Anse Formation. Thin-sections were
produced for all samples by University of New Brunswick, Department of Earth
Sciences technical staff, and various geochemical studies were undertaken on a
randomized (for statistical analysis) selection of remaining sample material.
An additional fifty sandstone samples were collected from freshly excavated pieces of
coastal sandstone outcrop of the Cumberland Group throughout the western Cumberland
Basin of northern Nova Scotia, primarily for chemostratigraphic comparison with the
Grande Anse Formation. Material was taken from near the base of thick sandstone beds
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spaced at intervals of around 100 m vertical thickness including the Little River,
Joggins, Springhill Mines, and Ragged Reef formations. From this population, eight
samples from each sedimentary unit were randomly selected for geochemical studies.
1.4.1.2. Thin-section descriptions and point-counting analysis: Thin sections of samples
from the three logged sections of the Grande Anse Formation (76 sandstone samples and
7 conglomerate samples) were produced after prior impregnation with blue-dye epoxy
for porosity recognition. Eighty-three thin sections were scanned by a Nikon ™
Coolscan 4500 scanner. Images were processed using Corel-Draw ™ version X6
software, and 250 random points were added (co-ordinates determined using Microsoft
Excel ™ software) to each thin section image. The same 250 points on the physical thin
section were then located with the Nokia Eclipse E400 polarizing microscope, and the
mineralogy and texture, or porosity, was recorded at each of these point locations,
following the Folk (1980) method. The point-counted data were normalized for plotting
in his detrital composition triangular plot (i.e. quartz, feldspars, and lithic fragments).
Cross polarized light (XPL) and plane polarized light (PPL) photomicrographs of areas
of interest were taken using Nikon E5400 digital camera, attached to the Nokia
microscope.

1.4.1.3. Geochemical analyses: These methods involved use of Portable X-Ray
Fluorescence (PXRF; Olympus Vanta XRF analyzers, VMR), Micro- X-Ray
Fluorescence (Micro-XRF; Bruker M4 Tornado), and Inductively Coupled Plasma Mass
Spectrometry (ICP-MS; Perkin Elmer Sciex ELAN). Initially, 30 slabbed samples were
analyzed using the PXRF and Micro-XRF; comprising five randomly chosen samples
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from each of the Boss Point (BP), Little River (L), Joggins (J), Springhill Mines (S),
Ragged Reef (R), and Grande Anse (type section G1 and reference section G2). This
semi-quantitative study, not described in detail in the thesis, indicated possible
elemental variations in the mineralogy specific to particular formations. Accordingly,
material from 40 samples (eight randomly chosen from each of the aforementioned
formations) were subsequently powdered and, along with a randomly inserted external
standard (USGS-SGR-1), the major element compositions were then determined by
ICP-MS. Sample preparation and analyses were performed by Activation Laboratories
Ltd. (Actlabs) in accordance with International Organization for Standardization (ISO)
17025. Powdered samples were analyzed by Perkin Elmer Sciex ELAN 6000, 6100 or
9000 ICP/MS, and samples were randomized prior to analysis. The relative standard
deviation from replicate analyses of the standard is <5% for major elements. Procedures
are further detailed on the Actlabs website (Activation Laboratories Ltd. 2014).
In the ‘raw’ ICP-MS geochemical data, reported values are non-negative and
compositional in nature, meaning that they were recorded as a relative wt.% or ppm.
Since this limited sample space leads to closure effects; and compositional variables
usually involve ratios with summed denominators that rarely account for all the
constituents available to be measured; and because data are often non-normally
distributed, basic statistical analyses (e.g. variance, correlation, regression and their
derivatives) are inapplicable (Pearson 1896; Butler 1979; Davis 2002; Liu et al. 2000).
To solve these issues, data are first transformed using centred log-ratios (Aitchison
1986). This is one of several transformations that can allow for the use of standard
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statistical methods on compositional data such as an F-test for variance and a t-test for
means (Can Mert et al. 2016).

1.4.1.4. Scanning Electron Microscopy (SEM) and Cathodoluminescence (CL): Twelve
samples were coated with carbon, using the Edwards E306A coating system, to improve
the imaging of samples under SEM (JEOL JSM-6400). Electron images were collected
using Digital Micrograph (Gatan Inc.). The cathodoluminescence (CL) system is a
ChromaCL system (Gatan Inc.). The SEM was operated with an accelerating voltage of
15 kV. The beam current used was dependent on the application; for normal BSE
imaging, the beam current was 1.5 nA, and for CL imaging, the beam current was
generally either 5 nA or 11 nA. Energy Dispersive X-Ray Spectroscopy (EDS) data
were collected with an Energy Dispersive X-ray (EDAX) Genesis x-ray micro-analyser,
using 15 kV accelerating voltage, 1.5 nA beam current, and 50 s acquisition times
(information provided by Dr. Douglas Hall, at the UNB Microscopy and Microanalysis
Facility).

1.4.2. Study Outline
Chapter 2 reports mainly on the field work that was undertaken. It provides insight
into the depositional development of the Grande Anse Formation exposed on the
Maringouin Peninsula in eastern New Brunswick and Minudie Point in northern Nova
Scotia (Fig. 1.1B). Although St. Peter and Johnson (2009) briefly summarized the
Grande Anse Formation lithology and provided a measured section at the type locality,
this is the first research to examine the distribution of sedimentary lithofacies laterally
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and vertically throughout the three exposed sections. The work also relates to minibasins associated with salt tectonics, important for continued global petroleum
exploration and for which there are few outcrop examples. By comparing the
sedimentological details in this study to previous work south of the Minudie Anticline,
the chapter develops two possible models to explain the differing stratigraphic
successions north and south of the anticline and refines the halokinetic sequence
stratigraphy. This paper was submitted to the Canadian Journal of Earth Sciences and
accepted in August of 2020. I conducted all the background research, drafted, or redrafted all the figures, and wrote the vast majority of the text in this chapter under the
supervision of Dr. Dave Keighley, who edited and helped to organize this work.

The main aim of chapter 3 is to utilize geochemical methods to provide a high
resolution chemostratigraphic correlation for the Grande Anse Formation north of the
Minudie Anticline with the relevant unit(s) of the post-Boss Point Formation strata of
the Cumberland Group in the Joggins succession. This in turn better constrains the
geological history of this famous location; improves our understanding of the
sedimentary and structural development of salt mini-basins in general; and identifies the
most appropriate of the depositional models hypothesized in Chapter 2. This chapter was
submitted to the Journal of Sedimentary Research in September of 2020 and was
accepted with minor revisions in February of 2021. I suggested the methodology, wrote
the vast majority of the text, and drafted all the diagrams in this manuscript under the
supervision of Dr. Dave Keighley, who edited and helped to organize this work.
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Chapter 4 utilises thin-section and SEM data to describe the diagenesis and reservoir
quality of the Grande Anse Formation, which has never been previously studied. The
diagenetic alteration and reservoir quality, both laterally and vertically, is assessed by
evaluating the regional diagenetic processes and cement distribution in the Grande Anse
Formation. This work will be submitted to a Petroleum Geology journal in the spring of
2021. I researched and wrote the majority of the text, and prepared most of the figures,
under the supervision of Dr. Dave Keighley. Two additional co-authors will be
Mohamed A. K. El-Ghali, with whom I discussed aspects of the petrography, and Mark
Vangel, who contributed some of the photomicrographs and whose earlier unpublished
2016 BSc thesis was the impetus behind the initiation of this PhD project.

Chapter 5 contains concluding remarks with some suggestions for further
investigations in this area.
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Figure 1.1. (A) General geological map of eastern Canada showing the major DevonianCarboniferous sedimentary basins of eastern Canada and their relationship to basement
terranes (modified from Craggs et al. 2017). It shows terranes and their lithotectonic
zones and subzones of Williams et al. (1988). (B) Geological map of the Cumberland
Basin of northern Nova Scotia and SE New Brunswick (modified from Craggs et al.
2017).
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Figure 1.2 (A) Geological map of the Maringouin Peninsula and adjacent areas of the NW
Cumberland Basin (modified from Ryan and Boehner 1994; St. Peter and Johnson 2009;
Craggs et al. 2017). (B) Highly generalized cross-section of the Carboniferous
stratigraphic succession exposed north and south of the Minudie Anticline (Modified from
Craggs et al. 2017).
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Figure 1.3 Schematic rise of a salt wall through its thick overload by the process of
upbuilding (Modified from Martin and Hudec 2017).
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Figure 1.4 Stratigraphic column of Devonian-Carboniferous strata of the western
Cumberland Basin. Timescale from Davydov et al. (2012). Recognizing that
biostratigraphic control is variably poor and of limited extent throughout the succession,
the time ranges used for the groups, formations, and biozones are a best ﬁt of Ryan et al.
(1991); Ryan and Boehner (1994); Utting et al. (2010), and Craggs et al. (2017).
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Chapter Two: Stratigraphy and sedimentology of the Pennsylvanian Grande Anse
Formation, Cumberland Basin, eastern Canada: its relationship to salt tectonics
and coeval strata of the Joggins World Heritage Site

Abstract
The Cumberland Basin is one of several sedimentary basins that make up the late
Paleozoic Maritimes Basin complex of eastern Canada. Pennsylvanian salt tectonics in
the Cumberland Basin caused two salt mini-basins to evolve on either side of the
Minudie Anticline, a salt wall. South of the wall (Athol Syncline), along the Joggins
World Heritage shoreline, an ~3000 m succession of strata (Little River, Joggins,
Springhill Mines, and Ragged Reef formations) accumulated conformably on the Boss
Point Formation. North of the wall (Black Point sub-basin), the biostratigraphically
equivalent, but mostly unstudied, ~600 m thick succession of Grande Anse Formation
lies in angular unconformity on folded and faulted Boss Point and basal Little River
formations. Grande Anse Formation sedimentology indicates four lithofacies
associations: floodplain (LA1), braided channel (LA2), sheet flood (LA3), and debris
flow deposits (LA4). One possible model has the Black Point sub-basin with its own
hydrological system, completely separated from the Athol Syncline. A low subsidence
rate combined with the low sedimentation rate produced the ~600 m thick sand- and
mud-prone succession that was contemporaneous with the ~3 km succession to the
south. A second model proposes that the area north of the salt wall was exposed to
erosion during accumulation of Joggins and Springhill Mines formation strata to the
south. Subsequently, the sediment of the lithologically similar Ragged Reef and Grande
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Anse formations either (i) onlapped to the north, unconformably on the folded Boss
Point; or (ii) unconformably–disconformably on the underlying strata after a period of
time indistinguishable in the biostratigraphic record.

44

2.1. Introduction
This paper provides the first detailed study of the Grande Anse Formation through the
logging of its three main coastal outcrop localities on both sides of the New Brunswick Nova Scotia provincial border, eastern Canada (Figs. 2.1, 2.2; St. Peter and Johnson
2009; Craggs et al. 2017). The logs record the general lithologic succession,
sedimentary structures, and paleoflow data that allow for the development of facies
associations and hence a sedimentological model for the Grande Anse Formation.
Comparison with contemporaneously deposited strata that form the Joggins United
Nations Educational, Scientific and Cultural Organization (UNESCO) World
(Geological) Heritage Site immediately to the south of the fieldwork area leads to a
more complete understanding of the salt tectonics that affected the site and adds to the
limited database of salt mini-basins, which elsewhere have been recognised as important
petroleum reservoirs (Hudec and Jackson 2007; Matthews et al. 2007).

2.2. Geologic setting
The Grande Anse Formation was deposited in the northwestern part of the
Cumberland Basin, one of several sedimentary basins composed by the Maritimes Basin
complex of Atlantic Canada (Keighley 2008). The origins of the Cumberland Basin are
associated with a tectonic environment of dextral strike slip in tropical latitudes
following the Middle Devonian Acadian Orogeny (Keighley 2008; Waldron et al. 2013;
Craggs et al. 2017). The Cumberland Basin was then filled with over 8 km of strata
during the Carboniferous Period (Ryan and Boehner 1994).
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In the western Cumberland Basin, the oldest exposed strata occur along the hinges of
the Claremont and Minudie anticlines (Fig. 2.1; Craggs et al. 2017). These Viséan strata
include the carbonate and evaporite-bearing Pugwash Mines and the Lime-kiln Brook
formations of the Windsor Group (Fig. 2.3), which form the diapiric cores of the
anticlines. Subsequent Mississippian strata comprise Viséan to Serpukhovian red and
minor grey mudstone, red to grey sandstone, and mostly red boulder to pebble
polymictic conglomerate assigned to the (i) Middleborough (including the synonymous
Maringouin) Formation, (ii) Shepody Formation, (iii) Enragé Formation, and (iv)
Claremont Formation of the Mabou Group (Fig. 2.3; Norman 1941; Allen et al. 2013).
To the south of the Minudie Anticline, and particularly well-exposed along the
shoreline of the Joggins UNESCO World Heritage site, overlying lower Pennsylvanian
strata of the western Cumberland Basin include variably grey and red sandstone,
mudstone, conglomerate, and localized coal and limestone, assigned to the (i) Boss
Point Formation; (ii) Little River Formation; (iii) Joggins Formation; (iv) Springhill
Mines Formation; (v) Ragged Reef Formation and, inland; (iv) Malagash Formation of
the Cumberland Group (Figs 2.2 and 2.3). This succession has most recently been
investigated in its entirety by Allen et al. (2013). In contrast, north of the Minudie
Anticline, the Grande Anse Formation was introduced by Norman (1941) for a
succession of mostly red sandstone and mudstone overlying the older Boss Point and
basal Little River formations in angular unconformity (Fig. 2.2; Craggs et al. 2017). The
upper contact of the Grande Anse Formation is not exposed anywhere, but it is
interpreted to be unconformable with overlying strata of the mostly upper Pennsylvanian
Pictou Group (Fig. 2.2; Craggs et al. 2017). The latest biostratigraphic studies suggest
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that the Grande Anse Formation was deposited during the Bashkirian (Langsettian,
Lower Pennsylvanian, Fig. 2.3; Utting et al. 2010; Craggs et al. 2017).
This contrasting stratigraphy reflects the influence of salt tectonics, which involves the
basin-scale movement of salt and related evaporite rock into various domes, diapirs, and
walls (Waldron and Rygel 2005; Waldron et al. 2013; Craggs et al. 2017). These authors
consider that halokinesis started in the western Cumberland Basin by the Yeadonian
(early Pennsylvanian), following the accumulation of over 1 km thickness of Mabou
Group and Boss Point Formation sediment. The underlying, ductile Windsor Group
evaporites were then evacuated obliquely northward into diapirs, or salt walls, such as
the Minudie Anticline, leaving salt welds under high accommodation mini-basin
depocentres. The greatest thickness of the Cumberland Group strata is accommodated
south of the Minudie Anticline, in the Athol Syncline, where salt evacuation aided
accumulation of more than 4 km of conformable succession assigned to the Boss Point,
Little River, Joggins, Springhill Mines, and Ragged Reef formations. In contrast, north
of the salt wall, the succession initially consists of the Boss Point and basal Little River
formations. Unlike their uniformly south-dipping counterparts south of the salt wall,
these units contain faults and folds with overturned limbs, and are truncated in angular
unconformity by the base of the much less deformed, gently north-dipping ~600 m redbeds of the Grande Anse Formation. The Minudie Anticline, therefore, appears to walloff to the north a possible fault-bounded mini-basin, with a different geological history
(Fig. 2.2; Craggs et al. 2017). For discussion purposes, this mini-basin is informally
named the Black Point sub-basin.
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2.3. Methodology
Sedimentary logs were measured at the three major outcropping sections of the Grande
Anse Formation (Fig. 2.2), using standard techniques supported by digital photography
and considering the following basic attributes: bed thickness and contacts, lithology,
sedimentary structures, and paleoflow measurements. Paleocurrents were measured
from cross-bedding to determine the drainage direction and potential source area of
sediment supply (Fig. 2.4). The description of lithofacies and classification of lithofacies
associations of fluvial origin (Tables 2.1 and 2.2) is modified from the scheme of Miall
(1978).

2.4. General sedimentology of the Grande Anse Formation
The type section of the Grande Anse Formation is ~310 m thick and crops out
intermittently for ~3 km southward from the mouth of Johnson Creek, on the western
side of the Maringouin Peninsula, as low-relief cliffs and wave-cut platforms in the
intertidal zone (Figs. 2.2 and 2.4; St. Peter and Johnson 2009). At the southern end, the
basal contact is in occasionally exposed angular unconformity with the underlying Boss
Point Formation (Keighley et al. 2008; Craggs et al. 2017). The lower ~40 m of the type
section is characterized by red, locally vuggy, pebbly sandstone beds with trough crossbedding and some asymmetric ripples exposed only on wave-cut ledges and, often,
separated by ~6 m of covered sections. There is then a continuous interval, ~50 m thick,
characterized by interbedded red pebbly sandstone units, many > 3 m thick, that fine
upward to mudstone. The middle part of the type section, from ~90 to 269 m, is also
characterized by similar interbedded lithological units that contain plant fragments.
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Exposed mudstone interbeds show horizontal laminae but with abundant downwardbifurcating reduction zones, some with cores of patchy, carbonaceous root-like material.
The upper part of the section, from ~260 to 310 m, is characterized by thick red
mudstone units interbedded with grey to light grey and red pebbly sandstone beds.
The reference section of this formation is exposed on the eastern side of the
Maringouin Peninsula and extends around Black Point northeastward to Allen Creek
(Fig. 2.2; St. Peter and Johnson 2009). The basal contact is obscured by Quaternary
glacial till. The outcropping section is 602 m in true vertical thickness (Fig. 2.4), and
broadly contains the same lithologies as the type section. Conglomerate units contain
both matrix-supported gravel and clast-supported gravel, including, near the base of the
section, small abraded calcareous fossil fragments that may have been reworked from
the Windsor Group (Vangel 2015). Of note, from ~ 250 m upward to the top of this
section, grey sandstone is increasingly prevalent, and many conglomerate units fine
upward into quartz-pebble-rich, vuggy pebbly sandstone. Mudstone and silty sandstone
beds again are mostly deep red with varying amounts of reduction, and root-like
material with reduced haloes. From ~ 350 m upward, no mudstone or siltstone beds are
exposed but they may be present beneath covered intervals.
In the section at Minudie Point, the basal contact is again covered by Quaternary till,
and the true vertical thickness of the exposed section is ~ 372 m (Fig. 2.4). The lower 50
m comprise red, fine- to coarse-grained sandstone units interbedded with mudstone and
conglomerate. An estimated 150 m covered interval separates this outcrop from several
wave-cut ledges of red, pebbly sandstone beds with trough cross-bedding and some
asymmetric ripples that constitute the upper part of the section farther north. Matrix-
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supported and trough cross-bedded gravely conglomerate contains plant fragments,
whereas massive clast-supported conglomerate contains grains in the cobble and pebble
range.

2.5. Lithofacies and lithofacies associations
Three general lithologies are present in the Grand Anse Formation based on field
sedimentological analysis (Fig. 2.2): (i) sandstone (S, 58% of the combined section
thickness), (ii) conglomerate (gravel, G, 7%), and (iii) mudstone (fine-grained units, F,
35%). These three general lithologies form the basis of 13 lithofacies (Table 2.1), and
are grouped into four lithofacies associations (LA1, floodplain deposits; LA2, braided
channel deposits; LA3, sheet flood and local minor channel deposits; and LA4, debris
flow deposit; Table 2.2).

2.5.1. LA1—Floodplain deposits
2.5.1.1. Description: The fine-grained lithofacies (Fm, Fl, and Frs) are red and light- to
dark-grey, with grey reduction spots common in red very fine to fine sandstone beds
from the lower part of the sections (Figs. 2.5A-C). The massive, or blocky, mud and silt
lithofacies (Fm) is most prominent, can be up to 10 m thick, and is commonly mottled
red-grey (Fig. 2.5A and B). Lithofacies Fl is poorly consolidated, interbedded silty
sandstone and mudstone with horizontal lamination 0.5 to 2 m in thickness that locally
grades vertically and laterally into lithofacies Fm (Fig. 2.5A). Lithofacies Frs is 0.5 to 5
m in thickness, dominated by red claystone and siltstone, with grey reduction spots and
downward-bifurcating carbonaceous structures with grey aureoles (Fig. 2.5B and C).
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2.5.1.2. Interpretation: Lithofacies Fm could indicate rapid deposition of suspended
sediment during waning flow conditions, but it may alternatively suggest extensive
paleosol development and/or diagenesis that may have destroyed any original
sedimentary structure, as indicated by the occasional gradation into Fl lithofacies (Foix
et al. 2013; Horn et al. 2018; Sonowal et al. 2018). Lithofacies Fl represents deposition
of suspended sediment under a very low flow regime that likely occurred in overbank or
distal sheet flood locations (Hampton and Horton 2007; Banham and Mountney 2013a).
Bifurcating carbonaceous material of lithofacies Frs suggests roots, and hence, paleosol
development. Red mudstone and fine sandstone units contain grey “reduction spots” that
may have developed due to the reduction of iron, usually as the result of water saturation
(Tabor et al. 2017). Alternatively, these grey spots may have developed due to microbial
respiration that used up oxygen when breaking down organic material, preventing the
oxidation that was occurring in the surrounding sediment (Spinks et al. 2010). The red,
rooted paleosols with the interior of grey spots are indicative of well-drained soils and
brief gleying (chemical reduction) episodes (Kraus 2002; Tabor et al. 2017). Sheldon
(2005) suggested that the red color of the paleosols is a result of former good drainage,
and that red color in general does not indicate specific paleoclimatic conditions.
Turner (1980) interpreted that the general colour (e.g. grey, green, brown) reflects the
generation of ferrous oxides or carbonates in reducing environments, whereas the red
colour is created by ferric oxides and Mn-rich carbonate in oxidizing environments. As
such, several studies have recorded that the red colour can be generated above the water
table in a hot arid environment and below the water table in the humid environment
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(Miall 2006), whereas the presence of hematite demonstrates relatively arid conditions.
The absence of coals and carbonaceous materials further supports the interpretation of
an arid to semiarid climate (Turner 1980). Collectively, this association of fine grained
lithofacies Fm, Fl, and Frs is considered to represent a predominantly well-drained
floodplain environment similar to the finer grained components of Facies Association
B2 identified south of the Minudie Anticline by Allen et al. (2013).

2.5.2. LA2—Braided channel deposits
2.5.2.1. Description: This lithofacies association is represented by red and grey
conglomerate, sandstone, and pebbly sandstone lithofacies (Gcm, Gtm, St, Shc, and Sp;
Fig. 2.6A-F), which have variable thickness ranging from 0.3 to 22 m. These lithofacies
lack bioturbation, mud drapes, or marine fossils. The conglomerate and pebbly
sandstone beds range in thickness from 0.3 to 3 m and commonly show sharp basal,
downcutting contacts with lag deposits (4th -and 5th -order surfaces; Fig. 2.7A and B;
Miall 2006). The massive clast-supported conglomerates (lithofacies Gcm, Fig. 2.6A)
are rarely imbricated, have clasts up to 15 cm diameter, which are sub-angular to
rounded, poorly sorted, and made up of quartz, mudstone, and carbonate. Lithofacies
Gtm clasts also include Calamites and other organic fragments (Fig. 2.6B) that are
supported by a fine-grained to very-coarse-grained sandstone matrix with pyrite-rich
concretions in some intervals (Fig. 2.6B). This lithofacies shows normal grading in beds
that are 0.5 to 3 m thick and transitions into trough cross-bedded sandstone lithofacies
(St; Fig. 2.7A) or horizontally laminated sandstone (lithofacies Shc, Fig. 2.6C).
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The coarse- to fine-grained sandstone lithofacies units are between 0.6 and ~3 m thick,
but may be stacked to form sandstone packages over 20 m thick. Scattered pebbles, up
to 3 cm diameter, consist of quartz or chert. Lithofacies Sp consists of fine- to coarsegrained sand with pebbles, and cross-stratification with tangentially based foresets (Fig.
2.6D). Lithofacies St consists of fine- to coarse-grained sand with pebbles, trough crossbedding, and common plant fossils (e.g. Calamites). This lithofacies is predominant in
all outcrops of the Grande Anse Formation (Fig. 2.7A and B) and contains lag deposits
at the base of some intervals. Horizontal bedded or laminated sandstone (lithofacies
Shc) is fine to coarse grained and between 0.3 and ~1 m thick (Fig. 2.6C).

2.5.2.2. Interpretation: The conglomerate lithofacies (Gtm and Gcm) of this association
have sharp downcutting basal contacts, which indicates intense hydraulic action that
eroded and deepened fluvial channels (Plink-Björklund 2015). They are always
followed by St, Sp, and Shc lithofacies, and collectively form associations up to 5 m
thick, indicative of generally small fluvial channels (Gibling 2006). The matrixsupported, trough cross-bedded conglomerate lithofacies (Gtm) indicates deposition
from traction by unidirectional flow. Clast-supported massive conglomerate lithofacies
(Gcm) indicates rapid deposition from poorly confined flows within channels, with
insufficient time for bedform development (Opluštil et al. 2005). The lack of imbricated
clasts may indicate a low stream gradient, or it may relate to relative roughness of beds
and shape of the involved clasts (Garcia-Hidalgo et al. 2016; Garefalakis and
Schlunegger 2018). Cross-bedded sandstone lithofacies (Sp and St) were deposited from
unidirectional traction currents and, respectively, indicate straight and sinuous-crested
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dunes migrating in channels under lower-flow regime conditions (Malaza et al. 2013).
The lag deposits at the base of these sandstone lithofacies indicate rolling pebble bed
load (Postma 1990; Opluštil et al. 2005). Horizontal bedded sandstone (Shc) records
indicate that either lower plane beds were formed by lower velocity flows or upper plane
beds were formed by fast/shallow flows. Particularly where parting lineation is
preserved, and this lithofacies overlies lithofacies Gtm, a gradual decrease of current
velocity within the upper flow regime would be implied (Malaza et al. 2013).
In summary, this lithofacies association is dominated by coarse-grained lithofacies,
which indicate bedload transport processes forming scour fills, and cross-bedded
sandstone representing the downstream migration of dunes (Miall 2006). The lack of
inclined heterolithic strata representing lateral accretion features, the rare presence of
low-angle cross-bedding lithofacies, and the abundance of horizontal laminae, favour a
perennial braided channel deposit (Brierley 1996), most closely resembling Facies
Association A1 identified south of the Minudie Anticline by Allen et al. (2013).

2.5.3. LA3— Sheet flood and localized minor channel deposits
2.5.3.1. Description: Units of this lithofacies association ranges from 1 to 3 m thick,
encased within mudstone beds of LA1. It consists of five red and grey coloured
sandstone lithofacies: horizontally stratified (Sh), low-angle cross-bedded (Sl), trough
cross-bedded (St), ripple cross-laminated (Sr), and massive sandstone (Sm) (Figs. 2.8AD and 2.9A-B). Lithofacies Sh (Fig. 2.8A) consists of fine to medium sand, whereas
lithofacies Sl (Fig. 2.8B) comprises fine to coarse sand; both may be up to ~1 m thick.
Lithofacies Sh (Fig. 2.8A) occurs between mudstone beds of LA1 with no evidence of a
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basal downcutting erosion surface. Also, lithofacies Sh and Sl can be associated with
one another, or with lithofacies St as compound sets, or individually followed by Fl or
Fm of LA1. Lithofacies Sr (Fig. 2.8C) is rare and restricted primarily to the lower part
of the reference section. It consists of fine- to medium- grained sand, asymmetrically or
symmetrically rippled, in units 0.3 m in thickness. Massive sandstone lithofacies (Sm)
contains fine to medium- grained sand, from 0.4 to 1 m thick (Fig. 2.8D).

2.5.3.2. Interpretation: Lithofacies Sh is interpreted to be deposited under a low flow
regime in fluvial channel deposits (Malaza et al. 2013). However, it may also indicate
deposition under turbulent upper flow regime in unconfined conditions (Foix et al. 2013;
Gretter et al. 2015; Puy-Alquiza et. al. 2018), where it is commonly associated with
lithofacies Sl (Cotter and Graham 1991). However, the restriction of lithofacies Sh
between the mudstone beds of LA1 (Fig. 2.9A) association with low-flow regime trough
cross-bedded sandstone lithofacies St (Fig. 2.9B), and lack of downward scouring
erosion surfaces, indicate sheet flood deposits (DeCelles et al. 1991). The association of
lithofacies Sl and Sh with thickness up to 3 m indicates flash-flood deposition under
upper plane-bed conditions or a high flow regime (Scherer et al. 2007; Bongiolo and
Scherer 2010), rather than a crevasse splay deposit. Lithofacies Sl and Sh are also
considered to be dominant in both ancient and modern ephemeral fine grained stream
deposits (Tunbridge 1984).
Lithofacies Sr indicates ripple migration during lower flow regime and usually occurs
around the edges of the sheet flood units (Ribes et al. 2015; Horn et al. 2018). Massive
sandstone lithofacies Sm may form by sediment gravity flows (Puy-Alquiza et al. 2018)

55

or by transport and rapid deposition by unconfined flow in a short period, rapid
deposition from suspension, and/or deformation of existing sedimentary structure by
diagenesis or weathering (Foix et al. 2013; Banham and Mountney 2014).
In summary, the association of lithofacies St, Sm, Sh, Sr, and Sl and their sharp
contacts with lithofacies association LA1 indicates a short-duration unconfined flow
characteristic of sheet floods (Nichols and Fisher 2007; Foix et al. 2013; Gretter et al.
2015). However, due to the lack of lateral continuity of surfaces in the halokinetically
tilted successions, downcutting may not have been recognized, and interpretation as
minor (crevasse-?) channel deposits cannot be completely ruled out. This association
corresponds to the coarser grained, overbank component of both Facies Associations B1
and B2 identified south of the Minudie Anticline by Allen et al. (2013).

2.5.4. LA4— Debris flow deposits
2.5.4.1. Description: This lithofacies association is uncommon and was only observed in
the reference section. It comprises matrix-supported massive gravel (lithofacies Gmm)
in 0.5 m thick lenticular beds (Fig. 2.10), which are typically calcareous and mostly red
in colour, with 0.25 to 4 cm diameter clasts of carbonate, quartz, and mudstone. The
lithofacies association is associated with lithofacies Fm of LA1. Also, the lower contacts
being sharp but mostly non-erosive.

2.5.4.2. Interpretation: Matrix-supported gravels, whether massive (Gmm) or stratified,
have long been associated with deposition by debris flows (Stanistreet and McCarthy
1993; Mack et al. 2002; Opluštil et al. 2005). We likewise interpret the lithofacies as
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localized debris flows that developed on a proximal braid plain or alluvial fan, similar to
Facies Association A5 of Allen et al. (2013). The debris flows may have been proximal
to an adjacent, extruding salt wall, where a sudden break in the slope generates
hyperconcentrated flows within tectonically active small basins and shallow water
depths (Mutti et al. 1996). The non-erosive base indicates deposition by low-strength,
waning debris flows (Schultz 1984).

2.6. Paleoflow analysis
Paleocurrent measurements were collected from cross-stratified beds, occasional
asymmetric ripples, and bidirectional parting lineation in LA1 and LA2 (Fig. 2.4). The
predominant paleoflow is toward the northeast: type section, n=21; mean= 037°; lower
Minudie Point section, n=11; mean= 026°. In contrast, whereas paleoflows in the lower
200 m of the eastern side of the Maringouin section are directed toward the northeast
(n=16; mean=045°), in the middle of this reference section the paleoflow direction is
more consistently eastward (n=9; mean= 098°).
The low variability in paleoflow directions in the logged sections supports the above
interpretation as a braided river system. Unlike a meandering river where the flow of
water can change directions greatly depending on the migration of channels within the
system, braided rivers generally show less than 180° of variability in paleoflow direction
(Bridge and Mackey 1993). The mostly northeasterly flow directions may indicate a
source in the Caledonia Highlands to the west of the study area, and also possibly
reworking from the uplifted (Minudie) salt wall, south of the study area (Fig. 2.1B). In
comparison, the paleoflow directions south of the (Minudie) salt wall are predominantly:
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(i) WSW in the Little River Formation; (ii) ESE in the Joggins Formation; (iii) SE in the
Springhill Mines Formation; and (iv) ESE in the Ragged Reef Formation (Allen et al.
2013).

2.7. Discussion
It is now well-established that salt tectonics played a major role in the occurrence of
the 4 km thick succession and upright trees exposed along the Joggins World Heritage
shoreline in the Athol Syncline, south of the Minudie anticline (e.g. Waldron and Rygel,
2005; Waldron et al., 2013). However, to understand the complete geological history of
the region, evidence from the Black Point sub-basin north of the anticline must be
integrated into existing models. To date, Craggs et al. (2017) have described and
interpreted the angular unconformity at the base of the ~600 m thick Grande Anse
Formation, which truncates the folded Boss Point and basal Little River formation strata
in the Black Point sub-basin. However, after assessing the palynology (cf. Utting et al.
2010) they remained uncertain as to whether the Grande Anse Formation is equivalent
to (i) the entire ~3 km succession of the Joggins, Springhill Mines, and Ragged Reef
formations in the Athol Syncline or (ii) just the Ragged Reef Formation (~900 m).
2.7.1. Comparative lithostratigraphy
To compare the Grande Anse Formation with potential correlative strata south of the
Minudie Anticline, this paper primarily draws on the most recent comprehensive study
of the latter strata by Allen et al. (2013). However, the field work for the current
research was completed independently of these earlier authors’ interpretations. Thus, the
compiled lithofacies associations are somewhat different, and so only broadly
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comparable. To aid discussion, the Grande Anse Formation also is divided into two
informal members (lower member and upper member; Figs 2.2 and 2.4). The lower
member is characterized by the presence of red sandstone and mudstone with pebbly
sandstone and conglomeratic beds that commonly are highly cemented by carbonates;
coarse-grained deposits make up ~60% of the total section. The upper member is poorly
exposed (up ~50% covered by Quaternary sediments) and characterized by less wellcemented red/grey pebbly sandstone, grey sandstone, and red/grey mudstone.
South of the Minudie Anticline in the Athol syncline, the Joggins Formation
comprises abundant grey, locally red, mudstone units with abundant in situ trees, root
structures, and abundant plant debris. These represent the lithofacies associations B1
and B2 of Allen et al. (2013), corresponding to poorly and well-drained floodplain
environments. In the subordinate fine- to coarse- grained sandstone of the lower ~ 300
m of the Joggins Formation, these authors documented high-flow regime, convexupward bedforms (antidunes), part of their lithofacies association A2. The environment
was viewed as humid, but strongly seasonal, with east–southeast flowing, highdischarge rivers. Sandstones of the upper ~600 m of this formation, part of their
lithofacies association A1, lack antidunes and were considered to be perennial east–
southeast flowing rivers in a humid and seasonally dry climate. Throughout the
formation, thin beds of coal and black limestone are also locally interbedded (C1 mire
deposits and D1, D2 lacustrine and brackish embayment deposits of Allen et al. 2013).
The limestones contain bivalves, ostracodes, foraminifera, and trace fossils, some
interpreted as brackish marine in origin (Davies and Gibling 2003; Davies et al. 2005).
The overlying ~ 700 m thick Springhill Mines Formation also shows numerous thin coal
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seams in a mudstone-dominated succession (Rygel et al. 2014), but a more southeastern
paleoflow direction in the A1, and a lack of A2, D1, and D2 lithofacies associations of
Allen et al. (2013).
In contrast, the lower member of the Grande Anse Formation is dominated by
reddened strata and lacks any coal and marine limestone beds. Mostly grey sandstone
crops out in the upper member. It is possible that easily weathered coal may underlie
covered intervals in the upper member, but beds of limestone, if present, would be
expected to form more resistant, outcropping ledges, as they often do in the Joggins
Formation. In both members, the sandstone-dominated lithofacies associations, LA2 and
LA3, are dominant to co-dominant with respect to the finer grained units. The
sandstones are characterized by low-flow-regime structures such as ripples and trough
cross-stratification, with broadly ENE to ESE paleoflow directions, similar to those in
the Joggins Formation. However, throughout the Grande Anse Formation, high-flowregime structures are limited to planar bedding of the coarse-grained sandstone units,
with no convincing sedimentary structures, such as convex-upward bedforms, that may
be interpreted as antidunes. If Grande Anse Formation deposition was simultaneous with
that of Joggins and Springhill Mines formation deposition, similar paleoflow directions
would place the Black Point sub-basin along depositional paleo-strike with the Joggins
area of the Athol syncline. The presence of episodic marine deposits in the Joggins
Formation, lateral to the easterly flowing fluvial and red floodplain deposits of the
Grande Anse Formation would then require a difficult-to-construct paleogeography,
unless the Black Point sub-basin was a separate mini-basin and the salt wall a
topographic high. In this latter case, an absence of antidunes in the Grande Anse
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Formation could relate to the structures either never having formed because flow was
never supercritical in the hydrologically isolated mini-basin; or to the reworking of
antidunes subsequent to their formation due to a more gradual drop of the flow energy in
the Black Point sub-basin.
The ~ 891 m thick Ragged Reef Formation is usually described as a conformably
overlying, or interfingering with the underlying Springhill Mines Formation (Ryan et al.
1991), although, in their logged section, Ryan et al. (1991, their Fig. 2.5) questioned
whether the contact was a disconformity. Lithologically, the Ragged Reef Formation
consists of moderately to well sorted, grey and red coarse-grained sandstones, and
pebble to cobble conglomerates, interbedded with red and grey mudstones and
siltstones. The sandstones and conglomerates are the predominant lithology (~60%) in
the type section (Ryan et al. 1991). Allen et al. (2013) identify both A1 and A2
lithofacies associations, and ESE paleoflow directions, produced by perennial fluvial
systems in a humid seasonal climate. In comparison, both members of the Grande Anse
Formation show sandstone-dominated lithofacies associations, LA2 and LA3, which are
dominant to co-dominant with respect to the finer grained units. The sandstones are
characterized by low-flow-regime structures such as ripples and trough crossstratification, with broadly ENE to ESE paleoflow directions, similar to those in the
Ragged Reef Formation. Also, the coarse sandstones stack as multistory sandstone
bodies in both the Grande Anse and Ragged Reef formations. The high-flow-regime
structures in these formations are limited to planar bedding of the coarse-grained
sandstone units, with no convincing sedimentary structures, such as convex-upward
bedforms, that may be interpreted as antidunes.
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2.7.2. Salt tectonics and mini-basin development
A salt-withdrawal mini-basin is a small sedimentary basin that shows evidence of
halokinesis. A typical mini-basin incorporates a syncline of sedimentary strata extending
across an area of a few tens of km2 (Jackson and Hudec 2017). The basic requirements
for the initiation of a mini-basin include: (i) the presence of a significant thickness of
salt deposits (Windsor Group; Hudec et al. 2009); (ii) a mechanism to drive halokinesis,
for instance, differential loading or buoyancy (Brun and Fort 2003; Ings and Beaumont
2010; Rowan 2019); and (iii) potentially an initiating trigger, such as earthquakes
associated with compressional, extensional, or strike-slip faulting (Peel 2014).
In the western Cumberland Basin, Viséan evaporites and carbonates of the Windsor
Group provide the thick salt deposit; the overlying Mabou Group and lower part of the
Boss Point succession provided the appropriate load; and the trigger may have been
strike-slip faulting on the Shepody-Beckwith and/or Wood Creek faults that may
delineate both sides of a pop-up structure forming at the northern margin of the basin
(Craggs et al. 2017; Fig. 2.2B). South of the ENE to WNW oriented Minudie Anticline,
paleoflow directions in the Boss Point Formation consistently show ESE directed
paleoflow, whereas north of the Minudie Anticline paleoflows in the upper part of the
Boss Point Formation gradually change upsection from east to a dominantly north
direction (n= 386; Fig. 2.2 ; Browne and Plint 1994). This deflection of paleoflow
perpendicular to the orientation of the anticline suggests that salt movement, and
concomitant mini-basin subsidence had commenced during deposition of the upper Boss
Point Formation in the late Yeadonian (Fig. 2.3; Craggs et al. 2017). The sand- and
mud-prone Boss Point Formation suggests a filled to underfilled basin succession and
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moderate to high subsidence rates (Banham and Mountney 2013b). Such fluvial
drainage deflection by rising salt walls is rarely reported in geological history; the only
other well-studied examples are in the Pre-Caspian Basin (Newell et al. 2012) and in the
Permian Cutler Group and Triassic Moenkopi Formation strata of Utah (Banham and
Mountney 2014). Consistency in the stratigraphic distribution of fluvial-floodplain-mire
lithofacies in the Boss Point Formation north and south of the Minudie Anticline
(Browne and Plint 1994) also suggests that, as in the Cutler Group, the salt wall likely
affected but did not act as a barrier to fluvial flow.
In the Athol Syncline, the overlying Little River Formation is more “sand poor”
indicating increasingly rapid accommodation relative to sediment supply (Allen et al.
2013). Paleoflow directions are shifted toward the west–southwest (Calder et al. 2005)
suggesting an almost reversed drainage associated with maximum salt-wall growth. In
contrast, north of the Minudie salt wall, the Little River Formation is almost completely
removed by an angular unconformity, with only the basal portion preserved in the Hard
Ledges Syncline (Craggs et al. 2017). The general absence of this unit may be related to
the grounding of the Black Point sub-basin in the pop-up structure, which caused a
cessation of accommodation generation while the Athol Syncline was still at maximum
generation. In terms of a halokinetic sequence stratigraphy, following Craggs et al.
(2017), the pre-halokinetic sequence includes strata of the Mabou Group and lower part
of the Boss Point Formation. These strata, north of the salt wall, show narrow and steep
drape-fold geometries and overturned beds relating to deformation at the emerging salt
wall. The early halokinetic sequence is represented by the upper part of the Boss Point
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Formation and basal part of the Little River Formation, exposed in the core of the Hard
Ledges Syncline (Fig. 2.2B).
South of the Minudie salt wall, accommodation remained high relative to sediment
supply during deposition of the Joggins Formation, gradually decreasing as halokinesis
waned during deposition of the Springhill Mines and Ragged Reef formations (Allen et
al. 2013). North of the salt wall, two “end-member” models are herein proposed (Fig.
2.11). First, ongoing expulsion of salt from under the Athol Syncline, possibly with
continued movement of the pop-up structure, may have caused further uplift of the
emergent Minudie salt wall and renewed, secondary, development of the Black Point
sub-basin. The sub-basin would have been fully partitioned from the Athol Syncline and
with its own hydrologic regime, the emergent salt wall acting as a barrier to periodic
marine transgressions. In this isolated basin, sediment supply may have been minimal
and sourced mainly from the eroding “high” of the salt wall. However, low subsidence
rates (possibly for the duration of Joggins to Ragged Reef deposition in the Athol
syncline) would combine with the low sedimentation rate to produce the ~600 m thick
sand- and mud-prone succession of the Grande Anse Formation; a late halokinetic
sequence in angular unconformity on the older folded beds. The decreasing dip of strata
up-section and away from the salt wall would be consistent with the presence of a
wedge halokinetic sequence (Giles and Rowan 2012) that has broad and gentle drapefold geometries over a distance of 300–1000 m from the diapir.
The second model envisions that the Black Point sub-basin was an uplifted area
exposed to erosion processes during the ongoing accumulation of Joggins and Springhill
Mines formation strata in the Athol syncline. This model shows two possibilities: (i) the
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sediment forming the Ragged Reef Formation eventually onlapped, as the Grande Anse
Formation, unconformably on the folded Boss Point and associated strata of the Black
Point sub-basin; or (ii) that the laterally equivalent Grande Anse and Ragged Reef
formations were deposited unconformably on the underlying strata after a period of time
indistinguishable in the biostratigraphic record. The Grand Anse and Ragged Reef
formations show a wedge halokinetic sequence that has broad and gentle drape-fold
geometries over a distance of 300–1000 m from the diapir (Giles and Rowan 2012). The
occurrence of a wedge halokinetic sequence without any significant changes in
paleoflow directions at the base of the Grande Anse and Ragged Reef formations may
indicate a new stage of halokinesis that occurred after deposition. This would be
consistent with the deposition of the Grande Anse Formation contemporaneously with
the Ragged Reef Formation.

2.7.3. Regional depositional models
In the first model introduced above, the Grande Anse Formation was deposited during
early to late Langsettian time, synchronous with the deposition of the Joggins, Springhill
Mines, and Ragged Reef formations, but in a separate, linear, more slowly subsiding,
mini-basin (rejuvenated Black Point sub-basin). This isolation led to a more
permanently dry hydrologic regime and deposition of the dry floodplain, braided
channel, minor sheet flood, and debris-flow deposits. Carbonate cements in the lower
member could be the result of caliche-related processes. Northeast paleoflows reflect
drainage from the Minudie salt wall, which represented a topographic high that was
being eroded, and reworking of Windsor Group material.
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The alternative model has the salt wall and the region to its north as an uplifted area in
the early Langsettian, onlapped by the Grande Anse Formation and synchronous Ragged
Reef Formation, possibly itself disconformable on underlying strata, in late Langsettian
time (Fig. 2.11). Both formations show similarities in sedimentology including
paleoflow direction, where Grande Anse Formation is ENE to ESE and Ragged Reef
Formation is ESE and, in this model, the Ragged Reef Formation, introduced by Ryan et
al. (1991), potentially may be considered the junior synonym of the Grande Anse
Formation, previously introduced by Norman (1941). The only distinguishing feature
between the two would be the abundant vuggy porosity and carbonate clasts that prevail
in LA2 and LA3 of the lower member of the Grande Anse Formation, which are absent
from the Ragged Reef Formation (and older Athol Syncline stratigraphic units). This
would be expected if the carbonate clasts were derived from reworked Windsor Group
carbonate, and the vuggy pores were originally Windsor evaporite clasts eroded from
the emergent Minudie salt wall and transported in NE-directed pathways either by: (i)
sediment gravity flows (sheet flood); or (ii) channelized deposits, prior to deposition and
subsequent dissolution (Fig. 2.12).

2.8. Conclusions
The Pennsylvanian Grande Anse Formation is a ~ 600 m thick succession of red and
grey siliciclastic strata located in the western Cumberland Basin. Four main lithofacies
associations are identified: floodplain (LA1), braided channel (LA2), sheet flood (LA3),
and debris flow (LA4) deposits. Paleoflow measurements of the Grande Anse Formation
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indicate that the regional paleoslope was toward the east and northeast, and likely
influenced by halokinetic activity.
The current lithofacies and paleoflow data of the Grande Anse Formation and coeval
strata, namely the Joggins, Springhill Mines, and Ragged Reef formations at the Joggins
UNESCO World Heritage Site, suggest two possible depositional models to explain the
differing lithostratigraphy on the two sides of the salt wall. The first option is that
Grande Anse Formation deposition was concurrent with deposition of the Joggins,
Springhill Mines, and Ragged Reef formations, but in a separate, linear, more slowly
subsiding, mini-basin. Such isolation resulted in a more permanently dry hydrologic
regime: dry floodplain accumulation, braided channel, minor sheet flooding, and debrisflow deposits. The second option is that the Grande Anse Formation is laterally
equivalent only with the Ragged Reef Formation, as both show similar lithostratigraphy
and paleoflow directions. They may have formed unconformably to disconformably on
older units, or deposition in the Athol Syncline gradually onlapped across the Minudie
Anticline and Black Point sub-basin. Ongoing research (thesis chapters 3 and 4) is
investigating additional diagenetic and chemostratigraphic comparisons of the strata
north and south of the salt wall that may provide further support to one of these two
models.
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Sand, very fine to medium,
Ripple cross-lamination
symmetrical or asymmetrical ripples
Sand, very fine to medium
Massive sandstone

Sr

Mud, silt
Mud, silt

Sp

Fm

Frs

Fl

Sand, fine to very coarse, may be
pebbly
Sand, fine to very coarse, may be
pebbly
Sand, silt, mud

St

Sm

Sl

Sand, medium to coarse, may be
pebbly
Sand, very fine to coarse

Shc

Reduction spots and haloes,
bifurcating carbonaceous
material

Massive, desiccation cracks

Parallel lamination

Planar cross-beds

Trough cross-beds

Horizontal bedding or
lamination.
Horizontal bedding or
lamination.
Low angle cross-beds

Sand, fine to medium

Sh

N/A

N/A

Trough cross-beds

Structure

Clast-supported massive gravel

Matrix-supported, crudely bedded
gravel
Matrix-supported massive gravel

Lithology

Gcm

Gmm

Lithofacies
code
Gtm

Root bed, incipient soil

Suspended load

Suspended load

Bed flow

Bed flow, Sheet flood

Mass flow with debris

Suspended load

Bed flow

Lower plane bed

Upper plane bed, sheet flood

Mass flow with debris, channel
fills
Lag deposits

Lag deposits, minor channel fills

Interpretation

Table 2.1. Identified lithofacies of Grande Anse Formation, modified from Miall (1978, 2006).

79

LA4

Debris flow
deposits

Sheet flood
deposits

Pebble to cobble conglomerate, Tabular, flat scoured Braided channel
fine- to coarse- grained sandstone. base with thickness deposits
from 1 to 5 m.

Gtm, Gcm, St, Sp,
Shc, Sm

LA2

Flat base and slightly
St, Sp, Sh, Sl, Sr, Fm, Sand, fine- to very- coarsegrained, may be pebbly, massive irregular top with
Sm
thickness from 1 to 3
mudstones
m.
Matrix-supported pebble to cobble Flat or slightly
Gmm
irregular with
conglomerate
thickness 0.5 m.

Flood plain
Flat base and beds
with thickness from 1 deposits
to 20 m

Rooted, laminated, and massive
fine grained

Fm, Fl, Frs

LA1

LA3

Geometry

Grain size

Main lithofacies

Lithofacies
association

Interpretation

Table 2.2. Identified lithofacies associations of the Grande Anse Formation, modified from Miall (2006).

Figure 2.1. (A) General geological map of eastern Canada showing the major Devonian–
Carboniferous sedimentary basins of eastern Canada and their relationship to basement
terranes, (B) geological map of the Cumberland Basin of northern Nova Scotia and
southeastern New Brunswick (Modified from Craggs et al., 2017).
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Figure 2.2. (A) Geological map of the Maringouin Peninsula and adjacent areas of the
northwest Cumberland Basin (modified from Ryan and Boehner 1994; St. Peter and
Johnson, 2009; Craggs et al. 2017). (B) Simplified N-S cross section through the
Minudie salt wall interpreted from seismic lines (modified from Craggs et al. 2017)
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Figure 2.3. Stratigraphic column of Devonian–Carboniferous stratigraphy of the western
Cumberland Basin. Timescale from Davydov et al. (2012). Recognizing that
biostratigraphic control is variably poor and of limited extent throughout the succession,
the time ranges used for the groups, formations, and biozones are a best ﬁt of Ryan et al.
(1991); Ryan and Boehner (1994); Utting et al. (2010), and Craggs et al. (2017).
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Figure 2.4. Sedimentary logs and paleoflow data for the Grande Anse Formation,
including east and west Maringouin Peninsula locations and Minudie Point location
(location map is modified from Craggs et al. 2017).
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Figure 2.5. Field photographs of the floodplain lithofacies association LA1 (scales:
metre stick with 20 cm divisions, pencil 15 cm). (A) Vertical succession of lithofacies
association (LA1) at the reference section (east side of the Maringouin Peninsula),
showing interbedded lithofacies of the floodplain deposits that started with Fm and
followed by Fl and then Fm and ended by St. (B and C) red rooted paleosols with
interior of the grey spots (black arrows) at the type section (west side of the Maringouin
Peninsula).
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Figure 2.6. Field photographs of the braided channel lithofacies association LA2 (scales:
metre stick with 20 cm division, pencil 15 cm, and hammer 33 cm). (A) Clast-supported
massive gravel (Gcm; reference section). (B) Matrix-supported stratified gravel
lithofacies (Gtm) shows Calamites (blue arrow) and other plant fossils and high
concentration of weathered pyrite (red arrows; reference section). (C) Matrix-supported
stratified gravel (Gtm) followed by horizontal beds of fine to course sandstone (Shc;
reference section). (D) Pebbly sandstone, planar cross-beds (Sp; type section).
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Figure 2.7. Field photographs of the braided channel lithofacies association (LA2;
scales: metre stick with 20 cm divisions). (A) Vertical succession of lithofacies
association at the reference section, showing braided channel fills that started with Gtm
and followed by St and Shc. (B) Vertical succession of lithofacies association at the type
section (type section), braided channel deposits (LA2) shows that wedged out laterally
toward erosive basal bounding surfaces.
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Figure 2.8. Field photographs of the sheet flood lithofacies association LA3 (scales:
metre stick with 20 cm divisions, pencil 19 cm, and mechanical pencil 15 cm). (A)
Massive mudstone lithofacies (Fm) followed by horizontal fine to medium sandstone
lithofacies (Sh; reference section). (B) Limited lateral extension of the fine to medium
grained, low-angle cross-bedding sandstone (Sl; reference section). (C) Ripple crosslamination sandstone (Sr; reference section). (D) Rooted reddish-mudstone lithofacies
(Frs) followed by massive beds of fine sandstone (Sm; type section).
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Figure 2.9. Field photographs of the sheet flood lithofacies association LA3 (scales:
metre stick with 20 cm divisions). (A) Vertical succession of lithofacies association
(LA3) at the type section showing sheet flow deposited that started with Sh and
followed by Fm and Sh and ended by Fl. (B) Vertical succession of lithofacies
association (LA3; type section), shows a sequence of lithofacies that are composite of St
and Sh with a flat to slightly scoured-base and followed by laminated mudstone
lithofacies Fl.
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Figure 2.10. Field photographs of the lithofacies association LA4 (scale: metre stick
with 20 cm divisions). Matrix-supported gravel (Gmm; reference section) that is located
between lithofacies Fm (LA1). Also, lithofacies Sh and St individually have been
deposited between LA1 lithofacies in the end of the exposure.
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Figure 2.11. Conceptual model of the evolution of the western Cumberland Basin. (A)
Visean, Windsor Gp, evaporites and redbed deposition. (B) Serpukhovian, Mabou
Group, redbeds deposition. (C) Bashkirian, Yeadonian, lower Boss Point Formation
deposition and starting of salt movements. (D) Bashkirian, early Langsettian, Little
River Formation deposition started in the south side of salt wall and increases loading on
evaporitic strata of the Windsor Group. (E; option one) deposition of the Grande Anse
Formation in the north side of the salt wall, at same time as the deposition of the Joggins
and Springhill Mines formations in the south side of the salt wall. Potentially continued
deposition of the Grande Anse Formation north of the wall. (F; option two) with (G)
deposition of Ragged Reef Formation in the south side of the salt wall, erosion
90

processes at the north side of the salt wall, at same time as the deposition of the Joggins
and Springhill Mines formations in the south side of the salt wall. (H) Deposition of the
Grande Anse Formation concurrent with deposition of the Ragged Reef Formation in the
south of the salt wall. The deposition of these units may have been gradually onlapping
to the north or have been (angular) unconformable (north) to disconformable (south) on
older strata.
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Figure 2.12. Correlation model (second option, figs 5A-6B): (A) Lower part of the
Grande Anse and Ragged Reef formations that are separated by a salt well (B). Upper
part of the Grande Anse and Ragged Reef formations.
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Chapter Three: Chemostratigraphy of Cumberland Group (Pennsylvanian) strata
influenced by salt tectonics, Joggins Fossil Cliffs UNESCO World Heritage Site,
eastern Canada

Abstract
The Pennsylvanian stratigraphy of the western Cumberland Basin has been influenced
by salt tectonics, specifically the formation of the Minudie Anticline, a salt wall. South
of the Minudie Anticline, along the shoreline of the Joggins Fossil Cliffs UNESCO
World Heritage Site, the succession above the Boss Point Formation comprises ~ 3 km
of strata assigned to the Little River, Joggins, Springhill Mines, and Ragged Reef
formations. North of the Minudie anticline, the Grande Anse Formation lies in angular
unconformity on the Boss Point and basal Little River formations. Biostratigraphic
studies have not been able to discern whether the Grande Anse Formation is equivalent
to all, or just one, of the units from Joggins to Ragged Reef south of the salt wall.
To further investigate the relationship of the Grande Anse Formation with the units
along the Joggins shoreline, forty sandstone samples from the strata above the Boss
Point Formation were selected for a chemostratigraphic study, using Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) to determine major element
compositions. Transformed ICP-MS data, subjected to a Kruskal-Wallis test and posthoc tests, show that there is no significant difference between Grande Anse and Ragged
Reef formations in the mean values of almost all analyzed elements. In contrast, there
are significant differences when comparing these two units and the older Little River,
Joggins, and Springhill Mines formations in the elements usually encountered in detrital
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mineral phases (Si, Al, Ti, Na, and Fe). Sandstones of the Grande Anse and Ragged
Reef formations show greater maturity than the Little River, Joggins, and Springhill
Mines formations. This trend is explained by a change in paleoclimate from semi-arid to
humid conditions, and resulting greater chemical weathering of the sediment. These
findings indicate that > 2 km of sediment (Little River, Joggins, and Springhill Mines
formations) accumulated south of the salt wall during the major episode of diapirism,
followed by erosion of any topographic high associated with the salt wall, and
accumulation of a further > 0.5 km of sediment (the laterally equivalent Ragged Reef
and Grand Anse formations), all within a timespan of only ~ 2 Myr.

94

3.1. Introduction
Salt tectonics involves the basin-scale movement of salt and related evaporite rock into
various diapirs, including salt walls (Hudec and Jackson 2007). This movement may
also result in the rapid accumulation of a thick sediment pile above any salt welds that
form in adjacent basin depocentres (e.g. Jackson and Talbot 1986; Hudec et al. 2009;
Waldron et al. 2013; Craggs et al. 2017). These salt-related sedimentary basins are
global targets for petroleum exploration (Hudec and Jackson 2007; Matthews et al.
2007), but there remain few outcrop analogues of these 'mini-basins' from which
industry might develop sedimentological, stratigraphical, and structural models. Banham
and Mountney (2013) have reviewed several examples involving terrestrial (fluvial)
mini-basins, and these data are now supplemented by recent work in the Upper
Paleozoic Cumberland Basin, part of the Maritimes Basin complex of eastern Canada
(Craggs et al. 2017; thesis chapter 2; Fig. 3.1A).
The Cumberland Basin, which includes the Joggins Fossil Cliffs UNESCO World
Heritage Site, Nova Scotia (Fig. 3.1B), was first investigated in the 1840s (e.g. Lyell
1843; Logan 1845; see Rygel and Shipley 2005). More recent papers have shown that
the variable stratigraphic thickness, fluvial architecture, and rapid evolution of the
western part of the Basin, in the Joggins area, have been strongly influenced by salt
tectonics (Waldron and Rygel 2005; Waldron et al. 2013; Allen et al. 2013; Rygel et al.
2015; Craggs et al. 2017). The tectonics involved salt evacuation obliquely to the north,
the record of which is now preserved as a salt-wall structure, the Minudie Anticline (Fig.
3.1C; Waldron and Rygel 2005; Craggs et al. 2017). To the south of the wall, the
evacuating salt aided accommodation of the famous, several kilometres thick,
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floodplain-dominated stratigraphic succession, containing life-position trees, that now
crops out with a uniform southerly dip at the Joggins Fossil Cliffs (Ielpi et al. 2015). In
contrast, to the north of the Minudie Anticline, a thinner post-salt succession of strata is
highly deformed into a fractured and faulted syncline with overturned southern limb,
and unconformably overlain by shallowly north dipping red-bed strata of the Grande
Anse Formation (Craggs et al. 2017; thesis chapter 2). The limited palynology from
these red-beds can only broadly suggest their correlation with one, or several, of the
lithostratigraphic units forming the thick Joggins succession (Utting et al. 2010; Craggs
et al. 2017).
In deformed red-bed successions, biostratigraphic and magnetostratigraphic methods
are commonly limited by lack of preserved microfossils and uncertain reorientation of
magnetic minerals in the strata. In such cases, the subdivision and correlation of
deformed red beds has been achieved successfully by chemostratigraphic methods that
characterize sedimentary successions based on distinctive features in their inorganic
whole-rock geochemistry (e.g. Pearce et al. 1999, 2008; Islam and Keighley 2018). The
research described below similarly uses chemostratigraphic methods for an improved
correlation of the red-bed Grande Anse Formation north of the Minudie Anticline with
the relevant unit(s) in the Joggins succession south of the Anticline. This in turn further
constrains the geological history of this famous location, improves our understanding of
the rapid structural development and sedimentology of salt walls and their associated
mini-basins, and hence better delineates the resource potential of such features.
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3.2. Geologic and stratigraphic background
Following the Middle Devonian Acadian Orogeny, numerous northeast trending faultbounded basins developed in response to alternating transpression and transtension
associated with the ongoing oblique collision of the North American continent and
Gondwana (e.g. Keighley 2008; Hibbard and Waldron 2009; Waldron et al. 2015).
Collectively representing part of the Maritimes Basin Complex, these basins
experienced temporally differing polycyclic basin histories of fault-generated
subsidence, post-tectonic thermal relaxation, and basin inversion (Fig. 3.1A; Calder
1998). The Carboniferous Cumberland Basin in northern Nova Scotia and southeastern
New Brunswick is one of these basins, bounded to the west by the Caledonia Highlands
and to north by the Hastings Uplift (buried under a thin blanket of upper Pennsylvanian
strata) along the Harvey-Hopewell and Shepody-Beckwith faults. In the south, the
Basin is bordered by the Cobequid Highlands along the Spicer's Cove, and related faults
(Fig. 3.1B).
The Cumberland Basin contains more than 8 km of strata (Ryan and Boehner 1994).
The oldest outcropping strata are Mississippian and form the core of the salt structures
(Craggs et al. 2017). These mid-Viséan strata include interbedded limestone, mudstone,
and evaporite of the Pugwash Mines and Lime-kiln Brook formations, which are
included in the Windsor Group and interpreted to be of marine and marginal marine
origin (Fig. 3.2). These strata are overlain by red, fine-grained sandstone and mudstone
(Middleborough Formation) deposited in the latest Viséan. The conformably overlying
Serpukhovian strata are divided into three formations. A lower unit, of red and grey
mudstone, sandstone, and intrabasinal conglomerate (Shepody Formation) is overlain in
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the east by red conglomerate (Claremont Formation) and in the west by interbedded red
conglomerate, sandstone, and mudstone (Enragé Formation). Collectively, these postWindsor redbeds are assigned to the ~ 1 km-thick Mabou Group, deposited in alluvial
and fluvio-floodplain settings (Fig. 3.2; Ryan et al. 1991; St. Peter and Johnson 2009;
Islam and Keighley 2018).
The lower Pennsylvanian strata in the western Cumberland Basin are paraconformable
to disconformable on the underlying Mississippian strata and consist of red and grey
mudstone and sandstone with minor conglomerate, coal, and limestone, collectively
interpreted as a mostly fluvio-floodplain succession with minor brackish open-water
interludes (Ryan et al. 1991; Davies and Gibling 2003; Allen et al. 2013). Variations in
the occurrence of these lithologies have allowed the distinction of numerous formations
that crop out in the coastal study areas (Fig. 3.2). South of the Minudie Anticline, in the
Athol Syncline, the Boss Point (1125 m thick; Rygel et al. 2015), Little River (635 m;
Calder et al. 2005), Joggins (932 m; Davies et al. 2005; Rygel et al. 2014), Springhill
Mines (697 m; Rygel et al. 2014), and Ragged Reef (891 m, top not exposed; Ryan et al.
1991) formations correspond to the ~ 4 km-thick succession present around Joggins.
About 10 km inland, a succession of similar strata is poorly exposed intermittently along
stream beds and has been assigned to the overlying Malagash Formation (450 m; Ryan
et al. 1991). In contrast, north of the Anticline, in the Black Point sub-basin, the ~600 m
thick (top not exposed) Grande Anse Formation (Norman 1941) lies in angular
unconformity on folded Boss Point (~700 m; Browne and Plint 1994) and basal Little
River formations (Fig. 3.2; Keighley et al. 2008; Craggs et al. 2017; thesis chapter 2).
Collectively, all seven formations are included in the Cumberland Group. South of the
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Minudie Anticline, four fluvial styles are recognized within this Group: the Boss Point
and Little River formations contain strongly seasonal to perennial fluvial systems; the
Joggins Formation shows fixed to strongly seasonal fluvial systems in the lower part and
fixed to perennial fluvial systems in the upper part; the Springhill Mines Formation
shows fixed to perennial fluvial systems; the Ragged Reef Formation shows perennial
fluvial system (Allen et al. 2013). The preserved architectural styles primarily relate to a
fluctuating paleoequatorial climate with subordinate tectonic and eustatic controls
(Allen et al. 2011, 2013). Adjacent basement-margin uplifts to the south and west were
the source areas for much of the basin fill (Ryan and Boehner 1994; thesis chapter 2), as
the northern Appalachians provided a modest, but increasing contribution from a larger
catchment area over time (Gibling et al. 1992). The upper contacts of Cumberland
Group strata do not crop out in the study area. However, they are interpreted to be
unconformably overlain by strata of the Balfron and Richibucto formations of the upper
Pennsylvanian Pictou Group, interpreted as fluvio-floodplain and mire deposition across
a very broad, terrestrial lowland (Ryan et al. 1991; Calder 1998).
A palynological study of the Joggins area by Utting et al. (2010) suggests the Boss
Point Formation to be Yeadonian, and the Little River to lower Ragged Reef formations
to be Langsettian (Fig. 3.3). The upper Ragged Reef Formation (Spicers Cove Member)
is considered Duckmantian and hence the entire succession would be Bashkirian in age
(the overlying Malagash Formation, Moscovian in age, was not reviewed by these
workers). Based on this palynology, Craggs et al. (2017) consider that the main
halokinesis started in the late Yeadonian (~319.5 Ma, based on the timescale of
Davydov et al. 2012; Fig. 3.3), by which time more than 1.5 km of the Mabou Group

99

and lower Boss Point Formation strata had accumulated on the Windsor Group
evaporites, initiating critically unstable density gradients and expulsion of the salt.
Craggs et al. (2017) also state that the Grande Anse Formation is biostratigraphically
equivalent to some part or all of the Joggins to (lower) Ragged Reef interval
(Langsettian or possibly into the start of the Duckmantian, ~317.5 Ma). Lithologically,
the sandstone, conglomerate, and red mudstone of the Grande Anse Formation is most
similar to the Ragged Reef Formation (thesis chapter 2), with the underlying Springhill
Mines Formation lacking conglomerate and having abundant green and grey intervals
including thin coal, and the precursor Joggins Formation additionally containing
limestone (Rygel et al. 2014). However, it remains uncertain whether the Grande Anse
Formation either (i) accumulated at some point during, or throughout, the ~ 2 Myr
period of deposition of the Joggins to Ragged Reef succession, but in a halokinetically
rejuvenated Black Point sub-basin, topographically separated from Athol Syncline
deposition by the Minudie Anticline (salt wall), under persistent hydrological and
sedimentological conditions most similar to those encountered in the Athol Syncline
during deposition of the Ragged Reef Formation, or (ii) is simply the direct lateral
equivalent to the Ragged Reef Formation; they may have formed unconformably on
older units, or deposition in the Athol Syncline gradually onlapped across the Minudie
Anticline and Black Point sub-basin (Fig. 3.4; thesis chapter 2).

3.3. Methods and Materials
To decipher the relationship of the Grande Anse Formation north of the Minudie
Anticline with the units to the south, material was collected from freshly excavated
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pieces of sandstone of the Cumberland Group that crop out along coasts throughout the
western Cumberland Basin of northern Nova Scotia and southeast New Brunswick.
Samples were stratigraphically located using the measured sedimentological logs
summarized in thesis chapter 2. In total, 140 sandstone samples were taken (See
Appendix I), with a fraction of each sample being slabbed and thin sectioned.
From the 140 samples, an initial 28 slabbed samples were analyzed using Portable Xray fluorescence (PXRF) and Micro X-ray fluorescence (Micro-XRF; Appendix II,
Table A2.1). This semi-quantitative study, not detailed herein, indicated a possible
elemental variation specific to particular formations. Accordingly, material from 40
samples (eight randomly chosen from each of the Little River (L), Joggins (J), Springhill
Mines (S), Ragged Reef (R), and Grande Anse (type section G1 and reference section
G2) formations) were subsequently powdered and, along with a randomly inserted
external standard (USGS-SGR-1), the major element compositions were then
determined by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) following
methodology described in Pe-Piper et al. (2008) and Islam and Keighley (2018). Sample
preparation and analysis were performed by Activation Laboratories Ltd. (Actlabs) in
accordance with the International Organization for Standardization (ISO) 17025
standard. The powdered samples were randomized prior to their analysis by a Perkin
Elmer Sciex ELAN model ICP/MS. In such analyses, the relative standard deviation
from replicate analyses of internal standards used for calibration is <5% for the major
elements. Procedures are further detailed by Actlabs website (https://actlabs.com/).
In the ‘raw’ geochemical data, reported values are non-negative and compositional in
nature, meaning that they were recorded as a relative weight percent (wt.%) or parts per
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million (ppm). Basic statistical analyses (e.g. variance, correlation, regression and their
derivatives) are inapplicable on such raw data (Pearson 1896; Butler 1979; Davis 2002;
Liu et al. 2020) because the limited sample space leads to closure effects. Compositional
variables usually involve ratios with summed denominators that rarely account for all
the constituents available to be measured; and because data are often non-normally
distributed. To solve these issues, data are transformed using centred log ratios (CLR;
Aitchison 1986), one of several types of transformation that can allow for the use of
such basic statistical analyses. In this study, a non-parametric equivalent to ANOVA,
the Kruskal-Wallis Test, was performed using an online statistical calculator
(https://astatsa.com), with null hypotheses rejected when p < 0.05. Where this omnibus
p-value indicated that one or more of the "sample groups" (i.e. formations) was
significantly different, post-hoc pairwise multiple comparison tests were then conducted
to determine which pairs of formations had a significant difference. The data were
investigated using the Dunn post-hoc method, with p value further modified by the false
discovery rate (FDR) procedure of Benjamini-Hochberg (https://astatsa.com).
Various discriminant diagrams and bivariate plots of geochemical data have been used
previously to indicate maturity, provenance, and tectonic setting. These were originally
developed using raw, rather than transformed data: the raw data are used herein. In
several formulas developed to indicate the extent of chemical weathering, CaO* is the
amount of CaO contained in the silicate minerals. Due to the absence of CO2 values for
this study, the correction for CaO from carbonate contributions was not performed.
Thus, the assumption proposed by Bock et al. (1998) was employed, where CaO values
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were accepted only if CaO<Na2O. In samples where CaO>Na2O, the CaO* value was
assumed to be the same raw value as Na2O.

3.4. Results and Discussion
3.4.1. Summary of major elements
The major element oxide data from the ICP-MS analyses are summarized in Appendix
II (Table A2.2) and also plotted against the stratigraphy in Figure 3.5. Summary boxwhisker plots of the data (Fig. 3.6) show that the Grande Anse and Ragged Reef
formations contain the highest average silica content (85.2% and 89.3%, respectively)
and corresponding lower values for many of the other major elements. The relatively
lower Al2O3 and Na2O concentrations of the Grande Anse and Ragged Reef formations
may indicate lesser detrital plagioclase and clay minerals in these sandstones
(McLennan and Murray 1999; Hu et al. 2015). Low concentrations of TiO2 in the same
two formations may reflect a lack of detrital minerals such as biotite and rutile. The low
values for Fe2O3 suggest that the diagenetic hematite that reddens some of the strata in
the Grande Anse and Ragged Reef formations is a minor influence on iron content and
may therefore reflect a lack of other Fe-bearing minerals such as siderite and biotite. In
the formations south of the Minudie salt wall, concentrations of MnO and MgO also
decrease upsection. In contrast, the average values of these elements from the Grande
Anse are relatively high, although skewed by what may be considered outliers (samples
G2-4, G1-25, and G2-3; Fig. 3.5; Appendix II). The amount of CaO and LOI is highest
in the Joggins Formation, with a high average value also in the Grande Anse Formation,
the values again skewed by outliers (samples J-2, J-3, and J-11 of the Joggins Formation
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and G2-4, G1-25, and G2-3 of the Grande Anse Formation; Fig. 3.5; Appendix II). We
consider the samples to be outliers because thin sections contain extensive carbonate
cements and, in the Grande Anse Formation, carbonate clasts (Fig. 3.7). Davies et al.
(2005) report that some conglomerates of the Joggins Formation are similarly composed
of reworked carbonate fragments although such fragments are not found in samples of
this study. Hu et al. (2015) reported that where there are positive correlations between
LOI and CaO, such as indicated in this study (Fig. 3.5), the CaO likely has been derived
from carbonate, rather than from plagioclase. In summary, the elements Si, Al, Ti, Na,
and Fe, typical components of the detrital, as opposed to diagenetic, mineralogy, appear
most similar in the Grande Anse and Ragged Reef formations, and distinct from the
units underlying the Little River, Joggins, and Springhill Mines formations.

3.4.2. Statistics of the transformed data
An initial ANOVA test of the CLR transformed data indicated high variances in the
major elements between or within the studied formations. Accordingly, the data were
reassessed using the non-parametric Kruskal-Wallis Test. For all elements except K2O,
this test shows that the differences between samples are statistically significant (p-value
˂ 0.05). Subsequent post-hoc tests on the non-K2O datasets show that, for the Grande
Anse and Ragged Reef formations, there is no significant difference between the means
in any of the other analyzed elements: the two units cannot be differentiated by
geochemistry. Post-hoc tests of the SiO2 data, however, show that there is a significant
difference between the Joggins Formation and both the Grande Anse and Ragged Reef
formations (p < 0.05; Fig. 3.6). For the Al2O3 and Na2O data, the Grande Anse and

104

Ragged Reef formations both show significant differences from all three underlying
units (p < 0.05; Fig. 3.6). The TiO2 values likewise show that there is a significant
difference between the Grande Anse Formation and both the Joggins and Springhill
Mines formations. Tests of Fe2O3 and MgO show no significant difference between the
Grande Anse Formation and all other formations other than the Little River Formation,
whereas tests of CaO, MnO, and LOI show no significant difference between the
Grande Anse Formation and all other formations.

3.4.3. Grain-size considerations
The significant differences in detrital content may be due simply to grain size
variations (e.g. feldspar and mica tend to be more common in finer grained sandstone
whereas rock fragments and polycrystalline quartz increase in coarser sandstones; Blatt
et al. 1972; Tolosana-Delgado and von Eynatten 2009). In their study of the Joggins
region's sandstones, Allen et al. (2013) discussed the general grain-size within their
sandstone lithofacies associations A1 and A2. They indicated an overall grain size
which consists of fine to coarse sandstone but with a relatively symmetrical fining-, then
coarsening-upward trend across the Cumberland Group succession. If grain size was a
factor, one would expect to see, in the Little River and Joggins formations, a decrease
upsection in Al2O3 and Na2O (representing the feldspar component) and an increase
upsection in SiO2, but the opposite is seen in the Springhill Mines and Ragged Reef
formations. However, in this study, the randomized samples happened to include both
fine- and medium-grained sandstone in each formation (Appendix II) and the decrease
in Al2O3 and Na2O (as well as TiO2 and MgO), and increase in SiO2, occur upsection
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regardless of differing grain size (Fig. 3.5). Accordingly, grain size variation is rejected
as an explanation for the significant differences, which instead are likely caused by
some combination of maturity, provenance, paleoweathering, and paleoclimate.

3.4.4. Lithological classifications and maturity
Pettijohn et al. (1972) developed a lithological classification based on the ratios of
oxide raw abundances. This SiO2/Al2O3 ratio of sandstones (equivalent to the R index of
Ruxton 1968) is considered sensitive to sediment recycling and weathering processes,
and can be used as an indicator of sediment maturity – increased maturity where quartz
is more dominant than Al-bearing feldspars, mafic minerals, and lithics (Roser et al.
1996). The plot (Fig. 3.8) of log (SiO2/Al2O3) versus log (Na2O/K2O) shows that the
sandstones of the Little River, Joggins, and Springhill Mines formations are distributed
within the litharenite field, whereas the sediments of the Grande Anse and Ragged Reef
formations are distributed in the subarkose to sublitharenite field. South of the Minudie
salt wall, the average SiO2/Al2O3 ratios of the Little River, Joggins, Springhill Mines,
and Ragged Reef formations are 10.07, 10.72, 11.34, and 18.48 respectively, and
therefore indicative of an increase in sedimentary maturation from base to top (any ratio
> 5 is considered 'mature' by Roser et al. 1996). The ratio for the Grande Anse
Formation (23.18), north of the salt wall, indicates even greater maturity. The Na2O/K2O
ratio usually reflects the proportion of plagioclase to potassic feldspar. This ratio is used
by Pettijohn et al. (1972) to distinguish the alkali feldspathic graywackes (high ratio;
Na2O ˃ K2O) from lithic graywackes and arkoses (low ratio; Na2O ˂ K2O). The average
Na2O/K2O ratios of the Little River, Joggins, and Springhill Mines formations are

106

almost 1.00 and decrease to ˂ 0.5 in the Grande Anse and Ragged Reef formations
(Appendix II, Table A2-2). These mainly high Na2O/K2O ratios of graywackes indicate
a dominance of albitic plagioclase feldspars over K-feldspars and K-micas.
Plots of Fe2O3/K2O versus Al2O3/SiO2, after Herron (1988; Fig. 3.9), produce a similar
sandstone classification. This classification distinguishes subtle compositional
differences between classes such as subarkoses from arkoses and sublitharenites from
litharenites. The Fe2O3/K2O ratio is effective in distinguishing lithic fragments from
feldspars in a wide variety of sandstones and can be an indicator of mineralogy stability.
A high ratio of Fe2O3/K2O indicates unstable mineral assemblages consisting of
abundant lithic fragments derived locally (adjacent source rock and/or channel itself
eroded), whereas a low ratio of Fe2O3/K2O, such as is slightly indicated in the Grande
Anse and Ragged Reef formations (Fig.3. 9; Appendix II, Table A2.2), indicates
marginally more stable mineral assemblages (Herron 1988).

3.4.5. Provenance, paleoweathering, and paleoclimate
Roser and Korsch (1988) introduced a provenance diagram (Fig. 3.10), developed
from a principal component analysis of several major elements measured from widely
distributed sandstones and mudstones, which distinguishes four provenance fields
(mafic, intermediate, felsic, and quartzose recycled). The provenance of the Little River,
Joggins, and Springhill Mines formations is distributed between the quartzose and
intermediate igneous fields, whereas data for the Grande Anse and Ragged Reef
formations plot further in the quartzose recycled field, except for two of the Grande
Anse ‘outliers’ noted above.

107

Less computationally, Hayashi et al. (1997) simply considered the Al/Ti ratio to be a
good indicator of provenance. The Al is most abundant in the felsic and intermediate
igneous rocks (e.g. as feldspars, micas) and Ti is in mafic and ultramafic igneous rocks
(e.g. pyroxene, amphibole). The ratio ranges from 3 to 8 for mafic igneous rocks, from 8
to 21 for intermediate igneous rocks, and from 21 to 70 for felsic igneous rocks. The
Al2O3/TiO2 ratios of all units are in the intermediate range (8 to 21; Fig. 3.11), which
suggests an intermediate igneous origin.
Paleoflow measurements have previously been recorded for all the Cumberland Group
strata being studied. South of the Minudie Anticline, an ESE direction dominates in the
Boss Point Formation, whereas north of the anticline the paleoflows in the upper part of
the Formation gradually change upsection from ESE to a dominantly N direction
(Browne and Plint 1994). This likely reflects the onset of a drainage diversion due to the
salt movement. Paleoflows are anomalously toward the WSW in the Little River
Formation, likely corresponding to a major period of drainage diversion accompanying
diapirism (Allen et al. 2013). Paleoflows returned to predominantly ESE in the Joggins
Formation, SE in the Springhill Mines Formation, and ESE in the Ragged Reef
Formation (Allen et al. 2013) as regional drainage slopes were re-established and salt
movement waned. North of the Minudie salt wall, paleoflows are similarly ESE to ENE
in the Grande Anse Formation (thesis chapter 2). The predominantly easterly regional
paleoflow indicates the Caledonia Highlands, to the west of the study area, as a potential
source. Here, igneous rocks of the Broad River Group (630–615 My), and the
Coldbrook Group (560–550 My) may have contributed to the “intermediate igneous”
provenance classification, or Neoproterozoic quartzites of the Burchill Road Deposit as
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a quartzose provenance. The Grande Anse Formation contains calcareous sandstones
that show CaO and LOI outliers. The calcareous sandstones may indicate reworking of
the uplifted Windsor Group carbonates due to halokinesis and can be considered as
another very localized source.
The degree of chemical weathering in the geochemical samples has also been
interpreted from several, albeit similarly calculated, indices. The Chemical Index of
Alteration (CIA; Nesbitt and Young 1982), is expressed as:
CIA = [Al2O3/ (Al2O3 + CaO* + Na2O + K2O)]×100
The CIA is influenced by the composition of the source rocks; felsic source rocks have
greater CIA values than mafic rocks (Singh and Khan 2017). Beyond this, higher CIA
values reflect the removal of unstable cations (e.g. Ca2+, Na+, K+) relative to stable
residual elements (Al3+) during weathering in both warm and humid climate conditions.
Low values of CIA may reflect arid climate conditions or high physical weathering and
erosion under an active tectonic setting and low chemical weathering (Fedo et al. 1995;
Nesbitt et al. 1997; Singh 2010). The CIA values of all unweathered igneous rocks and
fresh feldspar range from 40 to 50; CIA values of 100 indicate complete transformation
of feldspars to clay minerals such as kaolinite (Fedo et al. 1995).
The Chemical Index of Weathering (CIW) was proposed by Harnois (1988), who
incorporated the elements that show consistent geochemical behaviour during
weathering and that are not impacted by oxidation of weathered material. This index is
calculated by the following formula (all oxides are in molecular proportion):
CIW = [Al2O3 /(Al2O3 + CaO* + Na2O)]×100
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The CIW is similar to the CIA, except for its omission of K2O, and likewise quantifies
the degree of chemical weathering and transformation of feldspar into clays. This CIW
equation is more applicable to understanding the level of plagioclase alteration alone
since K2O is eliminated from the CIA equation, which eliminates the possibility of Kmetasomatism (Fedo et al. 1995). Similar to the CIA, the CIW is interpreted with a
value of 50 for unweathered upper continental crust and approximately 100 for highly
weathered materials with removal of alkali and alkaline-earth components. The
Plagioclase Index of Alteration (PIA; Fedo et al. 1995) has been used as an alternative to
the CIW in silicate rocks and is calculated as:
PIA = [(Al2O3 – K2O)/(Al2O3 + CaO* + Na2O – K2O)]×100
Plagioclase is abundant in clastic sediments derived from basic igneous rocks and it also
has a high susceptibility to dissolution.
Utilization of all three indices show values that, south of the salt wall, increase
upsection, but the highest values of all are recorded north of the salt wall in the Grande
Anse Formation (Fig. 3.12). This suggests that sediment in the Little River, Joggins, and
Springhill Mines formations underwent a relatively moderate, but increasing degree of
chemical weathering; this weathering was more intense and caused significant
conversion of plagioclase into clay minerals in the Ragged Reef and particularly the
Grande Anse formations (Fig. 3.12).
Suttner and Dutta (1986) proposed a diagram (Fig. 3.13) to constrain the paleoclimate
conditions during sedimentation of siliciclastic rocks. The calculation of Al2O3 + K2O +
Na2O provides another measure of the feldspar content and, when plotted against SiO2,
is considered a determinant of the mineralogical maturity of sediments, which is a
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function of a weathering and, in turn, climate overprinting (Suttner and Dutta 1986).
Again, the Little River, Joggins, and Springhill Mines formations show the lowest
values of SiO2, and highest values of Al2O3+K2O+Na2O (Fig. 3.13). Most samples of
the Little River and Joggins formations therefore plot as semi-arid to semi-humid,
whereas the Springhill Mines Formation samples plot entirely as semi-humid. The
samples of the Ragged Reef and Grand Anse formations generally suggest increasingly
humid conditions with increasing chemical weathering (Fig. 3.13). These results are
generally coherent with Allen et al. (2013) who suggested that the climate is more
important than provenance in controlling maturity of sediments; and whose
sedimentological analysis of the fluvial systems reported that the climate conditions of
the Little River and lower part of the Joggins formations were semi-arid and seasonal,
whereas the upper part of the Joggins, Springhill Mines, and Ragged Reef formations
record a more humid seasonal climate.

3.4.6. Modified halokinetic model of post-Boss Point Formation strata
Two possible halokinetic models have been proposed to explain the differing
lithostratigraphy on the two sides of the salt wall (Fig. 3.4; thesis chapter 2). The first
option has the ~600-m-thick Grande Anse Formation deposited concurrently with, or at
some time during, the ~ 2 Myr period of deposition of the ~3-km-thick Little River,
Joggins, Springhill Mines, and Ragged Reef formations, but in a separate, linear, more
slowly subsiding, rejuvenated Black Point mini-basin. However, in comparison to the
Little River, Joggins, and Springhill Mines formations (Fig. 3.6), the Grande Anse
Formation shows a significant difference in the mean values of several elements
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associated with detrital minerals. If the Grande Anse Formation accumulated in a
separate, but closely adjacent mini-basin, the general climate controls would be
expected to be similar rather than indicating much more humid conditions with more
intense chemical weathering (Fig. 3.13). Also, if the salt wall was still acting to separate
the Black Point mini-basin, then reworking of the wall and its carbonate and evaporite
rocks might be expected to be more extensive; all the Grande Anse Formation samples
would then be expected to plot in the vicinity of the outlier data points for that
formation.
The second option more simply fits with the evidence. This model posits that the
Grande Anse Formation is laterally equivalent only with the Ragged Reef Formation,
since both show similar lithostratigraphy, paleoflow directions, and geochemistry. In
this option, following initiation of diapirism during deposition of the Boss Point
Formation (~319.5 Myr), the Little River to Springhill Mines formations were deposited
in the Athol syncline during the main phase of halokinesis, whereas on the north side of
Minudie salt wall, uplift, folding and erosion commenced soon after the Little River
Formation started to be deposited. By the late Langsettian (~317.5; Fig. 3.4) the Ragged
Reef Formation started to accumulate south of the salt wall. Following Ryan et al.
(1991, their fig. 5), the contact with the underlying Springhill Mines Formation might
even be disconformable. North of the wall, the contact of the Grande Anse Formation
and underlying strata is more convincingly an angular unconformity (Craggs et al.
2017). The geochemical results detailed above show no significant difference between
the Grande Anse and Ragged Reef formations when comparing mean values of all
analyzed major elements (Fig. 3.6). Thus the two units either (i) accumulated
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contemporaneously across the disconformity – angular unconformity, or (ii) since
maturity, provenance, chemical weathering, and paleoclimate analyses do imply (nonstatistically significant) greater maturity through more intense chemical weathering in
the Grande Anse Formation (Figs 3.10 – 3.13); deposition of the Ragged Reef
Formation in the Athol Syncline may have gradually onlapped across the Minudie
Anticline and then continued further north as the Grande Anse Formation. This implies
that the major episode of diapirism and accompanying rapid sedimentation of > 2 km of
sediment in the Athol Syncline (Little River, Joggins, and Springhill Mines formations),
peneplanation of any topographic high associated with the salt wall, and subsequent
accumulation of a further > 0.5 km of sediment, occurred in only ±2 Myr.
In this second model it should also be noted that, close to the salt wall, the Grande
Anse and Ragged Reef formations are themselves gently tilted NE and SW respectively,
suggesting that minor secondary diapirism and/or sag in the north and south mini-basins
occurred at some poorly constrained time following deposition of upper parts of these
two formations. Finally, in accepting the second option, this geochemical study
supports the lithostratigraphic(thesis chapter 2), which first proposed that two of the
formations may be considered as one unit. Following the North American Stratigraphic
Code (North American Commission on Stratigraphic Nomenclature 2005), the Grande
Anse Formation, being described first in both New Brunswick and Nova Scotia by
Norman (1941), would have priority over its junior synonym, the Ragged Reef
Formation of Ryan et al. (1991).
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3.5. Conclusions
The Carboniferous Cumberland Basin in northern Nova Scotia and southeastern New
Brunswick was affected by salt tectonics, starting during deposition of the Boss Point
Formation, and resulting in the formation of the Minudie Anticline, a salt wall that
separated the Athol syncline to its south from the Black Point sub-basin to its north.
Material from 40 samples (eight randomly chosen from each of five units above the
Boss Point Formation) were analysed by ICP-MS to determine their major element
compositions. Statistically, the major elements show no significant differences between
the Grande Anse Formation from north of the salt wall and the Ragged Reef Formation
south of the salt wall. However, the elements Si, Al, Ti, Na, and Fe, typical components
of the detrital, as opposed to diagenetic, mineralogy, are commonly significantly
different when the Grande Anse and Ragged Reef formations are compared to the
underlying Little River, Joggins, and Springhill Mines formations that outcrop south of
the salt wall. Additionally, SiO2/Al2O3, Na2O/K2O, and Fe2O3/K2O ratios show
progressive increase in sediment maturity from the base of the Little River Formation to
top of the Ragged Reef Formation that has been further tied to an increasingly humid
climate and more intense chemical weathering.
The geochemical results imply rapid accumulation of > 2 km of sediment in the Athol
Syncline (Little River, Joggins, and Springhill Mines formations), accompanying the
major episode of diapirism, and erosion of any topographic highs associated with the
salt wall; followed by accumulation of a further > 0.5 km of sediment (Ragged Reef and
Grande Anse formations), all of which occurred in only ~ 2 Myr. Since the Grande Anse
and Ragged Reef formations may be considered as one unit, the Grande Anse
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Formation, being described first in both New Brunswick and Nova Scotia, would have
priority over its junior synonym, the Ragged Reef Formation.
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Figure 3.1. General geological maps (modified from Craggs et al., 2017). (A) Major
Devonian-Carboniferous sedimentary basins of eastern Canada and their relationship to
basement terranes, (B) Cumberland Basin of northern Nova Scotia and SE New
Brunswick, (C) Schematic cross-section based on field observations and available
seismic data along a north-south profile of the Maringouin Peninsula and Joggins
coastline.
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Figure 3.2. (A) Geological map of the Maringouin Peninsula and adjacent areas of the
NW Cumberland Basin (modified from Ryan and Boehner 1994; St. Peter and Johnson,
2009; Craggs et al., 2017). (B) Highly generalized correlation of the Carboniferous
stratigraphic succession exposed north and south of the Minudie Anticline (modified
from Craggs et al., 2017).
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Figure 3.3. Stratigraphic column of Devonian-Carboniferous strata of the western
Cumberland Basin. Timescale based on Davydov et al. (2012). The time ranges used for
the groups, formations, and biozones are a best ﬁt of Ryan et al. (1991); Ryan and
Boehner (1994); Utting et al. (2010), and Craggs et al. (2017) due to the limited
biostratigraphy.
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Figure 3.4. Conceptual model of the evolution of the western Cumberland Basin during
Carboniferous time. (1) Bashkirian, Yeadonian, lower Boss Point Formation deposition
and initiation of salt movement. (2) Bashkirian, early Langsettian, Little River
Formation deposition on the south side of salt wall increases loading on evaporitic strata
of the Windsor Gp. (3A; option one) deposition of the Grande Anse Formation in the
north side of the salt wall, in a rejuvenated Black Point sub-basin, at same time as the
deposition of the Joggins and Springhill Mines formations in the Athol Syncline on the
south side of the salt wall. (4A) deposition of Ragged Reef Formation in the south side
of the salt wall with potentially continued deposition of the Grande Anse Formation
north of the wall (3B; option two) uplift and erosion processes at the north side of the
salt wall, at same time as the deposition of the Joggins and Springhill Mines formations
in the south side of the salt wall. (4B) deposition of the Grande Anse Formation
concurrent with deposition of the Ragged Reef Formation after peneplanation of any
topographic high associated with the salt wall. The deposition of these units may have
been gradually onlapping to the north, or have been (angular) unconformable (north) to
disconformable (south) on older strata.
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Figure 3.5. Whole-rock ICP-MS analysis of major elements show geochemical profiles
from studied sandstones, Cumberland Group (post-Boss Point Fm).
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Figure 3.6. Box-whisker plots summarizing the ‘raw’ geochemical data plotted in Fig.
3.5, along with the results of a Kruskal-Wallis test of this data following centred-logratio transformation; significant value α = 0.05.
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Figure 3.7. Photomicrographs (XPL) showing samples, which are extensively dominated
by carbonate cements, outliers (A) J-2, Joggins Formation, (B) G3-3 Grande Anse
Formation, and (C) carbonate clast from the Grande Anse Formation.
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Figure 3.8. Geochemical classification of the studied sandstones based on the scheme of
Pettijohn et al. (1972). Normalized ICP-MS data are used in this diagram.
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Figure 3.9. Geochemical classification of the studied sandstones based on log
(SiO2/Al2O3) vs. log (Fe2O3/K2O) diagram of Herron (1988). Normalized ICP-MS data
are used in this diagram.
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Figure 3.10. Discriminant function diagram using major elements for the provenance
signatures of the sediments (after Roser and Korsch 1988). Normalized ICP-MS data are
used in this diagram.
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Figure 3.11. TiO2 versus Al2O3 diagram (After Hayashi et al. 1997). Normalized ICPMS data are used in this diagram.
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Figure 3.12. Profiles of chemical weathering indices from studied sandstones,
Cumberland Group (post-Boss Point Fm). Normalized ICP-MS data are used in this
diagram.
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Figure 3.13. Chemical maturity and paleoclimate of the studied sandstones expressed by
bivariate plot of SiO2 versus Al2O3+ K2O+ Na2O (After Suttner and Dutta, 1986).
Normalized ICP-MS data are used in this diagram.
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Chapter Four: Sandstone and conglomerate diagenesis of the Pennsylvanian
Grande Anse Formation, Cumberland Basin, eastern Canada

Abstract
The lower Pennsylvanian Grande Anse Formation crops out north of the Minudie
Anticline, a salt wall extending across the western part of the Cumberland Basin in
eastern Canada. The Formation consists of interbedded sandstone, mudstone, and
conglomerate deposited in well drained floodplains, braided fluvial channels,
sheetfloods, and debris flows under semi-humid to humid conditions. The formation is
laterally equivalent to the Ragged Reef Formation south of the Anticline, which
disconformably or progradationally overlies strata of the Joggins UNESCO world
heritage site and the Minudie salt wall.
Polarized optical microscopy and Scanning Electronic Microscopy, both employing
cathodoluminescence, reveal that the sandstones and conglomerates have undergone
various stages of diagenesis. The diagenetic alterations in the eodiagenetic near-surface
sub-realm start with the dissolution of unstable feldspars, micas, and carbonate/evaporite
clasts, alterations that indicate relatively low pH and positive Eh conditions. These
alterations provided the ions (e.g. Fe, Al, Ca, and Si) required for the subsequently
precipitated diagenetic minerals, which include iron oxides/hydroxides, kaolinite, and
quartz overgrowths, in a seasonally wetted vadose zone. Micro-crystalline calcite
indicates early precipitation of calcite cement in the lower vadose zone, in the capillary
fringe, immediately above the water table, or immediately below it under oxic but more
alkaline conditions. Macrocrystalline silica in the form of prismatic quartz, chalcedony,
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and silica, that was pseudomorphous after gypsum, also formed at this stage of burial.
At slightly greater depth, in the sulfate-reduction zone, a small amount of pyrite was
precipitated. The shallow burial, phreatic sub-realm, provided the conditions for equant
blocky calcite and poikilotopic calcite, followed by ferroan dolomite, to precipitate.
These later carbonate cements contain ferrous iron and Mn, which require anoxic
conditions to be incorporated into the carbonate crystal lattice. The deep burial
mesodiagenetic realm, is represented by only minor alterations including dickite and
illitization of kaolinite, but which indicate burial at ~120°C, around 4 km depth.
The early diagenetic successions in these semi-humid to humid fluvial deposits are
unusual in containing shallow burial quartzine chalcedony and pseudomorphic silica
after gypsum crystals. These cements are generally considered indicators of evaporitic
environments in a dry climate where the porewaters are much more alkaline. However,
in a region of active halokinesis, shallow groundwaters will be in close proximity to, and
dissolving the evaporitic salt dome, providing abundant Ca, CO3, and SO4 ions to the
pore waters and precipitating barite and transient gypsum, which is then replaced by
chalcedony and pseudomorphous silica.
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4.1. Introduction
Salt movement generates complicated stratal architectures that may serve as effective
traps for potential hydrocarbon accumulations, and salt provinces have been targeted for
oil and gas exploration in the Gulf of Mexico, the west-African coast, and the PreCaspian Basin (Barde et al. 2002; Fort et al. 2004; Bartolini and Ramos 2010).
However, to date, few studies have focused on the diagenetic alterations affecting clastic
reservoirs associated with salt tectonics (e.g. Barde et al. 2002; Totten et al. 2007).
The diagenesis of coarse-grained sediments results from a complex interplay of
factors. These include surficial controls such as detrital grain properties (Ehrenberg
1990; Worden and Morad 2000; Milliken 2003) and depositional processes (White
2000; Rossi et al. 2001; Sharp et al. 2003) that influence primary porosity and
permeability, and hence rates and patterns of fluid flow and reactions. There are also
numerous factors influencing diagenesis that relate to subsequent physical and chemical
conditions during sediment burial, because pore fluids differ from the fluids associated
with depositional conditions in various ways (Morad et al. 2000). To help explain such
variation, different diagenetic realms and sub-realms are identified. The eodiagenetic
realm is usually considered to extend from the surface down to a depth of ~1.5 km, and
a temperature lower than 50°C (Milliken 2003). It can be divided into (i) a near-surface
sub-realm of widely varying hydrologic conditions where pores may be undersaturated
(vadose zone); saturated immediately above the water table (capillary fringe zone;
Mixon 1988; American Society of Civil Engineers 2001); saturated but with actively
circulating waters just below the water table (phreatic, active saturated zone of Longman
1980); or fluctuating across this spectrum of conditions over seasonal to multi-annual
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scales; and (ii) a shallow burial sub-realm of permanently restricted, anoxic water
circulation (stagnant phreatic zone of Longman 1980). In the deeper substrate, (iii) a
mesodiagenetic realm (depth greater than 1.5 km and temperature of between 50-300°
C) is delineated.
This contribution is a petrographic study of the Grande Anse Formation of the
Cumberland Basin in southern New Brunswick and northern Nova Scotia (Fig. 4.1). The
Basin is most famous for the oldest reptile fossil and life-position fossil trees preserved
in a salt mini-basin now cropping out at the Joggins Fossil Cliffs UNESCO World
Heritage Site. It is one of several basins in the Maritimes Basin Complex that have been
influenced by salt tectonics. The research aims to (i) define the diagenetic sequences
recorded in sandstones and conglomerates of the Grande Anse Formation, (ii) constrain
the conditions of precipitation of authigenic cements and, in particular, (iii) highlight the
impact of salt-influenced pore waters and resultant diagenetic phases influencing
reservoir quality, particularly during shallow burial.

4.2. Geologic setting
The upper Paleozoic Cumberland Basin is one of several basins forming the Maritimes
Basin Complex of Atlantic Canada (Fig. 4.1; Williams 1974; Keighley 2008). Like all
basins within the Maritimes Basin Complex, the origins of the Cumberland Basin are
associated with transtensional tectonics following the Middle Devonian Acadian
Orogeny (e.g. Hibbard and Waldron 2009; Waldron et al. 2015). The evolution of the
Basin was subsequently heavily influenced by salt tectonics. On the western side of the
Basin, the Minudie Anticline is a salt wall with a core of Viséan strata. These strata
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comprise interbedded limestone, mudstone, and evaporite of the Pugwash Mines and
Lime-kiln Brook formations, which are included in the Windsor Group and interpreted
to be of marine and marginal marine origin. These rocks were originally buried by
continental red-beds of the Middleborough, Shepody, Enragé (and laterally equivalent
Claremont) formations of the Mabou Group during the Serpukhovian (late
Mississippian); and later by red and grey mudstone and sandstone with minor
conglomerate, coal, and limestone (Boss Point, Little River, Joggins, Springhill Mines,
Ragged Reef, and Grande Anse formations of the Cumberland Group) in the Langsettian
(Bashkirian, early Pennsylvanian). In turn, this succession was buried by later
Pennsylvanian strata exposed further east in the Basin, which comprise the Malagash
Formation, also assigned to the Cumberland Group, and a thick succession of strata
assigned to the Pictou Group (Ryan and Boehner 1994; Fig. 4.1).
Salt movement commenced during deposition of the Boss Point Formation. North of
the resulting asymmetric salt wall, in what has been termed the Black Point sub-basin
(thesis chapter 2), folds and faults in the Boss Point Formation and overlying basal Little
River formations, are truncated by an angular unconformity at the base of the ~500 m
thick red-beds of the Grande Anse Formation (Craggs et al. 2017). In contrast, to the
south of the Minudie Anticline, the evacuating salt aided the accommodation of the
famous fluvio-floodplain-dominated stratigraphic succession of Little River, Joggins,
Springhill Mines, and Ragged Reef formations, containing life-position trees, that now
crop out with a uniform southerly dip at the Joggins Fossil Cliffs UNESCO World
Heritage Site (Allen et al. 2013). This stratigraphy comprises over 3 km of strata that are
conformable on the Boss Point Formation (Calder et al. 2005; Waldron et al. 2013;
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Craggs et al. 2017). Sedimentological and geochemical studies indicate that the Grande
Anse Formation north of Minudie anticline is equivalent to the Ragged Reef Formation
in the south (thesis chapters 2 and 3). The Ragged Reef Formation may have formed
unconformably on older units, or deposition in the Athol Syncline gradually onlapped
across the Minudie Anticline and Black Point sub-basin (thesis chapters 2 and 3). The
Grande Anse and Ragged Reef formations are themselves gently tilted NE and SW
respectively, suggesting that minor secondary diapirism and/or sag in the north and
south sub-basins occurred at some poorly constrained time following deposition of
upper parts of these two formations (Fig. 4.1C).
The Grande Anse Formation crops out in three coastal sections, which are (i) the type
section on the western side of Maringouin Peninsula, (ii) a reference section in the
eastern side of Maringouin Peninsula, and (iii) Minudie Point, northern Nova Scotia
(Fig. 4.2). Sedimentological analysis of the 300 to ~600 m thick sections led to the
identification of 13 lithofacies that group into four lithofacies associations: (LA1)
floodplain deposits, (LA2) braided channel deposits, (LA3) sheet flood deposits, and
(LA4) debris-flow deposits, and facies analysis indicates deposition in a subhumid to
humid climate (thesis chapter 2). The climate conditions are supported by geochemical
analyses (thesis chapter 3), and by similar facies analysis of the equivalent Ragged Reef
Formation by Allen et al. (2013). Two informal members are distinguished, of which the
lower member is characterized by predominant red beds of conglomerate, sandstone,
and variably exposed mudstone, and the upper member is dominated by grey beds of
conglomerate and sandstone and by covered intervals. Also, the base of the lower
member in the eastern Maringouin and Minudie Point sections shows calcareous
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sandstone and conglomerate beds that may include materials reworked locally from
diapirically uplifted carbonate of the Windsor Group. The burial history curve of Ryan
and Zentilli (1993; Fig. 4.3), which was constructed based on apatite thermochronology
combined with vitrinite reflectance data, suggests that the Grande Anse Formation
deposits were later subject to maximum burial temperatures of ~125°C (~ 4.0 km
depth).

4.3. Sampling and methods
Eighty-three fresh-outcrop samples were collected from lithofacies associations LA2
and LA3 along the three coastal sections of the Grande Anse Formation (76 sandstone
samples and 7 conglomerate samples, Fig. 4.2). From each sample, a thin section was
produced after sample impregnation with blue-dye epoxy to aid porosity recognition.
The thin sections were imaged at high resolution and 250 randomly generated coordinates on the image were then investigated with a conventional polarizing
microscope (Nokia Eclipse E400) to provide point counts of the thin section's
mineralogical composition, following the Folk (1980) method. A total of 12 polished
thin sections were also produced that were then coated by conductive carbon and
analyzed via JEOL JSM-6400 Scanning Electron Microscope (SEM) utilizing the
following accessories: (i) a cathodoluminescence (CL) attachment, which helps clarify
zonation in diagenetic minerals; (ii) a back-scattered electron (BSE) mode, which gives
better resolution of mineral cross-cutting relationships; and (iii) an energy dispersive
spectrometer (EDAX Genesis X-ray microanalysis system), which is used to determine
which chemical elements are present in a sample. Also, a total of 5 thin sections were
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analyzed using CL microscopy (Luminoscope, Model ELM2B), which permits optical
examination or imaging of a sample through the attachment of an evacuated CL-stage to
an optical microscope. The CL-stage attachment uses a cathode gun to bombard a
sample with a beam of high-energy electrons. The resulting luminescence in minerals
allows viewing of textures and compositional variations that are not otherwise evident
using light microscopy.

4.4. Results
4.4.1. Detrital composition
The 76 Grande Anse Formation sandstones consist of dominantly of fine- to coarsesand, poorly to moderately sorted, with sub-angular to sub-rounded grains. Their
composition is dominated by quartz, with subordinate feldspars and lithic fragments
(Table 4.1; see also appendix III). Accordingly, sandstones are classified as arkose- to
subarkose and litharenite- to sublitharenite (Fig. 4.4; Folk 1980).
Monocrystalline quartz (av. 42.0%) shows mostly non-undulose extinction in crosspolarized light (XPL, Fig. 4.5A). Polycrystalline quartz (av. 5.0%), is distinguished into
two groups: quartz with 2-3 sub-grains (av. 1.0%) and quartz with more than 3 subgrains (av. 4.0%), and both appear to be mainly igneous in origin with rare examples of
metamorphic origin. K-feldspar is relatively more abundant than plagioclase (av. 8.1%
and 2.1%; respectively), which again corresponds to previous geochemical results
(thesis chapter 3). Feldspar grains are sometimes fresh and unaltered, but more
commonly are either variably replaced by kaolinite, or partly leached (Fig. 4.5B) and
cemented by carbonate. Lithic fragments (av. ˂1.0%) are of varied igneous (Fig. 4.5D),
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metamorphic (Fig. 4.6A) and, most commonly, sedimentary clasts (Fig. 4.5D). Mud
clasts (av. ˂1.0%) were encountered in a few of the sandstone samples in both
lithofacies associations. Muscovite and biotite micas (fresh and/or partly altered; Fig.
4.6A) are rare (av. ˂1.0% respectively). Bioclasts and detrital carbonate (av. 2.3%), are
mostly found in samples from the lowermost 100 m of all the logged sections (Fig.
4.8A; Vangel 2015).
Sampled conglomerates (Fig 2.6A-C) are associated with LA2. Particle size ranges
from granule to coarse cobble size. Two types of conglomerates are identified based on
detrital composition. Calcareous conglomerates consist of dominantly of calcareous
mudstone clasts and bioclasts, with a small amount of quartz and feldspar, and are found
only in the base of the eastern Maringouin and Minudie Point sections. Polymictic
conglomerates consist of dominantly polycrystalline quartz, K-feldspar, and rock
fragments; they are found in both lower and upper members of the Grande Anse
Formation.

4.4.2. Mechanical compaction and porosity
Petrographic investigations of the lower member show point contacts and extensive
cementation by calcite cement and iron oxides/hydroxides (Figs 4.6B and 4.9A),
whereas the upper member of the Grande Anse Formation sandstones show limited
mechanical compaction where there are abundant silica cements and short grain contacts
(Fig. 4.5A-C) and slightly greater compaction where the cements are absent resulting in
more long grain contacts and the rare slight bending of micas (Fig. 4.6A-B). The
primary porosity in the lower and upper members (Fig. 4.5A-C) range from trace
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amounts to 20.8% (av. 6.9%) and trace to 22.0% (av. 7.2%), respectively (Table 4.2),
and show rough boundaries where clays, and smooth boundaries where overgrowth and
blocky cements, are present (Fig. 4.5B). The secondary porosity yielded from feldspar
grains and carbonate dissolution (Fig. 4.5B-D) shows a difference between lower and
upper members. The secondary porosity ranges from trace to 8.8% (av. 1.3%) in the
lower member, whereas it ranges from trace to 17.6% (av. 7.0%) in the upper member
(Table 4.2). It appears that, in the lower member, the more abundant authigenic calcite,
iron oxides/hydroxides, and silica resulted in more secondary pores being occluded by
this phase.

4.4.3. Diagenetic minerals
4.4.3.1. Iron oxides/hydroxides: Iron oxides/hydroxides cement is abundant in both LA2
and LA3, and particularly in calcareous sandstone and conglomerate at the base of the
succession (Table 4.2). It occurs in two forms, which are: (i) iron oxides/hydroxides I
(RI), which occur as dark reddish-brown to brown microcrystalline hematite that fills
primary pores and partially or completely coats detrital quartz and feldspar grains (Fig.
4.6C); and (ii) iron oxides/hydroxides II (RII), which also occur as dark reddish-brown
to brown microcrystalline hematite, but which partly to completely fill secondary pores
up to 100 μm diameter (Fig. 4.6B-C).

4.4.3.2. Kaolinite and dickite: Authigenic kaolinite is identified in both LA2 and LA3
(Table 4.2). Platy grains with flared edges that expand out into pores and show lower
birefringence under XPL indicate kaolinization of detrital mica (KI; Fig. 4.7A).
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Kaolinized feldspar develops as vermiform aggregates or small booklets (KII; Fig. 4.7BC). Kaolinite commonly occurs as large, scattered irregular patches, preserved within
intergranular pores (KIII; Fig. 4.7C); and associated with quartz overgrowths that
enclose, and thus post-date, the kaolinite (Fig. 4.7D). Blocky dickite may occur as
thicker crystals between the thin kaolinite crystals in vermiform aggregates or booklets
but is generally rare (Fig. 4.7D).

4.4.3.3. Carbonate: Carbonate cement is a dominant diagenetic phase, particularly in the
lower member of the Grande Anse Formation (Table 4.2; Figs 4.8 and 4.9). Three
morphologies of calcite and two of dolomite have been identified. Calcite I (CI) is an
equant micro-crystalline cement, aggregates of which either partly to completely coat
detrital grains (Fig. 4.8A, B), or partially replace K-feldspar and plagioclase grains (Fig.
4.8A). The EDS analyses show that CI is nearly pure calcite with only small amounts of
Mg (Max. 0.3 wt%), Mn (Max. 1.1 wt%), and Fe (Max. 0.5 wt%).
Equant, coarse-crystalline Calcite II (CII, ~50–200 μm) is more abundant in
calcareous sandstone and conglomerate of the lower member of the Grande Anse
Formation where it is occasionally associated with authigenic silica as complex
intergrowths (see silica discussion below). More commonly it occurs as pore-filling
cement that locally encloses, and thus post-dates, CI (Fig. 4.8B-D). The EDS analyses
show that CII also has low Mg (Max. 0.4 wt%), and low Fe (Max. 0.9 wt%), but often
has much higher Mn (Max. 3.6 wt%).
Blocky sub-poikilotopic Calcite III (CIII, up to 500 μm) occurs as crystal cements that
fill intergranular pores, particularly in loosely packed grain frameworks of sandstones
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from the lower member of the Grande Anse Formation (Figs 4.6B and 4.9A-B). CIII
encloses, and thus post-dates, grain-coating iron oxides/hydroxides (Fig. 4.9A) although
in some cases, the CIII fills intergranular pores lacking a coating of iron
oxides/hydroxides (Fig. 4.9B). The EDS analysis shows that the CIII has similar levels
of impurities to CII; high Mn (Max. 2.7 wt%), low Mg (Max. 1.0 wt%), and low Fe
(Max. 0.9 wt%).
Rare Fe-rich dolomite phases (Fe is Max. 3.1 wt%) comprise coarsely crystalline
acicular textures that replace CII (Fig. 4.9C-D); present only in the calcareous
conglomerate units of the lower member.

4.4.3.4. Silica: Authigenic silica, the other dominant cement, is of four morphotypes.
Silica I (SI) is euhedral, occasionally circum-granular, syntaxial quartz overgrowths (up
to ~10 μm thick) around detrital quartz grains, most commonly occurring in porous
sandstone and conglomerate (Figs 4.5A-C and 4.10A). Overgrowths are partial or absent
when the quartz grains are covered by iron oxides/hydroxides or clay coatings (Fig.
4.6C and 4.10A), and in pores that are extensively cemented by carbonate.
Silica II (SII) comprises macrocrystalline single or multi-zoned prismatic quartz
crystals, usually hexagonal in cross-section (Fig. 4.10B-C), but occasionally sectioned
across the terminal rhombohedra (Fig. 4.10D). Particularly in the calcareous sandstone
and conglomerate of the lowermost Grande Anse Formation, these euhedral, pore
bridging to pore filling SII crystals are enclosed by, and thus pre-date, calcite cement
(CII) and in some cases exhibit complex multiple zonation defined by dust (carbonate?)
rims (Fig. 4.11A-B).
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Silica III (SIII, Figs. 4.11 and 4.12) appears in samples from the lower member as
uncommon enterolithic, radial, or fan-shaped, typically fibrous crystal aggregates
displaying undulose, or chalcedonic extinction (Figs. 4.11C-D, 4.12A-C). The
chalcedony is of the quartzine type because it demonstrates length-slow fibrous growth
(orientation of the c-axes parallel to the direction of fibre elongation, Fig.4.12C).
Blocky quartz (SIV) is a euhedral form of authigenic silica enclosed by carbonate, but
which appears to be a replacive phase of a precursor gypsum crystal with oxidized rim
(Fig. 4.12D). This type of authigenic silica is uncommon and restricted to the calcareous
sandstones and conglomerates of the lower member.

4.4.3.5. Other minor diagenetic phases: Pyrite occurs in trace amounts as scattered
framboids, and as aggregates of small pseudo-octahedral crystals, enclosed by, and thus
pre-dating, carbonate cement (CII; Fig. 4.13A-B). Barite occurs in trace amounts, filling
secondary pores after dissolved feldspar grains and detrital carbonate (Fig. 4.13C). Illite
occurs, seen in SEM, as grain coating, pore-lining and as fibrous extensions from a few
kaolinite plates. Illite crystals are of 2-5 μm long and arranged perpendicular to the
surface of the substrate grain. They may display texture with fibrous termination and
drape, and thus post-date, quartz overgrowths (Fig. 4.13D).
4.5. Discussion
4.5.1. Paleoclimate
Paleoclimatic interpretations of the Grande Anse Formation are based on the bivariate
log/log plot of selected detrital components introduced by Suttner and Dutta (1986).
Considering the abundance of total feldspar grains (av. 10.2%) in the Grande Anse
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Formation, which is relatively low compared to total quartz grains (av. 47.0%), data fall
mostly in the semi-humid area with a few samples in the humid climate field (Fig. 4.14).
These results are also in accordance with previously interpreted ICP-MS data (thesis
chapter 3) and facies analyses (thesis chapter 2).

4.5.2. Diagenetic sequence
Conglomerates and sandstones of the Grande Anse Formation have undergone various
stages of diagenesis (Fig. 4.15), which are assessed below with reference to the three
realms/sub-realms indicated in the introduction: (i) eodiagenetic near-surface sub-realm
(ii) eodiagenetic shallow burial sub-realm and (iii) mesodiagenetic realm.

4.5.2.1. Near-surface eodiagenesis: This sub-realm, in (sub-)humid terrestrial settings,
contains pores that are either undersaturated or seasonally saturated (vadose), or
permanently saturated (phreatic) but with actively circulating, frequently replenished
meteoric (rain) waters just below the water table (active saturated zone of Longman
1980). Such waters are characterized by abundant oxygen (O2) and carbon dioxide
(CO2), the latter of which produces weak carbonic acid when combined with water
(Eq1).
H2O + CO2 ↔ H2CO3 (Eq1)
Redox, hydrolysis, and solution reactions are all viable in this sub-realm. In the Earth's
crust, feldspar is by far the most common silicate mineral group, but it is also the
dominant phase in silicate hydrolysis reactions. Dissolution of the alkali feldspars (Naand K-bearing) is such a reaction that occurs under slightly acidic pH. This releases
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silica that may go into solution or precipitate (Eq2 and Eq3; Lovering and Patten 1962;
Bustillo 2010). Calcium ions are also provided by dissolution of evaporite and carbonate
clasts and by plagioclase feldspar grains, a process that usually commences immediately
after deposition, provided CO2 is present either as a gas or in solution in the vadose zone
(Eq4, Eq5, and Eq6).
2NaAlSi3O8 + H+ + H2O → Al2Si2O5(OH)4 + 2Na+ + 4SiO2 (Eq2)
Albite
Kaolinite
Silica
2KAlSi3O8 + CO2 + 3H2O → Al2Si2O5(OH)4 +2K+ + 2HCO3ˉ + 4SiO2 (Eq3)
K-feldspar
kaolinite
Silica
CaSO4.2H2O → Ca2+ + SO42- + 2H2O (Eq4)
Gypsum
CaCO3 + H2O + CO2 → Ca2+ + 2HCO3- (Eq5)
Calcite
CaAl2Si2O8 + H2O + 2H+ → Al2Si2O5(OH)4 + Ca2+
Anorthite
Kaolinite

(Eq6)

Deep or fluctuating water tables and inherent depositional porosity and permeability in
sandy sediment allow major fluxes of corrosive meteoric waters. This promotes
dissolution and kaolinization (He Jiang et al. 2013) and creates additional secondary
porosity; microporosity and moldic porosity to further promote permeability and
throughflow of pore water.
The common red colour in the sandstones and conglomerates seen in the outcrop
indicates the presence of iron oxides or hydroxides (Fig. 4.6). Both RI and RII are
enclosed by, and thus pre-date, all calcite phases. Also, the lack of quartz overgrowths
(SI), where there are thick iron oxides/hydroxides coatings, suggest shallow diagenesis.
Walker (1967) documented that iron oxides/hydroxides cement indicates shallow
diagenesis following initial meteoric flushing, dissolution, or oxidation of Fe-containing
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unstable silicate minerals such as amphiboles, biotite and chlorite, detrital carbonate,
and detrital pyrite (Eq7). Iron oxides/hydroxides, may then precipitate either in
sediments deposited in semi-arid climate conditions with repeated variations in the
water table or below the water table in humid environments (Eq8; Van Houten 1973;
Worden and Burley 2003; Miall 2006).
+
2FeS2 + 7O2 + 2H2 O → 2Fe2+ +4SO24 +4H

4Fe2+ + O2 +4H2 O → 2Fe2 O3 + 8H+

(Eq7)

(Eq8)

The reddening of sediments from the formation of iron oxides/hydroxides takes tens of
thousands of years or more (Walker 1967). During this long reddening period, there
were likely numerous other diagenetic alterations occurring in the Grande Anse
Formation, including clay mineral transformation, kaolinization, and quartz formation.
Kaolinite diagenesis in the shallow subsurface is controlled by the amount of unstable
detrital silicates, including detrital feldspars, micas, and mudstone clasts. It is also
dependent on low pH pore waters under oxidizing conditions, and with sufficient
permeability in the sediment to facilitate fluid circulation (e.g. Meisler et al. 1984;
Morad et al. 2000; Ketzer et al. 2003). Kaolinite formation is considered a common
occurrence under semi-humid to humid climatic conditions (Ketzer et al. 2003), which
were most likely established during deposition of the Grande Anse Formation (thesis
chapter 3). The expanded texture of the kaolinized mica (KI; Fig. 4.6A) typically also
indicates its formation in poorly compacted sand before significant burial and
lithification (Ketzer et al. 2003). Also common to early diagenetic precipitation is
fanfold booklet-textured kaolinized feldspar (KII; Eq3 – Fig. 4.7B; McAulay et al. 1994;
Osborne et al. 1994; Wilkinson et al. 2004; El-Ghali et el. 2006).
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Quartz overgrowths (SI) enclose, and thus post-date, kaolinite (KIII -Fig. 7D).
Overgrowths may completely surround detrital grains (Fig. 4.10A), indicating that the
sediment had not undergone any prior compactional reorganization of the grain
framework due to even shallow burial. Lack of pressure-solution features indicate that
the source of silica within sandstone lithofacies was probably via vadose leaching and
hydrolysis reactions of feldspar grains (Eq2, Eq3). Overgrowths are either coated or
enclosed by, and thus pre-date, all calcite cements (Figs 4.5A-C and 4.10A).
The CI phase is of equant micro-crystalline calcite and low Fe, Mg, and Mn calcite.
Crystals occur as grain coatings and partially replace plagioclase and K-feldspar grains
(Fig. 4.8). Watts (1980) determined that the precipitation of low-Mg calcite slowly
occurs in high evaporation environments. The micro-crystalline texture therefore
indicates early precipitation of calcite cement in capillary fringe zones immediately
above the water table. The low content of Fe (max. 0.5 wt%) indicates precipitation
under oxic zone conditions because the Fe is in its Fe3+ ferric state, which means it
cannot substitute Ca2+ in the calcite lattice (Longman 1980; James and Choquette 1984;
Saller 1984; Tucker 1988; Moore 1989). The sources of Ca within sandstone lithofacies
would include dissolution of evaporites and carbonate clasts (Eq4 and Eq5) and the
leaching and kaolinization of Ca-bearing plagioclase grains (Eq6), particularly in vadose
zones.
Macrocrystalline prismatic silica (SII, e.g. Fig 4.10) is scattered amongst a few
calcareous sandstones and conglomerates of the lower member. This type of quartz is
enclosed by, and thus pre-dates, calcite cement (CII; Fig. 4.12B-C), which indicated
early precipitation probably in the capillary fringe sub-zone. English (2001) stated that
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dehydration and expulsion of impurities from the poorly crystalline silica polymorphs
must be part of the maturation process during neoformation of quartz in the capillary
fringe sub-zone above the water table. Also, Watts (1980) stated that macrocrystalline
quartz is attributed to slow crystallization of SiO2 as a void-fill.
Chalcedony and spherulitic quartz (SIII) appear in a few samples of the lower member
(calcareous sandstones and conglomerates) and show length-slow fibrous growth
(orientation of the c-axes parallel to the direction of fibre elongation; Figs 4.11 and
4.12). Most commonly, studies have shown that when there is rapid precipitation of
silica at high pH, the silica tetrahedra are solitary; therefore, they precipitate one after
another to form with a normal quartz orientation that has the c axis perpendicular to the
growing surface, i.e. length-slow chalcedony (e.g. Folk and Pitman 1971; Milliken
1979). Similar to Fig. 4.11C, Milliken (1979, her figure 3) documented radial quartz
crystals growing out from a central void, which she interpreted to have been a
replacement of anhydrite; prismatic quartz was also encountered in her Carboniferous
‘silicified evaporites’. Folk and Pittman (1971) indicate a common association of crystal
length-slow chalcedony with alkaline soils in semi-arid environments, and with
evaporite replacement.
The lozenge-shaped crystal with acute angles and rhombic-shaped pseudomorphous
SIV in Fig. 4.12D is similar to the silica nodule that was described by Folk and Pitman
1971, their fig. 3. They stated that silica is very common as a replacement of gypsum,
which is characterized by typical chicken-wire texture or lozenge-shaped crystals with
acute angles; they also documented a silica crystal of length-slow chalcedony that
considered as pseudomorphous after a large-twinned crystal of gypsum. Escavy and
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Herrero (2019) also stated that enterolithic structures are usually composed of gypsum
in saline shallow water environments, and similar structures such as in Fig. 4.11D may
represent another pseudomorphous occurrence of silica. The iron oxide/hydroxides rims
on the pseudomorphs (Fig. 4.12D) indicate that the precursor gypsum was precipitating
under oxic zone conditions. Therefore, the original cements likely had precipitated from
seasonal evaporative pumping (Warren 2006) adjacent a fluctuating, already alkaline
water table. The groundwater, particularly in the lower Grande Anse Formation, close to
the disconformity at its base, could have been of much higher pH than any meteoric
vadose water since it would have been flowing adjacent to the evaporitic diapir of the
Minudie salt wall, accumulating abundant Ca2+ and SO24 ions in the pore waters that
could then have precipitated, what was ultimately temporary, gypsum. Dissolved SiO2
brought down by the meteoric water would accumulate in solution at these higher pH
values. Events of lower (neutral) pH – such as rainy season flushing of fresher, less
saline water down from influent rivers (losing streams) – could then take CaSO4 into
solution and allow the SiO2 to precipitate (Bustillo 2010). Also, Lovering and Patten
(1962) stated that the presence of CO2 and sodium ions, from feldspar dissolution or
dissolution of rock salt in diapirs, have facilitated precipitation of silica from neutral
solutions that are highly supersaturated with silica.
Bustillo et al. (2017) identified baritine (barytes) with length-slow chalcedony in
saline-fluid meteoric-playa lake settings and replacement of gypsum by barite was
identified in Windsor Group strata of the Cumberland Basin by Boyle et al. (1976). This
may suggest that the precipitation of barite (Fig. 4.13C) is related temporally to the
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formation of gypsum in the Grande Anse Formation and associated with blocky silica
precipitation.
Pyrite occurs in trace amounts as scattered framboids and aggregates of small pseudooctahedral crystals. These may be associated with an influx of sulfate from dissolved
evaporites into pore-water that would have been reduced to sulfide by sulfate-reducing
bacteria, which are dominant in phreatic anoxic environment (McKay and Longstaffe
2003; Mozer 2010; Bustillo et al. 2017).

4.5.2.2. Shallow burial eodiagenesis: Calcite II cement has an equant blocky texture
(Fig. 4.8C) that encloses, and thus post-dates, CI, SIII, and pyrite (Figs 4.8A-D; 4.10BC; Fig. 4.13A-B). Equant, blocky calcite is often thought to start precipitation in
capillary fringe zones under oxic to suboxic conditions (Folk 1980; Saller 1984).
However, in the Grande Anse Formation, a slightly deeper genesis is proposed for CII:
following Tucker (1988) a meteoric phreatic or burial phreatic environment. This is
because CII post-dates pyrite (Fig. 4.13A-C), which formed under anoxic phreatic
conditions. Also, any calcite precipitating in oxic zones would lack Mn and Fe because
these ions would be in their oxidized state or adsorbed to clay minerals (Wigley and
Plummer 1976; Morad 1998), and unable to substitute into the calcite lattice. Although
CII has variable Mn and Fe, no zoning is revealed under CL, putting its genesis entirely
in the deeper, permanently anoxic phreatic zone. The source of Mn may have been
either from dissolved carbonate clasts of the Windsor Group (Boyle et al. 1976) or from
regional groundwater that flowed through Mn-rich Silurian strata further west (e.g.
Smyrna Mills Formation, western New Brunswick; Webb 2008).

156

The blocky sub-poikilotopic CIII cement indicates a meteoric phreatic environment
(Hird and Tucker 1988) and active saturated zone of Longman (1980). As with CII, the
low Fe and Mg in the calcite cement indicate the anoxic zone below the water table,
possibly under the sulfate-reduction zone, and the increase in the crystal size may relate
to slow precipitation. The minimal mechanical compaction suggests that precipitation
occurred at early stages of burial, possibly under the sulfate-reduction zone, during
pyritization that may have consumed most of the Fe in the pore water (Bathurst 1975;
Pitman 1988; Morad et al. 1990).
Authigenic ferroan-dolomite (Fe is max. 3.1 wt%) occurs as pore-filling cement (Fig.
4.9D). Dickson and Coleman (1980) and M'Rabet (1981) indicate that ferroan dolomite
begins to form at or near surface levels and continues to form with depth. In all cases,
ferroan dolomite must form under reducing conditions such that Fe2+ can first
concentrate in solution. Based on petrographic observation (Fig. 4.9C-D), I interpret the
shallow burial CII cement was developed as non-ferroan calcite, which was later
replaced by slightly Fe-rich dolomite.

4.5.2.3 Deep burial alteration (mesodiagenesis): The SEM identification of minor illite
as flake- and booklet-like and/or spiny and fibrous textual habits (Fig. 4.13D) reflects
their diagenetic origin (Morad et al. 2000; El-Ghali et al. 2009). The illitization of
kaolinite is known to occur at high temperatures, greater than 70°C, and develops
extensively at a temperature greater than 130°C with an increasing aK+/aH+ ratio in pore
waters during deep burial mesodiagenesis (Ehrenberg and Nadeau 1989; Morad et al.
2000; El-Khatri 2015). Localized transformation of kaolinite into dickite is also
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encountered (Fig. 4.7D) and such thermal alterations commence at temperatures
between ~80 and ~120°C (Ehrenberg et al. 1993; Morad et al. 1994). The general
paucity of illite and dickite, and absence of other mesodiagenetic alterations,
corresponds with the Ryan and Zentilli (1993) burial history model, which shows that
the Grand Anse Formation was subjected to temperatures lower than ~120°C during
burial to depths of ~4km.

4.5.2.4. Reservoir quality: Prior to diagenesis, the original porosity of sand ranged
between 35.0% and 40.0% (Scherer 1987). However, diagenetic alteration by
mechanical compaction, cementation, and dissolution may have a significant effect on
the reservoir quality of siliciclastic strata (Morad et al. 2000; Bjørlykke 2014). The
lower member shows an abundance of calcite cement, iron oxides/hydroxides, and
blocky silica which all fill primary porosity (Fig. 4.6B-C) and secondary porosity
created by dissolution of carbonate and feldspar grains (Fig. 4.6C), negatively affecting
reservoir quality. The upper member of the Grande Anse Formation also contains
kaolinite, calcite, and silica cement. However, it appears to have been subject to slightly
greater dissolution of feldspar and calcite cement (Fig. 4.5D), forming a secondary
porosity that is preserved due to low cementation (Fig. 4.5B-D, Table 4.2).
Petrographic data show that after mechanical compaction and cementation the
intergranular porosity of the Grande Anse Formation ranges between 0.0 and 22.0%
(average ~6.0%). In this study, the intergranular volume-cements diagram of
Houseknecht (1988), is used to clarify the dominant factor in the porosity reduction of
the Grande Anse Formation sediment. The total intergranular volume (IGV; Fig. 4.16)
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shows that both cementation (extensive calcite, silica, and iron oxides/hydroxides in
lower member, and silica in the upper member) and mechanical compaction (poorly
cemented sandstone in the upper member) contributed to porosity reduction in the
Grande Anse Formation sandstones (Figs 4.5 and 4.6).
The suggested diagenetic pathway for the lower member does not appear to have been
previously reported elsewhere from outcrop studies of braided fluvial and sheetflood
sandstones. The research shows that an early diagenetic sequence, most commonly
associated with arid, evaporitic environments, still may be developed in semi-humid,
highly seasonal, fluvial environments, at least in cases where the deposition is
unconformable across an evacuated and eroding salt wall, a situation providing an
unusually early influence of saline alkaline groundwaters for such an environment.
Continental salt-mini-basin sandstones therefore may be prone to retaining low porosity
due to extensive early cementation that may include chalcedony and pseudomorphous
silica, due to the presence of alkaline/saline water from nearby salt walls.

4.6. Conclusions
The Grande Anse Formation was deposited during Pennsylvanian time in the western
Cumberland Basin as floodplain, braid channel, sheet flood, and debris flow deposits.
Strata in the informal lower member locally contain calcareous sandstone and
conglomerate that includes clasts of Windsor Group limestone, possibly the result of
surface exposure and reworking following salt tectonics and the formation of the
Minudie salt wall. The petrography supports field investigations that the braid channel
and sheet flood sandstones were deposited under sub-humid to humid conditions.
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Petrographic analyses also indicate that the sandstones vary mostly between arkose- to
subarkose and litharenite- to sublitharenite rocks and were affected by three realms/subrealms of diagenesis, of which the first two are of most importance.
The near-surface diagenetic sub-realm includes: (i) dissolution of unstable minerals,
which provide the needed ions (e.g. Fe, Al, and Si) for iron oxides/hydroxides, kaolinite,
and quartz overgrowths under low pH and positive Eh conditions in the upper vadose
zone. Micro-crystalline calcite cement and prismatic quartz then commenced
precipitation either in the capillary fringe immediately above the water table, or
immediately below it. One source of Ca is likely dissolved grains of plagioclase and, in
the lower member, reworked carbonate/evaporite clasts. Also, when the fluvial deposits,
particularly of the lower member, had been buried down at least to the capillary fringe
zone, porewaters would be more alkaline. The groundwater would be dissolving the
underlying or adjacent evaporitic salt wall, so abundant Ca, CO3, and SO4 ions were
likely available that could precipitate gypsum and supplement the supply of ions for
continued carbonate authigenesis. However, events such as the flushing of fresh
meteoric water from surface rivers would have periodically decreased the pH, dissolving
gypsum, while allowing the associated pH change in saturation of Si ions to precipitate
chalcedony and pseudomorphous silica. Authigenic barite is related temporally to the
formation of transient gypsum in the presence of Ba. Pyrite framboids indicate
precipitation when the sediment was buried down to at least the sulfate-reduction zone.
There are few changes associated with the later, mostly stagnant, anoxic water,
eodiagenetic shallow burial sub-realm. Such conditions are favorable for more calcite
cements that show low Fe and high Mn content, followed by ferroan dolomite.
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Similarly, the deep burial mesodiagenetic realm reflects only minor alterations including
dickite and illite alteration of kaolinite at burial depths of less than ~120°C.
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Table 4.1. Summary statistics of petrographic analyses and diagenetic minerals (250
point-count) from 83 samples of braided channel deposits and sheet flood deposits in the
Grande Anse Formation.
Detrital
composition
Mono-Qz
Poly-Qz
K-feldspar
Plagioclase
Igneous-Lv
Sedimentary-Ls
MetamorphicLm
Biotite
Muscovite
Matrix
Chert
Heavy-minerals
Bioclasts
Mud-interclasts

Lithofacies and Lithofacies Association
Braided Channel Deposits (LA2)
Sheet Flood Deposits (LA3)
N=49
N=34
Min
Max
Mean
Min.
Max.
Mean
3.2
63.2
41.5
9.6
58.4
42.7
0
18.4
5.3
0.4
25.6
4.5
0
32.8
10.4
0
30.4
11.1
0
11.6
2.0
0
8.4
2.1
0
2.8
0.8
0
2.4
0.5
0
16
1.0
0
11.6
1.8
0
1.6
0
1.2
0.2
0.1
0
1.6
0.1
0
0.4
0.1
0
1.2
0.1
0
1.6
0.2
0
27.6
2.6
0
10.8
0.7
0
0.8
0.1
0
0.4
0.0
0
1.2
0.1
0
0.4
0.0
0
45.2
3.6
0
28.0
1.1
0
2.0
0.1
0
0.8
0.1

Diagenetic minerals
Pseudo matrix
Clay coating
Quartz
overgrowth
Blocky quartz
Calcite cement
Dolomite
cement
Iron
oxides/hydroxid
es
Pyrite
Kaolinite

0
0

27.6
4.4

2.6
0.2

0
0

10.8
12.4

0.7
0.6

0

5.2

0.3

0

2.0

0.3

0
0

12.4
56.4

0.5
16.0

0
0

1.6
72.0

0.1
17.0

0

1.6

0.1

0

0

0

0

10.4

2.4

0

19.6

4.1

0
0

3.2
23.6

0.5
2.8

0
0

2.8
13.6

0.6
3.1

0

20.8

6.9

0

22.0

7.2

0

9.2

2.2

0

7.6

1.8

Porosity
Intergranular
porosity
Intragranular
Porosity
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Table 4.2. Summary statistics of diagenetic minerals of 83 samples from lower and
upper members of the Grande Anse Formation.

Diagenetic minerals
Pseudo matrix
Clay coating
Quartz overgrowth
Blocky quartz
Calcite cement
Dolomite cement
Iron oxides/hydroxides
Pyrite
Kaolinite

Min
0
0
0
0
0
0
0
0
0

Intergranular porosity
Intragranular Porosity

0
0

Lithofacies and Lithofacies Association
Lower member
Upper member
N=56
N=27
Max
Mean
Min.
Max.
Mean
27.6
2.4
0
36.4
1.7
1.6
0.2
0
1.2
0.1
2.0
0.3
0
0.4
0.1
4.0
0.3
0
0
0
72.0
18.8
0
25.3
9.3
0
0
0
0
0
19.6
3.6
0
2.8
0.4
7.6
1.3
0
4.0
0.8
24.4
3.6
0
15.6
1.4
Porosity
20.8
5.1
0
22.0
6.8
8.8
1.3
0
17.6
7.0
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Figure 4.1 General geological maps (modified from Craggs et al. 2017). (A) Major
Devonian-Carboniferous sedimentary basins of eastern Canada and their relationship to
basement terranes, (B) Cumberland Basin of northern Nova Scotia and SE New
Brunswick, (C) Schematic cross-section based on field observations and available
seismic data along a north-south profile of the Maringouin Peninsula and Joggins
coastline.
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Figure 4.2 Sedimentary logs and sample places for the Grande Anse Formation,
including east and west Maringouin Peninsula locations and Minudie Point location
(locations map is modified from Craggs et al. 2017).
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Figure 4.3 Burial-thermal history curve of the Carboniferous in one of the studied wells
(SA-1), in the western Cumberland Basin (Modified from Ryan and Zentilli 1993).
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Figure 4.4 Modal composition of 87 samples from braided channel deposits and sheet
flood deposits of the Grande Anse Formation plotted on Folk’s (1980) sandstone
classification. Q (monocrystalline and polycrystalline quartz; F (feldspar); RF (rock
fragments).
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Figure 4.5 Photomicrographs (all XPL, all east Maringouin section samples) showing
detrital mineralogy and porosity: (A) Sub-angular to sub-rounded, moderately sorted,
fine- to coarse grained sandstone shows undulose quartz (red arrow), non undulose
quartz (blue arrows), which shows early quartz overgrowth (SI) before mechanical
compaction; and intergranular porosity (green arrow; sample, S1-31). (B) Sub-angular to
sub-rounded, moderately sorted, fine- to medium grained sandstone shows intragranular
microporosity from partial dissolution of feldspar (blue arrow), smooth boundaries pores
(red arrows), and rough boundaries pores (yellow arrow), and a syntaxial quartz
overgrowth (green arrow; XPL image; sample, S2-29). (C) Sub-angular to rounded,
moderately sorted, fine- to medium grained, sandstone shows dissolved carbonate clast
(blue arrow) and intergranular porosity (red arrow); quartz overgrowth has contact
points with other grains (green arrow), indicating its early formation before mechanical
compaction (sample, S2-29). (D) Sub-angular to sub-rounded, moderately sorted, fineto medium grained sandstone shows sedimentary fragment (blue arrow), dissolution of
calcite cement (CIII, red arrow), igneous fragment (yellow arrow), and intergranular
porosity (green arrow; sample, S2-18).
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Figure 4.6 Photomicrographs showing differing compaction and iron oxides/hydroxides:
(A) Sub-angular to sub-rounded, poorly sorted, fine- to medium grained sandstone that
lacks extensive overgrowths and interstitial cements and thus shows closer grain
packing and bended mica (red arrows), indicating mechanical compaction; igneous
fragment (blue arrow) and metamorphic fragment (green arrow; XPL image; west
Maringouin section sample, S1-31). (B) Sub-angular to sub-rounded, poorly sorted, fineto coarse grained sandstone shows iron oxides/hydroxides (RII) precipitated and filled
fracture of quartz grains (red arrows); iron rims (RI; green arrows) are enclosed by, and
thus pre-date, calcite III and inhibit quartz overgrowths (XPL image; west Maringouin
section sample, S1-3). (C) Sub-angular to sub-rounded, poorly sorted, fine- to medium
sandstone shows pore-filling iron oxides/hydroxides (RI, red arrows), probably
magnetite and hematite, which prevent quartz overgrowths (PPL image; east
Maringouin section sample, S2-14). (D) Iron oxides/hydroxides fill intragranular pores
of dissolving carbonate and feldspar grains (red arrows), and blocky silica (SIV; green
arrow; XPL image; west Maringouin section sample, S1-31).
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Figure 4.7 Optical photomicrographs and backscattered electron microscope images
(BSE) showing clay phases: (A), Sub-angular to sub-rounded, moderately sorted, fineto medium grained sandstone shows kaolinized mica (red arrow; XPL image; west
Maringouin section sample, S2-15). (B) Partly kaolinized feldspar (white arrow), porefilling kaolinite (blue arrow) enclosed by and thus pre-dating silica cement (red arrow);
short vermicular kaolinite (green arrow; BSE image, east Maringouin section sample,
S2-14). (C) Sub-angular to sub-rounded, poorly sorted, fine- to coarse grained sandstone
shows kaolinite (red arrows) enclosed by and thus pre-dating calcite III, which is filling
adjacent pore space (green arrow; XPL image; west Maringouin section sample, S1-33).
(D) Vermicular kaolinite (blue arrow) enclosed by and thus pre-dating silica cement (red
arrow), and thick crystals of dickite formed by conversion of kaolinite (green arrow;
BSE image, east Maringouin section sample, S2-14.)
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Figure 4.8 Thin section, SEM-CL and CL-microscope photos showing carbonate phases:
(A) Sub-angular to sub-rounded, poorly sorted calcareous, fine- to medium grained
sandstone shows micro-crystalline calcite I (CI; lower red arrows) enclosing detrital
carbonate grains (blue arrow) and replaces feldspar (upper red arrow). Pore filling CII
(green arrows) encloses, and thus post dates, CI (XPL image; east Maringouin section
sample, S2-8). (B) Sub-angular to sub-rounded, poorly sorted, fine grained calcareous
sandstone shows calcite II (red arrows) enclosing a hexagonal prism of authigenic quartz
(green arrow) and grain rimming calcite (CI; XPL image; east Maringouin section
sample, S2-1). (C) Sub-angular to sub-rounded, poorly sorted, fine- to medium grained
calcareous sandstone shows calcite zonation (CI and CII; CL-Microscopy image; east
Maringouin section sample, S2-12). (D) Calcareous sandstone shows calcite zonation
(CI and CII; CL-SEM; east Maringouin section sample, S2-12).

181

Figure 4.9 Photomicrographs and SEM photos showing carbonate phases: (A) Subangular to sub-rounded, poorly sorted, fine- to medium grained calcareous sandstone
shows sub-poikilotopic blocky calcite cement (CIII, green arrows) encloses iron
oxides/hydroxides (red arrows; XPL image; west Maringouin section sample, S1-8).
(B). Sub-angular to sub-rounded, poorly sorted, fine- to medium grained sandstone
shows poikilotopic and sub-poikilotopic blocky calcite cement (CIII, green arrows)
coating quartz grains with the absence of iron oxides/hydroxides staining. (XPL image;
east Maringouin section sample, S2-11). (C) Matrix-supported calcareous conglomerate
shows acicular ferroan dolomite (red arrows; XPL image; east Maringouin section
sample, S2-2). (D) Approx. same field of view as C, but viewed under the SEM and
showing replaced calcite II (green arrow).
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Figure 4.10. Photomicrographs and SEM photos showing silica phases: (A) Sub-angular
to sub-rounded, poorly sorted, fine- to medium grained sandstone shows complete
multizoned syntaxial quartz overgrowth (SI) enclosing quartz grain (red arrow) and
partial overgrowths (green arrow; XPL image; east Maringouin section sample, S2-5).
(B) Sub-angular to sub-rounded, poorly sorted, fine grained calcareous sandstone shows
zoned hexagonal prism of authigenic quartz (SII; red arrows) enclosed by calcite II
(green arrows; XPL image; east Maringouin section sample, S2-1). (C) Sub-angular to
sub-rounded, poorly sorted, fine grained calcareous sandstone shows hexagonal prisms
of authigenic quartz (SII; red arrow) enclosed by calcite II (SEM-BSE image; east
Maringouin section sample, S2-1). (D) Matrix-supported calcareous conglomerate
shows elongate prisms with sectional views of pyramidal terminations (dog-tooth; SII;
red arrows; XPL image; east Maringouin section sample, S2-2).
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Figure 4.11. Photomicrographs showing SII and chalcedonic (SIII) phases: (A) Euhedral
hexagonal prisms of quartz show multiple zonation (SII; green arrow) separated by dust
(carbonate?) rims (red arrow; XPL image; reproduced from Vangel, 2015). (B) Subangular to sub-rounded, poorly sorted, fine grained calcareous sandstone shows
multizoned SII silica, which formed with axes such as length-slow fiber growth
chalcedony (SIII) that may indicate its development into blocky multi zones silica (XPL
image; east Maringouin section sample, S2-1). (C) Matrix-supported calcareous
conglomerate shows macrocrystalline quartz, which has crudely radial or fan-like
undulosity that shows the hollow core. (D) Fine- to medium grained, sub-angular to subrounded, poorly sorted calcareous sandstone shows length-slow quartzine chalcedony
(SIII; red arrows), which probably replaced evaporites (XPL image; east Maringouin
section sample, S2-12).
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Figure 4.12. Photomicrographs (XPL and PPL) photos showing SIII and SIV phases:
(A) Fine- to medium grained, sub-angular to sub-rounded, poorly sorted calcareous
sandstone shows length-slow fibre growth chalcedony (orientation of the c-axes
perpendicular to the direction of fibre elongation), which fills intergranular pore (red
arrow; PPL image; east Maringouin section sample, S2-12). (B) Chalcedony in XPL,
Photo (A). (C) Chalcedony in Photo (A) with gypsum plate inserted, showing a positive
retardation in the NE and SW quadrants (blue colour) indicating typical extinction of
length-slow chalcedony. (D) Fine- to medium grained, sub-angular to sub-rounded,
poorly sorted calcareous sandstone shows pseudomorph silica (red arrow) after a
gypsum mineral (crystal angle 67°, red circle), and the adjacent iron oxides/hydroxides
rims suggesting the gypsum precipitated earlier than the iron oxides/hydroxides in
shallow burial (XPL image; east Maringouin section sample, S2-12).
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Figure 4.13 Optical photomicrographs and SEM images: (A XPL and B optical reflected
light) Fine- to medium grained, sub-angular to sub-rounded, poorly sorted calcareous
sandstone shows Pyrite enclosed by and thus pre-dating calcite which is filling adjacent
pore space (red circle; east Maringouin section sample, S2-12). (C) Fine- to medium
grained, sub-angular to sub-rounded, poorly sorted calcareous sandstone shows barite
fills pores and replaces feldspar (red arrow, optical reflected light image; east
Maringouin section sample, S2-12). (D) Illitized kaolinite (green arrow) enclosed by,
and thus pre-dates, quartz overgrowth (SI; BSE image; east Maringouin section sample,
S2-14)
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Figure 4.14 Bivariate log/log plot of Qp/(F+L) against the ratio of Qt/(F+L), (where
Qp= polycrystalline quartz, Qt=sum of mono and polycrystalline quartz, F=feldspar,
L=lithics; according to Suttner and Dutta 1986).
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Figure 4.15 Simplified diagenetic sequence of the main diagenetic alterations in the
sandstone and conglomerate lithofacies of the Grande Anse Formation.
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Figure 4.16 Plot of total intergranular volume (IGV) versus volume of cement
(Houseknecht 1988; modified by Ehrenberg 1990) revealing that compaction was more
important than cementation in destroying original porosity of the braided channel and
sheet flood sandstones and conglomerates of the Grande Anse Formation.
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Chapter Five: Summary and Recommendations

The Cumberland Basin is one of several sedimentary basins comprising the late
Paleozoic Maritimes Basin complex of eastern Canada (e.g. Williams 1974).
Pennsylvanian salt tectonics in the Cumberland Basin caused two salt mini-basins to
evolve either side of a salt wall that forms the Minudie Anticline. South of the salt wall
(Athol Syncline), along the Joggins UNESCO World Heritage shoreline, a ~ 3000 m
succession of strata (Little River, Joggins, Springhill Mines, and Ragged Reef
formations) overlies the Boss Point Formation. North of the wall, the ~ 600 m-thick
succession of Grande Anse Formation lies in angular unconformity on folded and
faulted Boss Point and basal Little River formations (e.g. Craggs et al. 2017). This thesis
is centred on a detailed examination of the mostly unstudied sedimentology of the
Grande Anse Formation, and its relationship to the biostratigraphically equivalent strata
at the UNESCO site.
The research includes three main investigations: (i) chapter two, a sedimentological
investigation of the Grande Anse Formation and a comparison with the previously
published sedimentology from south of the anticline, which results in the development
of two feasible models which are discussed in this chapter; (ii) chapter three,
geochemical studies to provide a high resolution chemostratigraphic correlation of the
red-bed Grande Anse Formation and the strata of the Cumberland Group above the Boss
Point Formation in the Joggins succession south of the Anticline; studies that can
confirm one of the suggested models presented in chapter two; and iii) chapter four,
petrographic research to constrain the conditions of precipitation of authigenic cements
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and, in particular, understand the impact of salt-influenced pore waters and resultant
diagenetic phases influencing reservoir quality, particularly during shallow burial.

5.1. Depositional model
In chapter two of this dissertation, a detailed sedimentological study of the Grande
Anse Formation was compared with studied Cumberland Group strata in the Athol
Syncline to develop an advanced stratigraphic model.

5.1.1. Sedimentology of the Grande Anse Formation
The Bashkirian Grande Anse Formation is a ~ 600 m thick succession (in the
measured reference section) of red and grey conglomerate, coarse to fine grained
sandstone/pebbly sandstone, and mudstone. Thirteen lithofacies are identified and
grouped into four main lithofacies associations (LAs), which are floodplain (LA1),
braided channel (LA2), sheet flood (LA3), and debris flow deposits (LA4).
The first lithofacies association (LA1) occurs in units from 1 to ~20 m in thickness and
comprises red/grey fine-grained lithofacies, which are massive mudstone (Fm; up to 10
m thick) laminated silty sandstone and mudstone (Fl; from 0.5 to 2 m thick), and rooted
mudstone (Frs; from 0.5 to 5 m thick). This lithofacies association represents deposition
of suspended sediment under a very low flow regime that likely occurred in low lying
overbank or distal sheet flood locations: a floodplain (e.g. Hampton and Horton 2007). It
is similar to the finer grained components of “Facies Association B2” identified south of
the Minudie Anticline by Allen et al. (2013).
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LA2 units have variable thickness ranging from 1 to 3 m and are dominated by coarse
grained lithofacies, which are: matrix-supported, trough cross-bedded conglomerate
(Gcm; ~ 0.3 to 1 m thick), clast-supported massive conglomerate lithofacies (Gtm; 0.5
to 3 m), cross-bedded sandstone lithofacies (St and Sp; 0.6 to 3 m thick), horizontal
bedded sandstone (Shc; 0.3 to 1 m thick). This association indicates bedload transport
processes forming scour fills, and trough/planar cross-bedded sandstone representing the
downstream migration of dunes (e.g. Miall 2006). The absence of inclined heterolithic
strata representing lateral accretion features, rare presence of low-angle cross-bedding
lithofacies, and abundance of planar laminations, support a perennial braided fluvial
channel deposit (e.g. Brierley 1996), most closely resembling “Facies Association A1”
identified south of the Minudie Anticline by Allen et al. (2013).
LA3 units range from 1 to 3 m in thickness and includes horizontally stratified (Sh),
low-angle cross-bedded (Sl), trough cross-bedded (St), ripple cross-laminated (Sr), and
massive sandstone (Sm; 0.4 to 1 m thick). This lithofacies association has sharp contacts
with lithofacies association LA1, indicating short-duration unconfined flows
characteristic of sheet floods (e.g. Gretter et al. 2015). However, due to the lack of
lateral continuity of surfaces that result from the tectonic dip of the successions,
downcutting may not have been recognized, and interpretation of minor (crevasse-?)
channel deposits cannot be completely ruled out. This association corresponds to the
coarser grained, overbank component of both Facies Associations B1 and B2 identified
south of the Minudie Anticline by Allen et al. (2013).
LA4 is uncommon and only observed in the east side of Maringouin Peninsula. It
comprises matrix-supported massive gravel (lithofacies Gmm; 0.5 m thick) and is
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interpreted as a product of deposition by debris flows. This association does not
correspond to any lithofacies south of the Minudie Anticline.
The low variability in paleoflow directions in the logged sections supports the above
interpretation of a braided river system crossing floodplain and sheet flood deposits. The
mostly ENE flow directions may indicate a source in the Caledonia Highlands to the
west of the study area, and also possibly reworking from the uplifted (Minudie) salt
wall, south of the study area.
The Grande Anse Formation is divided into two informal members (lower member
and upper member). The lower member is characterized by red sandstone and mudstone
with pebbly sandstone and conglomeratic beds that often are highly cemented by
carbonates; coarse-grained deposits make up ~60% of the total section. The upper
member is poorly exposed (up to ~50% covered by Quaternary sediments) and
characterized by less well-cemented red/grey pebbly sandstone, grey sandstone, and
red/grey mudstone. In both members, the sandstone-dominated lithofacies associations,
LA2 (braided fluvial channel) and LA3 (sheetflood), are dominant to co-dominant with
respect to the finer grained units.

5.1.2. Comparative lithostratigraphy
South of the Minudie Anticline, the Little River Formation consists of red, crossbedded sandstone indicating mostly WSW paleoflow. The overlying Joggins Formation
contains red and grey mudstone units with abundant in situ trees, corresponding to
poorly and well-drained floodplain environments (e.g. Allen et al. 2013). Interbedded
are thin coals and black limestones, the latter with fossil faunas indicating restricted

193

marine conditions (Davies et al. 2005). The Formation also contains high-flow regime,
convex-upward bedforms in the sandstones and cross bedding indicates ESE paleoflow
(e.g. Allen et al. 2013). The overlying Springhill Mines Formation also shows numerous
thin coal seams in a mudstone-dominated succession (e.g. Rygel et al. 2014), but a more
SE paleoflow direction is inferred from cross-strata in sandstones (e.g. Allen et al.
2013). In comparison to these units, the Grande Anse Formation contains cross beds
with ENE to ESE paleoflow directions, and only shows high-flow-regime structures in
the form of planar bedding of the coarse-grained sandstone units; there is an absence of
convex-upward bedforms. Also absent from the Grande Anse Formation are coals and
black limestones that would indicate episodic marine transgressions. On the other hand,
the Ragged Reef Formation shows similarities to the Grande Anse Formation: grey and
red coarse-grained sandstones, pebble to cobble conglomerates with absence of convexupward bedforms and cross beds with ESE paleoflow directions (e.g. Allen et al. 2013).
The lithofacies and paleoflow data of the Grande Anse Formation and coeval strata at
the Joggins UNESCO World Heritage Site suggest two possible depositional models.
The first option is a development of comments in Craggs et al. (2017), whereby Grande
Anse Formation deposition was concurrent with deposition of the Joggins, Springhill
Mines, and Ragged Reef formations, but in a separate mini-basin. In this isolated basin,
low subsidence rates would combine with the low sedimentation rate to produce the
~600-m-thick sand- and mud-prone succession of the Grande Anse Formation. Sediment
supply may have been sourced mainly from the eroding “high” of the salt wall and may
have produced a late halokinetic sequence in angular unconformity on the older folded
beds. The second option is that the Grande Anse Formation is laterally equivalent only
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with the Ragged Reef Formation, since both show similar lithostratigraphy and
paleoflow directions. The Grande Anse and Ragged Reef formations would then show a
wedge halokinetic sequence that has broad and gentle drape-fold geometries over a
distance of 300–1000 m from the diapir (e.g. Giles and Rowan 2012). The occurrence of
a wedge halokinetic sequence without any significant changes in paleoflow directions at
the base of the Grande Anse and Ragged Reef formations may indicate a second minor
stage of halokinesis that occurred after deposition.

5.2. Chemostratigraphy
Chapter three uses chemostratigraphic methods to provide a high-resolution
correlation of the red-bed strata, north of the Minudie Anticline, with the relevant unit(s)
to the south in order to identify the most appropriate of the two depositional models
hypothesized in Chapter 2.
Material from 40 samples (eight randomly chosen from each of the Little River,
Joggins, Springhill Mines, Ragged Reef, and Grande Anse formations) were analyzed
using ICP-MS. In summary, for all major elements except K2O, there are statistically
significant differences between samples (p-value ˂ 0.05). Subsequent post-hoc tests on
the non-K2O datasets show that there is no significant difference between the means in
any of the other analyzed elements for the Grande Anse and Ragged Reef formations,
but significant differences in the means of several elements between all other
formations. For example, SiO2, Al2O3, Na2O, and TiO2 show significant difference for
the Joggins and Springhill Mines formations when compared to both the Grande Anse
and Ragged Reef formations (p < 0.05), and no significant differences between the
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Grande Anse and Ragged Reef formations. Accordingly, the Grande Anse and Ragged
Reef can be considered geochemically identical.
Sandstones of the Little River, Joggins, and Springhill Mines formations plot as
litharenites in lithology and as intermediate igneous and quartzitic in provenance. In
contrast, the sandstones of the Ragged Reef and Grande Anse formations plot as
subarkoses and sublitharenites in lithology and quartzitic in provenance. The Grande
Anse Formation does contain calcareous sandstones that show CaO and LOI outliers
that may indicate reworking of the uplifted Windsor Group carbonates.
The SiO2/Al2O3 ratios increase upsection through the Little River, Joggins, and
Springhill Mines formations, and are therefore indicative of an increase in sedimentary
maturation from base to top. The Grande Anse and Ragged Reef formations show the
highest ratios, which indicate greatest mineralogical maturity. Similar trends are
apparent for the Chemical Index of Alteration, Chemical Index of Weathering, and
Plagioclase Index of Alteration. These indices indicate that the Little River, Joggins, and
Springhill Mines formations have undergone relatively low to moderate degrees of
chemical weathering. Over time, weathering became quite intense, likely converting
more plagioclase into clay minerals in the Grande Anse and Ragged Reef formations. In
terms of interpreted paleoclimate, the Little River, Joggins, and Springhill Mines
formations indicate semi-arid to semi-humid conditions, the Ragged Reef and Grande
Anse formations suggest ever more humid conditions with increased chemical
weathering.
If the Grande Anse Formation accumulated in a separate, but closely adjacent minibasin, as outlined in the first model, the general climate controls and weathering degrees
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would be expected to be similar to the co-eval Little River, Joggins, and Springhill
Mines formations in the Athol Syncline. This is not the case: there are numerous
statistically significant differences in composition.
Comparison of the geochemical results strongly favours the second model where the
Grande Anse Formation is laterally equivalent only with the Ragged Reef Formation.
The two units either (i) accumulated contemporaneously over a disconformity – angular
unconformity, or (ii) deposition of the Ragged Reef Formation in the Athol Syncline
may have gradually onlapped across the Minudie Anticline and then continued further
north as the Grande Anse Formation. This implies a geological history comprising a
major episode of diapirism and accompanying rapid sedimentation of more than 2000 m
of sediment in the Athol Syncline (Little River, Joggins, and Springhill Mines
formations), peneplanation of any topographic high associated with the salt wall, and
subsequent accumulation of more than 500 m of additional sediment, all within a
timespan of only ~ 2 Myr.
In accepting the second option, the two formations may be considered as one unit.
Following the North American Stratigraphic Code (North American Commission on
Stratigraphic Nomenclature 2005), the Grande Anse Formation, being described first in
both New Brunswick and Nova Scotia by Norman (1941), would have priority over its
junior synonym, the Ragged Reef Formation of Ryan et al. (1991).

5.3. Diagenesis
The chemostratigraphic data indicate that the Grande Anse Formation was subject to
considerable geochemical weathering and alteration of its mineralogy. Chapter 4
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investigates the fluvial sandstones and conglomerates of the Grande Anse Formation
and assesses the influence of detrital composition, provenance, climatic conditions, and
pore-water chemistry during the subsequent progressive burial of the sediment, on
patterns of diagenetic alterations, and their subsequent impact on changes in reservoir
quality. Polarized optical microscopy and Scanning Electronic Microscopy (SEM), both
employing cathodoluminescence (CL), reveal that the Grande Anse Formation
sandstones and conglomerates of LA2 (braided fluvial channel) and LA3 (sheetflood),
have undergone various diagenetic stages during mostly shallow, but also deep burial.
5.3.1. Diagenetic succession
Diagenetic alterations in the Grande Anse Formation are divided into a near-surface
eodiagenesis sub-realm, a shallow burial eodiagenesis sub-realm, and a deep burial
alteration (mesodiagenesis) realm.

5.3.1.1. Near surface eodiagenesis: This includes numerous components. (i) Dissolution
of feldspar grains, micas, and carbonate clasts indicates slightly acid pH that developed
by diffusion of CO2 into rain and surface water (e.g. Dutton 1990). Dissolution also
provided the needed Fe, Si, and Ca ions for subsequent precipitation of iron
oxides/hydroxides, silica and carbonate cements. (ii) Iron oxides/hydroxides cement
coats detrital minerals (RI) and fills small pores (RII), including secondary porosity
from dissolved carbonate clasts. Iron oxides/hydroxides are sourced from meteoric
flushing, dissolution, and oxidation of Fe-containing carbonate, pyrite and unstable
silicate minerals such as amphiboles, biotite and chlorite (e.g. Van Houten 1973). (iii)
Kaolinite is indicated by platy grains with flared edges (KI) and pseudo-hexagonal
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plates in small stacks and vermicular or fanfold booklets that fill intergranular pores
(KII). The kaolinite formation indicates shallow burial diagenesis, and it is controlled by
the amount of unstable detrital silicates, including detrital feldspar, micas, and mudstone
clasts, in the presence of acidic waters (e.g. Ketzer et al. 2003). (iv) Authigenic silica, as
quartz overgrowths (SI), that, in thin section, completely surround grains and indicate
very early diagenesis, pre-sediment consolidation. Lack of pressure solution features
indicate that the source of silica is via the leaching and kaolinization of feldspar grains,
particularly in early diagenesis stage (e.g. Wrona 2015). (v) The calcite I phase (CI) is of
equant micro-crystalline, low Fe, Mg, and Mn calcite. It occurs as grain coatings and
partially replaces plagioclase and K-feldspar grains. The micro-crystalline texture and
lack of substitution of Ca by Fe and Mn indicates early precipitation of calcite cement in
the lower vadose zone under oxic conditions (e.g. Tucker 1988). (vi) Macrocrystalline
prismatic and spherulitic quartz (SII, e.g. Fig 4.10) are scattered amongst a few samples
of the lower member. Macrocrystalline prismatic quartz crystals (SII) are attributed to
slow crystallization of silica, as a void-fill (e.g. Watts 1980) either in the capillary fringe
lower vadose zone (e.g. English 2001) or below the water table, in the phreatic zone.
(vii) Chalcedony (SIII) is precipitated as length-slow fibre growth, which indicates rapid
precipitation of silica at high pH or in the presence of sulfate (e.g. Folk and Pittman
1971). (viii) Pseudomorphic silica (SIV) is precipitated as a sharply defined rhombic
area of silica, probably pseudomorphous after gypsum that had been coated by iron
oxides/hydroxides (RI). This indicates precipitation of (now dissolved) gypsum under
oxic conditions. The high pH, sulfate, and carbonate was likely the result of the
groundwater dissolving the underlying and adjacent evaporitic salt wall. However,
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periodic flushing of fresh meteoric water from overlying fluvial channels, occasionally
decreased the pH, dissolving gypsum, while allowing Si ions to precipitate chalcedony
and pseudomorphous silica. (ix) The microbial degradation of organic material in an
evaporite deposit may lead to silica replacement and precipitation of barite (x)
Framboidal pyrite, which is strongly associated with the activity of sulfate-reducing
bacteria in the shallow phreatic zone where waters have become anoxic (e.g. Mozer
2010).

5.3.1.2. Shallow burial eodiagenesis: This includes the following phases. (i) Equant,
blocky calcite cement (CII; low Fe and high Mn content) is often thought to start
precipitation in capillary fringe zones under oxic to suboxic conditions (e.g. Saller
1984). However, in this study, a slightly deeper genesis is proposed for CII in the
meteoric phreatic or burial phreatic environment. This is because CII contains Mn, in its
reduced state, substituting for Ca, and the phase also encloses sulfate and sulfide
minerals suggesting precipitation started below the sulfate-reducing zone. (ii) The
blocky sub-poikilotopic cement (CIII; low Fe and slightly high Mn content) indicates a
meteoric phreatic environment and active saturated zone of Longman (1980). The
minimal mechanical compaction in samples with these cements suggests that
precipitation began at the early stages of burial, possibly under the sulfate-reduction
zone, and after pyritization that may have consumed most of the Fe in the pore water
(e.g. Morad et al. 1990). (iii) Authigenic ferroan-dolomite (Fe is max. 3.1 wt%) occurs
as pore-filling cement (Fig. 4.9D). Ferroan dolomite similarly must form under reducing
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conditions such that Fe2+ can first concentrate in solution. Likely, the shallow burial CII
cement was later replaced by slightly Fe-rich dolomite.

5.3.1.3. Deep burial alteration (mesodiagenesis): During this stage, most diagenetic
alterations had already occurred, and only minor further alterations are apparent.
Compaction occurred in sandstones where cements were lacking. Minor illite is present
as flake- and booklet-like and/or fibrousforms.

5.3.2. Reservoir quality
Cementation and, in some upper member sandstones, mechanical compaction are the
dominant factors contributing to porosity reduction in most Grande Anse Formation
sandstones. The lower member shows an abundance of calcite cement and iron
oxides/hydroxides, which fill both primary porosity and secondary porosity created by
dissolution of feldspar and carbonate grains, and which has reduced porosity. The upper
member of the Grande Anse Formation is subjected to high dissolution of feldspar and
calcite cement, forming a secondary porosity that is preserved due to low cementation.

5.4. Recommendations for further study:
Chapter 2 and 3 of this thesis have suggested the possible identification of a
disconformity at the Springhill Mines – Ragged Reef boundary, as first questioned by
Ryan et al. (1991). A further detailed sedimentological and petrographic investigation of
this locality may provide more evidence regarding the nature and importance of this
contact.
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Chapters 3 and 4 of this thesis have improved the understanding of the Cumberland
Basin, the Joggins UNESCO site, the evolution of halokinetically-influenced
sedimentary basins, and particularly the post-salt-movement Grande Anse and Ragged
Reef formations. Petrographic studies of the other units above the Boss Point Formation
units are recommended to further understand any effects of syn-halokinesis diagenetic
controls on porosity and permeability in these units. Geochemical and petrographic
studies could also be extended to investigate the diagenesis of the floodplain (LA1)
deposits and pedogenesis in the Grande Anse and other formations. More broadly,
stratigraphic, petrographic, and chemostratigraphic correlation between mini-basins in
eastern and western Cumberland Basin is recommended for a more regional
understanding of depositional environments, provenance, and paleoclimate. This may be
helpful to understand how salt tectonics resulted in different sedimentologic and
chemostratigraphic patterns.
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Appendix I

Figure A1.1. Sample location map of typical section of the Grande Anse Formation,
west side of Maringouin Peninsula, New Brunswick.
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Figure A1.2. Sample location map of reference section of the Grande Anse Formation,
east side of Maringouin Peninsula, New Brunswick.
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Figure A1.3. Sample location map of the third section of the Grande Anse Formation,
Minudie Point, Nova Scotia.
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Figure A1.4. Sample location map of Joggins section, including the Little River,
Joggins, Springhill Mines, and Ragged Reef formations, Nova Scotia.
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Appendix II
Table A2. 1. Major element whole-rock compositions (Micro-XRF data) of the sandstones in the
Cumberland Group.
Formation
Grande Anse FM
Grande Anse FM
Grande Anse FM
Grande Anse FM
Grande Anse FM
Ragged Reef FM
Ragged Reef FM
Ragged Reef FM
Ragged Reef FM
Ragged Reef FM
Springhill Mines FM
Springhill Mines FM
Springhill Mines FM
Springhill Mines FM
Springhill Mines FM
Joggins FM
Joggins FM
Joggins FM
Joggins FM
Little River FM
Little River FM
Little River FM
Little River FM
Boss Point FM
Boss Point FM
Boss Point FM
Boss Point FM
Boss Point FM

Sample No

L2-3
L2-4
L1-25
L2-30
L2-21
R-11
R-6
R-10
R-3
R-8
S-3
S-5
S-11
S-13
S-10
J-3
J-11
J-1
J-4
L-2
L-3
L-5
L-10
O-11
O-18
O-7
O-6
O-1

Code Al2O3

6
11
14
28
36
1
8
13
20
21
16
19
29
32
35
9
10
12
23
2
5
18
22
3
4
7
15
17

2.88
6.59
3.03
5.28
6.71
4.37
4.33
4.34
2.72
4.90
7.85
6.90
7.77
6.71
7.67
6.80
5.88
7.45
7.21
9.22
9.91
7.26
7.18
6.01
6.08
6.70
6.08
6.66

SiO2

K2O

CaO

78.09
87.64
81.85
68.11
89.13
91.46
91.76
90.56
84.99
89.24
83.13
89.03
80.50
86.46
85.43
78.67
73.91
83.45
83.21
63.14
79.88
81.93
83.26
87.84
88.16
84.77
87.96
87.30

0.75
1.94
1.01
1.36
1.84
1.34
0.96
1.64
0.58
2.43
1.14
0.82
1.28
1.73
1.25
0.84
0.83
0.63
0.99
1.43
1.83
1.12
1.84
1.50
1.46
1.59
1.44
1.24

12.38
0.16
11.73
19.92
0.06
0.18
0.08
0.24
6.50
0.19
1.38
0.10
6.15
0.09
0.75
9.78
15.82
3.81
4.27
17.89
1.63
2.55
0.58
0.34
0.13
1.83
0.13
0.15
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MnO Fe2O3 TiO2

MgO

P2O5

Na2O

SO3

0.62
0.15
0.65
1.08
0.02
0.03
0.03
0.02
0.82
0.03
0.11
0.02
0.27
0.02
0.21
0.21
0.31
0.15
0.20
1.09
0.15
0.21
0.06
0.13
0.04
0.10
0.09
0.17

3.44
0.50
0.11
0.48
0.22
0.08
0.13
0.15
1.34
0.15
0.39
0.20
0.40
0.29
0.27
0.55
0.25
0.27
0.53
1.04
0.00
0.48
0.67
0.29
0.29
0.36
0.32
0.32

0.00
0.00
0.10
0.00
0.00
0.00
0.07
0.00
0.00
0.00
0.00
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.10
0.08
0.00
0.00
0.09
0.03
0.00
0.03

0.00
0.52
0.07
0.22
0.09
0.83
0.62
0.79
0.41
0.49
2.98
1.00
0.92
2.02
1.75
0.99
0.81
1.71
1.24
1.42
2.55
1.36
1.20
0.80
0.84
1.46
0.88
1.08

0.03
0.00
0.00
0.06
0.00
0.42
0.01
0.95
0.02
0.59
0.00
0.04
0.05
0.05
0.01
0.00
0.00
0.24
0.00
0.10
0.00
0.03
0.86
0.00
0.00
0.00
0.00
0.04

1.67
2.05
1.19
2.99
1.37
1.03
1.65
1.01
2.37
1.66
2.49
1.48
1.94
2.27
2.26
1.66
1.75
1.66
1.75
3.93
3.96
3.95
3.07
2.50
2.47
2.81
2.65
2.48

0.14
0.45
0.26
0.49
0.56
0.26
0.36
0.30
0.25
0.32
0.53
0.38
0.71
0.36
0.39
0.50
0.43
0.63
0.60
0.74
0.00
1.03
1.28
0.59
0.44
0.35
0.45
0.53

Table A2. 2. Major element and weathering indices (ICP-MS data) of the post Boss Point
Formation strata, Cumberland Group.
Element
SiO2
Al2O3
Fe2O3
MnO
MgO
CaO
Na2O
K2O
TiO2
P2O5
LOI
Total
CaO*
SiO2/Al2O3
Na2O/K2O
Fe2O/K2O
K2O/Al2O3
Al2O3/TiO2
CIA
CIW
PIA

Little River Fm
Min
Max
Mean
58.75 84.09 78.03
7.02
9.35
7.85
2.48
4.57
3.55
0.05
0.81
0.24
0.59
1.09
0.76
0.10
11.65 2.37
0.97
1.38
1.16
0.92
1.65
1.17
0.44
0.96
0.70
0.04
0.09
0.07
2.33
12.04 4.11
100
100
100
0.0003 0.0180 0.0118
6.78
11.97 10.07
0.59
1.49
1.02
2.22
4.25
3.09
0.13
0.23
0.15
8.00
16.1
11.9
59.0
68.0
64.3
66.4
76.9
71.8
62.4
72.3
68.1

Joggins Fm
Min
Max
Mean
66.10 81.82 76.06
5.60
8.52
7.17
1.98
3.17
2.54
0.04
0.36
0.18
0.47
0.80
0.64
1.25
12.12 4.97
0.39
1.45
0.87
0.61
1.17
0.92
0.33
0.72
0.58
0.05
0.07
0.06
3.24
11.22 6.01
100
100
100
0.0076 0.0233 0.0139
7.92
11.79 10.72
0.40
2.28
1.01
2.41
4.03
2.82
0.09
0.16
0.13
10.2
25.5
13.3
57.1
72.3
65.8
60.3
82.5
72.7
57.9
79.7
69.7

Springhill Mines Fm
Min
Max
Mean
76.30 85.45 82.29
6.27
8.11
7.29
2.15
3.35
2.64
0.02
0.33
0.12
0.49
0.81
0.60
0.06
5.06
1.28
0.80
1.20
0.98
0.83
1.54
1.07
0.32
0.61
0.47
0.04
0.06
0.05
2.14
5.97
3.19
100
100
100
0.0001 0.0161 0.0097
10.14 13.36 11.34
0.72
1.16
0.94
1.68
3.41
2.53
0.11
0.22
0.15
11.3
22.2
16.1
62.2
75.0
66.0
69.4
82.4
73.8
65.4
80.5
70.3
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Ragged Reef Fm
Min
Max
Mean
87.26 91.12 89.34
4.03
6.06
4.90
1.53
2.31
1.92
0.02
0.05
0.03
0.23
0.55
0.34
0.04
0.10
0.06
0.17
0.57
0.38
0.78
1.98
1.35
0.20
0.53
0.35
0.01
0.04
0.02
0.88
1.71
1.32
100
100
100
0.0004 0.0008 0.0006
14.41 22.61 18.48
0.08
0.60
0.32
1.05
2.62
1.53
0.16
0.38
0.27
10.9
19.9
15.0
66.0
74.0
69.5
79.9
93.6
87.5
74.5
91.1
83.4

Grande Anse Fm
Min
Max
Mean
69.83 93.33 85.17
2.12
6.66
4.02
0.89
3.31
1.82
0.02
0.68
0.21
0.17
3.72
0.81
0.04
8.76
2.61
0.03
0.43
0.16
0.57
1.61
0.93
0.11
0.52
0.30
0.01
0.04
0.02
0.96
12.11 3.93
100
100
100
0.0004 0.0068 0.0022
12.26 32.89 23.18
0.037 0.66
0.19
1.33
3.61
2.05
0.16
0.27
0.23
9.2
20.1
14.5
58.8
77.6
72.8
68.1
97.1
89.6
62.2
96.1
87.2

Figure A2.1. Photos of analyzed samples show grain size.
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y-co-ord

G1-1
G1-2
G1-3
G1-4
G1-6
G1-7
G1-8
G1-10
G1-12
G1-13
G1-14
G1-15
G1-16
L1-18
G1-20
G1-21
G1-23
G1-24
G1-25
G1-26
G1-27
G1-28
G1-29
G1-30
G1-31
G1-32
G1-33
G1-34

Depth

1
2
3
7?
45
49
50
69
94
108
110
115
127
148
163
170?
198
213
229
240
246
248
256
258
261
277
292
297

Lithofacies
Association

LA2
LA2
LA2
LA2
LA2
LA2
LA2
LA3
LA3
LA2
LA2
LA2
LA2
LA2
LA3
LA3
LA3
LA2
LA3
LA3
LA2
LA2
LA3
LA3
LA2
LA2
LA3
LA3

Qtz-mon

133
106
115
130
116
93
114
123
86
89
115
102
119
95
102
91
108
127
106
118
109
85
122
70
106
93
122
97

Qtz-poly

37
12
27
46
12
13
13
15
3
10
43
17
9
33
6
64
3
3
5
10
13
42
6
3
17
3
8
4

Feld-K

8
41
5
5
31
0
4
27
72
19
0
57
9
3
76
26
37
46
5
25
35
0
32
2
5
56
20
6

Feld-Ca

15
29
1
2
13
1
0
12
21
0
0
10
1
3
7
0
1
2
3
4
1
0
3
4
2
5
8
5

Biot

1
2
4
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
1
1
0
0
0
0
1
2
0

Muscv

2
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0

Rock Fragment

7
4
7
2
10
6
8
14
1
8
4
1
6
7
7
17
0
8
8
2
6
40
1
9
6
0
0
0

Heavy Mineral**

3
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Matrix

0
0
0
32
2
6
0
0
0
7
13
0
11
12
0
1
0
1
0
0
27
37
0
28
0
0
0
91

Clay coating:

1
1
1
0
0
0
0
0
0
2
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
4
0
0

silica og

2
4
0
0
3
0
0
0
1
0
0
0
0
0
0
0
0
0
0
5
1
0
0
0
0
0
1
0

Calcite cement

2
4
45
4
4
79
93
0
0
90
59
3
82
92
9
0
14
2
109
36
31
46
19
115
89
10
15
38

Carbonate cement

0
0
0
0
0
13
0
0
6
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Iron oxides

16
19
5
1
12
16
12
13
0
14
7
10
6
3
10
7
33
8
11
28
0
0
0
12
6
0
3
1

Pyrit

0
0
3
5
0
0
0
4
2
1
0
0
0
0
2
6
13
0
0
0
3
0
5
2
0
7
7
1

Kaolin

5
17
4
6
14
0
0
37
26
8
0
29
4
0
20
7
34
37
1
12
23
0
30
0
0
61
39
7

clay interclast

0
1
3
0
0
0
0
0
0
1
1
0
0
0
2
0
0
0
0
0
0
0
1
0
0
0
0
0

Chalcedony

0
0
0
0
0
2
0
0
0
0
0
0
2
1
0
0
0
2
0
0
0
0
0
0
0
1
0
0

Blocky silica

0
0
2
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
3
0
0
0

Bioclast

0
0
0
1
0
18
5
0
0
1
8
0
1
1
1
0
0
0
1
6
0
0
0
5
16
0
0
0

18
9
24
16
33
2
1
4
32
0
0
21
0
0
8
31
7
13
0
3
0
0
31
0
0
9
25
0

Porosity

Table A3. 1. Detrital modes of selected samples (Point counting data) of the Cumberland Group, western Maringouin Peninsula,
New Brunswick

Appendix III

8
6
24
16
33
2
1
4
22
0
0
15
0
0
6
30
5
13
0
3
0
0
27
0
0
9
25
0

intergran

.
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10
3
0
0
0
0
0
0
10
0
0
6
0
0
2
1
2
0
0
0
0
0
1
0
0
0
0
0

intragran
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1
5?
8?
12
26
31
34
36?
37
39
40
44
212
220
235
240
260
263
266
293
295
322
347
363
369

Lithofacies
Association

LA3
LA2
LA3
LA2
LA3
LA3
LA2
LA3
LA3
LA2
LA2
LA2
LA3
LA3
LA3
LA3
LA2
LA2
LA2
LA2
LA2
LA2
LA2
LA2
LA2

24
9
80
92
111
97
8
118
97
103
109
98
103
114
113
129
117
119
119
104
138
112
127
120
128

17
7
9
5
8
13
8
6
1
8
6
27
6
9
13
6
10
4

5
0
9
14
15
8

3
0
17
56
3
27
3
34
64
82
64
43
51
21
18
30
40
28
20
21
34
18
13
29
19
7
0
3
9
14
5
5
6
9
4
9
8
4
3
1
3
2
8

0
0
11
8
3
6

0
0
0
0
0
0
0
0
2
0
0
0
0
0
1
0
0
0
0
0
0
0
0
1
0

0
0
0
0
0
0
0
0
3
0
0
1
0
0
0
0
0
0
0
0
0
1
0
0
2

Rock
Fragment

0
0
33
5
4
32
0
2
3
5
1
2
11
10
3
3
0
1
4
1
1
2
2
6
4

9
69
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
11
8
0

0
0
0
0
0
4
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
1
0
0
1
4
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0

0
10
0
0
0
0
8
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
3
1
1
0
0

Carbonate
cement

180
47
70
5
85
7
81
2
1
0
17
8
7
41
59
24
33
45
39
64
24
48
46
36
42

22
0
5
3
6
1
16
7
0
2
0
1
0
1
3
7
3
2
0
0
0
1
3
1
0

3
0
4
3
6
1
11
5
1
8
1
4
4
0
4
6
2
8
0
0
1
10
0
2
1

0
0
7
3
0
17
0
7
7
5
6
1
9
0
2
3
5
1
0
0
5
1
0
0
0

0
0
2
0
0
0
8
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
2
0
0
0
0
0
0
0

0
113
0
0
0
0
107
0
0
0
0
0
0
0
3
0
0
0
0
0
0
0
0
0
0

4
2
12
60
17
50
7
47
65
33
38
70
47
48
32
38
38
29
33
50
32
42
38
35
42

Porosity
Bioclast

Pyrite grain
Chalcedony
Kaolin

Pyrit

Iron oxides

Clay Cement

silica block

silica og

Mud clast

Matrix

Muscv

Biot

Feld-Ca

Feld-K

Qtz-poly

Qtz-mon

Depth

4
2
4
46
13
31
0
42
52
11
20
55
39
35
22
31
28
21
33
27
14
22
34
22
21

Table A3. 2. Detrital modes of selected samples (Point counting data) of the Cumberland Group, eastern Maringouin Peninsula, New
Brunswick.

0
0
8
14
4
19
7
5
13
22
18
15
8
13
10
7
10
8
0
23
18
20
4
13
21

intragran
intergran

216

Chalcedony

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

clay
interclast

0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
5
0
0
1
0
0
4
0
0
1
0
0
0
0

Kaolin

0
0
2
5
0
7
4
0
10
10
3
0
9
12
13
5
1
0
1
5
18
0
0
13
2
5
5
10
4
1

Pyrit

0
1
0
3
0
19
0
1
9
0
5
1
7
9
8
3
8
1
2
7
7
1
6
0
8
4
2
4
8
1

Iron oxides

49
0
2
15
0
2
0
21
1
0
4
24
15
18
1
0
1
0
0
0
2
0
0
0
0
0
0
0
3
0

Carbonate
cement

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0

Clay Cement

0
0
0
4
2
0
1
0
0
2
0
0
1
3
0
0
2
0
0
0
0
0
1
0
0
0
0
0
0
0

Diss-grain

0
0
0
0
3
0
7
0
2
7
0
0
2
4
8
11
4
4
4
0
0
1
5
5
4
0
0
0
5
0

Dolom
cement

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Diss-Calcite

0
0
0
0
0
0
0
0
0
0
19
0
0
0
0
0
3
0
2
0
0
1
0
2
0
5
0
0
0
0

Calcite block

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Calcite
cement

126
68
117
55
113
5
87
101
41
18
40
141
1
0
32
34
0
92
1
20
3
90
3
23
7
11
35
13
40
58

silica block

1
0
2
0
0
0
0
0
0
0
0
5
0
0
0
0
0
3
0
0
0
4
0
0
0
0
0
0
0
0

silica og

3
1
0
1
0
0
0
0
0
1
4
0
0
0
2
0
1
2
1
1
0
0
13
2
3
1
0
0
1
1

Clay coating:

0
0
0
0
0
0
0
0
0
2
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Matrix

0
65
0
9
0
0
0
0
0
3
0
0
0
0
1
1
0
8
0
0
0
0
0
0
0
0
0
0
0
0

Calcite/arago
nite***

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0

Heavy
Mineral**

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0

Rock
Fragment

2
0
5
5
1
2
2
1
0
3
3
0
7
15
1
2
8
3
0
0
1
6
8
5
6
3
2
6
5
2

Muscv

4
0
0
1
0
0
0
0
0
0
1
0
0
0
0
0
0
0
1
0
2
1
2
0
0
0
0
1
0
2

Biot

0
0
0
1
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0

Feld-Ca

0
7
4
8
12
1
11
2
6
4
3
0
5
8
9
3
13
0
2
7
0
1
8
1
0
9
4
4
6
4

Feld-K

0
3
14
24
23
52
38
0
22
44
11
0
27
12
42
12
52
13
20
26
59
10
33
26
22
32
45
65
26
11

Qtz-poly

1
1
6
11
2
17
19
3
4
8
12
6
4
17
3
13
18
13
5
13
9
10
35
11
11
18
3
6
13
25

Qtz-mon

57
14
96
95
89
94
78
51
137
137
124
21
146
125
121
140
96
104
158
123
131
114
110
120
137
128
109
115
117
114

Chert*:

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
1
2
1
1
0
0
0

Lithofacies
Association

LA3
LA2
LA2
LA3
LA2
LA2
LA3
LA2
LA2
LA3
LA3
LA2
LA2
LA3
LA2
LA3
LA2
LA2
LA2
LA3
LA2
LA2
LA2
LA3
LA3
LA2
LA2
LA3
LA3
LA3

Depth

3
5
10
40
47
50
54
58
36
107
114
125
132
134
150
153
170
200
225
242
268
274
296
361
373
410
448
501
503
603

y-co-ord

S2-1
S2-2
S2-3
S2-4
S2-5
S2-6
S2-7
S2-8
S2-9
S2-10
S2-11
S2-12
S2-13
S2-14
S2-15
S2-16
S2-17
S2-18
S2-19
S2-20
S2-21
S2-22
S2-23
S2-24
S2-25
S2-26
S2-27
S2-28
S2-29
S2-30

Bioclast

7
90
2
0
0
0
1
70
0
0
0
52
0
0
0
1
0
3
0
0
0
0
0
2
7
0
0
0
0
0

Carbonate
replecement
by silica

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Chlorite

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

intragran

0
0
0
1
4
1
1
0
4
5
10
0
2
0
4
0
13
2
2
7
1
5
1
6
0
5
2
1
5
2

intergran

0
0
0
12
1
50
0
0
14
6
10
0
24
27
5
25
25
1
51
40
16
5
21
33
43
27
43
24
17
29

Porosity

Table A3. 3. Detrital modes of selected samples (Point counting data) of the Cumberland Group, Minudie Point, Nova Scotia.
fracture

0
0
0
13
5
51
1
0
18
11
20
0
26
27
9
25
38
3
53
47
17
10
22
39
41
31
44
25
22
31
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