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Abstract

In west-central Alberta during the Early (Spathian) Triassic the Moig Siltstone,
Moig Sandstone and Lower Doig Formation were deposited. Analysis of core, well
logs, cross-sections and maps suggests that these units were emplaced in an overall
transgressive system with occasional stillstand deposition. The Moig Siltstone and Moig
Sandstone form two unconformity bound sand wedges. Mapping and cross-sections
suggests that high energy flooding surfaces influenced morphology of the units. Theses
three units studied were also affected by the underlying Paleozoic faults.

From core analysis three facies associations (SO, B, and SS) were developed
based on fifteen facies (F1-F11). The three associations relate to sheltered shelf deposits
(FA SS), storm dominated upper offshore to transition zone deposits (FA SO), and low
energy transition zone to proximal lower shoreface deposits (FA B). Ichnology was
crucial in delineating the Moig Sandstone (FA B) since all sedimentafy structures had

been biogenically altered.
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CHAPTER ONE

1.1 INTRODUCTION

This study describes the Triassic Doig Formation with special emphasis on the
contact with the Montney Formation found within west-central Alberta and northeastern
British Columbia. The complex nature of this contact reveals a number of unconformity
bound wedges.

The Montney, Doig, Halfway, and Charlie Lake formations are Triassic sediments
of the Peace River Arch area (Figure 1). Willis (1992) described the Upper-Middle Doig,
Halfway, and Charlie Lake as part of the same time equivalent depositional system.
Current papers disagree on the Halfway/Charlie Lake depositional timing; however, it is
generally accepted that the Doig/Halfway formations are part of the same time equivalent
system with the Halfway Formation representing nearshore deposits like barrier bars and
the Doig Formation representing more basinal silts and muds. In a typical stratigraphic
section the Doig Formation is a clastic unit found below the Halfway Formation. The
division between the two has been a cause for many issues since the Halfway strata may
prograde and cut into the underlying Doig sandstone (Young, 1997). Where this does not
occur the division may be where intebedded sands and shales of the Doig pass suddenly
into a sand rich Halfway Formation (Gibson and Edwards, 1990a).

The Lower Doig Formation is represented by a highly radioactive phosphatic
shale up to 9 m thick, which downlaps west near the Toad/Grayling contact (Gibson
and Edwards, 1990a). Studies by Riediger et al. (1990a,b) suggested that this Phosphate
Zone may be a source rock for some of the Triassic hydrocarbons. Across the study
area, the base of the Phosphate Zone is characterized by a thin sand, which is called the

Gordondale sand by Davies (1997a) (Figure 2). More work needs to be performed on this

1
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Figure 1.Table of formations found within the Triassic of the Western
Canadian Sedimentary Basin. From Bird et al. (1994).



productive unit to get an idea of depositional style and stratigraphic setting.

1.2 STUDY AREA

The study area is contained within west central Alberta, close to British Columbia.
The main Doig hydrocarbon pools in the study area are Pouce Coupe, Pouce Coupe
South, Progress, and the Gordondale fields (Figure 3). These four pools are producing
from thick Doig sands similar to Wembley and Sinclair fields; however, pools in the study
area are smaller in geographical extent. Discovery dates were in the late 70’s to early 80’s
and a hydrocarbon assessment by Bird et al. (1994) showed that porosity values of the
fields are 8-11%. As of 1994 the greatest in place hydrocarbon volume belonged to Pouce
Coupe South at 2,973 10°m3 and the least was found in Gordondale with an in place
volume of 704 10°m3 (Bird et al., 1994).

Within the study area there are over 800 wells that penetrate the Doig Formation
and approximately 200 of those wells have been cored (Figure 4). The typical cored
section in the study area is approximately 30m in length and contains the Halfway and
the Doig formations.

The Gordondale Sand is present and productive at the base of the Phosphate Zone
in certain locations within the study area. There are 11 cores through this unit that can be

utilized.

1.3 PREVIOUS WORK

Dawson (1881) first wrote about exposed Triassic rock present in the Pine River
Valley. Subsequently McConnell (1891) recorded data on exposed Triassic rock in the
Liard River Valley (Edwards et al., 1994). Then in 1917, McLearn worked on Triassic

sediments found within northeastern British Columbia (Edwards et al., 1994). McLearn
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and Kindle then modified and summarized this work in a Geological Survey of Canada
report (McLearn and Kindle, 1950). Stelck (1941), Warren (1945), Pelletier (1960, 1961,
1963, 1964, 1965), Tozer (1961, 1962, 1963, 1965, 1967, 1982a,b, 1984), and Gibson
(1970, 1971a,b, 1972, 1975) authored other works on Triassic outcrop strata postdating
that of Mclearn and Kindle. Warren (1945), Tozer (1961, 1962, 1963, 1965, 1967,
1982a,b, 1984, 1994), Silberling and Tozer (1968), Orchard and Tozer (1997), Schaeffer
and Mangus (1976), and Callaway and Brinkman (1989) prepared most of the research
about Triassic biostratigraphy dating methods using ammonites, conodonts, and early
Triassic fish.

After the realization of the importance of Triassic rocks and the discovery of
hydrocarbons contained within them, many subsurface studies were performed, giving an
overview of the Triassic section. Some of these early works were by Hunt and Ratcliffe
(1959), Armitage (1962), and Barss et al. (1964). In 1964, Barss et al. published the
first Atlas of the Western Canadian Sedimentary Basin. This fundamental work inspired
updates and other overviews of the Triassic by Gibson (1968a,b, 1969, 1970, 1971a,b,
1972, 1975), Tozer (1965, 1967, 1982a,b, 1984, 1994), Cant (1984, 1986), Aukes and
Web (1986), Campbell and Horne (1986), Prodruski et al. (1988), Brack et al. (1989),
Gibson and Barclay (1989), Moslow and Davies (1992), Gibson and Edwards (1990a,b),
Edwards et al. (1994), Bird et al. (1994), and Davies (1997a,b).

Armitage (1962) reviewed Triassic resources in northeastern British Columbia.
In his report, Armitage relates outcrop data of the Toad — Grayling Formations to
the subsurface. In this correlation, he renames the above so they apply to subsurface
units called the Montney and the Doig formations found within the Diaber Group.
Furthermore, Armitage (1962) named the Diaber Group for the units of sediments
found from the base of the Paleozoic unconformity to the Schooler Creek Group.

His subdivision was based on the well 06-26-87-21W6, which is the type section for

subsurface Diaber strata. Armitage (1962) also recognized the Doig phosphate interval,



described by Creaney and Allan (1990) and Riediger et al. (1990) as a source rock for

Triassic hydrocarbons.

Subsurface Doig Formation depositional models, predominantly of northeastern
British Columbia strata, have been compiled by Evoy (1995, 1997), Evoy and Moslow
(1995), and Harris and Bustin (2000). Most other works on western Alberta Doig strata
have been authored by Campbell and Horne (1986), Cant (1986), Campbell and Hassler
(1989), Campbell et al. (1989), Gibson and Edwards (1990a,b), Wittenberg and Moslow
(1991), Wittenberg (1992, 1993), Evoy (1995, 1997), Evoy and Moslow (1995), Harris
(2000), and Rahman and Henderson (2005). All the above authors and their depositional
models are described later in this chapter.

Diagenesis and Doig mineralogy were studied by Wittenberg (1992), Harris and
Bustin (2000), and Kirste et al. (1997). Wittenberg (1992) mapped out trends in dolomite,
anhydrite, and quartz cement found in the PRA area, emphasizing the Wembley and
Sinclair fields. Harris and Bustin (2000) showed that diagenetic events and cementation
directly influence reservoir quality contained within the Doig. In addition to diagenetic
trends, Kirste et al. (1997) described fluid flow, water chemistry, and gas chemistry of the
Charlie Lake, Halfway, Doig, and Montney formations in Alberta and British Columbia.

Campbell and Hassler (1989) and Campbell et al. (1989) discussed the Halfway
and Doig formations found within west-central Alberta. Their research recognizes two
parasequences in the Halfway and six parasequences in the Doig, all of which present
an upward coarsening style, as similarly described by Aukes and Webb (1986). In 1992,
Wittenberg’s studies of the Doig in west-central Alberta revealed the same parasequences
found by Campbell and Hassler (1989) and Campbell et al. (1989) (Figure 5). Wittenberg
(1992) further recognized that each progradational cycle is capped or bounded by
a phosphatic shale, which he interprets as a condensed section associated with a

transgressive event. By correlating each parasequence, Wittenberg deduced that the
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Halfway and Doig formations are part of the same time equivalent unit and depositional
system, with the Halfway representing shoreline sands and the Doig representing shelf
muds and shelf slump deposits. This correlation allows Wittenberg to disagree with the
valley incision model of the Doig Formation developed by Campbell et al. (1989).

From an ichnological perspective, most work pertaining to the Liard Formation
has focused on outcrop data along Williston Lake in northeastern British Columbia. This
section of outcrop has been described in detail by Zonneveld (1999) in his PhD thesis.
Further studies of Triassic trace fossil assemblages, brackish-water ichnofaunas, Lingulid
derived traces, Lingulid trace distribution, and biostromes are outlined in Zonneveld et al.
(2001), Buatois et al. (2004), Zonneveld and Pemberton (2003), Zonneveld, Beatty, and
Pemberton (2005), and Zonneveld (2001) respectively. Large, robust Cruziana were also
described by Zonneveld, Pemberton, Saunders, and Pickerill (2002) along Williston Lake
with emphasis on applicability for biostratigraphy. Most other studies, in particular thesis
projects by Wittenberg (1992), Evoy (1997), and Harris (2000) touched on trace fossils as
described in core.

The Gordondale Sand, a thin sand found at the base of the Phosphate Zone, was
first discussed briefly by Davies et al. (1997a). Their research describes this unit as an
unconformity-bounded wedge composed of bioturbated locally productive shoreface
sands of siliclastic sediments in and around the Gordondale Field. Davies et al. (1997a)
recommend that more work must be completed to understand this unit’s relationship
with others above and below it. The next brief mention of the unit appears in sequence
stratigraphic terms with no specific mention of the Gordondale Sand (Kendall, 1999). In
Kendall’s interpretation, the Uppermost Montney is contained in a 3" order transgressive
sequence of Spathian-Anisian age; furthermore, she suggests that the Upper Spathian-
Doig contact displays considerable erosional truncation and that the Doig Phosphate
Zone may represent a maximum flooding surface of the 3 order sequence. The most

recent information on this unit comes from a personal communication with Dan Edwards
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(personal communication, 2005) in which he speculates that the Gordondale Sand is part
of the Montney Formation and is bounded at the upper surface by the Doig Phosphate
Zone and at the lower surface by an erosional phosphatic layer (Figure 2). For the
purpose of this thesis the Gordondale sand named by Davies ¢t al. (1997a) has been
informally renamed to the Moig Sandstone to reduce confusion with published data on
the Jurassic Gordondale Member also found in the area. The base of the Moig Sandstone
contains the Upper Montney transgressive deposits briefly described by Kendall (1999).
These Upper Montney deposits have been informally renamed to the Moig Siltstone since
in Alberta mineral rights are designated to the Doig Formation. Mineral rights in Alberta

designate the Moig units as Doig; however, they are most likely Montney deposits.

1.4 REGIONAL STRATIGRAPHY

Triassic strata of the PRA can be broken down into three major stages/cycles of
transgression and regression based on third or forth order cycles contained within the
Diaber and Schooler Creek groups (Gibson and Barclay, 1989; Podruski et al., 1988).
These are the Montney Formation in cycle one, the Doig, Halfway, and Charlie Lake
formations in cycle two, and the Baldonnel and Pardonet formations in cycle three
(Figure 6). Depending on location, all formations found within the three cycles are eroded
away by the pre-Jurrassic unconformity in the east (Figure 7). Within the three cycles
there are varying amounts of transgressions and regressions on a local scale because of
tectonic activity, sediment supply, underlying topography, eustatic sea level changes, and
climate (Bird et al., 1994).

The Triassic Montney Formation in cycle one unconformably overlays Permian
chert and sand of the Belloy Formation (Robbins, 1999). The Montney Formation is
equivalent to the Vega-Phroso Member of Sukunka — Smokey River and Pine Pass as

described in outcrop by Gibson (1971, 1972, 1975). Other equivalents of the Montney
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Formation are the Grayling and lower part of the Toad formations in Sikanni — Pine Pass
area (Gibson, 1971a, 1975; Figure 8). In the PRA subsurface, the Montney contains
argillaceous siltstones and dark shale with the Upper Montney containing phosphates,
which are easily confused with the Doig Phosphate Zone (Riediger et al., 1990a,b). Miall
(1976) discovered that the Montney also contains dolomitized coquina beds associated
with a shelf margin wedge. This lowest most cycle is interpreted as deltaic, emphasized
by a tidally influenced coastline with distal shelf deposits offshore (Gibson and Barclay,
1989; Edwards et al., 1994). More recent studies interpret the Montney as a wave-
dominated shoreline containing sands and coquina that gradationally move out into
offshore siltstone and mud from turbidite deposition (Moslow and Davies, 1997; Davies,
1997a).

The Montney Formation of cycle one is conformably and unconformibly
overlain by the Triassic Doig, Halfway, and Charlie Lake formations of cycle two.
Particularly within the study area the Doig Phosphate Zone as recognized by Armitage
(1962), is a major marine transgression that overlies the Montney and is composed of
nodular phosphates, silt, shale, shells, and some bone fragments. It has been suggested
by Edwards et al. (1994) that the abrupt nature of the contact with the lower cycle
and the presence of phosphates indicates an interval of non-deposition or submarine
erosion pretransgression and predeposition of cycle two. The equivalent units of
the Doig Phosphates are the Whistler Member of Sukunka area and Middle Toad
Formation of Sikanni Chief area (Edwards et al., 1994). Postdating this transgression
is a regression depositing sands, silts, and bioclastics of the Upper Doig and Halfway
formations equivalent to the Llama Member of Sukunka, and Upper Toad and Liard
formations of Sikanni (Gibson, 1972, 1975; Figure 8). In most instances the Doig
Formation represents an offshore environment grading up into barrier bars, tidal inlets,
and shoreface environments of the Halfway Formation (Gibson and Edwards 1990b;

Gibson, 1968a,b; Cant, 1986; Aukes and Webb 1986). Where there are anomalously
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thick Doig sands, interpretation of depositional style can be difficult and therefore many
different interpretations have been placed on these thick sand bodies. Following sections
in this chapter will discuss varying interpretations of the thick Doig sands. In a westerly
direction, Halfway sands become increasingly continuous and thick due to stacking

of shorface units. When in the extreme reaches of the west, the Doig and Halfway
Formations grade into distal shelf and slope sands, silts, and shales present in the
Ludington Formation (Edwards ét al., 1994). The contact between the Doig and Halfway
is in most cases conformable in the west except for instances where tidal inlet sands or
pebbly lags of the Halfway have scoured into the underlying Doig Formation (Edwards et
al., 1994). In the western foothills the erosional surface is absent therefore lending to the
interpretation of a conformable Doig -- Halfway unit.

The upper contact of cycle two involves the Halfway and Charlie Lake
formations. The Charlie Lake Formation is equivelent to the Starlight Evaporite Member
of the Sukunka area. It is typically composed of evapoitic dolomite muds, shale and
siltstone redbeds, stromatolitic carbonates, dissolution breccias, dune sands, and salt of a
supratidal or intratidal environment (Gibson, 1975; Aukes and Webb, 1986; Cant 1986;
Higgs, 1990; Edwards et al, 1994). In the basin an unconformity separates the Charlie
Lake and the Halfway formations, representing a period of subarial exposure and erosion
(Dixon, 2005).

The Baldonnel and Pardonet formations of cycle three represent shallow to
deep water shelf and shoreline carbonates such as limestone or dololstone with smaller
amounts of siltstones and shales, intraformational breccia, supratidal algal laminations,
and siltstone redbeds (Gibson and Barclay, 1989). The transgressive Baldonnel and
Pardonet are equivalent to the Bocock Formation of Sikanni area and the Winnifred and
Brewster limestone members of the Sukunka area (Gibson and Barclay, 1989; Figure 8).
Transgression of the sea continued after cycle three giving way to deep-water siliclastics

and carbonates of the Jurassic Fernie.
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1.5 THE UPPER DOIG FORMATION AND ITS VARYING INTERPRETATIONS

As previously noted, the Triassic Doig Formation is equivalent to the outcrop
units of the Liard from Sikanni — Pine Pass and the Llama/Whistler from Sukunka -- Pine
Pass; as well as the Middle to Upper Toad from Sikanni and Sukunka — Smoky River
Sikanni (Gibson, 1972, 1975; Figure 15). The Doig is predominantly dark grey siltstone
and shale with isolated linear fine-grained sands up to 55 m in thickness (Dixon,
2002a). The lowest portion of the Doig Formation, as represented on the gamma ray
logs, contains a highly radioactive bed corresponding to the Phosphate Zone, which
directly overlays the Montney Formation. Above the Doig Formation rests the Halfway
Formation, which typically contains silicalastic sediments and in some situations thick
coquina beds. The contact between the Halfway and the Doig can be problematic in the
study area since progradation of the Halfway sands/coquinas can cut directly into the top
of the thick Doig sands (Edwards et al., 1994; Young, 1997). Where this does not occur,
the transition of lower shoreface sediments into basinal shales and then into thick Doig
sand represents the division between the two formations. On the gamma ray log, this
represents a shale break between the two formations (Edwards et al., 1994). Young (1997)
discusses in detail many of the varying interpretations of the Doig - Halfway contact.
Within the study area contact interpretations are transgressive and unconformable (Hunt
and Ratcliffe, 1959), regressive normal and abrupt (Barss et al., 1964; Wittenberg, 1993;
Willis and Moslow, 1994), regressive (Aukes and Web, 1986; Podruski et al., 1987),
regressive and unconformable (Campbell et al., 1989), regressive gradational (Gibson
and Barclay, 1989; Embry and Gibson, 1995; Dixon, 2005), and regressive gradational or
erosionaly unconformable (Gibson and Edwards, 1990; Edwards et al., 1994).

Mineralogy of the thick Doig sands reveals predominantly well sorted sublithic

to quartz arenites and bioclastic packstones to grainstones (Harris and Bustin, 2000).
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Detailed studies by Harris and Bustin (2000) show that diagenetic events and cementation
directly influence reservoir quality. Typical cementation or diagenetic minerals found
in the Doig are calcite, dolomite, anhydrite, and to a lesser extent apatite, pyrite and
feldspar. Across the study area the predominant diagenetic mineral is dolomite, which
can be seen in core analysis sheets. This trend in dolomite can be traced from other Doig
fields in the south, such as Sinclair, where dolomite cement prevails (Wittenberg, 1992).
Isolated thick sands or “anomalously thick sandstone bodies” (ATSB) as
described by many previous authors contain the most productive unit within the Doig.
These ATSB’s have a south-southeast trend and a westerly dip into the PRA, likely
caused by intermittent reactivation events found in the DCGC and loading of sediments
(Harris and Bustin, 2000; Wittenberg, 1992). The thick isolated linear Doig sands are far
from understood because thickened sands do not correlate on a regional extent nor do
they parallel the paleoshoreline. Progress Field in the study area exemplifies this pattern,
with sands of the Doig ranging from 2 — 55 m. Thinner linear sands of a regressive
shoreface cycle nature typically occur in northeastern British Columbia (Evoy, 1995;
Evoy and Moslow, 1995; Evoy, 1997; Harris and Bustin, 2000). Once outside of British
Columbia and into Alberta, these thin linear sands become thicker and more complex.
There are currently five interpretations for the thick Doig sands:
1) incised valley fill (Campbell and Horne, 1986; Campbell and Hassler, 1989; Campbell
et al., 1989; Cant, 1986),
2) small shelf slump features filled with shoreface sands (Munroe, 1991; Harris, 2000;
Wittenberg and Moslow, 1991; Wittenberg, 1992, 1993),
3) lowstand shorefaces scoured into and filled upon transgression (Evoy, 1995; Evoy and
Moslow, 1995; Evoy, 1997),
4) channels representing abandoned submarine canyons, which infill with clastic material
from the prograding Halfway Formation (Gibson and Edwards, 1990),

5) faults paralleling the shore line that fill with shoreface/barrier bar sands upon
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transgression (Rahnian and Henderson, 2005).

1.6 TECTONIC HISTORY

Triassic strata of the Peace River Arch (PRA) area were deposited into the
Peace River Embayment (Figure 9), which developed due to block faulting and tectonic
subsidence along the ENE-WSW arc axis during Early Carboniferous and Permian times
(Henderson, 1989; Richards, 1989). During this time sediments were deposited on the
northwest portion of the Pangaea Supercontinent (Davies, 1997a,b) (Fig 10). In the west,
amongst stable continental shelves and shorelines, Triassic thicknesses can be up to 1200
m. This contrasts with eastern sediments that thin and come to an end at the eroded zero
edge (Figure 11) (Edwards et al., 1994).

Across the study area, the PRA formed in five stages of development as described
by Cant (1988). From oldest to youngest the five stages are Early Paleozoic uplift phase,
Mid to Late Devonian faulting and onlap, Mississippian block subsidence, Pennsylvanian
faulting phase, and Mesozoic downwarp phase (Figure 12). O’Connell et al. (1990)
further breaks this down into three structural phases of development in the Arch.

The first phase, Precambrian to Early Carboniferous, contains uplift, onlap, and
burial. Uplift possibly occurred in the late Proterozic and was followed by onlap in the
Mid to Late Devonian (O’Connell et al., 1990). As ages of the Arch approach the Mid
Cambrian, the PRA was almost completely buried (O’Connell et al., 1990).

The second phase is composed of Early Carboniferous to Jurassic extension,
uplift, and subsidence. This phase formed the Peace River Embayment (PRE). Richards
(1989) and Henderson (1989) described the PRE as forming in the Early Carboniferous
and Permian times apparently in response to block faulting and subsidence. In the study
area, the PRE encompasses the Stoddart Group, Belloy Formation, and Triassic sediments

(Barclay et al., 1990). Uplift occurred in the Early Carboniferous and signified a change
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in deposition from the cratonic platform to deposition into the Embayment, which is
found only in west-central Alberta (O’Connell et al., 1990). Following deposition
into the PRE, local subsidence occurred during Permian, Triassic, and Jurassic times
(O’Connell et al., 1990).

The third phase, as described by O’Connell et al. (1990), contains regional
loading in the Jurassic and Cretaceous periods. During this last phase, loading due
to deposition of sediments caused reactivation of underlying structures, thus creating
subsidence of the Dawson Creek Graben Complex (DCGC) for a second time.

Cant (1986) believes that during Doig deposition a series of minor structures
were readjusting below the Triassic sediments. He further suggested that the Wembley
Field contains synsedimentary deposition features. These deposition features drape over
an underlying horst on the basement structure, which may be the cause of micro faults
or gravity faults in Wembley Field (Cant, 1988). These small-scale gravity faults will
therefore not be evident on isopach or structure maps of a regional scale (Edwards et al.,
1994). Reactivation of these underlying horst structures may be the cause for depositional
patterns found within the Doig Formation. Furthermore, these horst structures may have
resulted from development of the North American Plate subduction and formation of a
magmatic arc resulting in rifting found in the Ouachita region. This rifting opened the
modern Atlantic Ocean, which lay to the south of the Western Canadian Sedimentary
Basin (WCSB). This intense tectonic activity may have had some significance in
reactivating underlying structures such as the DCGC during the relatively quiet tectonic

Triassic time (Davies, 1997a).

1.7 PALEOGEOGRAPHY AND PALEOCLIMATE

Paleogeography of the Triassic is crucial to understand the depositional setting of

the Doig Formation. During the Anisian and Ladinian stages, approximately 241 — 228
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ma, the Doig Formation was deposited on the west facing shoreline of the Panthalassa
Ocean (Edwards et al., 1994). This clastic deposition occurred at approximately 26 °-
34°N paleolatitude on the Supercontinent Pangea as described by Davies (1997a) (Figure
13). At this time, the PRA lay in a slightly skewed location as compared to the present
day position. Studies by Golonka et al. (1994), illustrate a roughly 30° clockwise rotation
placing the Doig Formation at a lower to middle paleolatitude.

At this location and time, researchers’ interpretations of the paleoclimate differ:
from temperate (Gibson and Barclay, 1989; Gibson and Edwards, 1990a,b) and arid
to semiarid (Habicht, 1979; Dickens, 1993). Davies (1997) describes the Triassic
as a period that incorporated some of the most extreme paleoclimate conditions, as
represented in evaporite formations, redbeds, and acolian deposits. This seasonally arid
environment experienced prevailing northeast trade winds, which at various times may
have been deflected by “megamonsoonal” weather, south and east of the WCSB (Davies
1997a). Furthermore, a west flowing jet-stream may have influenced the climate found
in the study area (Davies, 1997a). Davies (1997a) supports his argument for a seasonally
arid Triassic climate in the PRA by stating that the extremely arid Triassic period should
have been evident in reduced-flooding environments, hypersaline environments in a
restricted shallow internal shelf or embayment, and reduction of fluvial discharge. These
environments would be ideal for formation of early diagenetic dolomite in pore fluid,
seen in the Montney, Doig, and other Triassic formations in the PRA (Davies, 1997a).
From a fluvial perspective, determining significant flooding events creates considerable
difficulty, since most of the fluvial systems would have been eroded by the pre-Jurassic
unconformity, with the exception of deltaic systems found in the Toad — Grayling
Formation in the Sturgeon Lake South and Kaybob fields east of Grande Prairie.

The Doig Formation, sandwiched between the Lower and Upper Triassic strata in
the PRA, was likely deposited in an arid to semiarid environment. The Upper Triassic,

composed of the Charlie Lake Formation containing redbeds, evaporates, and dune
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deposits in the Artex Member, represents a typically arid environment as described by
numerous individuals (Barclay and Leckie, 1986; Aukes and Webb, 1986; Gibson and
Barclay, 1989; Gibson and Edwards, 1990a,b, Edwards et al., 1994; Davies, 1997a).

The Upper Triassic Charlie Lake, Baldonnel, and Pardonet formations in addition to the
Lower Triassic Montney Formation of the PRA also contain desert loess deposits, which
implies a coastal arid to semiarid environment (Davies, 1997b). A comparison of modern
day analogs links this environment to the offshore Saharan, Atacama, and Namib deserts

(Davies, 1997b; Wittenberg, 1992).

1.8 SEDIMENT PROVENANCE

Studies by Pelletier (1963, 1964, 1965) and Gibson (1968, 1975) illustrated a
paleocurrent direction proceeding from the east or northeast as seen in outcrop and core
(Figure 14). This indicates sedimentary erosion and deposition from Permian and Upper
Mississippian clastic sediments in the east (Gibson, 1975; Gibson and Barclay, 1989).
At this time, source from the west was highly unlikely since accretion of western North
America had not yet occurred. Moreover, the lack of clastic detritus from the volcanic
island arc system, which implies a distance far too great for a significant sediment supply,
presents another dispute against a western sediment source (Willis, 1992).

Found within the study area, fine grained Doig sediments with high quartz
content and moderate lithics and feldspar, suggest a texturally and mineralogically
mature sediment that originated from the east (Gibson and Barclay, 1989). As discussed
earlier in this chapter, due to the pre-Jurassic unconformity no fluvial systems have
been discovered or preserved in the Doig. Miall (1976) mapped out a delta found in the
Sturgeon Lake South and Kaybob fields in the Toad — Grayling Formation, revealing a
trend in depositional styles to the southwest; therefore, sediments would have originated

from the northeast (Figure 15). Depositional trends may have been skewed or weakened
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due to longshore drift or currents paralleling the eastern portions of the basin (Gibson,

1975).

1.9 SOURCE ROCKS

The Lower Doig Formation harbors a highly radioactive, organic rich Phosphate
Zone. Across the study area, this zone has a thickness of approximately 20 m, with the
lower 5 m composed of thin beds of siltstone and shale housing shelly/boney fragments,
phosphate, and phosphate nodules (Figure 16). Using biomarker signatures, Creaney
and Allan (1990) first identified this zone as a source rock for Triasssic oil and gas in the
PRA. Since its first definite identification as a source rock for Triassic reserves, several
different studies place the Phosphate Zone’s total organic carbon (TOC) at 1.12-11 %
and its Kerogen levels at type I (Riedeger et al., 1990a; 1990b; Creaney and Allan,
1990; Faraj, 2003). Hydrogen and oxygen index levels (Figure 17) illustrate the presence
of Kerogen type II. Slightly above the lowest 5 m of the Phosphate Zone, an area with
moderate phosphate composition leads to a TOC of 2 — 7 %. TOC values of less than
2 % in the Upper Doig indicate that this area is probably not a significant source for
hydrocarbons (Riediger et al., 1990a).

Across the PRA, thermal maturity increases toward the deformed belt (Tmax
>460°C) in the southwest and decreases toward the pre-Jurassic unconformity (Tmax
~440°C) in the northeast (Riediger et al., 1990a). A more imature sample provides greater
oil generation; consequently, the southwest produces more oil, when confined to the
oil window. In the study area, the Tmax values of approximately 445°C - 450°C place
this zone in the oil window; however, most of the production in the area stems from gas
(Figure 18). The TOC percentage and Kerogen type make this zone an excellent source
rock and allow a viable gas/oil shale target above and within this zone.

Upwelling of ocean currents formed phosphates, which in turn became source
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1900 The upper zone typically has organic rich shale or silt with fish fragments (A),
ichthyosaur bones (B), and ammonite/shell fragments.The lower Doig Phosphate
Zone contains two erosive surfaces comprised of siltstone and shale with high
concentrations of shelly/boney fragments, phosphate, and phosphate nodules (C).
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rocks. In the Triassic, upwelling of ocean currents occurred along the western shelf
margins at mid latitudes (Figure 19), placing subsurface Doig strata in areas conducive to
the formation of phosphates. Upwelling of cold bottom waters directly relates to offshore
winds derived from trade wind belts, which force surface waters offshore. Cool waters
upwelling from the deep replaced these surface waters (Wittenberg, 1992). Deeper,
cooler waters rich in phosphate ions and organics subsequently cause the formation of
phosphates in the typical forms of peloids, nodules, coated grains, and replaced skeletal
material (Davies, 1997a).

Present day formation of phosphates occurs on the western facing continental
shelves of Baja, Peru, Sahara, Atacama, and Namibia deserts (Wittenberg, 1992; Davies,
1997a; Figure 20). Onshore climatic arid conditions and seasonal winds are common
traits for these locations, with the formation of phosphates occurring mostly around 100
m water depth; however, a large range of phosphates materialize in 30 — 500 m water
depth (Blatt, 1982).

Both Davies (1997a) and Wittenberg (1992) noticed a less than abundant
occurrence and distribution of trace fossils within the Phosphate Zone. Wittenberg
(1992) believed that the presence of phosphate and low diversity/abundance of trace
fossils directly correlates with an anoxic environment. Davies (1997a) shared in this
interpretation but adds that coastal upwelling triggers phytoplanktonic blooms in mid
latitude areas. He speculates that phytoplankton may create biogenic toxins, which when
mixed with an already stressful anoxic environment, may have led to the demise of
invertebrates, and likely even vertebrates like ichthyosaurs, living in shelf environments.
Davies’ supports this interpretation citing the lack of invertebrates, less than abundant
traces, presence of bone beds, and present day phytoplanktonic blooms in mid latitudes.

In the Triassic, Doig phosphates represent an erosive submarine surface associated
with a long periods of non-deposition (Wittenberg, 1992). These phosphates typify

flooding surfaces, which help to designate parasequences to the formation. From a source
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rock and correlative perspective, phosphate dispersion throughout sands can be both
beneficial and problematic. If a significant amount of dispersed phosphates exist, the end
result can be bypass of pay through misinterpretation (Davies, 1997a). Since phosphates
require seawater for formation and seawater contains uranium, uranium is locked into the

phosphates allowing the gamma ray log to interpret readings as shale as opposed to sand

(Davies, 1997a).

1.10 METHODS AND OBJECTIVES

This project was undertaken in order to formulate a depositional model and
stratigraphic history of the Triassic Moig Siltstone, Moig Sandstone, and Lower Doig
Formation of northwestern Alberta. Interpretations will focus on sedimentary and
ichnological analysis utilizing core from 16 wells at the Core Research Facility in
Calgary. In order to arrive at depositional model, sedimentary structures and trace fossils
will be placed into facies associations related to a depositional environment. In addition
to this, geophysical well logs will be analyzed to develop maps and regional cross-
sections. Where available core was used to define key stratigraphic surface that can be
recognized on well logs.

These objectives are completed in chapters two and three. Chapter two resolves
fifteen facies (F1-F11) constrained to three facies associations (SO, B, SS). Building
off chapter two, chapter three reviews maps, cross-sections, stratigraphic history, and
depositional models pertaining to well logs and core analysis. Finally, chapter four

summarizes important aspects discussed in the previous chapters.
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CHAPTER TWO

FACIES, FACIES ASSOCIATIONS, DISCRPTIONS AND INTERPRETATIONS

21 INTRODUCTION

Within the study area, cores were viewed and analyzed from the Moig Siltstone,
Moig Sandstone and Lower Doig Formation. Lithology, sedimentology and ichnologic
characteristics were documented. Based on observations of core, several different units
were identified and separated into fifteen facies (Table 1). From these facies, three facies
associations were derived: Facies Association SO (Facies 5a, 1, 2, 3 and 4) represents
the Moig Siltstone structurally influenced offshore/shoreface transition to upper offshore
deposits; Facies Association B (Facies 5b, 6, 7a and 7b) is characterized by the Moig
Sandstone structurally controlled offshore/shoreface transition zone to proximal lower
shoreface deposits; and Facies Association SS (Facies 5¢, 5d, 8, 9, 10 and 11) contains
the Lower Doig Formation shelf deposits. Facies associations can be described as
genetically related strata (facies) grouped together to identify a depositional system.
Further information on the three depositional models in relation to facies associations can
be found in chapter three.

Davies et al (1997) had informally named the Gordondale Sandstone; however, to
reduce confusion with the Jurassic Gordonale Member it will be referred to as the Moig
Sandstone in this thesis. The following section discusses non-genetic and genetically
related strata, my observations and possible depositional environments. All core logs can

be found in appendix A.
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2.2  FACIES DESCRIPTION AND INTERPRETATION

2.2.1 Facies F1: Heavily bioturbated silty sand

Description:

Facies F1 overlies Facies F5a and is overlain by Facies F2. When seen in core,
thicknesses can be up to 4.08 meters. Tan to brown colored siltstone with rhythmic beds
of alternating silt, minor very fine-grained sand and mud/organics represent Facies F1.
Sand content can be up to 50 percent with the remainder of the grains comprised of silt
and to a lesser extent mud. The silts tend to be white while mud/organics are black and
when mixed by bioturbation this facies becomes tan to brown. The beds are deposited
in rhythmites of mm to cm scale with wavy bedding, planar bedding and rare oscillation
ripples. Found within this facies are minor organics, possibly both plant and animal. Rare
occurrences include pyrite bands, which seem to follow the rhythmic beds.

About 70% of the beds have been broken by bioturbation with recognizable traces
representing Scolicia, Planolites and cryptic bioturbation (Figure 2.1). It is possible
that some of these traces are Fugicnia (escape structures) though the cryptic nature of
these traces makes definitive identification difficult. Scolicia, Planolites and cryptic

bioturbation resemble a stressed archetypal Cruziana ichnofacies.

Interpretation:

This particular facies was most likely deposited in a proximal offshore/shoreface
transition zone. Similar to Facies F3, original deposition is from storm-derived sands
that settled out of suspension as graded rhythmites. Bioturbation then destroyed original
bedding in the transition zone so any possible wave generated structures were eradicated.
A homogenous look at the transition zone can be seen in the Gulf of Gaeta where most of

the original bedding is destroyed by Scolicia (Reineck and Singh, 1980). In the modern
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Figure 2.1. Facies F1

A) Well 6-34-78-10W6 at a depth of 1835.9 m showing bioturbation of sediments by
Planolites (P1) and Scolicia (Sc). Notice the tan color once water is applied.

B) Well 15-31-77-11W6 at a depth of 2003.4 m showing bioturbation by Scolicia (Sc).
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transition zone by the Yangtze subaqueous delta there are storm derived rhythmic units.
Slightly proximal of these units are structureless fine-grained sediments that are heavily
bioturbated (Zhanghua et al., 2005).

Since Facies F1 carries more sands than the overlying Facies F2 and F3 and it
is part of a transgressive system and therefore deposition in a transition zone may be
implied. As mentioned above this facies contains rhythmic beds from storm deposits,
which have been recognized in other transition zones. Adding to this, a high degree of

bioturbation by Scolicia was found to be common in the Gulf of Gaeta transition zone.

2.2.2 Facies F2: Dark grey massive sandy silt

Description:

Facies F2 is a light black to dark grey colored siltstone that overlays Facies F1
and underlies Facies F3. The thickness of this faces is on average .6 meters. Silt is the
dominant sediment with up to 40% sand and minor mud. There are only spars planar
laminations seen in this facies, other wise it has a massive appearance (Figure 2.2). In
some situations small, vertical, sinuous mud lined burrows are present in large numbers.

It is likely that Facies F2 was completely bioturbated but due to the small size
of the burrows and the homogeneous nature of the silts assessment can be difficult.

The burrows as described above lend to the interpretation that these traces are of
Phycosiphon. A stressed distal archetypal Cruziana ichnofacies may be represented by

this singular trace.

Interpretation:
Facies F2 was deposited at the distal end of the offshore/shoreface transition zone.
This interpretation is derived from the fact that there are less sand layers than seen in the

underlying Facies F1, which contains proximal offshore/shoreface transition deposits.
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Figure 2.2. Facies F2

A) Well 14-14-78-10W6 at a depth of 1848.4 m. Notice the homogenous massive
appearance to this facies.

B) Once the image is zoomed in small sinuous mud lined burrows appear, which
represents pervasive burrows of the traces Phycosiphon (Ph).
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Furthermore, deposition in a distal transition zone can be inferred since it is part of a
transgressive systems tract with F1 below and muddier F3 and F4 upper offshore deposits
above.

One factor in generating the massive appearance results from deposition of a
constant grain size through suspension fallout of hemipelagic sediments (Reineck and
Singh, 1980). The massive appearance may also be caused by bioturbation destroying
evidence of original bedding, or compaction, squeezing all the water out and in turn
mixing the beds, or by a gas bubble moving through the layers (Forstner et al., 1968;
Reineck and Singh, 1980). Core analysis revealed burrows, therefore it is possible that
bioturbation by Phycosiphon has destroyed the original bedding. Even with the presence

of traces dewatering still plays a role in this facies.

2.2.3 Facies F3: Rhythmic to wavy laminated sandy silt

Description:

Facies F3 in most cases overlies F1 and F2 and is interbedded with Facies F4.
The thickness of this facies can range from cm scale up to 9.2 meters. Dark brown
to black colored organic rich siltstone generally represents Facies F3. Most of F3 is
comprised of silt and minor very fine-grained sands (up to 40%) that are white to light
blue in coloration likely due to calcite cementation. Sedimentary structures are commonly
rhythmic beds in mm to cm scale deposited in planar laminations, wavy laminations
(hummocky cross-stratification) and low angle cross lamination (Figure 2.3). Also found
in F3 are rare wave scours and erosional truncations. Similar to Facies F1, pyrite beds can
be found following sands in rhythmic beds.

Bioturbation in F3 is rare with about 4% to 25% of the facies comprising
bioturbated media. The only traces seen are: small sand filled burrows representing

Planolites, Lockeia, fuzzy unrecognizable burrows of Scolicia and rare vertical escape
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Figure 2.3. Facies F3

A) Well 3-22-78-10W6/4 at a depth of 1843.9 m. Here the Moig Siltstone unit shows
rhythmic beds with low angle cross lamination (LA) and wavy bedding (WB).

B) Well 6-34-78-10W6 at a depth of 1828.9 m. This figure shows pyrite following
rhythmic bedding, deformed beds (DF) and wavy bedding (WB).

C)-D) showing Rhythmic beds with erosional surfaces from wave scours (WS) and the

occasional deformed bedding (DF). C) Well 6-34-78-10W6 at depth of 1829 m. D) Well
15-31-77-10W6 at a depth of 1994 m.
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traces (fugicnia). Burrows do not deeply penetrate and where mud has draped sandy beds
bioturbation is not present. The overall bioturbation represents a stressed distal Cruziana

ichnofacies.

Interpretation:

Facies F3 has ichnological and sedimentological features suggestive of storm
deposit found in the upper offshore. Wave scours and rhythmic bedding preserved in
planar and wavy laminations are common aspects of storm deposits (Reineck and Singh,
1980). Brenchley (1985) described storm beds forming below or around storm weather
wave base (SWWB) as resembling parts A to D in the Bouma sequence; however, he
states that storm deposits below SWWB are not as well organized as the Bouma A to D
sequence of scoured base, plane paraliel laminations, wavy laminations and laminated
silts respectively. Facies F3 has disorganization of this sequence consistent with distal
storm deposit.

When massive storms hit the study area large waves were generated causing the
occasional scoured surface to form. Sands and silts were taken from nearshore regions
and deposited in the offshore environment by retreating waves and ebb currents (Reineck
and Singh, 1980; Dott, 1983). This offshore deposition occurs when there is a decrease
in wave energy allowing sands to fall out of suspension creating laminated sands and
silts, which settle atop the wave scour (Reineck and Singh, 1980; Johnston and Baldwin,
1986). Minor bioturbation occurs when there is a waning of the storm. Energy decreases
and opportunistic feeding increases due to deposition of the food sources in the fine-
grained low energy sediments (Pemberton et al, 2001). The stressed suite of distal
Cruziana ichnofacies may represent either storm stresses or global/local anoxia at the

time of colonization.
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2.2.4 Facies F4: Deformed sandy silt

Description:

Facies F4 is found interbedded with Facies F3 and is overlain by Facies F5b. On
average the thickness of Facies F4 in core is 1.5 meters with a maximum of 8.9 meters.
The coloration, ichnology, organics, sediments and sedimentary structures are the same as
the above-described Facies F3. The main distinguishing feature between the two facies is
the presence of: convolute beds, disturbed laminations and microfaults throughout Faciés
F4, which are separated by nondisturbed beds of Facies F3 (Figure 2.4). There is also an

increase in muds and silts moving up in the core until it culminates with Facies F5b.

Interpretation:

Similar to Facies F3, Facies F4 was deposited in a storm dominated upper
offshore environment; however, there appears to be a significant amount of tectonic
activity during deposition. This activity was preserved in syndepositional microfaults,
convolute beds and disturbed laminations. These were preserved on beds with relatively
shallow dip; therefore it is possible that slope instability was not a major generating
factor.

Syndepositional and metadepositional microfaults, along with softsediment
deformation features associated with tectonic activity, were described by Mazumder
et al., (2006). In their study of the Chaibasa Formation it was recognized that: these
seismites where deposited in discrete stratigraphic intervals, deformation structures
persisted over a kilometer in distance, there was reoccurrence of deformation over time,
and undeformed layers confined seismite layers. These same tectonically induced features
have been described by Sims, 1975; Seilacher, 1984; Obermeier, 1996; and Jones and
Omoto, 2000.

Facies F4 contains microfaults with angles of less than 45 degrees. This
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Figure 2.4. Facies F4

A) This image shows seismites with convolute bedding (CB) and microfaults (MF). Well
6-34-78-10W6 at a depth of 1832.1 m.

B) Organics are a common element of facies F4. In well 6-34-78-10W6 at a depth of
1848.8 m there is a bone possibly an ichthyosaur vertibra.

C)-D) Facies F4 has isolated horizons of seismites containing semilithified fractures (SF),

microfaults (MF) and wave scours (WS) from possible storm erosion. C) Well 15-31-77-
10W6 at a depth of 1834.7 m. D) Well 15-31-77-10W6 at a depth of 1895.2 m.
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microfaulted facies can be contained within the undeformed Facies F3. The reoccurrence
of microfaults throughout depositional time over a large area also represents Facies F4.
In some cases microfaults appear to have been broken or pulled apart and the overlying
layers were unaffected. This would imply that there was some consolidation and
semilithification of the sediments before faulting. A significant amount of force would
be needed to break the semilithified beds. This suggests the microfaults are earthquake-
induced. Microfaults also appear to be stacked in sets; this may reflect a series of
seismic shocks related to earthquakes. These earthquakes would have been generated by
reactivation of the Paleozoic structures. Soft-sediment deformation such as convolute
beds and disturbed laminations may also be the result of semiliquified sediment disturbed
by seismic events (Mazumder et al., 2006). These soft-sediment structures are also

present in Facies F4.

2.2.5 Facies F5: Lag deposits

Facies F5 is representative of lag deposits relating to four transgressive events.
The transgressive lag deposits of this facies type contain phosphatized bones, ooids and
peloids. Adding to this, anhydrite, pyrite and calcite are the dominant minerals present
in visible proportions. The formation of these surfaces/facies occurred in the same

transgressive manner so only one interpretation for the four F5 facies types is needed.

2.2.5a Facies F5a: Lag deposit

Description:
Facies F5a has an average thickness of 6 cm. This particular facies rests atop very
fine-grained hummocky cross stratified beds of the Montney Formation and is overlaid

by Facies F1. The coloration is dark brown to black rudstone comprised of ooids, peloids,
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phosphate grains, minor bone fragments, fine-grained sands, silts and mud (Figure 2.5a).
There is no distinct sedimentary structures that can be described in this facies. Despite
this a lag deposit is the closest sedimentary classification. The main minerals visible to
the naked eye in Facies F5a are calcite, pyrite and anhydrite cements.

There is no bioturbation seen in this facies, nevertheless the presence of ichnotaxa

cannot be ruled out.

Interpretation:

All Facies F5 types are transgressive surfaces of erosion that occur at the base
of or within the transgressive systems tract. Erosional surfaces are created by wave
erosion at the shoreface during times of sea level rise (Swift, 1968). This rise in sea
level reworks old and newly deposited sediments only if there is moderate to high wave
energy (Cattaneo and Steel, 2003). These wave energies are typically found at depths
down to fair-weather wave base (~ 10 m). In some cases storm dominated areas may
have significantly deeper erosional capabilitics (Thorne and Swift, 1991). Overlying
the erosional surfaces are lag deposits containing ooids and peloids representative of
shallower water depositional environments (Prothero and Schwab, 2003). These were
emplaced into the lag deposit upon transgression. The large regional extent of these
surfaces coupled with the limited depth these surfaces can form on would imply a

shallow topographic gradient across the study area.

2.2.5b Facies F5b: Lag deposit

Description:
Facies F5b is on average a 3 cm thick lag that rests atop F4 and is overlain by
F6 (Figure 2.5b). The coloration is dark brown to black rudstone comprised of ooids,

peloids, phosphate grains, minor bone fragments, fine-grained sands, silts and mud. It is

55



Figure 2.5a. Facies F5a

A)-B) Well 15-31-77-10W6 at a depth of 2006.55 m. This facies is transgressive lag
deposit resting atop the Montney Formation and overlain by the Moig Siltstone. Notice
the presence of ooids, peloids, and bone fragments.
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gradational with Facies F6 sands, which contain some organics distributed throughout the
lower parts by bioturbation. There is a strong presence of calcite and anhydrite cements
along with minor bands and blotches of pyrite.

The main distinguishing feature of F5b is the amount of bioturbation. F5b
is heavily bioturbated by suspension feeders (SF) and deposit feeders (DF) such as
Skolithos (SF), Rhizocorallium (DF), Planolites (DF) and Thalassinoides (DF). In some
cores burrowing goes 10 cm below the base of the phosphate zone into the underlying
Moig Siltstone facies. This is referred to as a Glossifungites ichnofacies (c.f. Pemberton

et al., 2001).

Interpretation:

Found at the base of the Moig Sandstone is a lag deposit (Facies F5b) associated
with a Glossifungites surface. The lag deposit consists of ooids, peloids, phosphate
grains, and some bone fragments delineating a transgressive surface of erosion. Adding
to this interpretation of a key stratal surface is the presence of a Glossifungites surface
seen by Skolithos, Rhizocorallium, and Thalassinoides, penetrating to a depth of 10 cm
through the underlying silty sands of the SO Facies Association. The burrows show no
cross cutting of sedimentary grains so the interpretation of a frimground as apposed to a
hardground substrate is derived. The burrows are infilled with very fine- grained sands,
ooids, phosphate grains, peloids, and some bone fragments. This would imply that the lag
deposit formed penecontemporaneous to the colonized surface and when the trace maker
left, lag deposits and sands infilled the burrows.

Historically the Glossifungites ichnofacies is substrate controlled and represents
a setting where a firm ground or palimpsest softground assemblage has been dewatered
and compacted by erosional exhumation representing erosional discontinuities
(Pemberton et al., 2001). Preceding this, colonization under marine conditions by

dominantly vertical to subvertical suspension feeding and dwelling organisms typical
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of Diplocraterion, Skolithos, Psilonichnus, Arenicolites, and Gastrochaenolites occurs
(Pemberton and Frey, 1985). The presence of deposit feeding organisms can also be
found in horizontal to subhorizontal dwelling structures commonly of Rhizocorallium,
Zoophycos, Thalassinoides, Taenidium, and Spongeliomorpha (MacEachern and Burton,
2000). Typically traces are of low diversity and high abundance with robust (0.5-1cm
in diameter), deep penetrating burrows (20-100cm) (Pemberton et al., 2004). Following
colonization is passive infilling of the burrowed substrate by courser material. Presence
of the colonization after erosion and exhumation represents a depositional hiatus
followed by a later stage of sediment infill therefore representing a significant sequence
stratigraphic surface (Pemberton et al., 2001).

There are a number of ways that the Glossifungites ichnofacies can be applied
to depositional settings and stratigraphy. In a depositional context the Glossifungites
surface can form wherever there is erosional exhumation of unlithified, firm or palimpsest
softground assemblages available for colonization in marine conditions and later passive
infill of sediments. This can occur in a number of environments represented by erosive
shoreface retreat, coastal erosion, submarine channels, meandering tidal channels,
channel migration, and valley incision (MacEachern and Pemberton 1992; Pemberton et
al., 2001). In a stratigraphic context the Glossifungites surface may be found in regressive
surfaces of erosion (RSE) below forced regressive shorefaces, sequence boundaries
(SB) underlying lowstand shorefaces, SB for estuarine mouths of incised valleys prior to
transgressive infill, SB for submarine canyon margins, and transgressive surfaces such as
marine flooding surfaces and low relief transgressive surfaces of erosion (Pemberton et
al., 2004). The most common manner of preserving this substrate controlled ichnofacies
is through the formation of transgressive surfaces of erosion (Pemberton et al., 2004).

As described above this Facies F5b is created by erosional exhumation of
unlithified, firm or palimpsest softground assemblages available for colonization in

marine conditions and later passive infill of sediments thus creating a sequence boundary.

59



Figure 2.5b. Facies F5b

A)-C) This facies represents a transgressive surface of erosion with an associated lag
deposit and Glossifungites surface. Notice the presence of pyrite, calcite plus anhydrite
(white minerals). Typical traces are Thalassinoides (Th), Skolithos (Sk), Planolites (Pl),
and Rhizocorallium (Rh). The base of this surface contains the Moig Siltstone, which is
overlain by the Moig Sandstone. A) Well 4-2-79-10W6 at a depth of 1806.59 m. B) Well
6-34-78-10W6 at a depth of 1826.32 m. C) Well 6-16-78-10W6 at a depth of 1864.5 m.
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Here the Glossifungites surface formed in four steps; 1) deposition of Facies Association
SO by transgression, 2) erosion by a commencing of the transgressive event (TSE), 3)

depositional hiatus allowing the formation of lag deposits and colonization by Skolithos,
Rhizocorallium, and Thalassinoides, and 4) progradation of the Moig Sandstone overtop
of colonized surface consequently passively infilling the burrowed surface with sand and

lag material.
2.2.5¢ Facies F5c: Lag deposits

Description:

Facies F5c found at the base of the Lower Doig Phosphate Zone overlies Facies
F6, F7a, or F7b. Above Facies F5c is the Lower Doig Facies F8, F5d, or F9. The
thickness is 6 cm to 30 cm with an average of 15.5 cm. Coloration is very dark black
rudstone with large amounts of bone fragments, phosphate grains, ooids and more minor
amounts of fine-grained sands and silts (Figure 2.5c). There is a large amount of calcite
and anhydrite cements with pyritized materials. Like the other lag deposits there are no
- sedimentary structures and in most cores bioturbation is not present.

There are two cores where a thin 9 cm thick fine-grained sand is mixed with
the top of F5C lag deposit. Here the sands are from scouring of the Moig Sandstone
upon transgression. This sand is mixed into the lag deposit by intense bioturbation by

Rhizocorallium and Scolicia ichnotaxa.
2.2.5d Facies F5d: Lag deposits

Description:
Facies F5d is a black rudstone lag deposit overlying Facies F5c, F8, or F9.

Overlying facies F5d is facies F9 or F10. F5d is considerably thinner than F5c¢ with

62



Figure 2.5¢. Facies F5¢

A) This image shows the erosional contact with the Moig Sandstone and facies F5c
above. Notice the lag deposit containing bone and ooids (Oo). Well 4-2-79-10W6 at a
depth of 1800.59 m.

B) Occasionally in facies F5c sands from the erosional scoured Moig Sandstone unit are
incorporated into the lag deposit. These sands are heavily bioturbated by Rhizocorallium
(Rh) and Scolicia. Also present are more bones and ooids (Oo). Well 6-34-78-10W6 at a
depth of 1819.98 m.
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a thickness of 1 cm to 6 cm with an average of 3 cm. This Facies F5d rudstone is
comprised of bone fragments, phosphate grains and peloids (Figure 2.5d). In some cores
the occasional peloid has siderite or is coated in pyrite. Other visible minerals are calcite
and anhydrite cements.

There is one core where a thin 15 cm thick fine-grained sand is mixed with the
top of F5d lag deposit. Similar to Facies F5c, the sand is from scouring of the Moig
Sandstone or reworked Upper Doig deposits. This sand is mixed into the lag deposit

similar to F5c via intense bioturbation through Rhizocorallium and Scolicia ichnotaxa.
2.2.6 Facies F6: Heavily bioturbated mottled sandstone

Description:

The base of F6 is represented by F5b lag deposit and is overlain by F7a, F7b, or
F5c. In core 6-16-78-10W6 the top of Facies F6 is represented by a .6 meter thick zone of
muddy wavy beds with virtually no bioturbation. Fé6 thickness can range from 20 cm to
6.04 meters with an average of 2.46 meters. Generally Facies F6 is comprised of tan very
fine-grained dolomitic sandstone. Mud represents up to 25% with an overall decrease in
mud up through this facies. Sedimentary structures are extremely rare given that intense
bioturbation eradicates original bedding. There is only minor preservation of stylolites
and rare occurrences of what appear to be wavy bedding and deformed oscillation ripples.
The mottled appearance of this facies is derived from calcite and anhydrite cements
following bioturbated media (Figure 2.6).

From an ichnological perspective, almost all of the original bedding has been
overprinted by fecal pellets and horizontal burrows from deposit feeders (DF), systematic
grazers (SyG), and dwelling burrows (DS). The dominant ichnotaxa are Scolicia
(DF), Planolites (DF), Palaeophycus (DS), Thalassinoides (DF), Chondrites (DF),
Helminthopsis (SyG), Phycosiphon (SyG), Teichichnus (DF), Rhizocorallium (DF),
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Figure 2.5d. Facies F5d

A) Core shot of facies F5d overlying facies F5¢ and F8 respectively. This is a phosphate
rich zone with ooids (Oo0). Well 6-16-78-10W6 at a depth of 1858.79 m.

B) This is one of the more significant erosional surfaces above facies F5c¢ in the Lower
Doig unit. Notice the presence of fine-grained sand, anhydrite cements (white), sideritised
peloids (Pi) and phosphate (P). Well 2/7-26-78-10W6 at a depth of 1808.5 m.
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Figure 2.6. Facies F6

A) This image shows the contact with facies F5b and the Moig Sandstone (facies F6).
Notice the heavily bioturbated sands with a mottled look from calcite cements following
the bioturbated media. Well 14-15-78-10W6 at a depth of 1844 m.

B)-D) Typical high abundance high diversity suite of trace fossils erasing most of the
sedimentary structures. Traces are typically Rhizocorallium (Rh), Asterosoma (As),
Helminthopsis (He), Chondrites (Ch), Scolicia (Sc), Planolites (P1), Thalassinoides (Th),
and Phycosiphon (Ph). B) Well 2/7-26-78-10W6 at a depth of 1811.19 m. C) Well 6-34-
78-10W6 at a depth of 1821.59 m. D) Well 4-2-79-10W6 at a depth of 1802.6 m.
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and Asterosoma (DF). All ichnotaxa represent a diverse suite of archetypal Cruziana

ichnofacies.

Interpretation:

The diverse suit of traces associated with predominantly horizontal burrows of
deposit feeding organisms suggests a community of archetypal Cruziana ichnofacies
(Frey and Pemberton, 1985; MacEachern et al., 2007). The overall lack of sedimentary
structures due to complete bioturbation of a high diversity and high abundance Cruziana
ichnofacies suggests deposition in a location with uniform rates of sedimentation, bottom
water conditions, and minimal turbidity currents (Moslow and Pemberton, 1988). These
conditions are typical in shallower waters below daily wave base but above storm
weather wave base or in deeper quieter waters (Frey and Pemberton, 1985). When
sedimentary structures are preserved they represent wavy bedding and possible deformed
wave ripples. These sedimentary structures may represent storm layers (Reineck and
Singh, 1980). Considering the overall parameters deposition in an offshore/shoreface

transition zone is possible.

2.2.7 Facies F7a: Heavily bioturbated very fine-grained sand

Description:

Facies F7a can be found atop Facies F6 and is overlain by Facies F7b or F5c. The
thickness of Facies F7a ranges from 10 cm to 3.15 meters with a mean of 1.19 meters.
Coloration is the same as F6 or F7b with a grey to tan color represented in the very fine-
grained dolomitic sandstone. Mud comprises 20 % of Facies F7a with a decrease in
composition upwards in this facies. Sedimentary structures are rarely preserved given that
bioturbation is extreme leaving behind the occasional wavy parallel bedding along with

some stylolites. Similar to Facies F6 and F7b there can be a mottled look to the interval,
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Figure 2.7a. Facies F7a

A)-D) Facies F7a contains a diverse suite of trace fossils with the presence of some
vertical and horizontal burrows. The dominant traces in the photos are Rhizocorallium
(Rh), Asterosoma (As), Helminthopsis (He), Chondrites (Ch), Scolicia (Sc), Planolites
(P)), Thalassinoides (Th), Cylindrichnus (Cy), Teichichnus (Te), Palaeophycus (Pa) and
Phycosiphon (Ph). A) Well 6-16-78-10W6 at a depth of 1863.8 m. B) Well 6-16-78-10W6
at a depth of 1861 m. C) Well 14-14-78-10W6 at a depth of 1838 m. D) Well 6-16-78-
10W6 at a depth of 1863.8 m.
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which represents calcite and anhydrite cements following bioturbated texture.

Dominant ichnotaxon of this facies are vertical to subvertical deposit feeding (DF)
and suspension feeding (SF) traces representing a diverse array of archetypal Cruziana
ichnofacies. Typical traces are Teichichnus (DF), Cylindrichnus (SF), Rhizocorallium
(DF), as well as horizontal traces of deposit feeders (DF), systematic grazers (SyG), and
dwelling burrows (DS) such as Chondrites (DF), Planolites (DF), Palaeophycus (DS),
Thalassinoides (DF), Asterosoma (DF), Helminthopsis (SyG), and Scolicia (DF) (Figure
2.7a).

Interpretation:

Similar to Facies F6, Facies F7a has complete bioturbation removing previously
deposited sedimentary structures. The presence of vertical, inclined, and horizontal
structures as well as a diverse assemblage of trace fossils exemplifies the archetypal
Cruziana ichnofacies (Frey and Pemberton 1985; MacEachern et al., 2007). The presence
of some vertical to inclined Cylindrichnus and Rhizocorallium traces may be explained
by a moderate increase in energy from shallowing of the overall depositional system.
This shallower environment dominated by Cruziana ichnofacies may be found in a
distal lower shoreface zone. Typically sedimentary structures found within the Cruziana
ichnofacies are oscillation ripple laminated sands, and low angle, undulatory, parallel and
subparallel laminations (Frey and Pemberton, 1985; Pemberton et al., 2001; MacEachern
et al., 2007). In this facies only vary rare wavy or undulatory laminations are seen and
may be interpreted as hummocky cross-stratification (HCS) and deformed wavy bedding.
Brenchley (1985) described HCS as forming in a shallow marine storm dominated

environment, which may equate in this unit to the distal lower shoreface.
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2.2.8 Facies F7b: Heavily bioturbated with vertical and horizontal burrows

Description:

Facies F7b is only preserved in two cores. This facies is found atop and below
Facies F6 and has a mean thickness of 1.77 meters. The presence between two F6 Facies
possibly represents a shift back to deeper water facies or a reduction in wave energy. F7b
is a grey to tan colored very fine-grained dolomitic sandstone with 10 % mud mostly
preserved in burrows and stylolites. Like Facies F7a, all sedimentary structures have been
over printed by intense bioturbation leaving only stylolites. Cementing is similar to the
other facies in this association with a mottled look due to calcite and anhydrite cements.

Ichnology of Facies F7b is slightly different than Facies F7a. In Facies F7b, most
of the ichnotaxa are vertical to subvertical mud lined burrows of Rosselia (DF), Skolithos
(SF), Cylindrichnus (SF), and Diplocraterion (SF), with lesser amounts of Teichichnus
(DF), Rhizocorallium (DF), Palaeophycus (DS), Planolites (DF) and possible
Helminthopsis (SyG). This suite may represent an expression of the proximal Cruziana

ichnofacies (Figure 2.7b).

Interpretation:

Facies F7b is the last prograding sand found within facies association B.
Complete bioturbation of the sand yet again implies uniform rates of sedimentation,
bottom water conditions, and very minor turbidity currents (Moslow and Pemberton,
1988). These conditions may also apply to a weekly storm influenced shoreface (Howard
and Reineck, 1981). The presence of vertical suspension feeding organisms implies
that there was a higher level of energy than F6 or F7a. Because of the higher energy
levels organisms would have to burrow vertically to ensure stable life habits (Seilacher,
1964). Low diversity and high abundance of suspension feeding organisms (Skolithos,

Diplocraterion, and Cylindrichnus) are typical of the Skolithos ichnofacies in shoreface
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Figure 2.7b. Facies F7b

A)-D) Facies F7b is dominated by vertical traces with some cryptic horizontal traces. In
these photos dominant traces are Diplocraterion (Di), Cylindrichnus (Cy), Palaeophycus
(Pa), Rosselia (Ro) and Cylindrichnus (Cy). Plate C shows the bedding plane with
vertical Diplocraterion (Di) and Rosselia (Ro). A) 6-16-78-10W6 at a depth of 1862.6
m. B) 6-16-78-10W6 at a depth of 1863.2 m. C) 6-16-78-10W6 at a depth of 1862.6 m.
D) Well 3-22-78-10W6/4 at a depth of 1834.9 m.
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to sheltered foreshore environments (Pemberton et al., 2001; MacEachern, 1994).
However, the presence of mixed Cruziana ichnofacies (Teichichnus, Rhizocorallium,
Palaeophycus, Planolites, and possible Helminthopsis) allows for the interpretation of

proximal lower shoreface sands in a proximal Cruziana setting (Pemberton et al., 2001).

2.2.9 Facies F8: Organic rich black shale

Description:

Facies F8 is a highly organic vitrinite rich black fissile shale. Typically this facies
overlays F5c and can be interbedded with F9. Facies F9 or F5d characteristically overlies
Facies F8. The thickness can range from non-present to 1.6 meters with an average of
8 cm. Occasionally pyrite can form in nodules or bands due to replacement of organic
matter, which appears to be very high in abundance (Figure 2.8). Some bedding planes
show fish remains, ammonoidea, phosphate grains, and plant material. Sedimentary
structures present are very thin planar laminated beds. There is a complete lack of

ichnotaxa present in this facies.

Interpretation:

Shales of marine origin are deposited in many different depositional settings. This
creates great difficulty in interpreting a depositional environment. Prothero and Schwab
(2003) describe marine shales as being deposited by suspension fall out of pelagic
materials, terrigenous materials deposited by density currents, windblown materials from
continents, transportation and deposition by contour currents, fluvial transported shales
that fall out of suspension in nearshore zones, and deposition of muds in tidal flats.

Where present above F5c, Facies F8 is interpreted as shelf muds representing
a flooding surface relating to a major transgression. When F8 is interbedded with F9

this facies lends to the interpretation of minor fluctuations in oxygen and sea levels.
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Figure 2.8. Facies F8
Facies F8 is a maximum flooding surface with organic rich shale.

A) Often pyrite is a major component of this facies. Well 14-15-78-10W6 at a depth of
1836 m.

B) Organics and bone fragments can be seen on bedding plains. Well 2/7-26-78-10W6 at
a depth of 1810.52 m.

C) Facies F8 in some cores can be found between facies F5c and F5d. Well 6-16-78-
10W6 at a depth of 1858.79 m.
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Deposition of shale may be from muds settling out of suspension in a protected
environment with oxygen levels of less than 0.1 ml of oxygen per liter of water (anoxic)
(Prothero and Schwab, 2003). Levels in this range give little to no bioturbation as well as
good preservation of animals when buried on the sea floor. Since there is no evidence of
current or storm action, which could remove or break up organics and bioturbation is not

present, a depositional setting in a deep anoxic shelf environment is suggested.

2.2.10 Facies F9: Muddy siltstone
Description:

Facies F9 is a black colored muddy siltstone interbedded with F8, F10, and Fi1.
Mud content is a significant component representing up to 50% with the other grain
sizes comprising of silt. Thickness can range from 7 cm to 3.6 m. Facies F9 is found in
close contact with Facies F8, F10, and F11 from interbedding in some locations. The
mineralogy of this facies can show pyrite and anhydrite nodules. Also found within this
facies can be a significant amount of organic material, and possible phosphatic grains.
Sedimentary structures are represented in massive beds, minor dish and pillar structures,
as well as planar laminations (Figure 2.9).

Phycosiphon is the only ichnotaxon present within this facies, which heavily
bioturbated some sections of this facies. Detailed examination must be made when
analyzing bioturbation in this facies to make sure such burrows are not confused with

dish and pillar structures.

Interpretation:

Facies F9 is possibly part of a system of minor sea level changes along with
changes in oxygen levels in a sheltered shelf environment. It is underlain by deep shelf
muds of Facies F8 and overlain by shelf sands in Facies F10. This pattern may represent

one of three things: First, a shallowing upward sequence; Second, changes in oxygen as
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Figure 2.9. Facies F9

A) A typical box shot of facies F9 showing an organic rich muddy siltstone with planar
laminations. Well 14-11-77-10W6 at a depth of 1943.59-1946.07 m.
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mentioned above; and Third, shifts in sediment suppliéd by storms.

Massive appearing beds can have many different generating factors described in
Facies F2. Facies F9 shows a combination of massive beds and planar laminated beds
from suspension fall out. Massive beds show heavy bioturbation by Phycosiphon, which
destroys the original planar laminations. Where planar laminations are present oxygen,
levels may be unfavorable therefore organisms do not disturb the sediments. Similar to
facies F8, this facies was deposited in a sheltered shelf environment with varying oxygen
levels. A sheltered shelf environment is implied because there are no storm derived sands
and silts similar to those in Facies F10 and F11. Varying levels of oxygen can be inferred
by the presence of bioturbated and unbioturbated zones. Zones of bioturbated and
unbioturbated media relating to oxygen fluctuations have been described in northern Italy

by Twitchett and Wignall (1996).

2.2.11 Facies F10: Muddy silt with deformed lenticular sands
Description:

Facies F10 can be found interbedded with Facies F11 and F9. Coloration of
this facies tends to be dark grey to black and where thin sands are present there is a tan
coloration to the sands. The dominant sediments are 70% sandy silt and 30% mud. Where
minor amounts of sands are present sizes range from lower fine to upper fine. Thickness
of the sand beds can range from % cm to 6 cm thick. Anhydrite and pyrite nodules can
be present within this unit along with large rare vertical fractures filled with anhydrite
(Figure 2.10). Dominant sedimentary structures are deformed lenticular sands and thin
bioturbated silty beds.

A stressed suite of distal Cruziana ichnofacies dominates the bioturbated
sediments. Ichnotaxa include abundant traces of Phycosiphon and Scolicia, with minimal
colonization of Thalassinoides and Planolites. Traces are very difficult to see because of

the coloration and homogenous nature of the sediment grain size.
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Figure 2.10. Facies F10

A) This image shows a fine-grained sand from storm deposition or reworking of relic
sediments. Notice the deformed lenticular beds (LB) and anhydrite nodules. Well 2/7-26-
78-10W6 at a depth of 1807.8 m.

B) Facies F8 is dominated by deformed lenticular beds (LB) with sporadic traces of
Phycosiphon (Ph) and Scolicia (Sc). Well 6-16-78-10W6 at a depth of 1856.5 m.
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Interpretation:

Facies F10 is interpreted as sands deposited in a shelf environment. Similar to
Facies F11, beds have undergone a significant degree of deformation from liquefaction,
loading, and dewatering. This facies has coarser and more distinct sand content than
F11. There are two interpretations for this: One, sands are thicker and more distinct here
because deposition is more proximal to the coastline. These proximal sands were possibly
deposited by storm events, which soon underwent deformation due to liquefied sediments
lying underneath. Sedimentary structures have mostly been deformed, therefore they are
of no help. Two, these are relic sediments from a previous coastal environment that has
been submerged and reworked upon transgression. The thicker sand layers (5 to 6 cm)
may be the result of deposition of sand ribbons or patches, which formed by reworking of
preexisting sediments related to the transgression or reworking of storm sands (Cattaneo
and Steel, 2003). These sand ribbons or patches then underwent bioturbation dominantly
by Scolicia and Phycosiphon, which in turn overprinted the internal structure. Either
interpretation may be applied to this facies.

Scolicia typically occurs in silty and fine grained sands of deeper water settings
with bottom currents and higher sedimentation rates (Fu and Werner, 2000). Bottom
currents can produce sand ribbons or patches while high sedimentation rates are related
to storms. Accordingly, Scolicia may be a good indicator of these conditions (Fu and
Werner, 2000). In most cases, the backfill in the burrows are not preserved owing to
relatively little change in grain size and lithology of the sediment units because of this

Scolicia ends up looking like a small fuzzy golf ball.
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2.2.12 Facies F11: Silty sand with flame structures

Description:

Facies F11 is interbedded with F10 and F9. The diagnostic coloration found
within this facies is dark black to brown with some white coloration to the thin sandy
beds. Sediments are for the most part muddy silt with up to 35% lower fine-grained sand.
Like Facies F10 there can be anhydrite and pyrite nodules. Large vertical fractures filled
with anhydrite are also commonly present. Frequent occurrences of pyrite in bands are
another distinguishing feature. Sedimentary structures formed in this facies are deformed
beds of lower fine-grained sands. Structures appear to be small cuspate (dish and pillar)
shapes relating to deformation structures or even possibly flame structures; however,
deformation does not allow for a definite identification of original bedding which may
have been rhythmic (Figure 2.11). Individual sandstone beds are not as thick as F10. The
average thicknesses of the sandy/silty beds are estimated to be less than % of a cm.

The dominating ichnotaxa are Phycosiphon and Scolicia with minor amounts of
Thalassinoides, Planolites, and small 1 cm high Skolithos. For this depositional setting

the traces are grouped into a stressed distal Cruziana ichnofacies.

Interpretation:

Facies F11, similar to other Lower Doig facies, suggest sands deposited in a shelf
environment. Sand deposition may originally have been laid down in rhythmic beds
from storms. Syndepostionally or slightly after deposition sands may have undergone
deformation from deposition atop hemipelagic liquefied muds and silts creating small
dish and pillar structures from fluid escape (Lowe, 1975). Intense bioturbation by
subhorizontal Phycosiphon, Scolicia, Thalassinoides, Planolites, and small 1 cm high
Skolithos add to the chaos, These traces are representative of a stressed distal Cruziana

ichnofacies. Furthermore distal Cruziana ichnofacies have been recognized overprinting
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Figure 2.11. Facies F11

A)-C) Facies F11 containing flame structures (FS), anhydrite and pyrite. Typical traces in
this facies are Skolithos (Sk), and Phycosiphon (Ph). A) Well 3-22-78-10W6/4 at a depth

of 1833.9 m. B) Well 4-2-79-10W6 at a depth of 1798.2 m. C) Well 2/7-26-78-10W6 at a
depth of 1808.6 m.

D) Possible dish and pillar structures seen in facies F11. Well 6-16-78-10W6 at a depth of
1858.7 m.
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storm deposits in the Cretaceous (MacEachern, 1994; Pemberton et al., 2001). Both
Anconichnus now called Phycosiphon and Scolicia are the dominant traces and have
been described in shelf settings by Wetzel and Bromley (1994) and Fu and Werner (2000)
respectively. On the other hand Skolithos is typically found in shallower depositional
environments with higher energy; however, there may have been enough energy and
sediments from storms to allow opportunistic suspension feeding by rare Skolithos in
deeper depositional systems (Pemberton and Frey, 1984; Vossler and Pemberton, 1989;

MacEachern and Pemberton, 1992; MacEachern 1994).

2.3  FACIES ASSOCIATIONS

2.3.1 Facies Association SO (Moig Siltstone)

Facies Association SO contains deposits relating to offshore/shoreface transition
zone grading into a tectonically influenced storm dominated upper offshore. The
particular facies found within these two environments are Facies F1, which is overlain
by Facies F2, F3 and F4. There is an interbedded nature to the latter three facies. Facies
F1 and F2 are described as a storm dominated offshore/shoreface transition zone
representing a highly bioturbated zone with some graded rhythmites. Facies F3 and
F4 are storm dominated upper offshore deposits showing graded rhythmites, planar
lamination, wave scours, wavy bedding, minor b‘ioturbation, and tectonically influenced
seismites. The main difference between F3 and F4 is the presence of seismites found
in F4 possibly from reactivation of the underlying Paleozoic structure. The base of this
facies association contains a transgressive surface of erosion (F5a) and associated bones,
peloids, ooids, and phosphates representing a lag deposit. This wedge of sediment is an
overall transgressive deposit with gradational contacts between all facies except for the

transgressive surface of erosion (F5a). For the purpose of this study, Facies Association
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SO has been renamed the Moig Siltstone.

2.3.2 Facies Association B (Moig Sandstone)

Facies Association B is highly bioturbated relating to offshore/shoreface transition
deposits overlain by distal to proximal lower shoreface deposits with more vertical
suspension feeding traces. The transition zone (F6) contains highly bioturbated media
dominated by archetypal Cruziana ichnofacies. Moving up core there is a gradational
contact with the distal lower shoreface (F7a) archetypallCruziana ichnofacies. This
distal lower shoreface zone has the presence of some vertical to subvertical suspension
and deposit feeding structures implying an increase in energy. Continued shallowing of
the system gives rise to another gradational contact with the proximal lower shoreface
(F7b), which shows a more proximal Cruziana ichnofacies character relating to continued
shallowing and therefore an increase in energy. For the purpose of this paper the entirety
of Facies Association B has been named the Moig Sandstone. The base of this association
is represented by a transgressive lag deposit (Facies F5b) and capped by a major
transgressive ravinement surface and associated lag deposit (Facies F5c). This sandy
package is a prograding system with a minor fluctuation in sea level depositing a thin
wavy bedded dark silt followed by more bioturbated sands (2 prograding sands). In core

this gradational unit is found at the top of Facies F5b.

2.3.3 Facies Association SS (Lower Doig)

Facies Association SS pertains to a shelfal environment with varying degrees
of bioturbation. It has been speculated that these varying levels are from fluctuating
oxygen and energy levels. The base of this association starts with a transgressive surface

of erosion (F5c) followed by an organic rich condensed section (F8). Atop Facies F8
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are interbedded Facies F9 to F11 with varying amounts of deformation, bioturbation,
and storm plus erosion derived sands and silts. Within Facies F9 to F11 other minor
transgressive surfaces of erosion can be seen with the most dominant one relating to
Facies F5d. This overall association can be considered a transgressive unit mixed with
distal portions of the Upper Doig stillstand deposits. Stillstand deposits similar to these
have been described in the Cretaceous Viking Formation in central Alberta (Walker and

Davies, 1991; MacEachern, 1994).
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CHAPTER THREE

STRATIGRAPHY, DEPOSITIONAL ENVIRONMENTS, AND DISTRIBUTION
OF THE MOIG AND DOIG UNITS

3.1 INTRODUCTION

Available core for the three studied units is primarily concentrated within
the southeast portion of the study area (see chapter 1 Figure 4). Since there is poor
distribution of core, depositional models described herein are based on a combination of

facies, facies associations, structure maps, isopach maps and cross-sections.

The complexity of the structural and stratigraphic relationships requires each
unit in this study to be described with a separate depositional model. The Moig Siltstone
lies unconformably atop the Montney Formation and is represented by a structurally
controlled offshore/shoreface to proximal upper offshore transgressive Facies Association
SO. Unconformibly overlying the Moig Siltstone is the Moig Sandstone, which is a
structurally controlled offshore/shoreface to proximal lower shoreface Association (B).
The third model describes the Lower Doig Formation, which unconformably overlies
the Moig Sandstone. The Lower Doig is an overall transgressive unit deposited in a

structurally controlled shelf environment characterized by Facies Association SS.
32 MAPS

Mapping of the Moig Siltstone reveals a morphology not characteristic to any
depositional setting (Figure 3.1). The western and southern edges of the study area

exhibit the thickest isopach values, as well as a couple of small isolated thicks toward the
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R13wW6

Figure 3.1. Gross thickness map of the Moig Siltstone unit with a contour interval of
1.5m.
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north and southeast. Structural analysis of the underlying Paleozoic Belloy Formation
reveals a series of faults (Figure 3.2 and 3.3). These Paleozoic structures influenced
deposition of the Montney Formation and the Moig Siltstone (Figure 3.3). Sediments

of the Moig Siltstone can be seen draping over the Farmington Fault in T79 R12W6.
An overall thinning of the unit over the faulted area represents this sediment drape.
Reactivation of these basement structures caused the formation of graben structures,
which increased accommodation space and allowed for thicker isolated bodies to form
(Figure 3.3 T79R12W6). Evidence of basement structure reactivation is also observed in
core in the form of seismites (see Facies F4 Chapter 2). Also affecting the morphology
of the Moig Siltstone is the transgressive surface of erosion (HE FS 2, F5b) at the base
of the overlying Moig Sandstone. Based on figures 3.1 and 3.4, it is evident that the
Moig Siltstone is thinnest where the Moig Sandstone was deposited. The thinning of the
siltstone unit is a result of scouring during transgressive ravinement (HE FS 2, F5b) that
occurs as the shoreface profile attempts to maintain equilibrium (Swift, 1975; Demarest

and Kraft, 1987).

Mapping of the Moig Sandstone confirms a lobate shape for the unit. If mapping
was the only tool used to interpret Facies Association B, a deltaic depositional model
would probably be the end result (Figure 3.4). However, complete bioturbation of these
sands by a diverse and abundant assemblage of trace fossils corresponds to shoreface
deposition (Moslow and Pemberton, 1988; Bann and Fielding, 2004). On closer
examination of the core and structure maps, there are two explanations for the similarities
to deltaic morphology. Deposition of the sand was controlled by the Paleozoic structure
(Figure 3.2). Examining the Belloy structure map revealed a series of faults, in which two
were previously named the Farmington Fault and the Gordondale Fault (Richards et al.,
1994). These faults affected sand deposition by increasing or decreasing accommodation
space as well as by changing the depositional gradient causing draping of sediments

over the faults (Figure 3.7). Examples of draping of sediments over the fault can be
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Figure 3.2. Structure map of the Paleozoic Belloy Formation with a contour interval of
30 m..
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Figure 3.3. Gross thickness map of the Moig Siltstone unit with a contour interval of 2
m. Wells present on the map are all the control points used in the study. The upper faults
in red are the Farmington Fault and the Gordondale Fault from north to south (After
Richards et al., 1994). Blue faults are possible faults discovered in this study from the
Belloy structure map. Wells present on the map are all the control points used in the
study.
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Figure 3.4. Net sand isopach of the Moig Sandstone unit with a contour interval of 2
m. Net sand values were obtained by using a combination on gamma ray, resistivity,
neutron, and density logs since phosphates may give a false shale reading.
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Figure 3.5. Paleozoic faults overlain on the net sand isopach of the Moig Sandstone. The
upper faults in red are the Farmington Fault and the Gordondale Fault from north to south
(After Richards et al., 1994). Blue faults arc possible faults discovered in this study from
the Belloy structure map. Wells present on the map are all the control points used in the
study. Contour interval: 2 m
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found on all three of the isopach maps. In the Moig Sandstone sediment draping over
the Farmington Fault is represented by the thinning of sediments in northern sections of
the study area (T79R11-13). The second factor affecting the morphology of the Moig
Sandstone isopach map is the presence of unconformities below and above the sand (HE
FS 2 and HE FS 3). The primary influence is the transgressive surface of erosion (HE
FS 3 and Facies F5c¢) that overlies the Moig Sandstone. This surface may have removed
as much as 20 meters of the substrate in an attempt to maintain the shoreface profile
(Swift, 1975; Demarest and Kraft, 1987). It can be speculated that tectonics resulted in
more severe erosion to the east by a reduction in slope, which created a more extensive
erosional surface. This degree of erosion may account for the paucity of middle to upper
shoreface deposits (Catuneanu, 2006). The shoreline at the time of deposition was also
oriented northwest — southeast such that land was to the northeast, which suggests that

dominant erosion would have been in that direction.

The Lower Doig shelf deposits exhibit similar thickness trends as the Moig
Siltstone and Moig Sandstone (Figure 3.6). Paleozoic structures (faults), where present,
influenced shelf deposition (Figure 3.7). In the northern section of the isopach map, the
Farmington and Gordondale faults controlled deposition. In between the two faults there
seems to have been an increase in accommodation space, which allowed for thicker
Lower Doig deposits to accumulate. Directly overlying the faults there is a reduction in
thickness implying that these faults may have reduced accommodation space in these
areas. Toward the south, a similar but less pronounced trend in thickness is influenced by
the unnamed faults of this study. In general, Facies Association SS thickens to the east
and thins to the west, with the exception of a lobate shape in the southwest corner of the
study area. The thickening to the east can be explained by the proximity to the shoreface
(source), which would supply sands and silts deposited by stillstand progradation, gravity
flows, and storms. The lobate shape to the southwest may be explained by structurally

controlled debris flows. However, core is required from this location to provide further
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Figure 3.6. Gross thickness map of the Lower Doig Formation. Contour interval: 2 m
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Figure 3.7. Gross thickness map of the Lower Doig Formation with Paleozoic faults
overlain. The upper faults in red are the Farmington Fault and the Gordondale Fault from
north to south (After Richards et al., 1994). Blue faults are possible faults discovered in
this study from the Belloy structure map. Wells present on the map are all the control
points used in the study. Contour interval: 2 m
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evidence of this interpretation, as phosphates may give a false shale reading.

34 STRATIGRAPHIC EVOLUTION

The overall succession of the Moig to Lower Doig represents a transgressive
package influenced by higher frequency periods of regression during stillstand conditions
(Figure 3.8). The base of the Moig Siltstone is marked by a flooding surface/sequence
boundary (FS/SB1 Facies F5a) where a low energy flooding surface (LE FS 1) forms
below the FWWB and a high energy flooding surface (HE FS 1) above due to the
erosional nature of shoreface retreat. This surface overlies the Smithian highstand
systems tract (HST) of the Montney Formation, which may have an attached lowstand
systems tract (LST) (Kendall, 1999). It is possible that the Swan and Dawson fields on
the B.C. /Alberta boarder represents the LST that is overlain by transgressive deposits
of the Moig Siltstone. After deposition of the transgressive Moig Siltstone is the Moig
Sandstone, which is a stillstand shoreface deposit. The base of the Moig Sandstone
contains an amalgamated SB/FS 2 with a low energy flooding surface (LE FS 2) below
the FWWB and a high energy flooding surface (HE FS 2) above the FWWB. In order
for shoreface deposits of the Moig Siltstone to be removed the Moig Sandstone must
have started as a forced regressive deposit prograding over the transition zone to offshore
deposits of the Moig Siltstone. Renewed transgression reworked the forced regressive
surface and left the transition zone to offshore deposits of the Moig Siltstone overlain by
an amalgamated FS/SB 2. Sediments of the Moig Sandstone directly overlying FS/SB 2
(Facies F6) are deposits below FWWB and therefore must have been deposited during a
transgression through reworking of the sediment starved Moig Siltstone shoreface. If the
Moig Siltstone shoreface was not thin and sediment starved there would be remnants of

this shoreface left behind. Subsequently, a period of stillstand lead to the deposition of
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the Moig Sandstone atop the FS/SB 2 surface. The Moig Sandstone is a transgressively
incised stillstand shoreface deposited during a time of basinward shift. The base of the
Moig Sandstone reflects a FS/SB 2 (TSE) with an associated Glossifungites Ichnofacies
and lag deposit (Facies F5b) while the top represents another high energy FS/SB 3 and
lag deposit (Facies F5¢) from resumed transgression.

Following deposition of the Moig Sandstone is another sea level rise FS/SB 3 and
associated lag deposit (Facies F5¢) marking the beginning of the Lower Doig Stillstand
deposits. Kendall, 1999 described this FS/SB 3 as a type one sequence boundary. It is
agreed upon here since there is a drastic facies change from proximal lower shoreface
(F70) to shelf (F8-F11) and the sea level change was controlled by tectono-eustasy
events (c.f. Pitman, 1978). The FS/SB 3 surface contains a low energy flooding surface
(LE FS 3) below the FWWB and a high energy flooding surface (HE FS 3) above
due to the erosional nature of the transgression. As transgression continued there was
cannibalization of the Moig Sandstone from a reduction in structural relief to the east
and the HE FS 3 surface, which can be confirmed in the cross-sections, maps and core.
These Lower Doig deposits contain a series of TSE formed through continued stages of
transgression. Each of these surfaces (FS/SB 3-5) contain low energy flooding surfaces
(LE FS 3-5) below the FWWB and a high energy flooding surfaces (HE FS 3-5) above
the FWWB from the erosional nature of shoreface retreat. These flooding surfaces and
associated lag deposits (Facies F5c and F5d) may mark the distal extent of the prograding
Upper Doig deposits (Wittenberg, 1992). Evidence for progradation is represented in
stacked FS/SB in the Lower Doig. Since erosional surfaces (TSE) are cut only as deep as
the FWWB these surfaces would lie progressively landward of one another unless there
was a fall in sea level followed by a transgressive ravinement surface. Overall, proximal
facies of the Moig Siltstone to the Lower Doig lie progressively landward of one another.
This landward movement coupled with clastic wedges bounded by TSE and lag deposits

representing retrogradational parasequences constituting a transgressive systems tract.
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Figure 3.8. Graphical representation of the stratigraphic evolution for the Moig Siltstone,
Moig Sandstone, and Lower Doig. (1) Relative sea level fall, possibly induced by
tectonic events, produces a widespread subaerial exposure surface. Wave scouring
occurs as deep as the fairweather wave base (FWWB) at the shoreline. In a basinward
direction, the correlative conformity (CC) is developed and correlates to the sequence
boundary (SB). A shoreface progrades over the SB and is called the lowstand systems
tract (LST). It is possible that this LST characterizes the Swan and Dawson fields on the
B.C. Alberta boarder. (2) A period of transgression occurs forming a low energy flooding
surface (LE FS) below the FWWB and a high energy flooding surface (HE FS) above
due to the erosional nature of shoreface retreat. The HE FS truncates the top of the LST
forming a merged flooding surface and sequence boundary landward (FS/SB, Facies
F5a). There is no preservation of the exposure surface due to the HE FS. A relative short
stall in transgression allows for minor stillstand progradation over the FS/SB. (3) A
period of regression allows for a drop in sea level and progradation of a sediment starved
shoreface over top stage 2. Resumed transgression reworks the regressive deposits and
forms another HE FS (Facies F5b) and a LE FS. The HE FS removes all of the thin
stillstand shoreface deposits leaving behind only the transgressive deposits (The Moig
Siltstone). These deposits represent a parasequence. A longer period of stillstand forms a
prograding shoreface (The Moig Sandstone) deposited on top of the FS/SB. (4) A period
of regression followed by resumed transgression from sea level rise and possible tectonic
events causes a large transgressive episode that scours the top of the previous stillstand
shoreface leaving behind a FS/SB (Facies F5c¢). This continued transgression forms the
Lower Doig, which has a series of distal stillstand deposits and HE FS’s.

Overall the nature of this succession from Moig Siltstone to Lower Doig
represents a transgressive systems tract with deposits below FWWB being preserved
on the FS/SB. This preservation of deposits below FWWB is what differentiates forced
regressive shorefaces from stillstand shorefaces. Modified after MacEachern, 1994.
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3.3 CROSS-SECTIONS

Four cross-sections were constructed comprising of two dip and two strike
sections (Figure 3.9). Core and gamma ray on the left, and resistivity on the right
were used to elucidate the stratigraphic and depositional history. The crucial part of
constructing the cross-sections was selecting a datum not of an erosional nature. Since
most of the regional markers are erosional surfaces, the top of the Lower Doig was
used as a datum. This regionally extensive surface was viewed in core and found to be
a conformable surface. Since the depositional setting is transgressive in nature, there
is minor distortion of the stratigraphy toward the east (landward). Therefore, trends
seen in the cross-sections correspond as close as possible, to the original depositional

architecture.

Cross-section S1-S1° is oriented parallel to depositional strike, and shows two
silty units, the Moig Siltstone and the Lower Doig, and one sandy unit called the Moig
Sandstone (Figure 3.10). Both the Moig Siltstone and Moig Sandstone produce gas
across the study area. The base of the Moig Siltstone erosionally (FS/SB 1) overlies
the highstand deposits of the Montney shoreface described by Kendall (1999). This
contact is a HE FS 1 with an associated lag deposit (Facies F5a). Depositionaly, the
Moig siltstone contains a transgressive fining upwards sequence of transition zone to
upper offshore facies. This fining upward sequence is represented in core 4-2-79-10W6,
which contains upper offshore transgressive Facies Association SO cut by a transgressive
surface of erosion HE FS 2 (Facies F5b). Directly overlying this TSE is the shérp base
of the Moig Sandstone. Presence of a Glossifungites Ichnofacies, a lag deposit, and a
facies (F6) deposited below fairweather wave base implies that the Moig Sandstone was
deposited by stillstand progradation after transgressive shoreface incision HE FS 2 (c.f.

MacEachern et al., 1992). In this cross-section there is minor thinning to the east in the
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Moig Sandstone shoreface deposits, which is from erosion by the overlying Lower Doig
high-energy flooding surface HE FS 3 with an associated lag (Facies F5c). To the east the
HE FS 3 may have had more erosive energy due to tectonic readjustments in the Spathian
- Anisian aged Triassic (Kendall, 1999) decreasing the gradient of the shoreface profile.
In the northwest the Moig Sandstone pinches out as it reaches its depositional limit of
stillstand. The Lower Doig shows a thickening to the east in the strike sections. This
thickening may be explained by proximity to thick Doig sands in the Mirage Field. Sands
from the Upper Doig in this field were carried westward to the eastern edges of the Lower
Doig in the study area. Overall the strike section contains little variability of Moig units
other than a slight undulatory nature. This undulatory nature is interpreted to be the result
of erosional surfaces and Paleozoic structures. Paleozoic faults are present between 6-21
and 14-09 (Farmington Fault) and 11-25 and 6-17 (Gordondale Fault). The high energy
flooding surfaces contain lag deposits. These lag deposits and high energy flooding
surfaces (HE FS 3-5) are present throughout the Lower Doig; however, these lags and
associated flooding surfaces are not identifiable on the logs due to the high gamma from
the presence of uranium and apatite. The Moig Siltstone also shows a radioactive nature

of the gamma-ray log from uranium and apatite.

Cross-section S2-S2’ is oriented with depositional strike, and resembles that
of cross-section S1-S1° (Figure 3.11). Similarly HE FS 1 can be found above the
HST deposits of the Montney Formation. In core 8-33-79-13W6 the lag (Facies F5a)
associated with the HE FS 1 can be seen. The Moig siltstone in this cross-section and
core 6-16-78-10W6/2 can be seen scoured by the HE FS 2 surface and associated lag
(Facies F5b). Present in the stillstand Moig Sandstone deposits is a Glossifungites
ichnofacies at the base (HE FS 2) and a high frequency period of sea level rise in the
middle of the unit. This high frequency rise can be seen in well 7-32-78-12W6, 6-16-
78-10W6/2, and 11-10-78-10W6/2 where the middle of the Sandstone unit contains a

higher gamma signature. In core 6-16-78-10W6/2 this flooding period is preserved as
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offshore deposits encased by shoreface deposits of the Moig Sandstone. To the southeast
the Moig Sandstone has reached the depositional limit and is no longer present in 8-2-
78-10W6. However, the Lower Doig overlying the sandstone is thickest in 8-2-78-10W6.
Therefore, it is likely that the Moig Sandstone was deposited farther than can be mapped
and was subsequently cannibalized by the overlying erosional event HE FS 3. Similar to
cross-section S1-S1° the Lower Doig is thickest to the cast due to more silts and sands

deposited by stillstand Doig sands from the Mirage Field.

Cross-section D1-D1’ is oriented parallel to depositional dip, and shows the three
units of interest (Figure 3.12). In the dip section, a slight thinning of the transgressive
Moig Siltstone as well as thinning of the stillstand Moig Sandstone in a landward
direction (N.E.) is evident. Towards the northeast, the base of each of these units is
demarcated by a transgressive surface of erosion HE FS 1 and HE FS 2 respectively
and can be seen in core 6-16-78-10W6/2, 6-34-78-10W6, and 4-2-79-10W6. The
erosive surface underlying the Moig Siltstone should pass basinward into a correlative
conformity/LE FS 1 west of the study area. Southwest of 6-5-78-10W6 the Moig
Sandstone is not present. Deposition of this unit may have changed to offshore deposits
because of Paleozoic faulting which caused a deepening of the depositional system. The
underlying erosional surface HE FS 2 may grade into a correlative conformity LE FS 2
- in wells 6-3-77-11W6 and 15-3-77-11W6. If new cores are taken in 77-11W6 this LE
FS 2 may be discovered. On the other hand, there is a thickening of the Lower Doig in
a landward direction. The HE FS 3 and associated lag deposit (Facies F5c) at the base
of the Lower Doig is a regional marker and is present across the entire study area. The
extensive nature of the HE FS in the three units represents a relative shallow depositional
gradient (Cattaneo and Steel, 2002). If the gradient was steeper, erosional surfaces would
be less extensive, the Moig Sandstone would not have prograded as far during stillstand,
and the sandstone would be much thicker. It is possible that in a basinward direction the

Lower Doig Formation reflects a condensed section with minor stillstand sands from the
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Middle and Upper Doig Formation. In a landward direction, the Lower Doig received
more sands and silts from erosion of the Moig units, as well as sands from prograding
stillstand Doig deposits. Adding to this variation in thickness may be compactional
factors. When more sand is incorporated into the system there is less compaction and a
thicker package forms nearer to the shoreline (Powers, 1967). This thicker package can
be seen on the eastern sections of the study area and northeast of 6-5-78-10W6 in the

cross-section.

Cross-section D2-D2’ oriented parallel to depositional dip possesses similar
characteristics to those of cross-section D1-D1’ (Figure 3.13). The base of the Moig
Siltstone contains the HE FS 1 overlain by a lag deposit (Facies F5a) and transgressive
Facies Association SO. There is an overall thinning of the Moig Siltstone in a landward
direction from a decrease in slope gradient, which caused greater erosion by the HE FS
2. Similarly, the stillstand Moig Sandstone deposits are eroded in a northeast direction
by the HE FS 3 surface. The main difference in D2-D2’ is the presence of two Paleozoic
faults that affected deposition. These are the unnamed faults of the study between wells
15-28-77-13W6 and 7-32-78-12W6 and the Gordondale Fault between wells 10-18-
79-11W6 and 2/11-25-79-11W6 (Figure 3.9). The most significant fault is the first
mentioned where the Moig Siltstone is thickened in 15-28-77-13W6 compared to the
northeastern wells. This may be from an increase in accommodation space resulting
from the unnamed fault or from distal deposits of the Moig Sandstone, which are not
resolvable on logs. If the later were the case there would be a LE FS 2 present in 15-28-
77-13W6; however, more core is needed to prove this. In the southwestern well 15-28-
77-13W6 the Lower Doig is more than double the thickness than in 7-32-78-12W6. The
thickening of the Lower Doig is interpreted to be the result of increased accommodation
space created by the underlying unnamed fault coupled with silt and sand deposition from

distal storm deposits, debris flows, or prograding Upper Doig sands.
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35 DEPOSITIONAL MODEL

Facies analysis for the Moig Siltstone, Moig Sandstone, and Lower Doig
Formation convey deposition from shelf to lower shoreface (Figure 3.14). Core
analysis based on sedimentology and ichnology exposed a three stage depositional
system reflecting three facies associations. The three facies associations are found to be
transgressive transition zone to proximal upper offshore deposits, stillstand transition
zone to proximal lower shoreface deposits, and stillstand shelfal deposits with storm
sands, relic sands, and distal debris flows. These depositional systems are interpreted
to reflect a transgressive systems tract that was structurally controlled by underlying

Paleozoic faults (see maps).

3.5.1 Depositional model 1 Moig Siltstone: Transgressive Transition Zone to

Proximal Upper Offshore.

The Moig Siltstone is a storm-dominated, structurally controlled facies
association encompassing transition zone facies (F1 and F2), which are overlain
by proximal upper offshore deposits (F3 and F4). The base of this association is
characterized by a ravinement surface (HE FS 1) and associated lag deposit (F5a). The
top of this association was eroded by a transgressive surface of erosion (HE FS 2 Facies
F5b) overlain by the Moig Sandstone. For the most part, the Moig Siltstone displays an
overall deepening of facies representing a transgressive event.

In the transition zone, virtually all sedimentary bedding has been cannibalized by
Scolicia. As mention previously in chapter two, the transition zone in the Moig Siltstone
is similar to the transition zone in the Gulf of Gaeta where most of the original bedding
has been destroyed by Scolicia creating a homogenous appearance to the fine-grained

sands (Reineck and Singh, 1980).
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In the upper offshore, bioturbation is reduced in comparison to a typical fair-
weather offshore model characterized by a high diversity and uniform distribution of
ichnogenera (Pemberton et al., 2001). Some examples of the typical fair-weather upper
offshore models with high diversity and uniform distribution of ichnogenera come
from the Doe Creek Member (Reid, 2005) and the Viking Formation (MacEachern
and Pemberton, 1992; MacEachern, 1994; Pemberton et al., 2001) of the WCSB. Even
in storm-dominated settings, bioturbation occurs when wave energy decrease and
fairweather deposition of the food sources increases allowing for favorable opportunistic
feeding (Pemberton et al, 2001). The settling of fine sediments can be attributed to
waning of the storm followed by minor bioturbation. In most storm-dominated scenarios,
such as the Cardium Formation of the WCSB (Pemberton et al., 2001) or the Blackhawk
Formation in Utah (Pemberton et al., 1992), bioturbation occurs at the top of the storm
unit.

Conversely, in the storm dominated Moig Siltstone upper offshore facies (F3
and F4), there is a low diversity of ichnogenera, localized distribution of ichnogenera,
and rare burrowing of the top of storm beds. Scolicia, fugichnia, Phycosiphon, Lockeia,
and Planolites, as well as cryptic traces are observed in this unit. This low-diversity,
stressed expression of the Cruziana ichnofacies can be attributed to an aeolian sourced,
anoxic, storm-dominated environment with high sedimentation rates. Howard (1975)
noted that larger successions of rhythmically laminated beds (HCS) with minor amounts
of bioturbation at the top of the event beds resemble an environment where there is a
high rate of deposition and or anoxic events. These characteristics noted by Howard
(1975) closely parallel the depositional setting, sedimentary structures, and ichnological

signatures of the Moig Siltstone.
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3.5.2 Depositional model 2 Moig Sandstone: Stillstand Transition Zone to Proximal

Lower Shoreface.

The Moig Sandstone is a highly bioturbated, structurally controlled association,
which includes transition zone (F6) deposits overlain by distal to proximal lower
shoreface (F7a, F7b) deposits. The Moig Sandstone reflects a transgressively incised
stillstand shoreface with minor fluctuations in sea level preserved as thin beds of muddy
wavy parallel lamination. The base of this association is represented by a transgressive
lag deposit (Facies F5b) infilling traces characterizing a Glossifungites ichnofacies on the
FS/SB 2 surface. The Moig sands are capped by another transgressive lag deposit (Facies
F5c) that is not associated with a Glossifungites ichnofacies in this case (FS/SB 3 and FS/
SB 4).

The depositional model proposed herein for the Moig Sandstone is a
transgressively incised low energy stillstand shoreface sourced from dune silt and sands.
Ichnological signatures confirm a relatively unstressed transition zone to a proximal
lower shoreface environment as the sediments have been highly reworked (c.f. Moslow
and Pemberton, 1988).

The Moig Sandstone has characteristics similar to the low energy shoreface
succession of the Albian Viking Formation in the Chigwell Field described by
Raychaudhuri et al. (1992). In their interpretation the low energy shoreface deposits of
the Viking Formation are sandwiched between two local erosional surfaces. The Viking
Facies 3 directly overlies the first erosional surface consisting of vFU to upper fine (FU)
sandstone. In this facies a high degree of bioturbation occurs by a mixed assemblage of
Cruziana and Skolithos ichnofacies, which erases all previous sedimentary structures
(Raychaudhuri et al., 1992). The only sediments resembling the formation of structures
are wispy laminations interpreted to be horizontal Ophiomorpha burrows (Raychaudhuri

et al., 1992). Directly overlying the Viking Formation Facies 3 is Faces 4 represented
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by bioturbated and cross bedded medium grained sandstones representing the middle
and upper shoreface deposits. Facies 3 of the Viking Formation closely resembles the
Moig Sandstone unit with complete bioturbation by dominant Cruziana ichnofacies and
less common Skolithos ichnofacies (Facies F7a and F7b). The Moig Sandstone is also
sandwiched between two erosional surfaces (HE FS 2 and HE FS 3). In contrast to the
Viking Formation the base of the Moig Sandstone can contain wavy bedded structure
with moderate bioturbation (Facies 6) representing deposition in a transition zone.
These transition zone facies possibly resemble once thin reworked regressive shoreface
deposits. In the Moig Sandstone there are no deposits representing the middle and upper
shoreface since the HE FS 3 has eroded all these deposits. Since this was the case the
middle to upper shoreface deposits of the Moig Sandstone we no thicker than the FWWB
(5-15 m).

Both the Moig Sandstone and the Viking Formation of the Chigwell Field
represent a low energy shoreface. This interpretation is derived from lack of sedimentary
structures and a diverse and abundant trace fossil suite. The lack of sedimentary
structures would imply that there was a slow deposition of sediments in thin beds
allowing for complete churning of sediments by organisms; therefore, large storms,
salinity fluctuations, anoxia and other environmental factors were not significant factors
during deposition.

It is possible that the Moig Sandstone is derived from reworked dune deposits
upon transgression. Evidence for an aeolian source includes grain sizes no larger than
fine-grained sand, which is easily transported by west flowing jetstream similar to
northwest Africa at present day. The Montney Formation, which underlies the Moig units
also contains silts and fine-grained sands derived from a desert source (Davies, 1997b).
Furthermore Davies (1997b) also found the presence of frosted or pitted sand grains
present in the Montney Formation, and the author speculated that this was also the case

in distal settings of the Doig Formation. These distal settings in the Doig are probably the
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Lower Doig stillstand and the Moig Siltstone deposits. Possible analogs are the Brushy
Canyon, San Andres, and basal Grayburg formations found in the Permian Delaware
Basin. In the Brushy Canyon dunes supplied sediment to the shallow and deep marine
environments by sheet floods and wind blown deposits where they were populated by
organisms (Fischer and Sarnthein, 1987). In the San Andes and basal Grayburg sand
dunes were incorporated into the depositional system by transgression (Meissner, 1982).
Its is speculated that the Moig Sandstone was in fact sourced by dunes similar to those
seen in the Permian and Pleistocene and cannibalized by the preceding transgressive

event,

3.5.3 Depositional model 3 Lower Doig Formation: Stillstand Shelfal Deposits with

Storm Sands and Distal Debris Flows.

The Lower Doig is an overall transgressive package containing distal stillstand
deposits. The base of this association is demarcated by a major transgressive surface of
erosion (FS/SB 3) and associated lag deposits (F5c¢). Sand from the Upper Doig may be
present in a thin (15 cm or less) bed overlying this erosive surface, which is generally
subjected to opportunistic feeding by Rhizocorallium and Scolicia. Sharply overlying the
erosive surface is Facies F8, which is a highly organic-rich shale. The facies overlying
F8 can be quite variable in the degree of sand, silt, and mud content. These overlying
facies (F9, F10, and F11) contain flame structures, planar laminations, dish and pillar
structures, and some deformed lenticular bedding. These structures likely may be storm-
derived or related to distal expressions of debris flows (Wittenberg, 1992). Also present
are a series of erosive surfaces (FS/SB 3-5) with associated lag deposits. The most
pronounced in core of the erosive surfaces with a lag deposit (F5¢) is HEFS 3. In a
landward direction this association may correlate with the Doig parasequences described

by Wittenberg (1992). Wittenberg (1992) recognized that each progradational cycle in
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the Doig is capped or bounded by phosphatic shale interpreted as a condensed section
associated with transgression. These phosphatic shales with varying sand and silt content
are associated with deposition in a shelf environment (Gibson and Barclay, 1989), and
characterize the Lower Doig Formation.

Another significant factor in relation to sedimentological and ichnological
expressions in this depositional setting is fluctuating oxygen levels. Typically, shelf
deposits are anoxic and contain pyrite, phosphates, organic material, and unbioturbated
sediments (Hallam, 1994; Martin, 2004). Anoxia has been recognized to effect the
diversity and distribution of traces (Twitchett and Wignall, 2003). Isozaki (1994) called
the time between Permian to Middle Triassic the “superanoxia” time, which created
great stress on organisms by reducing available oxygen levels. This “superanoxia” event
resulted in mass extinction at the Permo-Triassic boundary and concordantly greatly
reduced trace fossil diversity (Twitchett and Wignall, 1996). Davies (1997a) speculated
that during Triassic time, ocean waters were depleted in oxygen and there were seasonal
phytoplankton blooms. The phytoplankton consumed large amounts of oxygen, which
created an anoxic event insuring a stressed suite of traces. Robertson (1984) also
proposed that an increase in organic mater sourced from black shales of the Cretaceous
aged Atlantic Ocean Basin could have resulted in a decrease in oxygen levels therefore
creating an anoxic event. In the Lower Doig some sediments are bioturbated, there is less
pyrite, as well as a slight decrease in phosphate content. The presence of bioturbation,
lack of pyrite, and lack of phosphate represents fluctuations in oxygen levels. As

mentioned previously some of these sediments are probably sourced by wind blown dune
deposits (Davies, 1997b).

3.6 FUTURE WORK

Limited amounts of core through all three units within the study allows for
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constant speculation of paleogeography, stratigraphy, and depositional settings. More
core should be introduced into the study area to further back up interpretations discussed
in the chapters. With an increase in core a good study of digenesis may be completed with
the aid of thin sections, XRD and SEM. This may help to resolve the varying amounts of
anhydrite, calcite and dolomite cements seen in core and not study in detail in this thesis.
Branching the study area out into B.C. would be highly beneficial to see how the
Moig units and Lower Doig Formation change in a depositional and stratigraphic nature.
This would have huge implications to the oil and gas industry since there is now a large
emphasis for drilling and completing Upper Montney zones, which may correlate to any
of the three units studied herein. Some of these Upper Montney completions can be found

in the Swan and Dawson Fields on the edge of the B.C./Alberta boundary.
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1.

CHAPTER FOUR

CONCLUSIONS

The Moig Siltstone, Moig Sandstone, and Lower Doig Formation were deposited
in northwestern Alberta during the early (Spathian) Triassic time. Both the Moig
Siltstone and Moig Sandstone are clastic wedges bound by high energy flooding
surfaces (HE FS 1 — HE FS 3). The overall succession of the three units studied
demonstrates deposition during a time in transgression with retrogradational/

stillstand events characterizing the Moig Sandstone and the Lower Doig deposits.

Facies analysis revealed fifteen facies based on detailed sedimentological and
ichnological descriptions. These fifteen facies were limited to three facies
associations represented by transgressive transition zone to proximal upper
offshore deposits (FA SO, Moig Siltstone), stillstand transition zone to proximal
lower shoreface deposits (FA B, Moig Sandstone), and stillstand shelf deposits

with storm sands and distal debris flows (FA SS, Lower Doig).

Mapping and cross-sections revealed unusual morphologies not characteristic of
typical clastic depositional packages. Two main reasons for varying morphologies
are the influence from the underlying Paleozoic faults and scouring by high

energy flooding surfaces attempting to maintain the shoreface profile.
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1-1-76-6wWb

Date Logged: Jan 2006

Logged by: Jon LaMothe
Grmound: 0.00m KB:0.0Om
Remarks: Core = Log depth

12 boxs but Moig only down to 3th box.
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2/7-26-78-10wb

Date Logged: Jan 2006
Logged by: Jon LaMothe

Ground: 0.00 m KB:00Om
Remarks: Core depth is 2 m deep with respectto
log depth
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3-22-78-10wb

Date Logged: Jan 2006

Logged by: Jon LaMothe
Ground:0.00m KB:000m
Remarks: Core = Log depth
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4-2-79-10w6

Date Logged: March 10th 2006
Logged by: Jon LaMothe
Ground: 0.00m KB:00Om
Remarks: Core = log depth
Anhydrite and Dolomite rich
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4-22-78-11w6

Date Logged: Jan 2006
Logged by: Jon LaMothe
Ground: 0.00 m KB:0.0Om

Remarks: Care depth 3 m high comp.to Log.
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6-16-78-10wb
Date Logged: May 16th 2006
Logged by: Jon LaMothe
Ground: 0.00m KB:0.00m
Remarks: Core depth = Log Depth
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6-34-78-10wb

Date Logged: March 9th 2006
Logged by: Jon LaMothe
Ground:0.00m KB:D.0Om
Remarks: Core = log depth
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8-33-79-13wb

Date Logged: Jan 2006
Logged by: Jon LaMothe
Ground: 0.00 m KB:0.0Om
Remarks: Core depth high by 1 m.
Calcite dominated.
10 boxs but Moig only down to 4th box
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10-28-76-10W

Date Logged: Jan 2006

Logged by: Jon LaMothe
Ground: 0.00 m KB:0.00m
Remarks: Log = Core depth
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12-2-77-10wwb

Date Logged: Jan 2006

Logged by: Jon LaMothe
Ground: 0.00m KB:0.0Om
Remarks: core = Lag depth
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12-20-78-6wb

Date Logged: Jan 2006

Logged by: Jon LaMothe

Ground: 0.00m KB:0.0Om

Remarks: One core box
Calcite rich
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14-7-76-8w6

Date Logged: Jan 2006

Logged by: Jon LaMathe
Ground: 0.00m KB:00Om
Remarks: Lots of Anhydrite
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14-11077-10wb
Date Logged:
Logged by: Jon LaMaothe
Graund: 0.00m KB:806.60m
Remaks: Care = Lag depth
Dolomite and anhydrite cement
throughout
E
192
=
=
GRAIN SIZE =
=g o
cobble = -
pebble s a
W ——————granule e} o
i sand & %
= F“l,l_f_::sin E =
u (1T e o Z FOSSILS |FACIES
Fa
1942 4
[
1944 ]
F9
1946 |
&=z
1948 -
e F10

168



-1930

-1952 4

1954

- 1956 4

F10

F9

F10

Ft0

F10

Fa

F10

Fd

169



14-14-78-10wb

Date Logged: Jan 2006

Logged by: Jon LaMaothe
Ground: 0.00m KB:00Om
Remarks: Core = Log depth
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14-15-78-10wb

Date Logged: Sept 2006

Logged by: Jon LaMothe

Ground: 0.00 m kB:0.0Om

Remarks: Core is .8 m shallow compared to Log.
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15-31 077-10wb
Date Logged:
Logged by: Jon LaMothe
Datum elevation: 0.00 m
Remarks: Core = Log
Dolomite cement throughout
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