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Abstract

The Lower Cretaceous (Albian) Clearwater Formation at Marten Hills and Nipisi in north-central Alberta
contain two members (Wabiskaw and the newly proposed Marten Hills Member), which sit disconform-
ably above the sub-Cretaceous unconformity. Both the Marten Hills and Nipisi regions are currently being
explored for oil resources; however, the region suffers from a paucity of previous studies. A robust inter-
pretation of paleoenvironmental settings and stratigraphic architecture is required to further delineate

the Marten Hills Member of the Clearwater Formation.

The Wabiskaw marker bed separates the underlying Wabiskaw Member from the Marten Hills Member
and is interpreted to represent a regionally extensive maximum flooding surface. This flooding surface
is in turn overlain by a series of subsequent cleaning upwards profiles, each of which is capped by a ma-
rine flooding surface and represents transgressive-regressive cycles of the Boreal Seaway. Sedimentologic
and ichnologic analysis indicate the presence of a range of depositional settings, from deltaic distributary
channels to fully marine offshore environments. Within the study region, the Marten Hills Member con-
sists of six interpreted stratigraphic intervals (Marten A-F) deposited above the Wabiskaw Member. Core
and well-log interpretations reveal a series progradational and aggradational shoreline parasequence sets

indicative of a wave-influenced shoreline complex.

The Nipisi and Marten Hills oil pools are predominantly producing from the Marten B and C intervals
(respectively) and represent deposition of marginal marine sandstones associated with a wave- and
storm-dominated shoreline. Insights from this thesis provide a foundation for future work to build upon

and further evaluate the Marten Hills Member in north-central Alberta.
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Chapter One: Introduction
1.1 Project Motivation:

Lower Cretaceous strata of the Western Canadian Sedimentary Basin host vast quantities of hy-
drocarbon rich resources. This includes an estimated 219 billion barrels of heavy oil throughout the Clear-
water Formation in the Cold Lake region of eastern Alberta, and 1,750 Tcf of gas in place within the Deep
Basin of western Alberta (Fig. 1A) (Masters 1984; Hayes et al., 1994; McCrimmon and Arnott, 2002; Ranger
and Gingras, 2010; Currie, 2011). The Marten Hills and Nipisi areas, north of Edmonton, have recently seen
a surge in oil development in the Clearwater Formation. This area is down-dip from the heavy oil produc-
tion of eastern Alberta where cyclic steam stimulation (CSS) and steam-assisted gravity drainage (SAGD)
are required for hydrocarbon extraction in the subsurface), and up-dip from the gas-dominated produc-
tion of the Deep Basin (Fig. 1B). Historically, the Marten Hills/Nipisi area saw abundant vertical wellbore
drilling as a result of a Wabiskaw gas discovery (~¥920 BCF) made in 1961 by Pan American through a wild-

cat well initially aimed at the deeper Leduc reefs (Bradley and Pemberton, 1992).

The Marten Hills and Nipisi regions were initially explored in the early 80’s through vertical drilling. Op-
erators recorded numerous oil indicators in the Clearwater, but the low permeability and higher viscosity
produced unsatisfactory production results. Several operators attempted horizontal drilling and hydraulic
fracturing of the Clearwater sands, however the associated drilling and completion fluids had adverse
effects on the Clearwater reservoirs and proved to be an ineffective exploitation technique. Recently, ex-
ploration in these regions has been revitalized through advancements in open-hole, multi-lateral horizon-
tal drilling, aimed at exploiting the medium-gravity oil in several Clearwater sandstone intervals. Marten
Hills is one of the first regions where horizontal cold-flow production was established because of the
combination of high-quality Clearwater reservoir sandstones, oil quality, and an estimate of over 5 billion
bbls in place (Hadley, S., pers comm.). Indeed, sandstone reservoirs within Marten Hills are laterally ex-
tensive and can exceed 30 metres in thickness with hydrocarbon properties of 14-24 APl and viscosities
ranging between <250 to 4000cP making them excellent multilateral exploitation targets. These Clearwa-
ter sandstones were overlooked for years as operators pursued the underlying Wabiskaw and Wabamun
gas reserves. Suppressed wireline log signatures, and the impression that oil quality was too viscous for
economic recovery, produced a bypass pay opportunity. The significant thicknesses of these Clearwater

sandstones, combined with the multilateral drilling method, allows for economic production. The rapid



increase in development over the last 4 years throughout this region is exciting, with current Clearwater

production from multilateral wells now exceeding 31,000 bbl/d.
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Figure 1. A) Paleogeographic mapping schematics of depositional settings at approximate Clearwater time. Blakey (2014) paleogeographic reconstruction of 108-110 Ma (Albian).
Paleogeographic highs that were exposed during much of the McMurray Formation have been subsequently drowned throughout the transgression of the Boreal Seaway. 1B) Represents
a cross section from SW to NE of 1A, and displays the general stratigraphic relationship of underlying Paleozoic strata from the overlying Mesozoic Siliciclastics. Figure 1B also displays the
transition from deep basing drilling through to surface mining in the NE. This demonstrates the conventional Clearwater Formation production within the study region is observed
between “deep” and “shallow” development. 1C) Detailed stratigraphic breakdown of the central Alberta proposed stratigraphy (introducing the Marten Hills Member) and includes time
equivalent formations observed within the deep basin.

Both the Marten Hills and Nipisi regions are void of academic literature with regards to the Clearwater
Formation, aside from a study conducted by Bradley and Pemberton in 1992 analyzing the ichnofossil as-
semblages of Wabiskaw Member sandstones. As the Marten Hills and Nipisi regions began to experience
increased drilling activity, unpredictable production results underscored the need to better understand
the regional geology. Utilization of the multi-lateral drilling method requires a detailed understanding of
both the sedimentology and stratigraphy of reservoir intervals to optimize production by strategically geo-

steering and landing laterals within the highest quality reservoir.

The Sedimentology and Stratigraphy of the lower Cretaceous Clearwater Formation at Marten Hills and Nipisi, Alberta, Canada. by Cole Liam Ross



The depositional environments, lateral facies distributions, and stratigraphic architecture of Clearwater
sandstones is contested and not fully understood. Initial interpretations were that of a marginal-marine,
single cleaning upwards, shoreface dominated environment (Minken, 1974; Harrison et al., 1981; Jackson,
1984; Dekker et al., 1987; Hutcheon et al., 1989; Leckie and Smith, 1992; McCrimmon, 1996; McCrimmon
and Arnott, 2002; Feldman et al., 2008; Currie, 2011). However, given the substantial thicknesses of the
Marten Hills reservoir intervals (sometimes exceeding 30m), and that production results from these sand-
stones display variable performance within the same stratigraphic interval, reservoir heterogeneity is now
largely accepted but poorly understood. A detailed understanding of the sedimentology and stratigraphy
within the Clearwater in this region is required to properly understand the internal reservoir complexity

of these oil charged sandstones.

Research Objectives:

The goals of this study are to characterize the internal reservoir geometry of Clearwater sand-
stones through a detailed sedimentologic and ichnologic analysis, thus permitting detailed paleoenviron-
mental reconstructions. In addition, the study aims at providing a stratigraphic framework that enables a
regional correlation of reservoir sandstones to adjacent areas within Alberta. This work provides a thor-
ough analysis of the spatial distribution of Clearwater reservoirs both laterally and vertically throughout
the Marten Hills and Nipisi regions of north central Alberta, which should assist in the future exploration

and development of these areas.

1.2 Geologic Background:

The Western Canada Sedimentary Basin (WCSB) is defined as a retro-arc foreland basin that re-
sulted from a series of allochthonous terrane accretion events which occurred in western North Amer-
ica throughout the Mesozoic (Cant and Stockmal, 1989; Leckie and Smith, 1992; Jackson, 1984; Price,
1994). Sequential terrane accretion resulted in compressional and collisional tectonism in addition to an
overthrusted western Cordilleran margin, forming what is now known as the Rocky Mountains in the
process (Porter et al., 1982; Jackson, 1984; Beck et al., 1988; Shuquing et al., 2008). Consequently, a south-
west-dipping asymmetrical foreland basin developed in the interior of North America (a result of flexural
subsidence of pre-Jurassic strata and subsequent sediment accumulation in the foredeep) (Caldwell, 1984;

Cant and Abrahamson, 1996; Tufano and Pietras, 2017). Given the southwest dip orientation, older De-



vonian strata subcrops along the eastern flanks of the foreland basin, with younger strata subcropping to
the southwest (Fig. 1B). Pre-Jurassic strata predominantly consist of carbonates, evaporites, and shales
deposited on the passive margin that persisted prior to Mesozoic terrane accretion (Porter et al., 1982;
Price, 1994). This was followed by a period of prolonged tectonic quiescence, isostatic uplift, and sea level
fall, where erosion and non-deposition were experienced across the basin from the late Jurassic to the
Early Cretaceous (Cant and Abrahamson, 1996; Shuquing et al., 2008). This erosional surface is referred to
as the Sub-Cretaceous (angular) unconformity (SCU), and marks a 20—30-million-year hiatus in deposition
which separates low-angle, southwest dipping “sub Cretaceous” deposits from the overlying Cretaceous

strata (Leckie and Smith, 1992; Cant and Abrahamson, 1996).

Given the variable geologic properties of sub-cropping pre-Jurassic strata, differential erosion provided
significant paleotopographic relief generating highs and lows across the basin. This topography also large-
ly controlled continental drainage pathways through the Aptian to early Albian, where fluvial systems
drained to the north and deposited sediments into the northern Boreal Seaway (Jackson, 1984; Leckie
and Smith, 1992; Ranger, 1994; Cant and Abrahamson, 1996; Horner et al., 2019). Accommodation space
in the overlying Lower Cretaceous was initially controlled by the paleotopography associated with the
SCU and localized tectonic activity (Stockmal and Beaumont, 1987; Cant and Stockmal, 1989; Hauck et
al., 2017). Within the study region, the SCU separates the Devonian- and Mississippian-aged formations
from the overlying Cretaceous formations (Bradley and Pemberton, 1992). This played an important role
regionally, as paleotopographic lows were likely the first to be filled during the initial onset of Cretaceous
deposition and associated southward marine transgression of the Boreal Seaway. As transgression contin-
ued, the inundation of topographic lows led to the development of an island archipelago system (Ranger,
M., pers comm), where remnant Devonian and Mississippian highs likely had significant control on initial

Cretaceous paleoshoreline orientation.

Within the research area, deposition following the SCU consists of siliciclastic sediments associated with
the Mannwville Group of the Lower Cretaceous. In central eastern Alberta, the Mannville Group is broken
up into three Formations: The McMurray, Clearwater, and Grand Rapids formations (Fig. 1C). Initial depo-
sition of the Aptian McMurray Formation was dominated by quartz-rich sediments which were locally
sourced from the northeastern Canadian shield, in addition to partial sourcing from both the western
cordillera, and central United States, and were deposited in thick paleovalleys (Jackson, 1984; Smith et

al., 1984; Leckie and Smith, 1992; Benyon et al., 2016). The McMurray Formation is disconformably over-



lain by the Clearwater Formation which includes the basal Wabiskaw Member, and subsequently overly-
ing Marten Hills Member (proposed within this research). The Clearwater Formation is disconformably
overlain by the Grand Rapids Formation, which is capped by the regional marine shales of the Joli-Fou
Formation. The Clearwater and Grand Rapids formations are identified by a lithological change from the
quartz-dominated sediments observed in the underlying McMurray Formation, to feldspathic litharenites
with abundant chert in the overlying Clearwater and Grand Rapids formations. This indicates a change
in provenance, with increased influence from western cordilleran sources (Putnam and Pedskalny, 1983;
Potocki and Hutcheon, 1992; Jackson, 1984; Cant and Abrahamson, 1997; Feldman et al., 2008). Both the
Clearwater and Grand Rapids formations display a range of depositional settings including non-marine,
marginal marine, and shallow marine environments (Fig. 1A) (Minken, 1974; Putnam and Pedskalny, 1983;
McCrimmon, 1996; McCrimmon and Arnott, 2002; Feldman et al., 2008; Currie, 2011). Marine-dominated
environments within these formations, and throughout the WCSB, are the result of both a global sea-level
(eustatic) rise and tectonically driven subsidence, which formed a north to south oriented shallow epeiric
seaway (referred to as the Boreal Seaway) (Caldwell, 1984; Stott, 1984; Leckie, 1986). This shallow seaway
experienced maximum depths <100 metres at the deepest portions of the foredeep within the WCSB, and
ultimately joined the northward transgressing Gulfian Seaway to form the Western Interior Seaway (Mc-

Lean and Wall, 1981; Leckie and Smith, 1992).

Prior to deposition of the Clearwater Formation, accommodation space along the easternmost limits of
the study region is inferred to have been moderate, as McMurray sediments are present directly above
the SCU. This changes within the central and western limits, where the McMurray Formation thins rapidly
to the west and paleotopographic highs (associated with the Red Earth Highlands) restricted deposition.
When present, a regional flooding surface disconformably separates the McMurray Formation from the
overlying Clearwater Formation. In the central and western portions of the study region, the McMur-
ray Formation is notably absent. This is most apparent to the west, where paleotopographic highs were
observed, restricting Wabiskaw deposition to only a thin interval above Mississippian Banff and Pekisko
deposits. Both the Clearwater and Grand Rapids Formations were likely deposited as the result of mar-
ginal marine environments that prograded/retrograded along paleo-shorelines as a result of smaller-scale
transgressive and regressive cycles throughout the overall large-scale transgression of the Boreal Sea-
way (Minken, 1974; Jackson, 1984; Smith et al., 1984; McCrimmon and Arnott, 2002) (Fig. 1A). Following

deposition of the Mannville, clastic deposition continued into the Tertiary, which resulted in thick silici-



clastic successions (Jackson, 1984; Smith et al., 1984; Leckie and Smith, 1992). Pre-Cretaceous evaporite
dissolution, in addition to the antiformal structure associated with the forebulge of the WCSB foreland
basin (which has been referred to as the Athabasca Anticline), provided a regionally extensive structural
trapping mechanism (Masters, 1984; Ranger, 1994; Peacock, 2010). This was subsequently filled through
hydrocarbon migration throughout the late Cretaceous to- early Tertiary, resulting in one of the largest
hydrocarbon accumulations in the world (Ranger, 1994; Tozer et al., 2014). This hydrocarbon accumulation
was subsequently breached through glacial scouring and erosion, resulting in the surface exposure of what

is now referred to as the WCSB oil sands (Ranger, 1994).

1.3 Study Area/ Dataset:

The study region is located in north-central Alberta, north of the town of Slave Lake and east of
Lesser Slave Lake. It encompasses Townships 71-78, Ranges 21W4-8WS5, and consists of several “strike or
field” names including: Canal, Smith, Marten Hills, Marten, and Nipisi (Fig. 2). The Marten Hills and Nipisi
regions are currently the most actively developed areas within the Clearwater Formation conventional oil
play, which is 150-200km west of the heavy oilsands development within the Cold Lake region. Through-
out the study region, the Clearwater Formation is found at depths between 600-800m. The study covers
an extensive surface area of over 10,000 km2 and contains over 3,250 vertical and deviated wells, with
ample wireline log measurements. Over 50,000 stratigraphic user tops were correlated and mapped from
this wireline log data. With the advent of multi-lateral drilling, horizontal well count is substantially high
and tightly spaced throughout the region, with >1650 laterals drilled since 2016. Additionally, this research
used over 60 cored wells (totaling over 1.4km of described core), which have been integrated with the
wireline log interpretations. Core and well control throughout the production fairways are sufficient in
allowing detailed stratigraphic and sedimentologic observations to be made and correlated throughout

the study region.
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Figure 2. Location map (left) displaying the study region with respect to the oil sands in Alberta. Zoomed in image
displays the distribution of all vertical wells utilized within this study. Horizontal wells were included to display
the key development regions within the study region. 5 key reference localities were selected that included both
wireline log and key core and are annotated with yellow stars. Additional core within the Clearwater Formation are
annotated with green stars.



1.4 Methodology:

Over 3,250 wireline raster well logs were analyzed, and 60 cored intervals were logged at the Al-
berta Core Research Centre (Fig. 2). Detailed observations of physical and biogenic sedimentary structures,
lithology, lithologic accessories, grain size, contacts, and general observations pertaining to secondary
processes such as diagenesis were recorded for each core at the bed scale using AppleCore© software. In
addition, complete photo-documentation of all logged core was completed to provide a digital reference
of all observed rock fabrics. Bioturbation intensity was quantified through the use of the Bioturbation In-
dex (Bl) (Reineck, 1963; Taylor and Goldring, 1993). This semi-quantitative method describes sedimentary
fabrics ranging from unborrowed media, which is assigned a Bl of 0, to pervasively bioturbated, or biogen-
ically homogenized media, which is assigned a Bl of 6. In addition to bioturbation intensity, ichnogenera
(listed in relative abundance) and ichnologic diversity also contributed to the identification of ichnofacies,
and were integrated with sedimentologic attributes to better refine the interpretation of depositional
environments and sub-environments (Seilacher, 1967; Howard and Frey, 1984; Bann and Fielding, 2004;

MacEachern et al., 2008; Gani et al., 2009; Gingras et al., 2011; MacEachern et al., 2012).

Depositional environments were characterized based on the Ainsworth et al., (2011) ternary framework
which describes depositional settings based on the relative abundance of sedimentologic and ichnologic
attributes associated with wave, fluvial, and tidal processes. Wave-influence is characterized by abundant
low-angle planar stratification in addition to wavy or quasi-planar laminations, and oscillatory bedding.
Additionally, wave-dominated shoreface environments were further subdivided based upon the degree
of impact of storms on the shoreline, distinguishing between storm-dominated, storm-influenced, and
storm-affected shorefaces. This allows the establishment of a robust model representing a spectrum
of storm activity. Storm-dominated shoreface environments have the highest preservation potential of
storm-related deposits (tempestites) (Leckie and Walker, 1982; Frey, 1990; MacEachern and Pemberton,
1992; Dashtgard et al., 2012; Pemberton et al., 2012). Fluvial influenced environments were inferred
from high-angle parallel-planar bedding, cross-bedding, pebble and granule lags, wood-debris, and over-
all increased organic detrital material. Tidally influenced environments commonly display bi-directional

cross-lamination, double mud drapes, and tidal rhythmites.

Wireline log measurements considered in this study include gamma ray, caliper, photoelectric factor, sonic

interval transit time, neutron porosity, bulk density, density porosity, spontaneous potential, and resistiv-



ity. Detailed core observations were correlated to available wireline log data at each well, which provid-
ed a log marker framework. From this, five reference localities containing core in multiple stratigraphic
intervals were selected to provide a near-full sedimentologic and stratigraphic succession. Additionally,
multiple strike and dip oriented stratigraphic cross-sections were constructed to show the stratal relation-
ships of the various Clearwater members. Subsea elevation maps were constructed for each stratigraphic
interval to identify structural trends, in addition to gross isopach maps and gross sand isopach maps using

Accumap and Surfer mapping software.

Chapter Two: Geology of Marten Hills and Nipisi
Chapter 2A: Facies Description and Interpretations:
2.1 Facies and Interpretations:

Twelve facies are recognized from detailed examination of core stored at the Core Research Centre
(CRC) in Calgary, Alberta (Table 1). Facies are classified based on sedimentologic, lithologic, and ichnologic
attributes and are named based on the most dominant characteristics observed. Additionally, average
thickness, relative facies abundance throughout all studied core, and internal facies variability were also
characterized. Facies abundance percentages are included to provide additional confidence in interpreta-
tion quality as frequently recurring facies display subtle variations that are more challenging to capture in
facies that only recur in several core. Additionally, observing facies abundance enables a stronger inter-
pretation when interpreting the depositional settings that dominated the rock record both laterally and
vertically throughout the study region. It should be noted however, that the paucity of certain facies does
not directly in itself exclude its existence from the rock record as it may not have been a targeted interval

(as is often the case with facies 1).
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Table 1. Table of facies observed within the study region including a visual representation (core photograph) in addition to the sedimentologic and biogenic attributes of each representative facies.
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The twelve facies discussed are subsequently grouped into four facies associations based on recurring
vertical facies relationships. Facies contacts are often gradational or cyclical, and the contact between indi-
vidual facies was a subjective decision. Generally, facies within the Clearwater Marten Hills Member show
an increasing grain-size upwards with individual facies thicknesses varying from 50 centimetres to over 10
metres. To provide a comprehensive vertical facies relationship for multiple stratigraphic intervals, and to
display facies variability across the study region, a lithostratigraphic type-well is utilized (Fig. 3) to display

five reference localities (Fig. 4 to 8).
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Figure 3. Lithostratigraphic framework for the Clearwater Formation and proposed Marten Hills Member. Five reference localities were selected based upon both
regional and vertical coverage of the entire Marten Hills Member stratigraphic intervals. Reference locality “type-well” was additionally provided as it adequately
captured multiple characteristic successions of each stratigraphic interval and is noted by the red star on the map. Interpreted transgression/regression cycles are
included on the right side of the figure in addition to marine flooding surfaces and maximum flooding surfaces. All other numbered yellow stars indicate reference
localities throughout the study region.
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Reference Locality Core 1: Pekisko to MRTN B
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Figure 4. Reference Locality 1. Core contains both MRTN A and MRTN B intervals.
Both logs and core are from UWI 14-08-77-8W5, depth 673.9-699.4m. The well
penetrates the sub-Cretaceous unconformity and a thin expression of the MRTN A.
Representative core box photos are observed that display the transition from F1 to
F2, which is noted by a transition from fissile shale into consolidated mudstone with
minor sharp based siltstone beds, with a notable increase in bioturbation upwards.
Additionally, upper photo demonstrates the transition from F2a to F2b, which is
noted by a white line demarcating the first occurrence of sandstone into the core,
with both F2a and F2b representing a heavy bioturbation
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Reference Locality Core 2: MRTN B Formation (Nipisi)
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Figure 5. Reference Locality 2. Core contains MRTN B sandstone interval. Both logs and core
are from UWI 06-36-75-06W5, depth 659.0-673.6m. Core photos demonstrate the transition
from F2a to F2b, in addition to “lam-scram” fabric exhibited in F5. Bioturbated intervals di-
minish upwards into F6 which is capped by a return to the interbedded bioturbated sandstone
and mudstones characteristic of F3a. Core photos and log response display an increase in
reservoir quality upwards, which is displayed on the lithology log by an increasing grainsize.
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Figure 6. Reference Locality 3. Core contains MRTN C sandstone interval. Both logs and core are e
from UWI 10-35-74-25WS5, depth 555.76-591.0m. Full MRTN C core displaying the sedimentolog-
ic variability from the lower MRTN C1 (dominated by F2a, F3a, F4). This transitions into a more
abundant display of F5 in C2. The upper MRTN C (C3-5) displays fluctuating F5-F7 and is capped by -

the transgressive lag and glauconite facies (F8,F9) prior to complete marine transgression of the
MRTN Cinterval and a return to marine facies ie. F2a. Of note in the lithology log is the abundance
of organic material (a potential indicator for proximity to fluvial sources) and recurrent/abundant
distribution of massive sandstones (F7) - a recurring attribute of MRTN C core. Of note is the
presence of F5, a bioturbated sandstone, which appears to cap massive sandstone intervals and
potentially suggests a return to fairweather conditions.
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Figure 7. Reference Locality 4. Core contains the uppermost MRTN A, in addition to a full representation
of the MRTN B and C intervals. Both logs and core are from UWI 09-07-76-01W5, depth 777.0-812.5m.
Basal core displays the contact observed between the MRTN A and MRTN B intervals. This is demonstrat-
ed by a transition in interbedded facies (F3a), to more pervasively bioturbated facies (F2a and F2b). The
transition between C1 and C2 is represented in the midle photograph which demonstrates a transition
from massive sandstones of F7 to weakly bioturbated interbedded mudstone and sandstone beds char-
acteristic of F3b. The organic debris at the contact (denoted by a white dashed line) displays a higher en-
ergy event that likely scoured the upper C1 interval. The upper core photo demonstrates the most com-
mon representation of MRTN C core with 5 core sleeves of massive appearing fine-grained sandstones.
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Figure 8. Reference Locality 5. Core contains the MRTN D sandstone interval. UWI 06-15-77-02W5,
depth 558.0-575.25m. No logs were available in core, so offsetting 10-10-77-02WS5 logs were used |
to characterize core to wireline signatures. Figure 8 is a strong representation of FA3 and as such
is one of the most compelling cores indicating deltaic influence throughout the study region to
date. Lithology log and core photos display a deltaic profile with the basal core photo displaying sYa-|
weakly bioturbated mudstone beds separated by low-angle planar to HCS sandstones characteristic
of F3b. This is overlain by convolute bedded sandstones, suggesting liquified slumping through
bank slump/collapse however core “push” cannot be ruled out. The upper core displayes a com-

mon expression of deltaic processes with high energy facies (F10a) being subsequently overlain
by wave reworking (F6) and demonstrate that deltaic evidence can rapidly be removed through
wave action. Additionally, a Siphonichnus (or potential fluidization structure) is observed prior to
wave reworking.
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2.2 Facies 1 (F1): Dark Grey Fissile Mudstone:

Sedimentologic Description: F1 is the most mud-dominated facies observed within the Clear-
water Formation in this study and is only observed within 6 cores (10%). F1 is typically observed at the
top of the Wabiskaw Member (Fig. 4) and consists of predominantly black to dark grey mudstone (95%)
interbedded with thin (millimetre-scale) low-angle siltstone and whitish grey mudstone (5%) (Fig. 9A). F1
overlies Wabiskaw sandstones, facies 2, and is commonly gradationally overlain by facies 2,4a,4b through-
out the study region. Silt beds increase upwards in frequency, but millimetre scale persists throughout F1.
The thickness of F1 is variable throughout the study region but is generally less than 5 metres. Due to the
dark colour of the facies (presumed to represent elevated organic matter) and fissility of the core, physical
sedimentary structures are difficult to discern and mudstones appear structureless (Fig. 9B). Thin siltstone
interbeds display rare examples of micro hummocky cross-stratification (HCS) and are often sharp based
intervals that normally grade into the darker mudstone (possible starved current ripples). Lithologic ac-
cessories within this facies consist of large (4 centimetre) authigenic pyrite nodules, sometimes partially

replacing burrows.

Ichnology: Bioturbation intensity within this facies is difficult to discern given the homogenous
nature and dark grey color of the mudstone obscuring the identification of biogenic fabrics and represents
both bioturbated and “lam-scram” structures sensu MacEachern and Pemberton, 1992. In several cored
intervals, where silt content is slightly greater, pervasive bioturbation is observed (Bl 3-5). Trace fossils
consist of: Helminthopsis, Cosmorhaphe, Chondrites, Zoophycos, with subordinate Schaubcylindrichnus
freyi, Planolites, and diminutive Scolicia (in order of relative abundance). These traces display a diverse

trace fossil suite and are interpreted to represent the distal Cruziana to proximal Zoophycos ichnofacies.

Interpretation: The thin, sharp-based siltstones with micro HCS observed in the uppermost limits
of F1 likely represent unidirectional, waning oscillatory flows of rapidly deposited distal tempestites or
hyperpycnal flows (Leckie and Walker, 1982; Frey, 1990; Myrow and Southard, 1996; Pemberton et al.,
2012). The increasing siltstone preservation is likely the result of emplacement well below the fair-weath-
er base where physical processes are unable to adequately modify them (Wheatcroft, 1990; Bann et al.,
2004). Mudstone deposition was likely through low-energy suspension of clays, which were subsequently
punctuated by rapid bed load deposition events and represent sediment starved deep water environ-

ments (Caplan, pers comm.). The lateral distribution of this facies observed on wireline logs is extensive,
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making the stratigraphic significance (and therefore sedimentologic significance) of this interval critical.
This facies is characteristically associated with an abrupt decrease in resistivity, often in addition to caliper
washout. The ichnologic suite that is observed in siltier portions of this facies is indicative of the proximal
Zoophycos to distal Cruziana Ichnofacies, suggesting a lower energy fully marine environment (Gingras et
al., 2011; Pemberton et al., 2012). In several cores, the facies has been “washed-out” or broken up due
to the increased fissility of the dark mudstones. The degree of fissility has been found to rely on a combi-
nation of several factors such as the mineral alignment of micaceous clays or the degree of bioturbation,
with higher rates of bioturbation decreasing fissility (Ingram, 1953; Byers, 1974). The difficulty of viewing
bioturbation in mudstone dominated intervals, in addition to darker colour and fissile nature may indicate
oxygen stressed conditions (Wallace and Lavigne, 2011; Gingras et al., 2011). Given the mudstone domi-
nated nature of this facies, and minor preservation of distal tempestites, F1 is interpreted to be represent
episodic deposition in a distal marine environment. F1 is also directly associated with a maximum flooding

surface referred to as the Wabiskaw marker throughout the study region.
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Figure 9. A) F1: Dark structureless mudstone with minor bioturbation, thin low-angle siltstone beds, and pyrite nodules (py). UWI 14-08-77-08W5, depth 689.4m; B) F1: Fissile mudstone. UWI 14-08-77-08WS5, depth 691.7m; C) F2a:
Pervasively bioturbated silty mudstone with robust Asterosoma, Cosmorhaphe, and Phycosiphon in addition to heavily bioturbated tempestites. UWI 02/15-09-76-02WS5, depth 725.5m; D) F2a: Representation of the diverse ichno-
logic suite with Zoophycos, Helminthopsis, Cosmorhaphe, Phycosiphon, and little evidence of sediment structures. UWI 10-10-75-26W4, depth 740.98m; E) F2b: Pervasive bioturbation wish Cosmorhaphe, Zoophychos, Chondrites
(?), Cylindrichnus in a sandy mudstone. Physical sedimentary structures precluded by high degrees of bioturbation. UWI 09-07-76-01W5, depth 807.82m; F) F3a: Interbedded sharp-based sandstones containing micro HCS, with
heavily bioturbated mudstones including vertical Skolithos traces. UWI 10-20-74-4WS5, depth 725.52m; G) F3b: Interbedded sandstone and mudstone with variable degrees of bioturbation in mudstones ranging from unbioturbated
(lower) to opportunistically colonised by Phycosiphon (upper). Trace amounts of phytodetrital material also observed. UWI 02/15-09-76-02W5, depth 716.05m.
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2.3 Facies 2a (F2a): Pervasively Bioturbated Silty Mudstone Facies:

Sedimentologic Description: F2a consists of dark-grey mudstone to light-grey silty mudstone and
ranges in thickness between 1-4metresand is observed in 23 cores (38%). F2a commonly sharply overlies
F3a, 3b and gradationally transitions upwards into F2b or F3a. Mudstone beds are composed of variable
silt and very-fine grained sand (10-30%), with silt being the more common secondary lithology. Siltstone
and sandstone content increase vertically throughout F2a and clean upwards to the 30% facies threshold
at which point a Facies 2b classification is made. Physical sedimentary structures are rarely preserved due
to a high degree of biogenic reworking but can include normally-graded beds, millimetre to rare centime-
tre thick low-angle planar siltstone or sandstone beds (Fig. 9C). Subordinate soft sediment deformation
with mantle and swirl textures are also present. Sandstone-dominated beds are often sharp-based and
normally-grade upwards into mudstone. Common lithologic accessories include pyrite nodules, rare phy-

todetrital laminae and iron staining.

Ichnology: F2a is characterised by a highly bioturbated, diverse trace fossil suite. The Bl within
this facies varies between 4-5 but is most often on the higher end of the scale. Trace fossils are distributed
uniformly throughout and the ichnologic suite comprises Phycosiphon, Cosmorhaphe, Zoophycos, Chon-
drites, Asterosoma, Helminthopsis, Schaubcylindrichnus freyi, Teichichnus, Thalassinoides, Planolites, and
Scolicia with rare, often diminutive Rosselia, Cylindrichnus, and escape traces (fugichnia). Bioturbation is
representative of a distal to archetypal expression of the Cruziana ichnofacies, predominantly consisting of
deposit-feeding structures (Fig. 9D). The sharp-based siltstone layers often consist of lesser degrees of bio-
turbation (Bl 3-4) confined to the uppermost portions, which suggest rapid deposition inhibiting complete
bioturbation (Pemberton and MacEachern, 1997; Gingras et al., 2011). Colonisation windows are inferred
to be high however, given most siltstone beds are pervasively colonized (Pemberton et al., 1992a; Manga-
no et al., 2005) (Fig. 9D). Deeper-tier trace fossils (Rosselia, Thalassinoides) display secondary bioturbation

produced by opportunistic colonizers (Chondrites and Phycosiphon).

Interpretation: Primary physical sedimentary structures are mostly precluded by the biogenic
homogenization, with little to no evidence of current or wave processes. The rare occurrence of sharp-
based, low-angle planar-bedded sandstone with lesser degrees of biogenic reworking (Bl 3) are indicative
of high-energy, rapid deposition by storm events (tempestites) and are interpreted as micro-hummocky

cross-stratification (Leckie and Walker, 1982; Frey, 1990; Coates and MacEachern, 2009; Pemberton et
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al., 2012). The dominant presence of pervasive and diverse bioturbation (Bl 3-5), in addition to high mud
content, is indicative of a deeper open marine setting below the fair-weather wave-base. Thin bioturbated
tempestites indicate a depositional environment where sedimentation rates between storm events are
interpreted to be slow but consistent (Wheatcroft, 1990; Hampson and Storms, 2003; Hampson et al.,
2008). The ichnologic suite is representative of a distal to archetypal expression of the Cruziana Ichno-
facies displaying abundant deposit-feeding strategies in lower energy marine conditions (Pemberton et
al., 2012). The intensely bioturbated mudstone intervals that dominate the facies likely reflect hiatuses
between storm events and subsequent return to fairweather conditions, allowing for the complete col-
onization of the substrate (Taylor et al., 2003). The rare nature of tempestites within this facies indicates
either infrequent storm activity, or more likely that the facies represents the lower limit of storm wave
base with only severe events being preserved (Wheatcroft, 1990; Myrow and Southard, 1996). F2a is in-
terpreted to be representative of deposition within a low-energy fully marine setting and given a diverse
ichnologic assemblage and high bioturbation intensity, a distal-upper offshore environment is inferred,
however proximal lower offshore environment is also possible. Given its intense biogenic reworking and

diverse ichnologic suite, a distal pro-deltaic environment is not inferred however cannot be fully ruled out.

2.4 Facies 2b (F2b): Pervasively Bioturbated Sandy Mudstone:

Sedimentologic Description: F2b primarily consists of silty-to sandy-mudstones with very fine-
grained sandstone beds sporadically distributed throughout and is observed in 18 cores (30%). F2b ranges
in thickness between 50 centimetres to 4.5 metres and is gradationally underlain by F2a, and gradation-
ally overlain by F4 or sharply overlain by F2a, F3a, or F6. Mudstone units are light-to dark-grey with silt
and sand content increasing upwards from 30-55%. In addition, grain-size increases upwards from silty
sandstone to a very-fine grained sandstone. Sandstone beds are distributed homogeneously throughout
the interval or observed in weakly bioturbated (Bl 1-2), ranging from 2-10-centimetre-thick beds. Physical
sedimentary structures are often precluded by high degrees of biogenic reworking (Fig. 9E); however,
there is low to moderate preservation of sharp-based low-angle planar beds, and normally-graded beds.
Lithological accessories consist of phytodetrital laminae, often deposited along bedding surfaces, in addi-

tion to rare pyrite nodules, disseminated pyrite, and small (~1-2 millimetres in diameter) siderite clasts.

Ichnology: F2b is highly bioturbated (Bl 3-5) and displays a diverse trace fossil suite. Bioturba-

tion within this facies is an archetypal expression of the Cruziana Ichnofacies characterized by depos-
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it-feeding strategies. Mud-dominated intervals contain considerably higher degrees of bioturbation with
observable trace fossils consisting of Planolites, Cosmorhaphe, Helminthopsis, Teichichnus, Asterosoma,
Zoophycos, Phycosiphon with subordinate forms interpreted as Chondrites, Thalassinoides, Rosselia, Sko-
lithos, Schaubcylindrichnus freyi, and Cylindrichnus. Trace fossils within the sharp-based, low-angle planar
sandstone intervals consist predominantly of escape traces (fugichnia), sediment swimming structures

(navichnia) (Gingras et al., 2007), and evidence of opportunistic colonisation of the uppermost intervals.

Interpretation: F2b is similar to F2a in that they are both highly bioturbated (Bl 3-5), mud-dominat-
ed facies; however, F2b contains a higher abundance of sand (Table 1 and Fig. 9D, 9E). Tempestites depos-
ited under the influence of heightened sedimentation rates during storm events are also more common.
Tempestites often contain escape traces (fugichnia) and display a decrease in burrowing intensity from the
top down (Myrow and Southard, 1996; and Pemberton and MacEachern, 1997). These events are followed
by waning storm energy and a return to fairweather conditions where sedimentation rates are reduced,
and open colonization windows persist. The ichnologic diversity and overall high abundance is inferred to
represent an offshore environment as opposed to a wave dominated distal pro-delta however the two are
difficult to discern (Coates and MacEachern, 2009). F2b often exhibits an upwards increase in grain-size
from mud-dominated to mixed mudstone and sandstone, which is inferred to represent increasing prox-
imity to paleoshoreline. Pervasive bioturbation in the mud-dominated intervals of the facies often display
opportunistic colonization by grazing and deposit-feeding infauna such as Phycosiphon (Pemberton et al.,
2012; MacEachern and Bann, 2020). The increase in tempestite occurrence, in addition to increased sand
content, is suggestive of a closer proximity to the paleoshoreline than F2a (cf. Pemberton and Frey, 1985).
Contrastingly, the high degree of bioturbation intensity interpreted to represent fair-weather conditions
and overall moderate mud content still suggests a depositional setting that is below the fair-weather wave
base. This makes the upper offshore setting a probable depositional environment (MacEachern and Pem-
berton, 1992; Pemberton et al., 1992a; Pemberton and MacEachern 1997; Pemberton et al., 2012). The
introduction of rarely observed phytodetrital material within tempestites differs from F2a and is inferred
to represent an increasing proximity to paleoshoreline. While this may also be related to a subaqueous
pro-deltaic environment, the occurrence of robust traces within the gradationally overlying F4 suggests a

more likely upper offshore environment.

2.5 Facies 3a (F3a): Sporadically Bioturbated Interbedded Sandstone and Mudstone:
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Sedimentologic Description: F3a consists of very-fine to lower fine-grained sandstones that are
interbedded with siltstone and mudstone and are observed in 31 cores (52%). F3a ranges in thickness
from 2-9 metres with individual beds ranging from millimetre to several centimetre in thickness. Sand-
stone content ranges from 50% to over 70% of the total lithologic composition (increasing upwards). F3a
is commonly gradationally underlain by F2a, F2b, and overlain by F2a, 3b, F4, F5, and F6. Sandstone beds
typically consist of sharp or undulous contacts and can normally grade upward into siltstone (Fig. 9F).
Sedimentary structures include normally-graded bedding, wavy to low-angle planar (LAP) bedding, and
quasi-planar lamination (QPL) (Arnott, 1993), with rare occurrences of oscillatory bedding, wave ripples,
fluid muds, and flame structures. Lithologic accessories observed within this facies include small (milli-
metre scale) siderite nodules commonly associated with very-fine grained detrital organic material, pyrite

nodules, phytodetrital laminae deposited along bedding surfaces, and rare wood clasts.

Ichnology: Facies 3a contains varying degrees of bioturbation dependent on the dominant lithol-
ogy. When mud content is around 50%, Bl ranges from 2-4 with a diverse trace fossil suite that consists of
a multitude of feeding and dwelling traces: Planolites, Phycosiphon, Zoophycos, Asterosoma, Chondrites,
Cosmorhaphe, Thalassinoides, Scolicia with subordinate Rosselia, Cylindrichnus, Helminthopsis, Skolith-
os, Teichichnus, Arenicolites, Schaubcylindrichnus freyi, Palaeophycus and Lockeia. The ichnologic suite
is characteristic of the proximal Cruziana and distal Skolithos ichnofacies (Pemberton et al., 2012). Ad-
ditionally, some mudstone beds are opportunistically colonized, and are interpreted as representing the
Phycosiphon ichnofacies. When sandstone comprises the dominant lithology (>75%), BI typically ranges
between 0-2, often preserving only escape traces (fugichnia) or top-down colonization of the uppermost

sand beds.

Interpretation: F3a differs from 3b in that mudstone intervals are typically thicker, consist of nor-
mally graded intervals, and consist of a more diverse and abundant ichnologic assemblage. F3a typically
consists of a coarsening-upwards succession with high variability that consists of variable mud content,
bed thickness, and bioturbation intensity, all of which are interpreted to represent episodic high-energy
deposition events (cf Pemberton and MacEachern, 1997). The moderate to high preservation of storm
deposits or high energy deposition events, in addition to physical sedimentary structures such as wavy
low-angle, quasi-planar bedding, and moderate to high BI, suggest this facies represents a distal expres-
sion of a storm-influenced lower shoreface or pro-delta environment (Arnott, 1993; Dott and Bourgeois,

1982; MacEachern and Pemberton, 1992; Dumas and Arnott, 2006; Pemberton et al., 2012; Baniak et al.,
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2014). Storm deposits within this facies were likely high frequency, moderate to high energy events due
to the thin but abundant tempestites containing physical sedimentary structures consistent with micro
hummocky cross-stratification (Dott and Bourgeois, 1982; Dyson, 1995; Dumas and Arnott, 2006). The
bioturbation intensity is generally lower than the deeper marine facies (Bl 2-4), could be a result of more
frequent exposure to storm action which scours fairweather deposits and shortens the colonisation win-
dow (Frey, 1990; MacEachern and Pemberton, 1992; Plint, 2010). Fairweather wave influence is likely low
due to the interbedded nature of episodic deposition events, however the increased presence of oscilla-
tory ripple cross-laminated sedimentary structures, phytodetrital organic material, detrital siderite grains,
and larger wood clasts, suggest a more proximal environment, likely that of the distal lower shoreface. The
observation of several structureless, mud dominated intervals (fluid muds) with decreased bioturbation
intensity, but diverse ichnogenera may also imply deltaic influence (distal prodelta) (Bhattacharya and Gio-
san, 2003; Coates and MacEachern, 2009; Hansen and MacEachern, 2007). The fluctuating sandstone and
mudstone depositional sequence confines this interval to either a storm-dominated distal lower shore-

face, or a distal prodeltaic environment.

2.6 Facies 3b (F3b): Cross-Stratified Interbedded Sandstone with Weakly Bioturbated Mudstone

Sedimentologic Description: F3b consists of very fine (upper) to lower fine-grained sandstone
with thin (5 millimetre to 4 centimetre thick) mudstone interbeds and is observed in 10 cores (17%). F3b
thickness varies between 2 to 9 metres. Facies 3b is commonly gradationally underlain by F3a, and gra-
dationally overlain by F4, F5, F6 and F7. Mud content ranges between 10-30% of the bulk lithology often
with minimal silt content that decreases upwards. Physical sedimentary structures include: abundant mas-
sive-appearing sandstone with subordinate displays of low-angle planar bedding, wavy oscillatory bed-
ding, and rare normally graded bedding. Contacts between mud and sand are often sharp, with normally
graded transitions far less common (Fig. 9G). Mudstone beds commonly display little to no evidence of
bedding and are often massive appearing (Fig. 9G). Lithological accessories that often accompany these
physical structures include abundant mud drapes, small (millimetre-scale) siderite pellets, abundant phy-
todetrital laminae, wood clasts <5 centimetre, scattered rounded mud rip-up clasts, flame structures, with
rare synaeresis cracks. Phytodetrital laminae, siderite pellets, and rip-up clasts are all commonly observed

along bedding surfaces.

Ichnology: F3b is characterised by lower bioturbation intensities. Within the sandstone units, bio-
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turbation is scarce (Bl 0-2) with rarely observed Cylindrichnus, Harenaparietis, Planolites, and Thalassi-
noides in addition to rare escape traces (fugichnia). Within the mud-dominated intervals, bioturbation is
slightly higher, yet still quite variable depending on the unit (Bl 0-3). The common trace fossil suite within
mud-dominated intervals consists of Phycosiphon, Planolites, Chondrites, Asterosoma, and Thalassinoides
with more rarely observed Cosmorhaphe, Macaronichnus, and Zoophychos. This facies likely represents
a Phycosiphon Ichnofacies given the sporadic and opportunistic colonisation strategies (MacEachern and
Bann, 2020). When silt and mud content decreases upwards, a potential Rosselia ichnofacies is interpreted

given the presence dwelling and re-equilibration structures suggesting high episodic sedimentation rates.

Interpretation: When comparing F3a to F3b, there is significantly less ichnologic diversity, and
general abundance in bioturbation in the latter (Fig. 9F and 9G). This is particularly true within the mud-
stone intervals where dark-grey to black, organic-rich, laminated muds could have been sourced from
flood events (i.e., freshet deposits) which emanate from a delta (Gani et al., 2009; Caplan, pers comm).
This facies varies from other interbedded facies in that the mudstone beds are thinner, and the over-
all degree of bioturbation is significantly reduced. Siltstone and mudstone beds are most commonly ob-
served as thin mud-drapes that range from 3 millimetres to several centimetres in thickness, consisting of
soft sediment deformation with load and flame structures indicative of rapid emplacement onto a soupy
mudstone bed (Caplan pers comm). The sedimentologic structures and accessories such as structureless
un-burrowed mudstone beds, mud-drapes, massive appearing sand/mud, and low-angle planar bedding
commonly occur along sharp-based interbeds, which is suggestive of episodic rapid sedimentation with
structureless sandstones representing meiofaunal “cryptic-bioturbation (Carmona et al., 2009; Ahmed et
al., 2014; MacEachern and Bann, 2020). Thin (millimetre to centimetre scale) mud-drapes represents sus-
pension settling of during slack water conditions, potentially through hyperpycnal flows related to freshet
(freshwater flooding) events, or geostrophic currents (Gani et al., 2009; Bhattacharya and MacEachern,
2009; Carmona et al., 2009; Mackay and Dalrymple, 2011). Thicker massive appearing mudstone beds
that lack normal grading may be indicative of fluid muds, with rare synaeresis cracks indicating a variable
salinity environment (Hovikoski et al., 2008; Ichaso and Dalrymple, 2009; Mackay and Dalrymple, 2011). In
addition to mud drapes, small, rounded mud rip-up clasts with sharp-based reactivation surfaces and or-
ganic material that ranges from <1 millimetre to >2 centimetre in diameter, indicate basinward deposition
of proximally sourced material through storm/flooding events (Elias and van der Spek, 2006). The sedi-

mentologic characteristics listed above, in addition to the variable bioturbation intensity (characteristic of
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the Phycosiphon ichnofacies), likely indicate a stressed environment that was subjected to episodic, but
high sedimentation rates. Such conditions are common in distal delta-front environments (MacEachern
and Bann, 2020). Mudstone beds that do contain bioturbation consist of monospecific trace fossil suites
(e.g., Phycosiphon) that are representative of opportunistic colonization or potentially “doomed-pioneers”
and are observed between sedimentation events allowing organisms to colonize the substrate (Follmi
and Grimm, 1990; MacEachern and Pemberton, 1992; MacEachern and Bann, 2020). As differentiating
between wave dominated delta-front environments and storm-dominated strand plain environments is
challenging (Coates and MacEachern, 2009), when F3a directly underlies F3b, deltaic environments are

more confidently suggested.

2.7 Facies 4 (F4): Bioturbated Silty to Muddy Massive Sandstone

Sedimentologic Description: F4 consists of upper very-fine to fine-grained sandstone sporadi-
cally distributed siltstone and mudstone that ranges from 5-25% of the bulk lithology and is observed in
23 cores (38%). F4 ranges in thickness from 1 to 5 metres and is commonly gradationally underlain by
F2b, F3a, or sharply overlying F2a. It is gradationally overlain by F5 or F6. Sandstones are moderately-to
well-sorted and often observed in association with sporadic calcite cementation. Calcite cemented sands
are abundant and result in a patchy rock fabric, with cements cross cutting pre-existing inferred bedding
surfaces. Physical sedimentary structures observed within this facies include: Oscillatory ripple-cross-lami-
nation, symmetrical wave-ripples and wave cross laminations, rare low-angle planar bedding, quasi-planar
bedding, and flame structures are observed in several cores, however cementation greatly inhibits physi-
cal sedimentary structure observations. Lithological accessories consist of small (<1 centimetre) mud rip-
up clasts, abundant siderite pellets, phytodetrital laminae, wispy organic debris, rare wood clasts, pyrite

nodules, and rarely observed mud drapes.

Ichnology: The massive-appearing sandstone of F4 is often overprinted by robust trace fossils
(primarily Rosselia, Cylindrichnus, and Ophiomorpha) with an inferred Bl ranging from 3-5 (Fig. 10A).
Traces observed within this facies consist of robust Rosselia, Ophiomorpha, Asterosoma, Macaronichnus,
Cylindrichnus, Schaubcylindrichnus freyi, Planolites, Chondrites, Phycosiphon, Palaeophycus, Arenico-
lites, Thalassinoides, with subordinate Zoophycos, Diplocraterion, Skolithos, Conichnus, and escape traces
(fugichnia) (listed in relative abundance). The F4 likely represents the proximal Cruiziana to distal Skolithos

Ichnofacies. The massive nature of the sandstone may also be attributed to bioturbation of meiofauna,
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allowing for the complete biogenic reworking of the sandstones (Bl 6). Observable bioturbation within
this facies consists of a mix between robust trace fossils and thin opportunistic coloniser silt/mudstone

beds.

Interpretation: F4 is a sand-dominated facies that contains a considerable amount of lithological
variability and is most easily observed by robust trace fossils, and abundant pinkish siderite grains com-
monly observed with organic debris (Fig. 10A). Mud content within this facies ranges from 5-30% but is
commonly very fine-grained, sand-dominated, and lacking physical structures. Structureless sandstone is
typically overprinted by marine (often robust) mud-dominated trace fossils with a diverse expression of
the Cruziana and Skolithos Ichnofacies (MacEachern et al., 2008). Trace diversity likely suggests well-oxy-
genated environments however lack of abundance in trace distribution could suggest sedimentation rates
as an ichnologic stress and indicate distal delta front conditions (Bann and Fielding, 2004; Gingras et al.,
2011). The structureless sandstone units have several potential mechanics of origin ranging from rapid
episodic sedimentation to cryptic bioturbation (Arnott and Hand, 1989; Frey and Goldring, 1992; McCrim-
mon , 1996; Pemberton and Gingras, 2005; Gingras et al., 2011). Bromley (1996) and Howard and Frey
(1975) speculated that complete biogenic homogenization of grains could occur within only several days
following deposition. This potentially is a mechanism that followed tempestite deposition, and following a
return to fairweather conditions, would allow robust deposit feeders of the Cruziana Ichnofacies to re-es-
tablish dominance. Symmetrical wave-ripples and wave cross laminations are rarely observed within this
facies but likely indicate low or infrequent storm activity (Wesolowski et al., 2018). Lithologic accessories
such as wispy organic material (potential pasichnia — Gingras pers comm), disseminated phytodetrital ma-
terial, and small sideritic clasts, provide partial evidence of deltaically influenced systems and are inferred
to represent the cannibalized remnants of these environments that were deposited basinward following
storm abatement (Rice et al., 1986; MacEachern et al., 2005). Based on the sedimentologic evidence of os-
cillation ripple-cross lamination, in addition to the robust and diverse ichnologic assemblage, it is inferred
that the depositional setting is likely a proximal expression of a storm affected to storm influenced lower

shoreface.
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Figure 10. A) F4: Robust Rosselia trace fossil in addition to Zoophycos. Wispy organic debris and phytodetrital laminae also abundantly observed. Small pink siderite grains commonly associated with organics. Patchy calcite ce-
ment commonly observed with mud-lined trace fossils, pink siderite grains, and organic detrital material. UWI 102/09-13-73-25W4, depth 529.53m; B) F5: Bioturbated silty sandstone with wispy organic material. Silt filled/lined
burrows observed (Cylindrichnus), in addition to Teichichnus, and Thalassinoides. UWI 07-12-73-25W4, depth 546.24m; C) F6: Low-angle bedding (inferred HCS). UWI 102/16-11-75-25W4, depth 572.30m; D) F6: Oscillatory and
combined-flow ripples. UWI 09-07-76-01W5, depth 778.95m; E) F7: Massive appearing sandstone with faint “ghost-bedding. UWI 102/09-13-73-25W4, depth 514.30m; F) F7: Massive appearing sandstone with wispy phytodetrital
material and a monospecific Macaronichnus trace suite UWI 07-28-78-02W5, depth 524.2m.
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2.8 Facies 5 (F5): Lam-Scram Bioturbated Cross-Stratified Silty Sandstone

Sedimentologic Description: Sandstone beds within F5 consist of lower to upper fine-grained sand
with low to moderate silt content (10-30%), and poor-to moderate-sorting throughout. F5 is observed in
13 cores (22%), and is commonly gradationally underlain by F4 and F6, and is gradationally overlain by F7.
Additionally, F5 is also abruptly overlain by F6, with a sharp contact often observed. Grain-size increases
upwards to more fine-grained sandstones. Physical sedimentary structures are often precluded by biogen-
ic reworking; however, cross-stratification and oscillation ripples can be observed. In addition, rare wavy
low-angle planar bedding and fluidization structures are sporadically distributed throughout this facies.
Lithologic accessories consist of wispy organic laminae, small (millimetre) sized scattered organic clasts,

thin discontinuous mudstone and siltstone beds, small <2 millimetre siderite pellets, and disseminated

pyrite.

Ichnology: Bioturbation intensity within F5 is relatively variable (Bl 3-5). Biogenic reworking is
commonly observed disrupting physical sedimentary structures, making bedding surfaces difficult to dis-
tinguish (Fig. 10B). Trace fossils within this facies consist of: Thalassinoides, Cylindrichnus, Rosselia, Plano-
lites, Asterosoma with subordinate Skolithos, Diplocraterion, Lockeia, Palaeophycus. Bioturbated intervals
are observed in a series of episodic events, characteristic of “lam-scram” structures (sensu MacEachern
and Pemberton, 1992) (Fig. 11). The trace fossils observed are most commonly associated with the proxi-

mal Cruziana Ichnofacies with some elements of the distal Skolithos or potentially the Rosselia Ichnofacies.

Figure 11. Time-lapse of a archetypal “lam-scram” cross-stratified sandstone characteristic of F5 where the uppermost interval is colonised by top-down bioturbation.
The heavily bioturbated silt dominated upper sandstone is erosively scoured by a high energy event such as a tempestite, depositing cross-stratified sandstones. This is
subsequently deposited by sandstones which fine-upwards as a result of waning energy, permitting more open colonisation windows and the re-establishment of the
uppermost silt dominated beds. Core photo (right) is taken from UWI 15-01-76-06W5, depth 664.80-664.96m.
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Interpretation: F5 is a sand-dominated and is intermixed with sporadic distributions of silt, mud,
and organic matter. This facies subtly varies from F4, with the key difference being the coarser grain size
and overall reduced silt/mud content in addition to the lack of robust trace fossils. Physical sedimentary
structures are sporadically preserved due to significant degree of biogenic reworking, with observable
trace fossils characteristic of the Cruziana Ichnofacies. Silt and mud content within this facies are min-
imal and commonly occur as linings of burrows such as Cylindrichnus and Palaeophycus traces. Physi-
cal sedimentary structures include oscillation ripples and wavy low-angle planar bedding are interpreted
to represent deposition during fairweather conditions, with cross-stratified sandstones indicating rapid
sedimentation (Howard and Frey, 1975; Kumar and Sanders, 1976). Organic material within this facies
is predominately millimetre-sized clasts which indicate a more distal relationship to inferred sediment
sources and is characteristic of a fully marine setting, where coarser organic material has been reworked
and carried basinward during subsequent wave reworking and storm action with “wispy” organic laminae
potentially displaying remnant Pischichnus or fish resting burrows. Due to the high degree of bioturbation
characteristic of the Cruziana Ichnofacies, and episodic storm influence (tempestites), it is interpreted that
deposition likely occurred within a wave-influenced, storm-affected shallow marine environment consis-
tent with the proximal lower shoreface. This may also represent a distal delta front environment, however
the abundance and diversity of ichnologic attributes within colonised intervals suggests open marine un-

stressed conditions during fairweather periods following rapid sedimentation events.

2.9 Facies 6 (F6): Hummocky Cross-Stratified Sandstone

Sedimentologic Description: F6 consists of upper very-fine to upper fine-grained sand within
sandstone beds that increases in grain-size upwards and is rarely observed with minor amounts of mud
or silt. F6 is observed in 25 cores (41%), and ranges in thickness between 20 centimetre to 4.5 metres.
This facies sharply overlies F3a, F3b, F4, F5, and is commonly gradationally overlain by F5 and F7. Physical
sedimentary structures consist predominantly of low-angle planar bedding (Fig. 10C), swaley cross-strat-
ified (SCS), and hummocky cross-stratified (HCS) with more rarely observed planar cross-stratification,
quasi planer laminations (QPL), oscillation ripples (Fig. 10D), low-angle climbing cross-laminations (Fig.
10D), and asymmetrical ripple cross-laminations, with very rarely observed soft sediment deformation
and bi-directional current ripples. Lithologic accessories consist of phytodetrital laminae, organic rip-up
clasts, small (<2 millimetre) siderite pellets, pebble lags, disseminated pyrite, and carbonate cemented

laminae.
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Ichnology: Trace fossils are very rarely observed within this facies. Escape traces (fugichnia) are
the most commonly observed traces with subordinate Planolites, Palaeophycus, Diplocraterion, Thalassi-
noides, and Macaronichnus traces observed. Bioturbation intensity is low within this facies often between
0-1. Fuzzy laminae are interpreted to represent “Cryptic Bioturbation” which is complete biogenic rework-
ing of the sandstones Bl 6. The overall paucity in trace fossils makes the classification of an ichnofacies

challenging, as elements of both the proximal Cruziana and Skolithos ichnofacies are observed.

Interpretation: F6 is sand-dominated with abundant low-angle planar bedding and very little evi-
dence of biogenic reworking aside from recurrent escape structures suggestive of episodic high sedimen-
tation rates (Bann and Fielding, 2004). The lack of observed bioturbation may also be related to storm
activity actively scouring the bioturbated fair-weather events from the record, preserving only high-to-
waning energy events (Herbers et al., 2016). Low-angle and parallel-planar laminated beds, characteristic
of wave reworking, are also sporadically capped by oscillatory bedding which is interpreted to represent
the preservation of waning storm energy deposits during fairweather conditions (Kumar and Sanders,
1976; Brenchley et al., 1993). In areas where this is absent, it is likely that erosional amalgamation can-
nibalizes the wave dominated oscillatory beds and displays a stacked amalgamation of storm deposits
(Brenchley et al., 1993; Pemberton et al., 2012). The bedding observed within F6 displays high energy
sedimentation events such as HCS and SCS, consistent with storm deposits (tempestites) (Leckie and Krys-
tinik, 1989; Walker and Plint, 1992). This facies likely represents deposition within a storm-dominated,
wave influenced shallow water setting consistent within the proximal lower shoreface to middle shoreface
conditions (MacEachern and Pemberton, 1992; Brenchley et al., 1993; Pemberton et al., 2012). Preserva-
tion and stacking of subsequent storm events within the middle shoreface, that erosionally amalgamate
and winnowed mud/silt toward deeper marine settings is inferred (Dashtgard et al., 2012; Pemberton et
al., 2012). Sharp laminated beds are also seldom preserved, often a more “fuzzy” appearance of bedding
persists which may be the result of biogenic homogenization through either a monospecific trace suite
or potentially meiofaunal organisms/amphipods (Bromley, 1996; Howard and Frey, 1984; Gingras et al.,
2015). These conditions could also occur within a delta front environment, however distinguishing be-
tween the delta front and a storm-dominated strand plain is extremely challenging in storm-dominated
conditions (Bhattacharya and Walker, 1991). Common sedimentologic attributes observed in F6 indicative
of deltas include low-angle climbing cross-laminations which represent uni-directional flow and rapid sed-

imentation rates commonly observed on the delta-front (Ashley et al., 1982); Additionally, organic rich
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pulses, woody material suggest the possibility of deltaic influence and proximity to deltaic environments
(Moslow and Pemberton, 1988). It is interpreted that low-angle planar stratification associated with HCS
and SCS likely represents middle shoreface conditions, while sharp-based, climbing cross-laminations and
increased organic detrital material is likely associated with deltaic conditions making both depositional

environments possible within F6.

2.10 Facies 7 (F7): Massive Structureless Sandstone

Sedimentologic Description: F7 is by far the most dominant facies observed within Clearwater
core throughout the study region observed in 47 cores (78%). Massive-appearing sandstones range in
thickness between 50 centimetre to over 10 metres and often appear as seemingly homogeneous inter-
vals with little lithologic variability (Fig. 10E). Grain-size appears to be relatively consistent throughout
sandstone intervals, but in general trends increasing upwards from fine to lower medium-grained. F7 is
observed gradationally above F3b, F5, F6, and is abruptly overlain by F8 and F9. F7 consists of a very well
sorted fine- to lower medium-grained sandstone with no observed mudstone or siltstone. Physical struc-
tures are rare, with massive appearing sandstones dominating the facies. Subordinate low-angle planar,
wavy low-angle planar beds, and soft sediment deformation are very rarely observed. Massive appearing
sandstones occasionally display faint evidence of remnant bedding termed “ghost-bedding” where faint
bedding surfaces are observed in a predominantly homogenized appearing sandstone. Lithologic accesso-
ries consist of disseminated phytodetritus and pyrite. Organic rip-up clasts, rounded pebbles, berthierine
cements, and siderite grains are rarely observed and often sporadically distributed throughout the mas-

sive sandstone.

Ichnology: Evidence of bioturbation is extremely challenging to identify within this facies due to
the massive nature of the sandstone. Monospecific Macaronichnus trace suites can be observed sporadi-
cally throughout the facies (Fig. 10F), with subordinate examples of Cylindrichnus, Harenaparietis, Maca-
ronichnus, Teichichnus, Thalassinoides, Diplocraterion, but these are very sparse and often not observed.
This trace suite represents a combination of the Skolithos and Rosselia ichnofacies although it represents a
low diversity expression of both. Cryptic bioturbation is inferred based on the significant thickness of this
facies, which may be the result of monospecific trace fossil suites homogenizing the bedding or meiofauna
reworking the sandstone (Pemberton et al., 2008). Bl is interpreted to be high (Bl 6) due to the cryptic

bioturbation with more robust traces mentioned above representing only a small fraction of the total
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biogenic activity. Additionally, cryptic bioturbation is a common attribute within amalgamated tempestite

sands associated with the Rosselia ichnofacies (MacEachern and Bann, 2020).

Interpretation: Faintly observed low-angle planar bedding termed here as “ghost-bedding” are
sporadically observed within the seemingly homogeneous massive sandstones (Fig. 10E). Sparsely distrib-
uted trace fossils associated with the Skolithos ichnofacies are observed but in extremely low abundance.
Ghost bedding, although sporadic, demonstrates that the massive-appearing sandstones were not depos-
ited initially as structureless sandstones commonly associated with rapid sedimentation events (Howard
and Frey, 1975). It is more likely that the beds were deposited as a series of amalgamated events preserv-
ing HCS and SCS through storm action and wave reworking, which were subsequently altered by post-
or syn-depositional biogenic processes (cryptic bioturbation) (Pemberton et al., 2008; Pemberton et al.,
2012, Gingras et al., 2015; MacEachern and Bann, 2020). Cryptic bioturbation can result in the complete
reworking (Bl 6) of a sandstone interval, however due to the reduced size of the organisms colonising the
strata or an absence in lithologic variability, there can be little to no evidence that colonisation took place
at all (Pemberton and Gingras, 2005; Pemberton et al., 2008; Gingras et al., 2015). This biogenic texture is
often subtle and can be rapid, producing faint or fuzzy bedding contacts (ghost-bedding), with little to no
disruption of underlying physical sedimentary structures, and as such can be easily overlooked (Gingras
et al., 2008; Pemberton et al., 2008 Gingras et al., 2015). This has been observed within Cretaceous sand-
stones in the past where Saunders et al. (1994) and Rouble and Walker (1997) observed “fuzzy burrowing”
associated with cryptic or “crypto” bioturbation within hummocky and swaley cross-stratified sandstone
units of storm-dominated shorefaces (Pemberton et al., 2008). Rare thin monospecific Macaronichnus in-
tervals likely indicate partial preservation of the upper shoreface (Moslow and Pemberton, 1988; Dafoe et
al., 2009). Other potential factors that can result in massive appearing intervals can be a lack of grain-size
variability, high sedimentation rates, and soft sediment deformation events (Gingras et al., 2015). While
the first two are alternative theories for massive appearing sandstones, soft sediment deformation is not
applicable to F7. The rare occurrence of lithological accessories such as organic rip-up clasts, rounded
pebbles, and phytodetrital material, and medium grain-size preserve the possibility that deltaic influence
and related rapid-sedimentation within this facies is not entirely absent (Bhattacharya and Walker, 1991).
Based on the significant thickness of this massive sandstone facies, faint evidence of high and low-angle
bedding, and low bioturbation, this facies most likely represents a series of amalgamated, cryptically bio-

turbated sandstones deposited within a proximal, storm-dominated, middle shoreface to upper shoreface
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environment. Additionally, structureless sands that lack ghost-bedding, and consist of truly massive sands
with medium grain-size and rounded pebbles indicative of rapid sedimentation events indicate deltaic

influence within an inferred delta-front environment.

2.11 Facies 8 (F8): Poorly-Sorted Matrix Supported Conglomerate and Breccias

Sedimentologic Description: F8 consists of an upper fine to lower medium grained sandstone
matrix with sub-angular to sub-rounded mudstone clasts. F8 is observed in 23 cores (38%), and ranges in
thickness between 5-80 centimetres. This facies commonly erosively overlies F7 and F10a, and is common-
ly gradationally overlain by F9 and F11, however it is also overlain more rarely by F6 and F7. Clast com-
position rarely deviates from being mud-dominated, however chert, siderite, and glauconite rich clasts
have also been rarely observed. Clast sizes range from fine to upper-coarse pebbles, with variable color
ranging from dark-grey to light-green and consist of massive muds with graded internal silt beds. This fa-
cies is considered to be poorly-sorted with variable clast sizes; however, clasts typically constitute 40-50%
of the bulk lithology (Fig. 12A). The sandstone matrix generally exhibits a fining-upwards trend. Physical
sedimentary structures are seldomly observed within this facies as the matrix sandstones are commonly
massive, however slight grading and rare imbrication of clasts may be present. Lithological accessories are
common within this facies and include organic rip-up clasts, shell fragments, massive mud beds, dissemi-

nated glauconite and glauconite rich clasts, and disseminated pyrite.

Ichnology: Ichnology within F8 is extremely scarce. Bioturbation is limited (Bl 0-2) with rare Plan-
olites and Skolithos traces observed within the sandstone matrix. The clasts within this facies are predom-
inantly unbioturbated, consisting of massive to slightly bedded mudstone and siltstones however, several
clasts displayed evidence of Phycosiphon and Chondrites trace fossils in monospecific suites. As clasts
are inferred to be allochthonous, internal bioturbation within clasts is not representative of depositional
setting, however it does provide evidence that clasts were likely sourced within a brackish marine setting

given impoverished trace fossil suites.

Interpretation: The stratigraphic location of this facies is significant as it commonly overlies sand-
stone dominated facies F6 and F7 and is overlain by more marine associated facies F9 and F11. In addition,
the sharp basal contact with underlying facies suggests erosive scouring, commonly observed in channels

or transgressive lags. Organic rip-up clasts ranging from millimetre to centimetre in size are sporadically
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observed within this facies that indicate proximity to landward settings in some regions, while fossilifer-
ous debris like shell fragments are also observed within this facies which support the interpretation of
transgressive lag deposits (Kidwell, 1989). It is likely that the mudstone clasts are cannibalized remnants
of a proximal setting like a lagoon or bay environment that were eroded away during marine transgression
(Walker, 1995). The absence of diverse trace suites associated with the lower shoreface/offshore Cruziana
Ichnofacies within the mudstone clasts indicates that it is unlikely these were derived from deeper marine
settings and, as such, are more likely to have originated in a proximal setting (Pemberton et al., 2012).
Clast maturity also provides evidence that transport distance is relatively short as some large sub-angular
to sub-rounded mudstone clasts were observed and would likely have been broken down and rounded
with greater transport distances and likely eliminates channel deposits (Cattaneo and Steel, 2003). Some
faint evidence of stratification can be related to wave or storm processes that persist throughout shoreline
retreat (Walker, 1995). This facies has also been observed to occur in “pulses” where conglomeratic mate-
rial is deposited in several events. This is likely the result of several pulses or smaller transgressional events
taking place during the regional transgression (Swift et al., 1991; Cattaneo and Steel, 2003). This facies
likely represents a transgressive shoreface lag deposit, where landward settings such as lagoons or up-
dip shoreface material are erosively scoured during transgression, resulting in a sharp based ravinement
surface, concentrating coarser material along the shoreface, producing a lag deposit (Walker, 1995). Only
one core (102-16-11-75-25W4) consists of a mudstone dominated conglomerate that is not subsequently
overlain by immediate transgression, and may be the result of an anomalous high energy event such as an

earthquake, however as it is only observed once, it is difficult to confirm.

35



Figure 12. A) F8: Sharp-based lag deposit. Clasts are poorly sorted and elongate although not inferred to be imbricated. Composition consists of mudstone (unbioturbated). Organic detrital material is also observed. UWI 10-35-
74-25W4, depth 560.17m; B) F9: Pine green glauconite with Skolithos traces. Glauconitic interval displays cross-laminations. UWI 09-11-75-26W4, depth 694.0m; C) F10a: Medium grained sand with apparent high-angle bedding
surfaces. Rounded to sub-rounded chert and mudstone clasts in addition to finely disseminated organic material. UWI 09-11-75-26W4, depth 699.16m; D) F10b: Abundant poorly sorted organic debris including large wood clasts.
UWI 01-35-75-26W5, depth 761.93m; E) F11: Massive mudstone underlain by a thin lag deposit with finely dispersed shell fragments. Upper mudstone interval contains thin beds of heavily bioturbated mantle & swirl fabric, and
represents “doomed-pioneers”. UWI 13-26-75-26W4, depth 784.2m; F) F11: Faint oscillatory bedding and inter-mudstone laminations observed unlike what is observed in figure E. Internal bedding structure is observed and biotur-
bation appears to be entirely absent. UWI 15-01-73-25W4 depth 526.22m; G) F12: Polygonal mudcracks or desiccation cracks observed in plan view. UWI 10-07-77-04WS5, depth 612.21m.
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2.12 Facies 9 (F9): Glauconitic Sandstone:

Sedimentologic Description: F9 consists of lower fine- to upper very fine-grained sandstone that
y fines upwards and is observed in 15 cores (25%). F9 oftentimes abruptly overlies F7 and F8 and is com-
monly gradationally overlain by F2a, F2b, F3a. Facies thickness ranges from 10 to 80 centimetres. Lithology
is variable, ranging from sandstone dominated to interbedded sandstone and siltstone to sandy mud-
stone. Physical sedimentary structures consist of low-angle planar bedding (Fig. 12B), oscillatory bedding,
QPL, and interpreted HCS. Lithological accessories within this facies consist primarily of abundant pine
green colored glauconite, with locally observed large (3-5 centimetre) wood clasts, phytodetrital laminae,

siderite clasts, pyrite nodules, and glauconitic clasts.

Ichnology: The bioturbation within this facies is low to moderate (Bl 1-3) with observable trace
fossils consisting of Skolithos, Phycosiphon, Chondrites, Asterosoma, Planolites, Thalassinoides, Diplocra-
terion, Teichichnus. These traces are representative of the Skolithos Ichnofacies, however towards the
seaward limit of the facies, as the mud content increases, the bioturbation becomes more characteristic
of the proximal Cruziana Ichnofacies. In addition, passively filled, vertical, unlined burrows are associated
with firm-ground conditions (i.e., the Glossifungites Ichnofacies), and are conspicuously filled with green

sandstone.

Interpretation: This facies is distinguished by its pine green colour (Fig. 12B), which indicates a high
concentration of the mineral glauconite (Odin and Matter, 1981). Glauconite-rich intervals are known to
persist in marine environments with low sedimentation rates. Although several mechanisms of origin have
been proposed, it is most commonly associated with fecal pellet (peloid) alteration (e.g., Van Houten and
Purucker, 1984; Kapoutsos, 2005). These fecal pellets are believed to be the result of suspension or filter
feeding organisms (commonly associated with the Skolithos Ichnofacies), concentrating clay and silt mate-
rial in the form of fecal aggregates (Kapoutsos, 2005; Pemberton et al., 2012). This facies is predominantly
sharp-based and sometimes consists of vertical unlined burrows that penetrate inferred “firm-ground”
facies and are passively infilled with glauconitic sand. These assemblages represent the Glossifungites
Ichnofacies and are most often associated with erosional discontinuities such as transgressive surfaces of
erosion (Pemberton and Frey, 1985; Pemberton and MacEachern, 1995; MacEachern et al., 1992, Pember-
ton and Gingras, 2005). F9 is marked by an upwards increase in mud and deposit-feeding strategies, which

is also suggestive of marine incursion. Given the sharp-based nature of the basal contact with underlying
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facies, and fining upwards trend of this facies, as well as the abundant glauconite and ichnologic evidence

of a Glossifungites surface, this facies likely represents the early stages of a marine transgression

2.13 Facies 10a (F10a): Medium-Grained Cross-Stratified to Structureless Sandstone

Sedimentologic Description: F10a consists of medium-grained sandstone that fines upwards with
variable degrees of sorting ranging from poorly to moderately well-sorted and is observed in 7 cores
(12%). It is most commonly observed as sharply overlying F3b and F7 and can be sharply overlain by F6 or
F8. F10a is commonly 1 to 5 metres in thickness. Organic debris and rounded pebble-sized clasts ranging
in diameter from 3 millimetre to 3 centimetre accumulate along bedding surfaces (Fig. 12C). Physical sed-
imentary structures within F10a consists of a mixture of high-angle planar, low-angle planar, and planar
parallel bedding, as well as interpreted fining upwards trough cross-bedding, and massive or structure-
less sandstones. In addition to this, convolute or soft sediment deformation, mud drapes and potential
double mud drapes, have also been observed locally. Poorly sorted sub-angular to sub-rounded clasts are
composed of mudstone and occasionally chert. Lithologic accessories consist of abundantly observed or-
ganic material such as wood debris and smaller phytodetrital material that is commonly deposited along
bedding surfaces intermixed with rounded chert and mud clasts and occasionally shell fragments. Pyrite

nodules, disseminated pyrite, and small 2-4 millimetre siderite grains are also common within this facies.

Ichnology: Bioturbation within this interval is low to absent (BIO-1). Planolites is rarely observed

and is distributed sporadically throughout the facies.

Interpretation: The primary characteristic for this facies that differs from similarly described facies
above (F7) is the medium grain size, presence of high-angle planar bedding, and general lack of bioturba-
tion. Several facies previously discussed consist of structureless sandstones or cross-stratified sandstones,
however they are typically dominated by fine grain sizes and usually associated with some form of biotur-
bation. The medium grain size suggests a higher energy environment and a closer proximity to the shore-
line, where hydrodynamic processes control grain-size distributions (Liu and Zarillo, 1989; Pemberton et
al., 2012). Medium-grained sandstones are commonly restricted to the middle-upper shoreface and fore-
shore environments in marine-dominated systems (Liu and Zarillo, 1989; Pemberton et al., 2012). Physical
sedimentary structures such as high-angle planar, trough cross-bedding and massive fining upwards sand-

stones in addition to coarse organic material and sub-rounded to sub-angular clasts provide evidence for
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high energy (potentially uni-directional) environments, close to source (Olariu and Bhattacharya, 2006).
Intervals where sub-angular clasts are abundant are likely suggestive of rapid emplacement. Lack of bio-
turbation in F10a is likely the result of physico-chemical stresses such as increased current velocity and
turbidity, rapid sedimentation rates, or fluctuating salinities (Gingras et al., 2011). Based on the evidence
of a high-energy environment, and abundance of terrestrially-derived organic material, it is suggested that

this facies represents a channel deposits, likely in a wave-dominated delta front environment.

2.14 Facies 10b (F10b): Organic Clast Dominated Sandstone:

Sedimentologic Description: F10b consists of abundant organic debris ranging in size from 3 mil-
limetres to >7 centimetre in length and is found in 9 cores (15%). F10b is underlain by F6 and F7 and
separated by a sharp basal contact. F10b is gradationally and sharply overlain by F7 and F10a. The organic
material is poorly-sorted and ranges from 30-50% of the bulk lithology, with the remainder making up
the upper fine- to lower medium-grained sandstone matrix and trace amounts of coal. Physical sedimen-
tary structures within this facies consist of low- to high-angle planar bedding, massive organic rich sand-
stones and very rare wavy low-angle planar bedding. Lithologic accessories within this facies consist of
wood clasts, phytodetrital laminae, and siderite clasts (millimetre scale), with less common pyrite nodules,
rounded chert and angular to wispy mudstone clasts. Partial to complete post-depositional carbonate ce-

mentation is also sometimes observed within this facies.

Ichnology: The Ichnology within this facies is relatively scarce with a Bl ranging between 0-1.
Although trace abundance is quite low, several Planolites have been observed. In addition to Planolites,

Teredolites have also been identified in some allochthonous wood clasts.

Interpretation: F10b is distinguished from F10a primarily by the abundance of organic material
(Fig. 12D). Both the large size of the wooden clasts (some over 7 centimetre), and overall abundance of or-
ganic material within the sandstone matrix distinguish this facies from other sandstone dominated facies
(such as F6, F7, F10a). The sharp-base and fine- to medium-grained sandstone infill with coarse organic
debris observed at the base of this facies, likely suggests erosive scouring, commonly seen in channel
systems (Nichols and Fisher, 2007). In addition to the erosive base, rapid deposition is suggested due to
the structureless nature and occasionally observed high-angle cross-bedding which are likely a result of

high-energy conditions observed in fluvial settings (Coleman et al., 1964). Although Teredolites has been
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observed within the core, it is rare; the wood clasts are predominantly non-bored. The rare occurrence
of coal also suggests that this facies was at least partially deposited on low-lying grounds with organic
material being incorporated through flooding or storm-related deposition on a delta of floodplain environ-
ment (McCabe, 1984). The high energy nature of this facies given by the large clast size, in addition to the
presence of high angle and structureless sandstones, combined with little to no ichnologic evidence, sug-
gests that this facies was likely deposited under fluvial conditions (possibly that of a distributary channel
thalweg). Distributary channels widened in a seaward direction, which decreases the overall velocity and
transport ability of the channels (Coleman et al., 1964). This allows coarser and heavier organic material to
settle in proximal settings where it was more likely to be preserved due to the lack of high-energy wave-re-
working more typical of delta-front or middle shoreface environments (Coleman et al., 1964; Pemberton

etal., 2012).

2.15 Facies 11 (F11): Weakly Bioturbated Mudstone with Interbedded Sandstone

Sedimentologic Description: F11 is a subtle facies that is only observed within 16 cores (27%)
and is commonly reserved to the upper limits of the cored intervals oftentimes being associated with
transgression related facies (facies 8 and 9). Facies 11 consists of 2- to 5-centimetre-thick mudstone beds
interbedded with fine- to medium-grained sandstone with minor silt content (Fig. 12E). The thickness of
this facies is variable, with a maximum thickness of 30 centimetre. Mudstones are predominantly dark
(suggesting high organic content) and structureless, but locally exhibit lenticular bedding. Additionally,
clay rich tan-colored mudstone beds have been observed within this facies displaying either faint oscilla-
tory bedding or structureless appearance, but these are far less common (Fig. 12F). Other physical sedi-
mentary structures observed consist of flame structures, cone-in-cone structures, and rare soft-sediment
deformation. Sandstone units are predominantly massive with faint low-angle bedding, incipient ripples,
and lenticular bedding observed within several core. Lithologic accessories consist of phytodetrital lami-
nae, wood clasts, pyrite nodules, and rip-up clasts (4 millimetre-3 centimetre in size). Rip-up clasts are of-
ten rounded and are always observed within sandstone beds. Several vertical fractures are also observed

within the massive mudstone units that had been post-depositionally healed by calcite cementation.

Ichnology: Ichnology within this facies is quite variable but ranges between 0-3 Bl. Observable

trace fossils include Phycosiphon, Skolithos, Teichichnus, Planolites, Chondrites with subordinate examples

III

of Cylindrichnus, Diplocraterion and Arenicolites. In addition, “mantle and swirl” biogenic structures are
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also identified within the facies (Fig. 12E). Bioturbation although seemingly diverse, commonly is displayed
as monospecific suites and occurs in thin intervals, often overlain by unbioturbated intervals of the same
lithology. Vertical traces such as Skolithos often cross-cut multiple beds and as such are likely the result of

tiered bioturbation.

Interpretation: F11 consists of structureless to moderately bedded mudstone beds, with little
evidence of bioturbation (Bl 0-3) aside from the thin (centimetre-scale) colonisation intervals interpret-
ed as “doomed-pioneers” (Follmi and Grimm, 1990). The mudstone ranges from internally homogenous
to weakly laminated, which likely is representative of variable sediment concentrations and overall flow
velocity of the system (MacKay and Dalrymple, 2011). The nature of the mudstone (structureless to lam-
inated) may be the result of dynamically deposited fluid mud layers associated with hyperpycnal and po-
tentially collapsed Hypopycnal mud-plumes (Hovikoski et al., 2008; Bhattacharya and MacEachern, 2009;
MacKay and Dalrymple, 2011; Ranger pers comm). This is also reinforced by the presence of mantle and
swirl textures, representative of bioturbation within intervals that contain high amounts of interstitial
fluid, similar to fluid muds of Bhattacharya and MacEachern 2009. Bioturbation commonly occurs within
the uppermost portion, and as such is inferred to represent opportunistic colonisation following the rapid
deposition of the massive mudstone interval (Vossler and Pemberton, 1988; MacEachern and Pemberton,
1992). Other environmental stresses such as reduced oxygen (associated with organic-rich muds) may
also be responsible for reduced ichnologic content (MacEachern et al., 2005; Gingras et al., 2011). The
presence of rip-up clasts and entrained sediment, rich in organic material, is commonly associated with
the basal portion of this facies and suggests that deposition is likely intrinsically related to high-energy
events with proximity to terrestrial settings (Mulder and Syvitsky, 1996; Mulder et al., 2003; MacEachern
et al., 2005). These fluid mud layers are inferred to be deposited in a relatively proximal setting due to
the fine to medium grain size of sandstone interbeds, and likely is the result of storm-related wave action
transporting fluid mud across the shelf (Bhattacharya and MacEachern, 2009). Preservation of this facies
is only possible when delta-associated rapid sedimentation events subsequently cover the massive mud-
stone prior to biogenic reworking or cannibalization through wave and storm action in the middle to upper

shoreface environments.

2.16 Facies 12: Clay-Rich Mudstone

Sedimentology: F12 consists of a combination of whitish-grey, clay-rich mudstone and interbed-
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ded silty mudstone and very fine-grained sandstones. This facies is extremely rare within the study region
only being observed in 1 core, however it is significant. The facies is 60 centimetres thick and is observed
sharply above and below facies 3b. Physical sedimentary structures include desiccation cracks, normally
graded mud beds and rare lenticular bedding (Fig. 12G). Lithological accessories within this facies consist

of phytodetrital laminae in addition to organic material, synaeresis cracks and siderite.

Ichnology: Bioturbation within this facies is confined to the mud- and silt-dominated lithologies,
with trace fossils consisting of Planolites, Asterosoma, Skolithos, Phycosiphon and fugichnia. Clay-dominat-
ed mudstone consists of few observable trace fossils which are sporadically distributed in relatively low

abundance (Bl 1-3). Traces are representative of the Skolithos Ichnofacies.

Interpretation: F12, although rare, provides evidence of subaerial exposure within the Clearwater
Formation. F12 is observed between two intervals of facies 3b and is approximately 60 centimetre in thick-
ness. Indeed, the key distinguishing feature for this facies is the polygonal mud cracks observed on the
bedding contacts, but more subtle characteristics such as heightened clay content, evidence of pedogeni-
cally altered siltstone, rooted beds, and a diminished trace fossil suite are also characteristic of this facies.
Desiccation cracks are commonly associated with environments such as tidal flats, lacustrine shorelines, or
potential fluvial floodplain environments (Plummer and Gostin, 1981). The presence of desiccation cracks
in addition to roots and phytodetrital material indicate possible lake or overbank environments that are
frequently subjected to subaerial exposure events that results in shrinkage of the exposed surface (Pontén
and Plink-Bjorklund, 2007). Desiccation cracks may also be the result of storm deposits that are carried
landward onto open-marine marshes with levee deposits subsequently subjected to subaerial exposure
following storm abatement (Goodbred and Hine, 1995). Based on the evidence of subaerial exposure,
combined with the high mud content, organic material, synaeresis cracks, and overall diminished/stressed
ichnologic suite, it is suggested that the environment was potentially a tidally-influenced marsh or deltaic

plain environment that was subjected to subaerial exposure.
Chapter 2B: Facies Associations, Descriptions, and Interpretations:
2.17 Facies Associations:

Within marginal-marine to shallow marine coastal environments, it has been widely recognized in

both the modern and ancient rock record that depositional processes (wave, tidal, and fluvial influence)
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ultimately control the geometry and architecture of the shoreline (Howell et al., 2008; Ainsworth et al.,
2011; Nyberg and Howell, 2016; Rossi et al., 2017). Typically, these processes are dynamic, and can occur
concomitantly with two or three environments coexisting simultaneously (Ainsworth et al., 2008; Bhat-
tacharya and Giosan, 2003; Yoshida et al., 2007; Vakarelov and Ainsworth, 2013). Several studies have at-
tempted to identify dominant processes by a series of methods such as sedimentary structure frequency,
shoreline morphology, sediment accommodation to supply ratios, and ichnologic distribution (Raychaud-
huri and Pemberton, 1992; Ainsworth et al., 2008; Rossi et al., 2017). Mixed-process systems are highly
complex as dominant processes are subject to change both laterally along depositional strike and dip, as
well as vertically throughout the rock record, often preserving significant heterogeneity over short spatial
distances (Yoshida et al., 2007; Ainsworth et al., 2011). The wide range in observed sedimentary structures
and ichnologic distribution as well as the overall large scope of the study region infers that marginal-ma-
rine environments in Marten Hills and Nipisi were likely subject to varying degrees of influence from all
3 depositional processes at one time or another. In addition to the depositional processes listed above,
the impact of high-energy storm events have also been observed to influence facies distributions within

shallow marine environments (Leckie and Walker, 1982).

Within the study region, four distinct facies associations have been identified (FA1-FA4) which are dis-
tinguished based upon the vertical recurrence of facies observed through core analysis (Table 2, Fig. 13,
14, 15). Facies associations are interpreted based on the common sedimentary structures and ichnologic
distribution as well as grain size distribution throughout cored sections (Table 2). The facies associations
include: FA1: Wave-dominated fairweather offshore to regressive shoreface (Fig. 13A); FA2: Storm-dom-
inated, wave-influenced regressive shoreface (Fig. 13B); FA3: Wave-dominated, fluvial-influenced delta
(Fig. 14); and FA4 Wave-dominated, transgressive shoreface (Fig. 13C). These facies associations are often
observed in partial successions, with subsequent intervals cannibalizing the uppermost portions of un-
derlying facies associations. This often leads to stacked intervals of repeating facies and is interpreted to
represent small-scale fluctuations in sea level, delta-lobe avulsion, or transgression-related scouring. FA1
and FA2 are most frequently observed in the lower portions of the observed core, oftentimes alternating
vertically through the rock record as storm influence varies. FA3 is commonly observed above FA2, with
FA4 almost exclusively occurring at the top of the interval, erosively scouring underlying facies. The four
facies associations that are observed likely record a wave-dominated shoreline that prograded from the
SW to the NE during normal and forced regressions that subsequently were capped by marine transgres-

sion followed by the inundation of the Boreal Seaway.
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Figure 13. Dip oriented schematics of FA1, FA2, FA4, for shoreline depositional environments. Depth increases downwards (displayed by 3 vertical arrows, with the
uppermost photographs representing the most proximal expression of each FA. Some core photos are representative of the same facies and are meant to display
internal variability observed within facies (Eg under image C there are 4 examples of facies 9 to display the facies variability observed in sands that display abundant
glauconite). FA1 typically demonstrates more intense degrees of bioturbation up into the middle shoreface at which point bioturbation becomes more scarce (A). FA2
is heavily influenced by storms, which is most commonly displayed by interbedded facies within distal settings. Bioturbation decreases abruptly upwards where lower
shoreface sands are less bioturbated than what is observed in FA1 (B). FA4 is an example of a transgressive shoreline. The cartoon schematic demonstrates a sea level
rise, which includes a transgressive lag and the abundance of glauconite, in addition to the Glossifungites Ichnofacies being observed in several core (indicative of a
TST) (C). Parameters for the shoreline schematic were modified after Walker and Plint 1992; and Evoy and Moslow, 1995.
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Marten Hills Member Facies Associations

Facies Association 1 (FA1)

Facies Association 2 (FA2)

Facies Association 3 (FA3)

Facies Association 4 (FA4)

Facies

Relative Facies Abundance

(in observed core)

60%
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Facies Association Abundance

1[2a|2b|3a(3b| 4|5|6|7|8|9|10a |10b

50%

1|2a

11| 12| 1|2a |2b [3a|3b [4[5[6]7(8]|9[10a (10b| 11 12i

2b [3a [3b |4(5|6(7|8|9(10a |10b |11 12

45%
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Sedimentology and Lithologic
Accessories

Symmetrical wave ripples, LAP, QPL, massive
sandstones, rare phytodetrital laminae,
millimetre scale siderite nodules

HCS and micro-HCS, abundant LAP, QPL,
PPL, oscillatory bedding, wave ripples,
cross laminations, phytodetrital laminae

Massive sandstones, soft sediment
deformation, unbioturbated mud drapes,
abundant organic debris and phytodetrital
laminae, rounded chert clasts, desiccation
cracks

Massive sands, LAP, QPL, oscillatory
bedding, fluid mud, sub-angular to sub-
rounded matrix supported rip-up clasts,

pine-green glauconite

Dominant Depositional Process(es)

Waves during Fairweather Conditions

Storm currents and Waves

\Waves, Rivers (feeder distributary channels

Waves, rising sea-level

Ichnologic Attributes

Pervasive bioturbation common (BI 4-5), Robust
trace fossils, archetypal Cruziana ichnofaces.
Cryptic bioturbation is common in middle
shoreface

Sporadic bioturbation representing
frequent "Lam-Scram" intervals. Sand Bl (0-
2) Silt and mud BI (2-4), distal Cruziana to
proximal Skolithos, opportunisitc
colonisation

Sporadic bioturbation fluctuating between
Bl 1-4in mudstone and Bl 0-2in sandstone.
Phycosiphon, and Rosselia ichnofacies
dominate FA3. Opportunistic colonisation
present in sandstone dominated facies

Glossifungites and Skolithos ichnofacies,
filter feeders provided fecal matter
required for peloid alteration to
glauconite. Bioturbation is mild to
moderate (Bl 1-3) increasing upwards into
mud dominated facies where bioturbation
is high (Bl 4-5)

Regional Distribution

Commonly observed on the eastern and western
flanks of the lower MRTN C sandbody (C1,C2),
also commonly observed in the MRTN B interval

Located throughout entire study region,
presentin MRTN A,B,C,D cored intervals

Located predominantly in the central
portions of the study region, commonly
erosively overlies FA2 in the upper MRTN C
interval. Also observed in MRTN D

This facies is sporadically distributed

throughout the study region, only observed

in the uppermost MRTN C intervals prior to
deposition of MRTN D

Distinguishing Features

Distinguished by robust trace fossils, patchy
carbonate cementation, high degree of
bioturbation due to prolonged colonisation
windows

Distinguished by fluctuating periods of
colonisation, and high energy rapid
sedimentation events. Tempestites

increase in abundance upwards

Distinguished by mild to moderately
stressed ichnologic suites combined with
evidence of rapid sedimentation (massive

sands, soft sediment deformation)

Distinguished by pine-green glauconite in
addition to episodic pulses of matrix
supported conglomerates and breccias,
with less common fluid mudstone
deposits. Glossifungites surface indicative
of transgression

Depositional Environment

Wave-Dominated Fairweather Regressive
Shoreface to Offshore Environment

Storm-Dominated Regressive Shoreface to
Upper Offshore

Wave Dominated Delta

Wave Dominated Transgressive Shoreface

Not Observed

Facies Recurrence

Low

Moderate

Common

Table 2. Display of the key attributes that comprise each interpreted FA in addition to the distribution within MRTN subunits. The abundance of facies within each facies association is color coordinated based on recurring abun-
dance. The depositional environment row represents the overall interpretted setting and does not include the local depositional sub-environment complexities which are discussed in greater detail within Table 1 and Chapter 2A.



2.18 Facies Association 1: Wave-Dominated Fairweather Regressive Shoreface to Offshore (Offshore to

Middle Shoreface) — (Figure 13A)

Facies Association 1 (FA1) is widely distributed, having been observed in over 60% of all logged
cores throughout the study region. FAl is predominantly observed on the eastern and western flanks
throughout the study region, however it can also be observed within the lowermost components of sever-
al central core in the Marten Hills Region (Fig. 16). Within FA1, F1 is found across the region as it represents
a maximum flooding surface referred to as the Wabiskaw Marker (Fig. 4). FA1 is almost exclusively confined
to the lowermost portions of cored intervals and is interpreted to represent lower offshore through middle
shoreface deposition in a low-energy environment during fairweather conditions. Additionally, very fine-
grained sandstones within the lower shoreface commonly display partial “patchy” carbonate cementation
of F4, which is almost exclusively observed within this facies association. FA1 consists of F1, F2a, F2b, 3a
(rare), F4, F5, F6, F7 and is commonly associated with a cleaning/coarsening upward succession that may
be truncated abruptly by FA2 and FA3. The lowermost interval within FA1 consist of a single gradational
transition upwards from mud-dominated offshore (F1 and F2a) to proximal offshore (F2b) (Fig. 5-7). This is
commonly followed by 1 to 3 cycles of coarsening upwards trends moving from a fairweather lower shore-
face (F4 and F5) to a middle shoreface succession (F6 and F7) above the fairweather wave base (FWB).
Wave processes appear to dominate deposition within FA1, with little evidence of storm preservation sea-
ward of the middle shoreface due to biogenic reworking. Evidence of fluvial or tidal processes is absent.
Physical sedimentary structures are seldom preserved throughout much of FA1 due to the high degrees
of biogenic reworking associated with ambient marine environments (Gingras et al., 2011). Symmetrical
wave ripples combined with the rare occurrence of LAP and QPL bedding however, suggests that low
energy conditions dominate FA1 within sandstone-dominated facies of the lower and middle shorefaces
(F4, F5, F6). Within facies associated with offshore deposition (F1, F2a, F2b), sedimentary structures are
rare to absent due to the high degree of biogenic reworking with evidence of storm deposition (tempes-
tites) rarely observed. In addition to sedimentary structures, lithologic accessories such as rarely observed
phytodetrital laminae and small (several millimetres in scale) siderite nodules provide evidence of a distal
relationship to paleoshoreline, however both are commonly obscured by the impact of intense biogenic

reworking.

The ichnologic characteristics of FA1 is a key distinguishing criterion for FA1 and FA2, as the fairweather

conditions observed in FA1 permit open colonisation windows, which result in highly bioturbated intervals.
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Bioturbation within the mud-dominated facies (F1,F2a,F2b) is often high (Bl 4-5) and is homogeneously
distributed throughout much of FA1, which is dominated by deposit-feeding and grazing structures at-
tributable to the Cruziana Ichnofacies. Physical sedimentary structures are often precluded by the high
degrees of bioturbation and trace fossil suites are characteristic of normal marine conditions with diverse
and abundant trace fossils such as Asterosoma, Chondrites, Cosmorhaphe, Helminthopsis, Phycosiphon,
Schaubcylindrichnus freyi, Scolicia, Teichichnus, and Zoophycos. Within the distal lower shoreface (F4),
robust trace fossils such as Cylindrichnus, Rosselia, and Ophiomorpha are observed in several cores, indic-
ative of ambient fully marine conditions (Gingras et al., 2011). Massive appearing sands within this distal
lower shoreface facies may also be the result of meiofaunal “cryptic bioturbation” that homogenizes the
interval, which is subsequently overprinted by the robust traces discussed above. The presence of silt and
mud lined traces and overall high degree of bioturbation (Bl 3-5) within the distal-proximal lower shore-
face (F4, F5 respectively) and lack of LAP bedding, further suggests that storms were likely infrequent, per-
mitting abundant biogenic reworking. Sporadic Diplocraterion and Thalassinoides traces within the middle
shoreface of FA1 are rarely observed but provide additional evidence that colonisation windows were still

open even in higher energy conditions characteristic of the middle shoreface.

Due to the increased presence of mudstone and siltstone, in addition to robust mud-lined trace fossils
and partial calcite cementation of sandstones (F4), the wireline log signature within this facies is often
classified as irregular. Cleaning upwards profiles are exhibited, however reservoir quality within FA1 is
interpreted as moderate to poor. Additionally, the stratigraphic position of FA1 at the base of most Marten
Hills Members intervals, might suggest the possibility that this Facies Association is actually genetically dif-
ferent than the subsequently deposited FA2-FA4, and as such represents a separate depositional setting,

where wave action is reduced, and robust colonization windows persisted.
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Wave Dominated, Tidally Affected Delta (FA3)
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Figure 14. Cartoon schematic of a wave dominated delta environment modelled after Weise, 1980: This schematic is an inferred representation of deltaic conditions present within the Marten member. Facies range from
proximal distributary channel associated facies (F10b) to the distal prodelta/storm dominated lower shoreface facies of 3b and 2a. Image 9 is selected to show that increased lateral distance from deltaic feeder chan-
nels display a more “shoreface-like” representation of sedimentologic and ichnologic attributes. Facies 11 can be observed above several facies and its location in this schematic is not a direct indication of where it will al-
ways be observed within FA3. These attributes are often intermixed with FA2 making distinguishing between FA2 and FA3 sometimes challenging. Note: synaeresis cracks are also rarely observed throughout this
FA, however fluid muds and potential tidal doublets indicate that tidal presence were potentially also present. Hypopycnal plume and hyperpycnal flow cartoon (7) is modelled after Bhattacharya and MacEachern 2009.
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2.19 Facies Association 2: Storm-Dominated Regressive Shoreface to Upper Offshore (Proximal Offshore

to Middle/Upper Shoreface) — (Figure 13B)

Facies Association 2 (FA2) is observed in over 50% of all logged core. In addition to its occurrence
on the eastern and western flanks of the study region where it overlies FA1, FA2 is also present in greater
abundance within the centrally located cored intervals (Fig. 16). FA2 is interpreted to represent deposi-
tion in an environment where tempestites punctuate fairweather conditions and increase in abundance
vertically through the succession record as storm and wave influence increases. This high energy episodic
deposition within FA2 commonly abruptly truncates the quiescent FA1. Several facies that are observed
in the offshore realm of FA1 are also observed in FA2 (F2a and F2b), however there is a subtle increase in
storm deposits that consist of unbioturbated micro HCS beds (centimetre scale) which indicates increas-
ing storm influence (Leckie and Walker, 1982; Cheel and Leckie, 1993). Facies 3a and 3b, which consist of
interbedded sandstone and mudstone preserving both fairweather and storm deposits that cleans up-
wards, also occurs in FA3, as distal pro-deltaic deposits are similar to those seen in a storm influenced
distal lower shoreface environment. Sand content increases vertically, with a logical conclusion being that
the increasing sand and diminishing mud content in this interbedded facies is the result of a shallower
position along the storm-influenced lower shoreface. Additional facies include F6 and F7 characteristic of
the middle shoreface. Unlike FA1, bioturbation is rarely observed within these facies, as wave reworking
and high-energy events dominate the rock record. Like FA1, FA2 displays a cleaning/coarsening upward
succession that transitions from very fine-grained sandstone interbedded with siltstone and mudstone
to upper fine- and medium-grained sandstone indicative of shallower settings of the middle shoreface.
Physical sedimentary structures observed within FA2 are often consistent with storm deposits (tempes-
tites) and high degrees of wave reworking which include frequently observed LAP, QPL, PPL, oscillatory
bedding, wave ripples and cross laminations. These physical sedimentary structures are often interbedded
with bioturbated mudstones in the distal lower shoreface and offshore related facies and are interpreted
to represent fairweather conditions between storm events. Lithologic accessories are also more readily
observed in FA2 when compared with FA1, consisting of abundant phytodetrital laminae, siderite clasts,
wispy organic debris, and organic rip up clasts. These accessories are likely the result of high-energy events
mobilizing coarser organic material associated with freshets into the deeper-marine environments such as

the distal lower shoreface facies (3a).

The Ichnologic characteristics of FA2 are distinct from FA1 in that bioturbation is confined to mudstone
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and siltstone-dominated facies of FA2 (F2a, F3a) and is mostly absent from the proximal lower to middle
shoreface facies (F6, F7). Bioturbation within mudstone intervals is commonly moderate (Bl 2-4) with
sandstone intervals displaying a paucity in biogenic reworking (Bl 0-2). Within the mudstone units, diverse
trace suites displaying feeding and dwelling strategies consistent with that of the Cruziana and distal Sko-
lithos ichnofacies are observed. In addition, opportunistic colonisation of some thinner mudstone events
that cap tempestite sandstones are also observed (commonly Phycosiphon and Chondrites). The ichno-
logic assemblage consists predominantly of Asterosoma, Chondrites, Cosmorhaphe, Cylindrichnus, Plano-
lites, Phycosiphon, Thalassinoides, Scolicia, and Zoophycos, with subordinate occurrences of Arenicolites,
Cylindrichnus, Helminthopsis, Lockeia, Palaeophycus, Rosselia, Teichichnus, Schaubcylindrichnus freyi, and
Skolithos. Sandstone beds also contain escape traces (fugichnia), which provides further evidence of rap-
idly deposited sediments characteristic of tempestite deposits. The proximal facies (F6 and F7) display
little to no evidence of bioturbation, commonly preserving thick (7-10 metre) wave-reworked sandstone
units. One of the most challenging interpretations arises in intervals of FA2 where bedding contacts ap-
pear fuzzy, or where massive-appearing sandstone units persist throughout the majority of the core. This
potentially is the result of cryptic bioturbation, where meiofaunal reworking has cryptically altered the
sandstone interval making it appear barren of physical or biogenic sedimentary structures. In these cases,

bioturbation intensity may conversely be extremely high (BI6).

The increase in prevalence of high energy tempestites that deposit coarser material in deeper waters is
represented on wireline logs by a cleaner gamma ray signature, however the interbedded nature of basal
facies within FA2 is expressed as an irregular log response as is seen in FA1. This changes vertically, as
increased wave reworking throughout FA2 provides a consistent grain size and sandstone dominated lith-
ologies. Additionally, cryptic bioturbation is inferred throughout FA2, which homogenizes the sandstones
providing a very clean, porous, and continuous log response. FA2 is interpreted to represent the optimal

reservoir facies association throughout the region.

Several cored intervals of FA2 contain abrupt facies dislocations in the form of sharp-based shorefaces,
characteristic of a forced regression, where interpreted middle shoreface sandstone units (F6, F7), trun-
cate facies associated with the lower offshore (F2a). This sharp-based shoreface commonly overlies the
marine dominated facies of FA1. Additionally, facies dislocations display alternating expressions of FA2 and
FA3 leading to complex and unpredictable alternating successions, however the most common stacking

pattern is for FA3 to erosively overlie FA2. Both FA2 and FA3 are interpreted to be genetically related, with
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FA2 representing deposition in environments that are restricted from fluvial sources (Fig. 15A). This ab-
sence of fluvial influence subjects the shoreline to increased wave and storm action, which is represented
by the dominant preservation of tempestites within FA2. The increased amount of phytodetrital material
within tempestite sands does however indicate that fluvial settings were present throughout deposition
of FA2, however wave reworking has winnowed organic material into finely distributed organic laminae
within high energy tempestite beds. Additionally, in cored intervals where FA3 is absent, FA4 has also been

observed as erosively truncating the upper portions of FA2.

Wave Action Wave Action

ongshore Drift

L
\\\

Basinward
—_—

Figure 15. Figure 15A represents the progradational transition of a wave influenced shoreline over time. THis demonstrates the combined influence of fluvially sourced
deltaic environments (red) and wave (or storm) dominated shoreface environments. FA3 is associated with deltaic environments and as such is represented on the
schematics in a red outline illustrating an approximation of regions that would preserve the greatest evidence of deltaic systems. In figure 15A, maroon outlines
were utilized to display remnant deltaic deposits that would potentially be preserved even after a new deltaic lobe has formed or the delta progrades. Laterally, as
deltaic channels avulse or the sediment supply diminishes, wave and storm dominated processes take over resulting in more typical shoreface deposits (FA2). FAL is
interpreted to either persist in regions where wave, storm, fluvial influence is minimal (i.e. due to shoreline protection, or a different depositional setting altogether).
As the shoreline builds out (left to right), the strandplain builds basinward (to the NE on the 15A schematics with wave influence and geostrophic currents modifying
the paleoshoreline through longshore drift. Figure 15B demonstrates the lateral continuum that exists on a wave influenced shoreline where deltaic environments are
present proximal to a fluvial source. However, as distance from fluvial channels increases, the preservation of wave and storm dominated processes increases. As a
result, remodification of deltaic deposits occurs. Image 15B is modified aftert Eide et al., 2014.
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2.20 Facies Association 3: Wave Dominated Delta — (Figure 14)

Facies Association 3 (FA3) is found within 45% of all logged core and is often observed within the
central portions of the study area and is absent on both the eastern and westernmost areas (Fig. 16).
Deposition within FA3 is interpreted to represent a wave-dominated delta system that often coalesces
with fairweather and storm-dominated shoreface environments observed within FA1 and FA2 respectively.
FA3 erosively overlies storm-dominated shoreface deposits of FA2 and is commonly erosively overlain by
FA4. FA3 consists of facies 3a, 3b, 5, 6, 7, 10a, 10b, 11, 12, and is characteristically interpreted as a clean-
ing/coarsening upwards profile in both core and wireline log signatures. The coarsening upward profile is
often associated with a transition from upper fine- to medium-grained sandstones. In several cores, facies
dislocations are observed where facies characteristic of FA3 are gradationally overlain by additional cycles
of FA2 making for unpredictable and complex stacking patterns. This is likely the result of distributary
channel avulsion, allowing wave processes of the middle and lower shoreface to rework inactive deltaic
deposits and display facies associations more characteristic of FA2. The preferential preservation of FA3 in
the uppermost portions of cored intervals suggests that wave processes likely were unable to sufficiently
rework the deltaic deposits prior to marine transgression associated with FA4. The main challenge arises
when differentiating between storm-dominated shorefaces and wave-dominated deltas, particularly the
subaqueous delta front, as sedimentologic signatures are virtually indistinguishable due to the strong im-
pact that wave and storm actions have on preservation (MacEachern and Pemberton, 1992). There are,
however, several key indicators noted in FA3 which aid in the interpretation of a wave-dominated delta
based on sedimentologic deviations from FA2. Physical sedimentary structures such as unbioturbated mud
drapes and double mud drapes found in wavy to massive-appearing sandstone units (F10a) are more likely
to be the result of deltaic environments such as the distal delta front, as wave action within the middle
shoreface leads to the winnowing of muds which are subsequently redistributed basinward towards the
lower shoreface (Fig. 8). This is also observed in Facies 11, where thick structureless mudstone blankets
medium-grained sandstone interpreted to represent fluid muds or hyperpycnal mud plumes when inter-
nal bedding is observed. Additionally, evidence of high-energy environments with sharp (erosive) bases
are observed that comprise abundant coarse organic material, rounded clasts, and low-angle climbing
ripple cross-laminations (F10b and F6, respectively), which more appropriately represent distributary
channels and delta front environments. Further evidence is provided by desiccation cracks (F12, Fig. 12G),

which provide substantial evidence of subaerial exposure, something that is commonly observed within
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a tidally-influenced marsh or delta plain environment. Although rare, soft sediment deformation has also
been observed, a feature indicative of rapid sedimentation and dewatering events commonly observed
in deltaic environments (Carmona et al., 2009). A less conclusive deltaic feature of FA3, is observed in
Facies 10a, where high-angle planar (HAP), parallel-planar lamination (PPL), and LAP bedding is associated
with rounded clasts and medium-grained unbioturbated sandstone that potentially represents deposi-
tion within a delta plain or distal distributary channel system. In addition to the physical sedimentary
structures listed above, lithological accessories also provide evidence of deltaic environments through the

presence of abundant phytodetrital pulses, wood clasts and synaeresis cracks.

The Ichnologic signature of FA3 is widely variable given the impact that fluctuating wave processes have
on deltaic systems. Prodeltaic facies (3b) are of particular importance as they represent a deviation from
standard fairweather shoreface conditions. The interbedded facies is variable with regards to bioturbation
intensity but is commonly low to moderate (Bl 1-4) within the mud-dominated beds, and low (Bl 0-2) in
sand-dominated beds representative of episodic sedimentation events. Mudstone beds are often weakly
bioturbated, which is an interpreted product of enhanced deltaically related fluvial discharge, which can
rapidly deposit muds, leading to impoverished trace suites indicative of environmental stresses (Gingras et
al., 2011). The common ichnofacies associated with shoreface environments (Cruziana and Skolithos) are
difficult to apply within much of FA3 given the frequent opportunistic colonisation and cryptic bioturbation.
A better representation of ichnofacies for FA3 is inferred based on MacEachern and Bann 2020’s Phycosi-
phon and Rosselia ichnofacies, which are the deltaic variations of the Cruziana and Skolithos Ichnofacies
(respectively). The ichnologic assemblage most commonly observed throughout FA3 represents Phycosi-
phon and Rosselia ichnofacies and consists of abundant Asterosoma, Chondrites, Cosmorhaphe, fugichnia,
Helminthopsis, Palaeophycus, Phycosiphon, Planolites, Schaubcylindrichnus freyi, Thalassinoides, and Zoo-
phycos, with rarely observed Arenicolites, Cylindrichnus, Harenaparietis, Helminthopsis, Lockeia, Rosselia,
Scolicia, Skolithos, and Teichichnus traces. Deposit feeding is the predominant ethology, with suspension
feeding and grazing traces are also observed in significantly lower abundance. Opportunistic colonisation
of thinner normally graded silty to organic rich mudstone characteristic of a prodelta and distal delta front
(F3b and 11) are commonly observed, often characterized by monospecific trace suites of Phycosiphon
and Chondrites traces. Bioturbation intensity within facies associated with more proximal deltaic settings
(F10a-12) are significantly reduced given the environmental stresses, and a reduced expression of the

Skolithos ichnofacies is also observed as a result of the inability for filter feeding associated with deltaic
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environments (Gingras et al., 2011). In particular, facies 10a and 10b are characterized by extremely low
degrees of bioturbation (Bl 0-1), and when combined with the physical sedimentary structures discussed
above and high organic content, it demonstrates that high-energy conditions were likely inhospitable for
biogenic reworking. This is interpreted to represent the presence of fluvial and distributary channels with-

in the depositional setting.

FA3 is a challenging facies association given its similarities to FA2 and dislocated facies associations. The
evidence of fluvial feeder systems and subaerial exposure within the study area, in addition to physical
and biogenic sedimentary structures commonly associated with deltaic settings, help infer that deltaic
processes play a role within the Clearwater Formation in Marten Hills and Nipisi. Figure 8 is one of the
most representative core throughout the study region that demonstrate deltaic influence within the study
region and is a full vertical succession of the facies that comprise FA3. The high amounts of organic content
observed throughout FA2 and FA3 is therefore explained by it being sourced from the terrestrial realm,
and although wave reworking can winnow much of this into smaller phytodetrital beds, coarser (centi-
metre scale) organic debris likely indicates direct or closer proximity to fluvially-related environments. It
is interpreted that within the study region, deposition of FA2 and FA3 was likely penecontemporaneous,
with increasing preservation of FA3 suggesting more proximal deposition with respect to fluvial systems
feeding the inferred wave dominated delta (Fig. 15B). Given the coarser grain-size (upper fine- to medi-
um-grained), FA3 represents moderate to high reservoir quality, however given its often unpredictable
occurrence (as a result of delta lobe avulsion), making correlative interpretations is challenging when core

control is poor.

2.21 Facies Association 4: Wave dominated Transgressive Shoreface — (Figure 13C)

Facies Association 4 (FA4) is observed within 40% of all logged core and is predominantly seen
in the eastern half of the study region where core control is most dense (Fig. 16). FA4 is interpreted to
represent a transgressive shoreface that includes a transgressive lag. Due to the erosive nature of trans-
gressional environments, FA4 is invariably sharp based with both FA2 and FA3 being observed directly
beneath FA4. Unlike the other Facies Associations described (FA1,FA2,FA3), FA4 is characterized by a fining
upwards trend that transitions from medium- and fine-grained sandstone into bioturbated marine-dom-
inated mudstone. This is commonly associated with a “dirtying upward” log profile, given the increase in

mud content upwards and is associated with a reduction in core and log derived porosities. Oftentimes,
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several small-scale “pulses” or cycles of transgression are inferred from intervals of mud-dominated rip-
up clasts (F8), which are interpreted as cannibalized remnants of the foreshore and upper shoreface as
well as lagoonal deposits (Fig. 6). Several facies are observed within FA4 that have been identified in pre-
viously discussed facies associations (F6, F7, F11) however two facies that are observed solely in FA4 are
F8 and F9. Physical sedimentary structures identified within FA4 consist of massive sands, LAP, QPL, and
oscillatory bedding in addition to structureless mudstone deposits. Structureless mudstones may be the
result of transgression, converting distributary channel mouths into tidally-modulated estuaries where the
preservation of fluid muds is favourable (e.g. Mackay and Dalrymple, 2011), however additional evidence
of tidal processes is rare to absent. Much of these sedimentary structures are observed throughout FA1-
3 however within FA4, lithological accessories provide evidence that separate it from the formerly dis-
cussed facies associations. Two main lithological accessories provide evidence for marine transgression:
1) concentrations of rounded to sub-angular, matrix-supported rip-up clasts consisting predominantly of
unbioturbated mudstone (F8); and 2) the abundant presence of the pine-green mineral glauconite (F9).
Facies 8 underlies Facies 9 and consists of a matrix-supported conglomerate where large (2-7 centimetre)
clasts are mud dominated, weakly bioturbated, and sub-rounded to rounded. This suggests deposition of
a transgressive lag, where erosion has cannibalized landward settings such as lagoons or coarser up-dip
material and were not subjected to large transport distances. Above Facies 8, several facies (F6, F7, F11)
are observed and likely represent wave processes during transgressional hiatuses. The presence of abun-
dant glauconite, as is observed in Facies 9, has long been associated with marine transgression. The for-
mation of glauconite is interpreted as a result of fecal pellet alteration in environments dominated by low
sedimentation rates (Van Houten and Purucker, 1984; Kapoutsos, 2005). Glauconitic sands are observed
both within sand-dominated intervals as well as pervasively bioturbated sandy mudstone units and can
be observed with LAP sandstone. In several cores, glauconitic clasts are also observed in the form of thin
lag deposits. In addition to the lithological accessories discussed above, organic material, shell fragments,
and pyrite nodules are also observed within FA4, which are likely the product of transgressional erosion of
proximal up-dip settings. Based on the sedimentary structures and lithological accessories listed above, it
is interpreted that several transgressional events occurred, resulting in erosion of the paleoshoreline. This
resulted in a ravinement surface, which deposited coarser material in the form of transgressional lags that
were subsequently subject to wave reworking and decreased sedimentation rates prior to the inundation

of the Boreal Seaway and a return to deeper marine conditions.
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The Ichnologic signature of FA4 is comparable to that observed in FA1l within the upper marine-dom-
inated intervals associated with advanced marine transgression. Above the erosive contact associated
with transgressive lags, allochthonous mudstone clasts consist of unbioturbated to impoverished trace
suites (consisting of monospecific Phycosiphon, Chondrites) suggestive of stressed marginal marine en-
vironments. These conditions may have been present within lagoonal or tidally-influenced environments
up-dip, as transgression began to envelop the progradational shoreline, however cored evidence of these
environments is absent. Glauconite-rich sands are observed within pervasively bioturbated sandy mud-
stones with moderate bioturbation intensities (Bl 1-3). Trace fossils predominantly represent the Skolithos
ichnofacies, with filter feeding organisms likely sourcing the fecal matter needed for peloidal glauconite al-
teration (Kapoutsos, 2005; Pemberton et al., 2012). As transgression continues however, a return to more
distal ethologies characteristic of the Cruziana ichnofacies begin to dominate the rock record. The trace
suite is characterized by Skolithos, Phycosiphon, Chondrites, Asterosoma, Planolites, Thalassinoides, Dip-
locraterion, and Teichichnus. Vertical unlined burrows display passive infilling of interpreted firm ground
substrates, indicative of the Glossifungites ichnofacies, and on occasion, vertical burrows are infilled by
green glauconite rich sands, in otherwise glauconite absent intervals. The significance of Glossifungites
surfaces within several core should not be overlooked as they represent discontinuities characteristic of
transgressive surfaces of erosion and further conclude that these facies are the result of a transgressional

environment (Pemberton and Frey, 1985; MacEachern and Pemberton, 1992).

2.22 Facies Summary:

An evaluation of the facies associations suggests that sand bodies within Marten Hills and Nipisi
were initially the result of a prograding wave- and storm-dominated shoreline. Evidence of both the falling
stage and lowstand systems tracts are observed based on the presence of sharp-based, forced regressio-
nal shorefaces and overall progradational nature seen throughout the study region. This shoreline likely
preserved areas where storm action played a weaker role (FA1) (perhaps due to crenulated coastlines) and
permitted fairweather conditions to dominate the preserved rock record, seen more abundantly on the
western and eastern edges of the study area. Longshore drift may also have carried sediment down-cur-
rent (inferred to the SE) where they are partially protected or baffled from storm influence. This could
explain why robust trace-fossil assemblages and fairweather conditions are predominantly observed on
the southeastern-most cored intervals and why central cores are more heavily exposed to storm and wave

action. This interpretation would also explain why storm-dominated shorefaces (FA2) and wave-domi-
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nated deltas (FA3) dominate the rock record throughout the central regions. This interpretation results
FA1-FA3 all being deposited penecontemporaneously with FA3 representing proximal deposition to fluvial
sources, FA2 representing transitional settings between deltaic and fairweather conditions, and FA1 rep-
resenting deposition that preserves no evidence of fluvial input and instead preserves only fairweather
environments. This however, does not explain the regional preservation of frequently observed episodic
high-energy deposition characteristically associated with storm-influenced environments. An alternative
theory results from the stratigraphic position of FA1, which commonly occurs in the lowermost intervals
of the Marten Hills sandstone units. This suggests that fairweather conditions were, at one time present
across the paleoshoreline throughout the much of the study region. The abundance of high-energy facies
characteristic of FA2 and FA3 (Facies 3a, 3b, 6, 7, 10a, 10b) overlying FA1 can be interpreted as the subse-
qguent deposition of stratigraphically younger units and indicates a transition from fairweather conditions
to environments where wave, storm, and deltaic processes dominated. This would make FA1 genetically
older, but maintain the penecontemporaneous relationship of FA2 and FA3, however, further work is re-

quired to provide additional supporting evidence for this interpretation.
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Figure 16. Four maps of the study region each displaying the lateral distribution of FA 1-4. It should be noted that several cored intervals showed multiple facies associations (some demonstrated evidence of all four). This indicates
that depositional environments likely changed over geologic time as wave/storm influence fluctuated, delta lobes avulsed, and transgression subsequently inundated the paleoshoreline. Lateral variability confirmed through core
observations also demonstrates that different depositional environments were likely active at the same time given the scope of the study region. FA1 tends to be more widely distributed to the outer flanks of the study region, with
more central cores demonstrating greater abundances of FA2 and FA3. The relationship of multiple facies associations being observed within a single core also provides evidence that vertical stacking may demonstrate genetically
different intervals being deposited.

58



Deltaic environments were fed by narrow distributary channels, likely separated by great distances, which
is why they are rarely observed in the core. These channels were also likely subjected to immense wave
reworking following channel/delta lobe avulsion, overprinting these deposits with wave-dominated facies
(Fig. 15). A modern-day analog for this environment is the wave influenced shoreline in Tabasco, Mexico
(Fig. 23). FA3 likely gradationally transitions towards FA2 and FA1 along depositional strike, as the fluvial
input diminishes, and wave dominated settings take over representing a transitional shoreline continuum.
The overall stacking pattern of the middle shoreface and deltaic sediments indicates that aggradational
settings took over, leading to thick repeating successions of storm-dominated shorefaces and wave-domi-
nated delta settings, which are observed consistently throughout the central and eastern cored intervals.
The vertical thicknesses of the Clearwater prograding sandbodies is however anomalous, given that pro-
grading shorelines rarely exceed ten metres in thickness (Clifton, 2006). As the environment transitioned
from an aggradational shoreline to a transgressive shoreline (FA4), erosional processes cannibalized
nearshore sediments, leaving behind transgressive lags. Transgressive erosion is likely the reason that no
foreshore or upper shoreface environments are preserved in core. This marine transgression would also
transition progradational distributary channel systems into retrogradational brackish estuaries where tidal
effects could suspend and deposit mud above the erosive transgressive lag. It is inferred that if a greater
abundance of landward core were available, bi-directional currents and combined flow ripples in addition
to tidal doublets and brackish trace suites would also be observed as they would be subject to lower rates
of wave reworking. Finally, as transgression continued, sedimentation rates were diminished, providing a
window for glauconitization to occur resulting in abundant glauconite-rich sands across the study region.
This was subsequently followed by a continued southward transgression of the Boreal Seaway and the

return to fully marine conditions.
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Chapter Three: Marten Hills and Nipisi Regional Stratigraphy
3.1 Clearwater Stratigraphic Architecture:

The Clearwater Formation is composed of two key members: The Wabiskaw Member at the base
which disconformably overlies the McMurray Formation, and what is being proposed within this study as
the Marten Hills Member. The Marten Hills Member is disconformably overlain by the Grand Rapids For-
mation and is separated at its base by a marine shale known as the Wabiskaw Marker. To accurately map
and correlate reservoir sandstones within the Marten Hills Member, a detailed stratigraphic framework
was developed to display the internal elements of the Clearwater Formation. Marine flooding surfaces
(mFs) are utilized within this study to separate individual cleaning upwards trends or parasequences (Van
Wagoner et al., 1988; Van Wagoner et al., 1990). These flooding surfaces are interpreted as regionally
extensive events resulting from increased water depths associated with subsidence or rising sea levels,
(Van Wagoner et al., 1988; Galloway, 1989; Bhattacharya, 1993). Flooding surfaces are noted by distinct
log signatures (increased gamma ray radioactivity, and a sharp decrease in resistivity signatures (Fig. 3).
Additionally, transgressive surfaces of erosion (TSE) are observed at the top of several cored intervals, indi-
cating the onset of marine transgression and represent a diachronous surface. This is seen as a gradational
increase in gamma-ray (GR) response with several metres separating the TSE from the marine flooding
surfaces. The inflection point beneath the highest gamma ray and lowest resistivity signature, indicative
of marine flooding surfaces, are selected to indicate the uppermost limit of each individual informal unit
within the Marten Hills Member. The goal for this stratigraphic framework was to not only correlate wire-
line log signatures with core observations, but to set the foundation for future work in adjacent areas of

Alberta.

East of the study area, in the Cold Lake and Athabasca regions, there is an abundance of literature focusing
on the detailed stratigraphic elements of the McMurray, Clearwater, and Grand Rapids formations (e.g.
Minken, 1974; Beynon, 1992; Wickert, 1992; McCrimmon and Arnott, 2002; Feldman et al., 2008; Currie,
2011; Hathaway, 2016). The stratigraphy in the Cold Lake region is informal, and identifies stratigraphic
intervals based on transgressive or “T” surfaces. This has been successfully utilized by Hayes et al (1994)
and Hathaway (2016) to display regional trends, however its applicability in the study region was unsuc-
cessful given significant lateral stratigraphic complexity. To keep stratigraphic correlations consistent, an

attempt was made to correlate the regional stratigraphy of the Clearwater Formation in eastern Alberta

60



(Feldman et al., 2008; Hathaway, 2016), with the proposed Marten Hills Member stratigraphic framework
(Fig. 17). This study employs a “bottom-up” stratigraphic naming scheme wherein the interval above the
Wabiskaw Member is Marten Hills Member A, and so forth (Fig. 3). This contrasts similarly aged strata of
western Canada which uses a “top-down” member naming scheme (e.g. the Falher and Wilrich members
of the Spirit River Formation). This stratigraphic framework was combined with sedimentologic observa-
tions to correlate equivalent intervals and to map the distribution of members both laterally and vertically
throughout the Clearwater successions. All core penetrating the Clearwater Formation within the study
area were analyzed and depth matched with wireline log signatures to correlate flooding surfaces and
lithologies throughout the Marten Hills Member. This enabled the identification of depositional trends by
mapping the reservoir sandstone thickness (gross sandstone isopach), structure, and stratigraphic correla-
tions across the study region. Two key stratigraphic intervals of Lower Clearwater sandstones, Marten Hills

B and C, are emphasized in this study given their economic significance.
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Figure 17. A regional stratigraphic correlation with previous literature (Hathaway, 2016). The cross section shows the T21 surface used by Hathaway is correlative to
the Wabiskaw marker utilized within this study.
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Several sedimentologic attributes are consistent throughout the Clearwater Formation, including an abun-
dance of organic content in the form of “phytodetrital debris”. Additionally, small pink siderite grains oc-
cur in association with phytodetrital organic material with the two allochthonous grains appearing to
be intrinsically related (Fig. 10A, Fig. 12D). Massive to disseminated pyrite occurs persistently through
Clearwater sandstones. Calcite cemented sandstones are also commonly observed in core as cemented
sandstones devoid of hydrocarbon saturation and are easily interpreted from wireline log signatures (low
gamma ray API, high bulk density, and high resistivity measurements). Although these tightly cemented
intervals appear to be correlative, they are likely preserved in the subsurface as more of a “boulder-field”,
similar to what is observed in outcrop along the Athabasca River (Kramers, 1974). The size of the cement-
ed sandstones ranges dramatically from decimetre to metre scale, with their lateral extent potentially

being even longer (several metres).

The calcite cemented intervals are interpreted to represent early diagenetic events which formed as a re-
sult of freshwater potentiometric flow leaching reactive minerals and mixing with marginal marine fluids
(Colquhoun, 1999). Lobate cemented intervals predominantly occur at facies transition zones/boundaries,
where abrupt grain size changes are apparent, with coarser material preferentially being cemented. Strati-
form cemented sandstones are also observed within some of the lower stratigraphic intervals (MRTN A and
B). These cemented intervals are significantly thinner (centimetre scale) and are often interbedded with
sandstones and silty mudstones. In this case, coarser sandstone units likely allowed preferential ground-
water flow and as a result are more laterally extensive. Readers are referred to the work of Colquhoun

(1999) for a more detailed discussion on the calcite-cemented sandstones in the Clearwater Formation.

3.2 CLEARWATER FORMATION:

Wabiskaw Member and Wabiskaw Marker:

Towards the central and western sections of the study region, the Wabiskaw Member is observed
directly above the Devonian and Mississippian units separated by the SCU. In the westernmost sections of
the study region, remnant paleotopographic highs are observed, with the geologically younger Marten A
Unit sitting directly above the SCU. The top of the Wabiskaw Member is capped by a maximum flooding
surface (MFS), referred to as the Wabiskaw Marker bed (Wightman et al., 1997; Hein and Cotterill, 2006).

The Wabiskaw Marker is regionally extensive over hundreds of kilometres and is the only MFS interpret-
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ed within the study region. All subsequent flooding surfaces throughout the Marten Hills Member are
classified as marine flooding surfaces as they extend throughout the study region, but not at the same
regional scale as the Wabiskaw Marker. In core, the Wabiskaw Marker is observed as a fissile shale that is
commonly associated with washout in wireline logs (F1), (Fig. 4 and 9A). The isopach thickness of the shale
marker bed is between 0-4.5metreswith the vast majority of Marten Hills ranging from 2.5-3.0 m. Given its
predictable log expression (most easily identified by a sharp, distinctive decrease in resistivity and increase
in bulk density) and significant regional distribution, the Wabiskaw Marker was selected as a stratigraphic
datum for this study. This study does not provide the detailed geologic attributes of the Wabiskaw Mem-

ber aside from the utilization of the uppermost Wabiskaw Marker bed as a stratigraphic datum.

3.3 Marten Hills A (MRTN A):

The Marten Hills A (MRTN A) is bounded above and below by marine flooding surfaces. It was
deposited above the Wabiskaw Marker and is overlain by the Marten Hills B (MRTN B) (Fig. 4). Isopach
mapping of the MRTN A shows a thickening trend from east to west, where thickness decreases from 15
metres in the south, to <1 metre in the north. Interbedded siltstones, very fine-grained sandstones, and
mudstones are the most dominant facies observed within cored intervals of MRTN A, however pervasively
bioturbated mudstones and siltstones occur locally (F3a, F2a respectively). Reference locality #1 (14-08-
77-8W5) displays the transition from the SCU through the Wabiskaw marker, MRTN A, and lower MRTN Bs

and exhibits the mudstone dominated marine extent of MRTN A sedimentology and Ichnology.

As cored intervals of MRTN A are sporadically distributed, wireline log signatures were used to correlate
this stratigraphic interval. Gamma ray signatures fluctuate between 80API to 120API, which is largely at-
tributed to the very fine-grained sandstones interbedded with siltstone and mudstone resulting in a ser-
rated log response. Apparent porosities derived from sonic, neutron, and density logs are low (3-9%),
and resistivity logs provide minimal evidence of hydrocarbon presence. Additionally, within the 11 cored
intervals including the MRTN A, thin very-fine grained sandstone interbeds contained minor oil staining

making this interval a poor exploration target.

The MRTN A is interpreted to represent deposition within the shallow Boreal Seaway likely within a
storm-dominated distal lower shoreface to lower offshore or distal pro-delta environment given the abun-

dance of F3a. The vertical facies association mostly represents an incomplete display of FA2. Paleoshore-
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line is inferred to the south given a slight increase in sand content, however this cannot be confirmed. Al-
ternatively, the shoreline may have been scoured through subsequent transgressive erosion. To the north,
the MRTN A downlaps onto the underlying Wabiskaw Member where isopach thicknesses decrease to
<1 metres making correlations challenging. Evidence of the underlying Wabiskaw Marker bed also dimin-
ishes to the north outside of the study region, further complicating wireline correlations. Given both the
interbedded/ mudstone dominated facies, and irregular log signature that slightly cleans upwards, it is in-
terpreted that MRTN A was once a prograding shoreline with only the distal expressions being preserved.
This was subsequently overlain by transgression of the Boreal Seaway prior to deposition of the Marten

Hills B.

3.4 Marten Hills B (MRTN B):

The Marten Hills B (MRTN B) is confined between two flooding surfaces observed throughout the
entirety of the study region, separating it from the underlying MRTN A, and the overlying Marten C (MRTN
C) intervals (Fig. 5). In the Nipisi area, the MRTN B is an important reservoir, with most multilateral drill-
ing targeting a 10 to 12 metre sandstone interval. Isopach mapping between flooding surfaces displays a
significant range in thicknesses of the MRTN B. In the east and northernmost portions of the study region,
isopach thickness ranges from 1-5 metres in thickness, whereas to the west, and southwest, gross iso-
pach thickness is over 43 m. The major thickness trend is observed in the SW corner of the study region,
trending in a NW to SE direction and extends outside the scope of this study (Fig. 18). In addition, there
is also evidence of a broader W-E oriented depositional trend to the north. The northern sandbody likely
represents a stratigraphically younger interval, however given the absence of core data in the SW, detailed
stratigraphic relationships are challenging (Fig. 19). This broader depositional trend contains the major-
ity of production to date within the Nipisi and Mitsue regions (Fig. 5, Fig. 20). Isopach mapping shows a
thinning between the two sandbodies, however the presence of Lesser Slave Lake prevented drilling and
restricted datapoints that would further confine the potential connectivity of these sandstones. There are
22 cores within the study region that partially or fully penetrate the MRTN B; of these only 3 penetrate the
full interval. These MRTN B core are critical in the understanding of depositional process throughout the

interval as they record the entire depositional record.

Sedimentologic interpretations of MRTN B cored intervals provide evidence of both storm and fairweather

shoreface environments. An offshore transition which grades upwards into a middle to upper shoreface
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is also observed (Fig. 5). Cores that penetrate the entire MRTN B interval display a full marine suite at the
base, with abundant clay-rich mudstones and shales with intense degrees of bioturbation (F2a). High mud
content and intense bioturbation is the result of deposit-feeding strategies in lower energy conditions,
such as those found in the distal lower shoreface to offshore marine environments of the distal Cruziana
ichnofacies (Pemberton et al., 1992b; Taylor et al., 2003; Pemberton et al., 2012). Sand content grada-
tionally increases upwards with heavily bioturbated sandy mudstones grading upwards into interbedded
mudstones with sporadically to seldomly bioturbated tempestites characteristic of a storm-affected lower
shoreface (MacEachern and Pemberton, 1992; Brenchley et al., 1993; Pemberton et al., 2012). FA1 is the
most predominant facies association within the MRTN B, however FA2 is also observed in the uppermost
intervals. Additionally, Facies Associations vary along depositional strike which likely is a result of vary-
ing shoreline geometries being affected by storms differently given their paleogeographic position along
the interpreted paleoshoreline. Mud content decreases upwards as the overall grain size increases, with
sandstone units commonly consisting of fine-grained feldspathic litharenites. Bioturbation becomes more
sporadic, as colonization windows of burrowing animals shorten, owing to an increase in storm and wave
action. Low-angle planar sandstones dominate the uppermost interval of the MRTN B and are interpreted
to represent deposition within the middle shoreface, where consistent wave reworking prevents bioturba-
tion and winnows mud, transporting it in a basinward direction (Howard and Frey, 1984; MacEachern and
Pemberton, 1992; Pemberton et al., 2012). Reference locality #2 (15-1-76-6W5) is an excellent example of
the gradational transition described above showing an offshore transition into the middle shoreface in a

storm-influenced shoreface environment.
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Figure 18. Gross sandstone map of the MRTN B sandstone. Depositional thickness trend observed in the SW corner of the map trending in a NW to SE orientation. Development within the MRTN B interval appears to be focused
within the second depositional trend observed to the north of the major thickness trend in the Nipisi and Mitsue regions.
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Two regional cross sections are used to display the stratigraphic relationships in both strike and dip direc-
tions (Fig. 19). The dip oriented cross section (Fig. 19 upper) runs from the SW to the NE and displays the
thinning of MRTN B to the northeast. Both cross sections show two cleaning upwards trends present with-
in the MRTN B. The lower interval thins from 10 metres in the SW to 0 metres in the NE, where only the
upper MRTN B is preserved. The upper interval decreases in thickness from over 25 metres to 12 metres in
the Nipisi region, where oil production is focused in the uppermost MRTN B interval. The second regional
cross section is strike-oriented and goes from the NW to the SE (Fig. 19 lower). This cross section shows
the main producing areas of the MRTN B reservoir and clearly displays the lateral thinning to the NW and
SE. Typical log signatures show cleaning upwards GR profiles, core and log derived porosities ranging be-
tween 21-30%, and increased resistivities, although resistivity signatures are often muted (sub 10 ohm.m).
These log attributes are interpreted to represent an increase in grain-size and decrease in mud/silt con-
tent. Muted resistivity signatures may be attributed to the mineralogic impact pyrite has on suppressing
resistivity logs, as abundant disseminated and nodular pyrite are observed within the MRTN B (Clavier et
al., 1976). Additionally, the effect that clays such as chlorite and smectite have on resistivity suppression

cannot be excluded (Caplan pers comm).
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A MRTN B Dip Oriented Cross Section
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Figure 19. Two regional cross sections: A-A’ representing a dip oriented cross section from SW to NE. This cross section displays a significant decrease in strati-
graphic thickness within the MRTN B member to the NE. B-B’ represents a strike oriented cross section going from NW to SE. This cross section demonstrates
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the lateral thinning of the MRTN B member to the NW and SE and is oriented through the major producing MRTN B interval in the Nipisi and Mitsue regions.
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Marten Hills Member B Interval: Nipisi and Mitsue Regions — Evidence of Transgression
Cored UWI: 13-36-76-7W5

e e T

icm
-

g

< -
3 en -
— - -

5 e S -

= ik

Figure 20. Two core demonstrating the sedimentology of the Marten Hills Member B interval. Upper core (UWI 13-36-76-07W5, Depth 658.0-666.7m) demonstrates the uppermost half of the sandstone displays a series of thin,
sharp-based mudstone rip-up clast contracts (highlighted with a red box and contact being displayed by a white dashed line). This is characteristic of transgressive lags, and is further supported by the increasing abundance of
bioturbated siltstone and mudstone above characteristic of more distal marine environments. The intial lag is interpreted to mark the onset of marine transgression and corresponds to a “dirty-ing” upwards log trend. Evidence of
transgressive lags within the MRTN B is observed in core (UWI 06-36-75-06WS5, 659.0-673.6m) within the Mitsue region, where a sharp contact and mudstone dominated rip-up clast is observed prior to the onset of pervasively
bioturbated marine strata. For a detailed facies breakdown of Reference Locality #2, readers are referred to figure 5.
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The MRTN B is interpreted to represent a period of aggradation and progradation. The presence of 45-me-
tre thick sandstone intervals in the south suggest significant accommodation space and high sedimenta-
tion rates matching the rate of transgression. The broader MRTN B sandbody to the north provides further
evidence of progradation prior to transgression. Both sandbodies are oriented in a NW to SE orienta-
tion which contrasts the W-E orientation observed in the underlying MRTN A. Transgressive erosion likely
truncated the uppermost MRTN B, which is supported by thin lag deposits (Fig. 20) and trace amounts
glauconite in core. Downlapping of the MRTN B onto the lower MRTN A is observed to the north, where
both units continue to thin outside of the study area. Similar to MRTN A, the MRTN B appears to have
been a north-northeast prograding shoreline that was influenced by variable to weak storm influence
predominantly displaying characteristics of FA1 (with subordinate displays of FA2), and was then overlain
by marine shales as a subsequent southward transgression of the boreal sea inundated the MRTN B paleo-

shorelines prior to deposition of the MRTN C interval.

3.5 Marten Hills C (MRTN C):

The Marten Hills C (MRTN C) is confined above and below by regional flooding surfaces, equiva-
lent to T41 and T31, respectively, and contains the most internal stratigraphic complexity. Throughout the
study region, the MRTN C remains consistently thick with an average thickness between 25-30 metres. The
MRTN C is the main reservoir unit and is thickest in the east-central Marten Hills and Smith region, where
the isopach thickness is over 35 metres. Gross sand mapping shows two thickness trends in the MRTN C
termed C and C’ (Fig. 21 and 22). A regional strike oriented cross section D-D’ demonstrates the lateral
thinning trends and internal stratigraphic complexity within the MTRN C sandstone (Fig. 23). This sand-
stone is oriented in a NW to SE direction, ranging in thickness from 5 to >30 metres and represents the
main sandstone being exploited in Marten Hills. The C sandstone thins rapidly to the NE and is interpreted
to represent a basinward direction. The second thickness trend (C’) is observed in the east/northeastern
regions and is oriented N-S with thicknesses ranging from 5 to 17.5 metres, which is displayed in dip ori-
ented cross section C-C’ (Fig. 24). There are currently 53 cores that partially or fully penetrate the MRTN
C, with the majority observed within the central Marten Hills region. The abundance of tightly spaced
core data is beneficial in recording the lateral heterogeneities at a local scale which permits more detailed
stratigraphic correlations. To the west, a scarcity of MRTN C cores makes high resolution interpretations
challenging. Several cores enabled characterization of the regional depositional environments. The inter-

nal stratigraphy of MRTN C is broken into lower and upper units, which are separated by a partially contin-
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uous flooding surface. Subtle GR responses that corresponded with inflection points in porosity logs and
resistivity logs are inferred to represent lithological changes which are correlated locally through cored
observations, and then applied to a regional scale. This resulted in five main intervals being interpreted
throughout the MRTN C interval (MRTN C 1-5), however this is a subjective interpretation and additional
units may be interpreted (Fig, 22 and 23). Within the MRTN C, all four Facies Associations (FA1-4) are ob-
served throughout the study region. FA1 is predominantly observed in the lowermost vertical intervals,
and laterally is observed on the SE and NW edges of the depositional trend. FA2 and FA3 are observed
throughout the middle to upper portions of the Marten C (MRTN 3-5), with FA4 exclusively being observed

in the uppermost MRTN C intervals (MRTN C 5/6).
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MRTN C Gross Isopach Thickness Map
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Figure 21. MRTN C gross sandstone map displaying the primary thickness trend in Smith, Marten Hills, and the Marten region (Fig. 2). Production is predominantly observed on the eastern flank of the thickness trend. Of note is the

rapid decrease in gross sandstone thickness to the east and northeast (transitioning from 30 metres to <2 metres in a short distance).
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MRTN C’ Gross Sand Isopach Thickness Map
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Figure 22. Above figure demonstrates the distribution of the C’ sandstone interval. This unit thickens to the east and northeast, and represents a stratigraphically younger interval that is observed subsequently after the main MRTN
C sandstone observed in figure 21. It should be noted that both the MRTN C and C’ intervals are deposited below the marine flooding surface that is interpreted to cap the MRTN C interval. This flooding surface marks the transition
between deposition of the MRTN C and D units.
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3.5 (a) Lower Marten C

The lower MRTN C consists of a series of cleaning upwards sand bodies with two recurrent cycles
classified as C1 and C2 (reference localities 3 and 4), (Fig. 24), and is overlain by the upper MRTN C. The
most common facies association at the base of the MRTN C is a gradational transition from bioturbated
marine muddy siltstones (F2a, F2b) to interbedded sandstones and mudstones (Facies 3a) (Fig. 6 and 7).
Cycles indicate a cleaning-upwards trend as the interpreted proximity to paleoshoreline increases. A key
characteristic of the lowermost MRTN C is the presence of robust mud-lined trace fossils in a sandstone
matrix. These trace fossils are commonly Cylindrichnus and Rosselia often displaying secondary coloni-
sation of Phycosiphon and are commonly associated with the Cruziana Ichnofacies. The robust nature
of these trace fossils in sand-dominated facies also suggest a fairweather lower shoreface environment
(Gingras et al., 2011) and is representative of FALl. In addition, the lower MRTN C consists of a sporadic, but
distinctive, fabric composed of partial calcite-cemented sandstones that results in a patchy appearance
(F4). Bioturbated sandstones clean upwards decreasing in bioturbation intensity and consist of very fine
to fine grain-sizes with low-angle planar bedding, characteristic of a middle shoreface. Cyclical colonisation
of tempestite sands in the lower shoreface also indicate recurrent storm influence throughout the lower
MRTN C. Cores often display a vertical “back-stepping” of facies, where bioturbated sandstones of the low-
er shoreface subsequently overlie middle shoreface sandstones and are interpreted to represent stacked
depositional events as a result of fluctuating sea-levels. Rooted desiccation cracks observed in the NW part
of the study region at the top of C1 indicate a fall in sea-level, which exposed parts of the lower MRTN C,
preserving a subaerial exposure event (observed in core 10-07-77-4W5, Fig. 12G). This provides evidence
that the lower MRTN C was not deposited as one conformable succession, but rather a series of more
complex stacking assemblages. Several cores within the Marten Hills trend display evidence of a “sharp-
based” shoreface, where clean sandstones sharply truncate marine mudstones and siltstones and indicate
a forced regression, where migration of the shoreline in the basinward direction is directly associated with
a sea level fall (Posamentier and Morris, 2000). This regression leads to wave scouring resulting in the
dislocation of the traditionally observed FA1 and FA2. Several lower MRTN C cores also display pulses of
organic material rich in large centimetre-scale wood clasts (F10b) which potentially resulted from incision
of distributary channel systems, responding to a fall in sea level (Hart and Long, 1996). Additional evidence
that deltaic systems are at least locally present include thin fluid mud beds, soft sediment deformation,

synaeresis cracks, and dessication cracks.
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The lower MRTN C1 and C2 log responses consist of a series of cleaning-upwards gamma ray log signatures
displayed above the underlying flooding surface associated with the MRTN B. Two cleaning upwards cycles
are observed on logs with interpreted suppressed gamma ray values. This suggests relatively clean sands
with abundant feldspar and radioactive clay content, resulting in dirtier gamma-ray log responses. Addi-
tionally, the lower shoreface bioturbated sandstones of F4 contain increased silt and mud content which
reduces gamma ray API values. Partial cementation and overall finer grain size of these lower MRTN C
sands are observed both in core and log calculated porosities consistently fluctuate between 12-24% with
wireline and core derived porosities relatively matching. Resistivity signatures are often muted suggesting
increased water saturation, however mineralogic factors such as increased disseminated pyrite are known
to suppress the resistivity measurement (Clavier et al., 1976), in addition to certain clays including smec-
tite and chlorite (Caplan pers comm.). Spatially, the lower MRTN C thins to the SE, where only 10 metres
is preserved beneath the upper MRTN C. The presence of both fairweather shoreface and delta-related
facies are evidence that a continuum of depositional environments are present across the lower MRTN C
intervals. Combined with evidence of a forced regression, an interpretation of a lowstand shoreface/del-
taic system is inferred. The cleaning upward trends observed in the C1 and C2 cycles (Lower MRTN C) are

subsequently overlain by the MRTN C (C3).

3.5 (b) Upper Marten C

The upper MRTN C consists of 3-4 stratigraphic intervals referred to as C3-C5 (C6?), with the low-
ermost C3 interval consisting of a flooding surface at its base separating the upper C3 unit from the under-
lying C2. The C3 flooding surface ranges in thickness between 0-3 metres and is not consistently present
throughout the study region. It is only observed in 6 cores (Fig. 23), however distinct wireline log signa-
tures permit regional correlations within the study area. The flooding surface is predominantly observed
on the SW (landward) side of the sandstone thickness trend and is notably absent in the central Marten
Hills region where MRTN C sandstone thickness is greatest. Characteristics of the upper MRTN C3 flooding
surface are also observed to the north in the inferred basinward direction. The basal C3 flooding surface
abruptly overlies the lower MRTN C2 and consists of an interbedded silty to sandy mudstone that fines up-
ward into silty mudstone and consists of moderate to intense bioturbation (Bl 3-5). Bioturbation consists
of Cosmorhaphe, Helminthopsis, Phycoshiphon, Schaubcylindrichnus freyi, and Thalassinoides represent-
ing a marine trace fossil suite. There is also evidence of the complete pyritization of several Thalassinoides

in addition to nodular pyrite. Aside from thin low-angle planar interlaminated siltstone beds and normal
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grading, physical sedimentary structures throughout this unit are obscured due to biogenic reworking.

The flooding surface associated with the MRTN C3 interval has a log response common with most flooding
surfaces. Gamma ray records a higher API given the higher concentration of radioactive elements within
the mudstones/shales. Additionally, core and log porosities are quite low (5-15%) and resistivities are
significantly reduced (<3 ohm.m). This flooding surface is significant as the vertical thickness acts as an
intraformational seal separating the lower C2 oil reservoir from the upper MRTN C3-5 sandstone reservoir
intervals. In order to show the characteristics of this flooding surface, cross sections are provided along
depositional strike and dip to display several key features (Fig. 23 and 24). In the southeast, the flooding
surface is observed stratigraphically lower in the MRTN C. This indicates that the reservoir in eastern
Marten Hills is predominantly composed of the upper MRTN C3-5. This contrasts with the central region
where the flooding surface is observed approximately in the middle, and the west where it is observed in

the upper third of the gross sandstone isopach (Fig. 23).

Initial interpretations hypothesized a potential lagoonal environment on the landward side (SW) of the
reservoir sandstones. This is challenged by the ichnologic diversity, regional correlative nature of this sur-
face that spans 10’s of kilometres, and its re-appearance basinward of the sandstone thickness trend.
The ichnologic and sedimentologic evidence, as well as the fining upwards trend, provides evidence that
this basal C3 unit is likely a flooding surface that represents the inundation of the underlying lower MRTN
C units (C1 and C2). In the central region, the absence of the C3 flooding surface is likely due to erosive
scouring and cannibalization due to subsequent wave reworking of the overlying upper MRTN C, making
stratigraphic identification of the C2 and C3 contact extremely challenging. Most production throughout
the Marten Hills and Smith regions are from these upper Marten Hills C intervals. Given the significant
lateral complexity and spatial distribution of the Upper Marten C intervals (Fig. 23), the isolation of an
optimal internal interval is challenging. Above the flooding surface, the upper MRTN C consists of a series
of cleaning/coarsening upwards trends classified in reference localities 3 and 4 as MRTN C3, C4. These
cycles are subsequently followed by a fining upwards profile referred to as MRTN C5. There are 41 cored
intervals within the study region that include the upper MRTN C, with the majority observed throughout
the Marten Hills production fairway. Gross isopach thickness of the upper MRTN C ranges from <5 metres
in the west to over 25 metres in the central Marten Hills region. Production trends appear to correspond
closest with isopach thicknesses of this upper MRTN C interval, with the majority of the upper MRTN C

interpreted as middle to upper shoreface, and delta front environments.
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Strike Oriented Marten C Cross Section
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Figure 23. Upper image is a regional strike oriented stratigraphic cross-section focused on the MRTN C interval going from D to D’ (see map). The stratigraphic datum selected was the Wabiskaw marker given its relative consisten
isopach thickness and regional extent across the study region. Lateral thinning is observed along both the eastern and western flanks of the cross section. Internal stratigraphic complexity is observed with 5-6 internal stratigraphic
units (C1-C6) observed. A satellite image of a modern wave dominated delta from Tabasco Mexico is displayed (bottom). Tabasco Mexico was selected given its similar scale to the MRTN C sandstone trend, in addition to the dep-
ositional environments observed in satellite imagery compared to inferred environments descerned from core observations. Core photos displayed on the satellite image are representative of commonly observed facies in Marten
Hills. The variability of facies observed in core translates to the variable environments that likely persisted along depositional strike of the trend. Note: evidence of distributary channels is rarely observed in the 60 logged Clearwater
core throughout the study region. This translates to the modern analog as over the 100km trend, only two narrow distributary channel systems are observed feeding sediment to the shoreline. This modern analog combined with
MRTN C core data attempts to display how the increasing distance from fluvial sources will likely display more common shoreface sedimentologic characteristics.
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The upper MRTN C is characteristically defined by thick (6-12 metre) intervals composed of massive ap-
pearing upper-fine to lower medium-grained sandstones (F7). The abundance of massive sands observed
within the upper MRTN C may potentially be the result of: 1) a lack of grain-size variability, which inhibits
the definition of sedimentary laminations; 2) high sedimentation rates (i.e. rivers and deltas); or 3) height-
ened degrees of biogenic reworking (cryptic bioturbation) which represents a Bl of 6 (Pemberton et al.,
2008; Gingras et al., 2015). An interpretation of cryptic-bioturbation is provided whenever: thin section
analysis of massive sands could determine biogenic reworking, faint remnant bedding was observed (re-
ferred to as “ghost-bedding”, or fuzzy-lamination/ contacts are observed (Pemberton et al., 2008; Gingras
et al., 2015). The most common vertical facies associations observed in the upper MRTN C consist of thinly
interbedded sandstones and low-angle planar bedding that transition upwards into massive appearing
sandstones. The recurrence of thin intervals of low-angle planar bedding, mud-drapes, and phytodetrital
laminae that punctuate massive sandstones are interpreted to represent basal components of subsequent
events that were not as heavily impacted by cryptic bioturbation (Howard and Frey, 1975; Pemberton and
Gingras., 2005; Gingras et al., 2015). The massive appearance is interpreted to represent deposits that
underwent a degree of meiofaunal biogenic reworking and when indicative of cryptic bioturbation, can in-
dicate the Phycosiphon and Rosselia Ichnofacies, commonly associated with deltaic conditions (MacEach-
ern and Bann, 2020). Additionally, several sporadically distributed mud-lined trace fossils are observed
including Cylindrichnus, Diplocraterion, Rosselia, and Ophiomorpha and are more likely to be associated
with fairweather middle shoreface conditions. Although this explains how thick massive sandstone can
be observed on a wave influenced middle shoreface, evidence of massive sandstones related to deltaic
processes are also observed within upper C3-C4 intervals. Organic rich channel lags provide evidence of
distributary channel systems. High-angle planar and organic rich sandstones also suggest high energy envi-
ronments. Deltaic environments in the upper MRTN C are commonly limited to the uppermost sandstone
succession of the C4 interval and are associated with FA3. In core, this is observed as a transition from
fine- to medium-grained sandstone, rich in rounded pebbles and coarser organic debris. Gamma ray log
signatures appear slightly cleaner, with lower API values and increased apparent porosities compared to
underlying sandstone intervals. Interbedded mudstone within the upper MRTN C exhibits low bioturba-
tion (aside from doomed-pioneers, Follmi and Grimm, 1990) and can be observed as structureless (fluid
muds) or with low angle internal bedding and very fine-grained organic debris. This represents fluid mud
deposition along the delta front/plain. Alternatively, mud beds with laminar bedding may represent hyper-

pycnites (dynamically deposited mud deposits from hyperpycnal plumes) which were rapidly deposited
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onto deltaic and shoreface environments (Bhattacharya and MacEachern, 2009; MacKay and Dalrymple,
2011). Above the shoreface and delta deposits (FA2 and FA3), the C5 interval is represented by a fining
upward trend with interbedded mudstones and transgressional lags and is associated with a TSE (FA4).
Lags are observed in several events or “pulses” and are interpreted to represent episodic transgressional
events prior to marine inundation and deposition of FA2. In addition, pine-green, glauconite-rich sand-
stones are common in the uppermost C5. These sandstones include evidence of “Glossifungites” surfaces.
Such surfaces are associated with the Glossifungites Ichnofacies, which is indicative of transgression (Pem-
berton and Frey, 1985). Mud content increases upwards into a heavily bioturbated mudstone representing

the full marine transgression capping the MRTN C.

Wireline log signatures within the upper MRTN C display several cleaning upwards trends, observed in
gamma ray as fluctuations between 60-75 API suggesting cleaner sands. Core and log derived porosities
are relatively close, both averaging around 28-33% throughout the upper C3-C4 intervals. Resistivity with-
in the upper MRTN C varies widely but is most commonly between 10-20 ohm.m. Evidence of a subse-
guent marine transgression within the C5 interval is observed as a distinct gradational increase in gamma
ray log response and a decrease in apparent porosities as mud content increased. The abundance of mas-
sive sandstone makes internal stratigraphic correlations challenging as the majority of the upper MRTN
C displays a relatively consistent GR and resistivity signature. This makes for a simplified “gross sand”
interpretation, however subtle wireline log signatures can be correlated and break down the reservoir

internally (Fig. 23).

The upper MRTN C3-C5 intervals have the best reservoir attributes across the study region. This is seen
as increased thickness trends correspond to higher multilateral well density throughout the study region.
Deposition within this upper C3 to C5 interval likely represents stacked aggradation of a wave-dominated
shoreline, where low-angle planar sandstones of the middle shoreface were deposited in several succes-
sions and subsequently reworked by meiofauna, producing massive appearing sands and faintly observed
ghost bedding (Bromley, 1996; Howard and Frey, 1975; Gingras et al., 2015). In addition to a wave-domi-
nated shoreface, evidence of wave-dominated delta environments includes synaeresis cracks, high angle
planar bedding, coarse organic debris, and convolute bedding. As this is inferred to be a lowstand envi-
ronment, relative sea level fall and associated fluvial incision likely supplied sediment from the SW, to the
NE prograding shoreline prior to marine transgression. A potential explanation for deltaic deposits prefer-

entially being observed within the uppermost sandstone interval (upper C4) is that they were subject to
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lower degrees of wave reworking and were the uppermost progradational interval prior to marine trans-
gression. As a deltaic lobe avulses, deltaic sediments are subject to wave reworking making them nearly
indistinguishable from middle shoreface environments (Bhattacharya and Walker, 1991; Bhattacharya and
Giosan, 2003). The onset of transgression transitions fluvial distributary systems into estuarine environ-
ments and introduces brackish water into the system facilitating the flocculation of mildly-burrowed fluid
mud layers. Transgression of the C5 is capped by a regional flooding surface that separates MRTN C from

the overlying upper Marten Hills Member intervals.

Given its large regional extent, the MRTN C interval was initially interpreted as a marginal marine sand-
stone influenced by shoreface and delta environments. While this is largely correct, the substantial thick-
nesses observed make a single depositional event unlikely. After investigation of all core and log informa-
tion, it is now interpreted as a series of multiple depositional cycles with at least five internal cycles (Fig.
23). Laterally, MRTN C also bifurcates to the NE, where a separate thickness trend extended to the east
outside of the study region. This is now shown within the dip oriented cross section (Fig. 24) where a Cand
C’ sandstone is displayed. The C’ interval represents a “younger” MRTN C progradational lobe, and bifurca-
tion is associated with the downlapping of the C interval. This demonstrates that stratigraphic complexity
exists both vertically and laterally. Although this C’ interval is consistently picked within the eastern limits
of the study region, no cored intervals that included C’ sandstones were observed and as such facies and

facies associations for this stratigraphically younger interval are not inferred.
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Figure 24. Regional dip oriented stratigraphic cross section C-C’. Cross section is oriented from SW to NE and is datumed on the Wabiskaw marker. The upper cross section demonstrates the aforementioned stratigraphically younger
C’ sandstone that thickens to the east outside of the study region (also demonstrated by the gross sandstone map in figure 22). The dip-oriented stratigraphic cross section also captures the significant middle mudstone that appears
to separate the MRTN C into an “upper” and “lower”. This mudstone is interpreted as a flooding surface that abbreviates the lower (MRTN C1 and C2) and upper (C3-C5) and observed in the lower core box display (08-10-75-02WS5,
Depth 610.0 -635.0m). The zoomed in image is designed to represent the internal sedimentologic attributes of the C3 flooding surface which consists of moderately bioturbated silty mudstones. Additionally, abundant pyritized
Thalassinoides burrows were also observed throughout this interval. This flooding surface is significant as it brackets the upper and lower sandbodies however throughout the central production fairway of the MRTN C intervals, the
C3 flooding surface is absent (likely due to subsequent scouring throughout the deposition of the C3 sandbody). Within the core boxes, internal stratigraphic complexity is annotated by dashed red lines and displays the C1,C2,C3
intervals. The cored location is noted on the map by a purple star.
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3.6 Upper Marten Hills Intervals (MRTN D-F):

Historically, Clearwater exploration has been focused on the MRTN B and C stratigraphic intervals,
with the majority of core concentrated within these two intervals. More recently however, stratigraph-
ically younger intervals have begun to attract exploration interest, north of the main Marten Hills and
Nipisi production areas. Three main intervals above the flooding surface, which overlies the MRTN C, are
observed in this study and are classified as MRTN D through F. These intervals display similar attributes
to underlying intervals, with cleaning upwards profiles above each flooding surface followed by a fining
upwards interval prior to the onset of a subsequent marine transgression. The only variation is observed
within the MRTN E, where a blockier wireline signature is observed, however no cored intervals have
penetrated this interval to confirm the sedimentologic relationship with wireline log attributes. The upper
MRTN F interval is capped by a marine flooding surface that is loosely classified as the “Top Clearwater/
Base Grand Rapids” however this pick is entirely subjective, and as a gamma ray/resistivity marker exists

only partially throughout the study region, its large scale correlatability is challenged.

Throughout MRTN D-F, there are six cored wells that include partial intervals of upper Clearwater stratig-
raphy. Of the six upper Clearwater cores, one is within the MRTN F, two are within the MRTN D sandstones
and the remaining three capture only the lowermost portions of MRTN D. The two key cores observed
within the study region that include the MRTN D sandstone are 02/07-05-76-25W4 and 06-15-77-2WS5.
The latter is observed in Reference Locality #5 (Fig. 8), however both cores display significant evidence of
deltaic environments (FA3) which marks a deviation from the shoreface dominated MRTN C cores and was
the only cored interval to not include FA1. Sedimentologic evidence of deltaic environments observed in
the MRTN D sandstone includes unbioturbated mud drapes, synaeresis cracks, convolute bedding, high
organic material, and upper-fine to medium grained sandstones with high angle bedding. These features
are indicative of high energy environments and rapid deposition rates that are commonly associated with
deltaic environments (Bhattacharya and Walker, 1992; Bhattacharya, 1993). In addition to the sedimen-
tology, ichnologic evidence displays opportunistic colonisation of Phycosiphon, observed in “top-down”
colonisation events within mud beds. In addition to this, Conichnus, Siphonichnus Teichichnus, Thalass-
inoides, and Zoophychos traces are all observed but Bl was moderate to low (Bl 2-4). The upper Marten
Hills Member sandstones are interpreted to be litharenite/feldspathic litharenites, with high degrees of

kaolinite clays which was confirmed through thin section analysis.
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Wireline log signatures remain consistent with what is observed throughout much of the underlying Clear-
water stratigraphy. Gamma ray responses in the upper Marten Hills Member intervals fluctuate between
65-90 API, with core and log porosities averaging between 27-33%. Well 02/07-05-76-25W4 displays neu-
tron-density inflectional mirroring and moderate crossover, potentially indicating gas, which is likely why
hydrocarbon staining within the interval is minimal. This is anomalous as most upper Marten Hills Member

cored sandstones display oil saturation.

MRTN D-F likely represent small scale progradational events where shorelines were able to re-establish
during hiatuses in the southward transgression of the Boreal Seaway as a result of increased sedimenta-
tion rates due to tectonic activity /basin subsidence. Future work on the delineation of sedimentologic and
stratigraphic complexity of these upper Clearwater intervals will continue as exploration and development

proceeds in the region.

The stratigraphic interpretation of the Marten Hills Member internal units A-F displays evidence that pro-
gradational and aggradational shorelines were continually deposited throughout the overall southward
transgression of the Boreal Seaway. Fluvial sourcing to these shorelines was likely continuous given the
high phytodetrital organic material found in every stratigraphic interval. The lack of abundant fluvial ev-
idence in cored intervals suggests distributary channels were likely narrow, and widely separated from
one another. Depositional environments associated with these fluvial sediment sources likely represent a
continuum where wave dominated delta environments persist near channel outlets, and distal deposits

are preferentially preserve evidence of shoreface assemblages (Figure 3D MODEL).
Chapter Four: Conclusions and Future Works
4.1 Summary

The ichnologic and sedimentologic attributes of the facies developed for this study is important for
delineating distal facies relationships and their respective facies associations. Trace fossil size, diversity, and
distribution provided insight into interpreted environmental conditions and physical or chemical stresses
that could have been present throughout deposition of the Marten Hills Member. Depositional settings
are all inferred to represent a wave-dominated shoreline continuum where multiple environments likely
persisted concomitantly along depositional strike across the study region. Additionally, facies associations

were utilized in the development of a stratigraphic framework which supports the establishment of a new
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stratigraphic interval referred to as the Marten Hills Member of the Clearwater Formation. This newly
proposed framework enabled the correlation of multiple stratigraphic intervals which are subdivisions of
the Marten Hills Member herein named the Marten Hills A- to F. Five reference localities are selected to
provide a complete cored section throughout the Marten Hills Member to assist in regional correlations. A
series of strike and dip oriented cross sections enabled the mapping of gross isopach thickness and gross
sand thickness trends for each subunit. These maps display the depositional trends associated with each
stratigraphic interval. The stratigraphic framework and mapping may aid in the future evaluation of similar
depositional environments throughout the WCSB, particularly the Clearwater Formation and its equiva-

lent formations in adjacent areas of central Alberta.

The sedimentologic, lithological, and ichnologic relationships of the Marten Hills Member have been iden-
tified and correlated on a regional scale (through the integration of core data and wireline attributes).
Twelve recurrent facies and four facies associations show the vertical relationships throughout the region,
with four depositional environments interpreted as follows: 1) Wave-dominated fairweather regressive
shoreface to offshore (offshore to middle shoreface); 2) Storm-dominated regressive shoreface to upper
offshore (proximal offshore to middle/upper shoreface); 3) wave dominated, delta, and; 4) Wave dominat-

ed, transgressive shoreface, each summarized as follows:

1) Wave-dominated fairweather depositional environment interpretations (comprising Facies Associ-
ation 1) are based on the robust and diverse ichnologic attributes observed in facies 2a, 2b, 4, and 5
throughout the offshore to lower shoreface environments. Oscillatory bedding and SCS within facies
4,5, 6 combined with sporadic bioturbation indicate a lower to middle shoreface setting with less in-

tense depositional processes than those observed in storm-dominated environments.

2) Storm-dominated regressive shoreface depositional environment interpretations (comprising Facies
Association 1 and 2) are based on the recurrent presence of storm deposits (tempestites) throughout
the upper offshore to the middle shoreface setting. Interbedded facies (F3a) with highly biogenically
reworked mudstones represented hiatuses between storm events with proximal settings based on the

abundant HCS and traditional SCS deposits.

3) Wave-dominated, deltaic conditions (comprising Facies Association 3) are inferred based on the

presence of rapid sedimentation deposits (eg. F10a, F10b, F11), weakly bioturbated mudstones (F11),
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suggesting episodic event beds derived from flood deposits on a deltaic environment, in addition to

subaerial exposure and synaeresis cracks.

4) Wave-dominated, transgressive shoreface depositional environment interpretations (comprising
Facies Association 4) are based on the presence of a recurrent lag, fluid muds, abundant pine green

glauconite, and the persistent fining upward succession capped by a fully marine facies (F2a).

4.2 Future Work

Ongoing exploration and development drilling of the Clearwater Formation suggests future work
should integrate the proposed stratigraphic framework and facies relationships with a detailed analysis of
the reservoir attributes observed within the Marten Hills Member. Diagenetic timing will provide greater
insight into the role that cementation and grain dissolution had on inhibiting or enhancing reservoir qual-
ity. A more detailed analysis on the mineralogic attributes within the proposed stratigraphic intervals will
likely provide further support for internal stratigraphic complexity observed within Marten Hills Member
sandstones throughout the study region. Additionally, the incorporation of a more comprehensive se-
guence stratigraphic analysis throughout the region (in addition to the north and south outside the scope
of this study), will further refine the stratigraphic and sedimentologic interpretations provided throughout
this study. The ichnology of the Clearwater Formation throughout the study region provided significant
supporting evidence for depositional environments. Further analysis on the ichnologic classification of
massive appearing sands may delineate some of the additional challenges associated with internal res-
ervoir complexity. Finally, the role hydrodynamic processes have within the Clearwater Formation and
the impact on reservoir fluid quality may also provide insights into reservoir heterogeneity. This study
developed a regional stratigraphic framework with a comprehensive facies analysis that should refine
future works, enabling detailed analyses throughout the wide spectrum of petroleum geology now that a

regional context for the Marten Hills Member has been set.
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MRTN A Subsea Map
Structural surface picked on marine flooding surface MRTN A (see lithostratigraphic figure 3)
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MRTN A Isopach Thickness Map
Isopach thickness map from Wabiskaw marker to top of MRTN A
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MRTN B Subsea Map
Structural surface picked on marine flooding surface MRTN B (see lithostratigraphic figure 3)

T = o L)

i

B
e
i
i
FlIT TS
[ w =R
g il‘l o
- »

8 i e :/IF(

5mC.l.

‘; < ',:54,;. 1;' |.V.V'i S B




MRTN C Subsea Map
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Structural surface picked on marine flooding surface MRTN C (see lithostratigraphic figure 3)
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MRTN C “Lower” Gross Sandstone Map
Base of MRTN C base sandstone to top of MRTN C2
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* Scale: 1:115,000
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MRTN C “Upper” Gross Sandstone Map
Base of MRTN C3 (excluding flooding surface) to top of MRTN C Sandstone
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MRTN B Top
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MRTN C Top
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Inerestingly there is little to
no organic material found
(few possible specs here
and there)

Transition from massive
appearing into a low angle
planar bedding style. The
HC staining appears to be
the same

|¢—— Zone of heavily stained
material, occurs along an
angular conact (could be a
preexisting bedding surface)
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Date Logged: August 10, 2018
Logged by:

Ground: 0.00 m  KB: 0.00 m
Remarks:

boulder
cobble
pebble
granule

BIOTURBATION INDEX
PHYSICAL STRUCTURES
FACIES ASSOCIATION

ACCESSORIES
ICHNOFOSSILS

METERS

FACIES

DEPOSITIONAL ENVIRONMENT

DEPOSITIONAL COMPLEX

PHOTOS

REMARKS

|- 760

F7

[0:0o3)

oy

wd FA3

|- 762

|- 764

F10b

+w

|- 766

T
¥
0

|- 768
FA2

] F7

- F6

PR

770

F7

4

|- 772

LY

@ F7

774

F6

F4
F7

+w

FA1

F4

- 7764 F6

F4

¢—— This laminae of silts and
muds. The bedding plane
shows abundant
bioturbation (likely

"\_ thalassinoides or robust
nlano)
Large wooden clasts (Width

of core appx 3cm thick)

[4— Lighter oil staining with
spotty cemented tight
pockets

4—— About 20cm thick interval
with abundant organic
detrital (60% of entire rock)
composed of fine organics,
larger rounded organic
clasts, and very large wood
clasts all deposited along
low angle (wavy bedding)
plane

4¢—— Small mud clasts are
deposited along low angle
plane

4—— Cemented interval with high
oil saturation above

¢—— Could be potentially
biogenic altered silts/muds
(rosselia or teich)

Nlnleres(ing (trough?)
bedding preserved by
diagenetic altered grains.
Otherwise the sand appears

massive
— SiltYmuddy beds found along
an angle (low angle wavy)

¢—— Cemented interval at top of
oil stained sands (Heavy oil
staining confined between 2
heavily cemented beds)

4—— Cemented sands below
heavy oil stained sands

[4—— Highly oil stained, loosely
consolidated, massive
sands

44— Small cemented intervals

4¢——appears like some altered
traces are present, difficult
to discern

One bedding plane shows
some large clasts that aren't
preserved along the outside
of the core

Tight streak with HC
staining occuring along
some beds (forcing its way
in? or the last forced out as
diacenesis occured?)

Tight streak, oil staining is
patchy with no real bedding
structures nreserved
Rosselia trace appears to
have some secondary
bioturbation fabric (likely
chondrites)?
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2-15-74-25w4
Date Logged: July 22, 2019
Logged by: Cole Ross
Ground: 0.00 m  KB: 0.00
Remarks:
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- F8 e T—
i eien & rtacet
acssive: g wilh sorm
nitzed peoble casts.
Some unknawn slong ste
Uaces chseived above the
ian
FA2 N\Lg;
L. ] a0
F7 O—Ser l;::n‘:i nn:/whum
bty cvon
e} the average wculd
28 o mednin
~52E
j——sP7
1 st evnsence exsrs of
|-se2 prexsting iovw angle clanar
Fasen
FA3 -5
*  |F10a s B
cf vadable sized. Smaler
Prytocetitl becding
o0 o comonkod intorval
I 7 [¢——l1ase ot cemanted interal
——s> 14
le——SP 15
le——sP 1€
9 FA3|
.y
2] ——s=12
CE——
%
L. 4 F6 Tsuw
0 Incien
— [ Fhins Gemented bedding
Flanes inte-oecded s
|-=r2 ‘\_u:r.x, roic grained ol
F7 =i ;« aandstrmaa
4 le——sp 22
FG [——Puises w QU OIGANK:
clasts {wocc) wrh acdional
» ‘-\_r». graned phytogetats:
L4 it 4
F7 =%
L ova] l——s=2s
[¢—— Top of TIGHT cementod
» — inearon
Vertcal fractures present
L o F10b) throug-out muc o this
Eont TGHT
e iy
Aoparent oscil bedding
F6 “iperated by more massie
-Eeinn sarcstons
i FA2 l—— Abundant crgane materal,
- 6 5 apoears steeper
| Fo | A
o £ of organic
L F7 | et ting
l——sSP 32
le——s>34
| 550 F6
FA3|
e F7
Some faint ce
sceite grains di
— low angee planar
ob the sandsione =
F1 §
> F7
| 5ec]
- > f— Koparont contoct scporaling
= =k fant oaciaticry bedding wrh
= L5 = what ks 1ke: & bedhenne
] = Py a FA2| S5053 sopesr masewe
= e could e
Sid ==
= .
= sia - e |F3a
= ES
= Py ® %
- > & scondary o,
= =
=
s
wn

(47

P e

F2b




MRTN C Top

02-35-074-25W4

2-35-74-25w4
Date Logged: July 4, 2018
Logged by: Cole Ross
Ground: 0.00 m KB: 0.00 m
Remarks:
s B
bouaer |2 §
3 & @ 2
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g - ‘ g g
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i P = P |e—Appears to be nomaty
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Date Logged: August 1, 2018

Logged by: Cole Ross
Ground: 0.00 m
Remarks:

KB: 0.00 m

boulder
cobble
pebble
granule

sand
silt

METERS

BIOTURBATION INDEX

PHYSICAL STRUCTURES

ACCESSORIES

ICHNOFOSSILS

PHOTOS

Facies

Facies Association

REMARKS

|- 758

- 7604

Sid

w'd

Py

-
£

Py

Py

Py

Py

@ ) % (o

== 30 §

(=]

F3a

F6

F3a

FA2

|&—— Small cycles with normal
grading repeating
throughout the rest of the
core upwards

|¢— Large wooden clast within
sand interval

Sandier intervals appear to
have more hummock like

E3

bedding structures

|- 762

- 764

|- 766

|- 768

|- 770

772

774

Sid

Sid
Sid

wid

wid

Py

sess
Py

Py

+v

+v

+v

+v

Mes® O ¢ cfcunBEeO O ESOD 0 HOc D

== ([f Ex xE $

+v]

+v

&)
]
@
(-]

e e e eee e

F2b

F9

F7

F11

FA4

[¢——woodan clast_

Slight deepening trend
transitioning into a
shallowing (inferred) as
sand content begins
increasing

[&— Al vertical burrowing traces
are passively filled with
q-\_nv«arlvinﬂ alauc sands
Predominantly sideratized
muds and silts with some un
altered silty mud beds
\—throughout. Also containin
some vertical burrows
Interbedded zone with
cemented streaks
throughout. Alternations of
cemented sands with
glauconitizd sands make it
abnear areen strined
Gloss surface? skolithos
burrow filled with
glauconitized sands

F7

F10b

FA3

nassivelv filled from above
Some sideratized rip up
clasts mixed in with
alauconitized sands

Small green pebbles
deposited along a relatively
thin bed

Muds/silts seen here appear
to be massive, have shiny
bedding surfaces, and do
not appear to be
bioturbated. Potential for
some planolites traces near
bottom of mud

pyrite is seen in pebble sized

F7

F4

FAl

clasts (2)

Large wooden clasts with
some smaller organic debris
deposited along an angular

nlane

Few scattered organic
remains but otherwise
Annears massive

Low angle wavy bedding
with some potential
convolute beddina as well
Unknown possible trace
(could be asterosoma?)

[¢— Trace organic material is
scattered throughout the
section

[¢—large cemented interval that

correlates with the log
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Logged by: Cole Ross
Ground: 0.00 m

Date Logged: July 31, 2018

KB: 0.00 m

Remarks:
=
=z
]
e
o] i z|g|z2
=] S S|3|z
boulder |Z B E|lZ|8
cobble |z -] B 9 = 2|2
= B E | 2| AHE
3 =2 & 8 2|E|E
) 4 3 2 5 wla|la| 8
g gl @ 8 £ glg(8| B
= @ Z < g FACIES | £ [8 | 8| & REMARKS
= Pl tha dmost ook e fame
e —~
iy F8 [Faa structures with sand
[°Y bt & pushing down into the
organics with some
|- 568 ] unwellines
568 Scattered clasts throughout
much of the sand not along
any specific bedding
] structures noted
Laminations of imbricated
R rounded clasts forming
along bedding surfaces
rouahlv 2-3cm thick
Large rounded clasts
] F7 intervedded with some
laminated muds/silts that
L 570 also contain some organic
components. Clasts are
most likely chert and not
mudstones
a8
- S o wat
B
| 572 i caman
wid
-~ Pl F6 g
[:]
o B » FA2 |¢—— Organic material significantly
- lower than seen lower in the
\wid (o) core. Organics can be seen
as small clasts or fine detrital
material along bedding
| 574 planes
[} F7
e wdtee
@
|-576
E@ [¢+—TS cutatthis depth
B F7
[ (-]
T A . F6 €3
wd
|-578 ]
F7
— G o [ L
. — F6 -
i}
F7 (o]
|-580
[:]
[¢—— Low angle laminated mud
== E and silt beds with organic
material scattered
| ] throuahout .
F7 FA2 TS cut at this depth
[::]
(o]
|- 5824
== pY F6 |[¢—— Potential large burrow traces
@8 FA3 noted by disturbance of
~ = F3b (-] oraanic laminations,
_ B Laminations of mud silt and
sands interbedded with
detrital intervals. Appears to
= contain low bioturbation with
- F7 almost soft sediment
|-584 = FAL deformation
e F4
ﬁ [¢——TS cut at this depth
= =
- A = F3b
= F7 FA2
- = JE
L] F3b
|-586 B =
[¢—— Unknown vertical trace
F4 lined, teich?
| a =] (=]
* ER |¢——NOTE: This could apply to
ey FAL other core, one bedding
F3b surface had a silt ball that is
sseen sporadically
n throughout these logs. It
-588~ appeared to be lined could
_— o o= F4 be asterosoma that have
== been squished and distorted
due to compaction and
o) cementation
= Bedding plane reveals
- 7 F6 @ notential Hereninerities?
== ‘-\TS cut at this denth

Abundant organic detrital
material being deposited in
cycles (almost fining
upwards cycles of organic
material)
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Logged by: Cole Ross

Date Logged: July 3, 2018

Ground: 0.00 m  KB: 0.00 m

Remarks:
)
> ]
—— Z[ 3
e —— S = €a 2
— E & = 2
- = 3 8
elll.c—== [ 2 | & | & 8
£ e 5| & g £ 5
z 1] = £ 2 S FACIES z REMARKS
B [¢—— Thin section cut from this
[@-] depth (Obtained)
[::]
576 F7
[ (-]
- = F6
(-]
|-578 ::]
EB  [¢——Thin section cut from this
depth (Obtained)
= F7
|-580
[::]
::]
== F6 @
|-582 [::]
= (-]
F7 | FA2
- @ @
[¢—— Thin section cut at this
depth (obtained)
584 &
== F6 €3
F7
=
L = F6
wid
@ F7
[::]
F6 '
|-586 == [¢—— Thin section cut at this
depth (obtained)
[¢—— Sands appear massive
[::]
|-588 - e
ma——- F7 [¢—— Thin section cut at this
[:¢] depth (obtained)
(=]
|-590
[::]
= @
L F6
— -
F7 Thin section cut at this
deoth (obtained)
- Core is auite disatriculated
5] Fa [@°] Sporadically cemented
|-592+ o - interval
== wd F7 Unknown muddy trace?
———— lateral mud lined trace with
= soriete (7oanhve?)
F4 NSome irregular interbedding
@ diagenetic alteration
- A F7
[::]
= F6 E® |¢——Thin Section (Obtained)
s from this depth
|-594 4 p—
F7
P = |[¢—— Some small rounded mud
clasts seen seldomly
- 4 . FA1 sporadically throughout this
v Fa @ (N section
F7 Unknown bedding and trace
seen in small slabbed piece
of core
(-]
|-596
2% (-]
=
F4
= (-]
== (-]
598 F6
= 2
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Date Logged: July 17, 2018
Logged by: Cole Ross
Ground: 0.00 m KB: 0.00
Remarks:

m

BIOTURBATION INDEX
PHYSICAL STRUCTURES

METERS

ACCESSORIES
ICHNOFOSSILS

FACIES

FACIES ASSOCIATION

DEPOSITIONAL ENVIRONMENT

DEPOSITIONAL COMPLEX

PHOTOS

REMARKS

|- 574

|-576+

-5784

|-580+

|-582+

- 584

|- 586

|- 588

|- 590+

|- 592

594

|- 596

F7

F6

F7

F6

F7

FA2

+v

F6

F3b

F7

F6

+v

F7

FA3

Fa

F7

FA1

| g

P

F4

F6

wowm e
]

v

e

A7
A7
*

F3a

g 00

Py
P

nn
K
(=]

FA2

| called this an uncertain
facies change. there may be
a slightly finer grain size for
the sediments. THe main
reason is however, that
irregular bedding is noticed
as well as a distinct increase
in phytodetrital materia as

well as mud
cemented "Tight" streak
matches up with thin density
ick in wireline
pinkish larger grains.
(ciagenetically altered fecal
naliats?)
TS it at this denth
This sand is massive
appearing. Thin sections
have been cut throughout
this core predominantly in
this section of the core (4} It
appears to be coarse
grained material. In the log
there is a response that
Kicks the density log down,
This could not be identified
within the core itself aside
from minor mud/cemented
intervals. Within this section
of the core there are
sectons that have higher
saturations (typically
increasing ubwards)
TS cut at this depth

¢—— Interesting piece of core with
some silitier wavy streak that
is dipping at an angle which
reveals a packet of all
diagenetically altered
material with wooden? clast
inside
Bedding is seen along this
piece of core however the
type of bedding is difficult as
itis faintly preserved

¢—— possible trace

|¢—— Small slabbed section
shows potential bedding
present but it is quite faint
(could be
hummnckviswaley?)
Small mud clasts imbricated
along 3cm thick section

[¢—— Spotty stained portions
throughout this section of
core. There also appears to
be abundant organic and
mud fip up clasts
Doesn't look like its massive
but cannot identify bedding
surfaces
Rip up clasts are small

*\_ rounded fip up clasts
comnosed of mid
Rock is heterogenous,
appears as though it might
be partially cemented
(staining is not consistent)

¢—— This contact was selected
here due to the large
increase in organic material
being deposited along
bedding surfaces. This
organic companent
continues throughout the
next 75cm with some larger

wood rlasts oresened
Facies contact was selected

here as the sand that
interbeds with the mud/silty
muds is oil stained and
coarser material
Very small organic pieces
represented within laminae
tn sandier heds
small (5cm thick) cemented
interval of different material

|- 598

-
>
E&f
=

F2a

o0
000 % x4

Py

¢—— Unusual cemented interval,
larger grains. yellowish
color. Don't think its
sideratized?
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Date Logged: March 26, 2019
Logged by:
Ground: 0.00 m  KB: 0.00 m

Remarks:
'_
=
L
z |
)] o 1]
> L & -
= [ou
o 3 AL
e (2| HHE
= 2 ()] G - =
pebble |9 = D = S| ==
———granule ';: ’ﬂ =2 7 ) 5|8
7)) sand g 6 8 8 < = E
& Fsilt 2 3 N o ] 8 8
i vemfy clay 5 > O = S22
= L | @ a = S FACIES | £ [ B8 | & REMARKS
- 664 -
..... F6
..... —
..... %
- 666 - FA2
=
F3a
=
q"\
-6684 === z//nnmnanapl | L. =
----- = F8 ¢—— Sideratized rip up clasts
I,"‘_"\
5
= 8
0~ F4 |FA1
Fid____.
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Date Logged: July 24, 2018
Logged by: Cole Ross
Ground: 0.00 m  KB: 0.00 m
Remarks:
=
=
]
2l g
s 8 z|&|2
a = j=} = x
=] E|Z|8
= =2 g - per]
g £ | 2| 3 AHE
3 2 8 8 2IEIE| w
@2 3 5 wlz|a@ 8
g = 4 2 gle|8| B
= = £ < S FACIES | & | B | & = REMARKS
= F11 (& Above the mud s a back 1o
- sandstones. Its also
8 FA4| (7] imporant to note that upon
(-] further inspection the
mudstone appears to be
| 606 comprised of clasts (saw
] some chert and elngated
clasts on a bedding plane)
these could just be larger

a massive mudstone clasts

that have been incised and
u 9 carried (core makes it look
= F7 | ikc » bacr
Appears to be a massive
mud at the top of these

[&] sands

Thin section cut at this
608 enth
FA3 contains several small
pulses of pebble sized
=] material. most of the clasts
e s appear to be mud or chert.
= 4 Some show concolut
- T bedding. These are aiso un
-~ - (&) bioturbated clasts
A S— F6 Cemented interval (Tight)
appears to contain some
small detntal sidente nrains
] Thin section cut at this
610 depth
<] F7 E [¢—— Thin section cut at this
i depth
~
| A = [¢——Bedding could be classified
F3b s as wavy, but s faintly
= preserved in the unslabbed
core
612
@
F7 |FA2
- ]
= [&°]
@ (o]
|-614+ .- | ¢— Thin section cut at this
depth
b %
l (&)
- 4 - 8 6 &5 |« Unknown trace. Could be a
=== - large teich or plano burrow
616 @
K7 [&]
]
- === ]
. < FA1] @g |t Motted cementation similar
A to what is seen at the base
a - of this core
618 2a5e ] F4 ’
Hereninerites seen hare
BE 5] B i e
denth
- [~ The log shows a suble
] transition from one sand
package coarsening upward
A ~ F7 to another. The only
a» noticeable feature is a slight
] grainsize chage from
fine-upper fine to lower fine.
i » (&) In addition to this,
| 620 =E # q F4 hereniperites is seen
== g | ¢—— Low angle laminations seen
within the mud bed
TS cut at this depth
- A L] F7
» FA2) B8 |¢——Diagenetic alteration
* @ prevalent with some wavy
muds
|-622-1 =) ﬂ F6 [&°]

o) Interesting feature on the
bedding planes with
elongated (imbricated)?
clasts comnosed of muds
Thin section cut at this

A F4 (&) depth
= Q These beds could be
[&-] potential examples of wavy
beddina
] Questionable rosselia
624 F7
x5
@
= L [¢—— Seems diagentically altered,
5] F4 s mostly massive, could hav
ﬂ destroyed the bedding
- = FA1] e though
626 = - F6
. [} = q Interesting bedding seen,
o BN 4 + L4 & could be trough cross? or
== F4 (o] just an artifact of 30
beddina breservation
- P Spotty cemented interval the
FG unper 7one is not cemented
5] HC staining is not consistent
(] throughout the core,
cemented intervals is quite
] snotty
628 wd . F4 [&°] Small muddy clasts that
wd & » P could potentially represent
g X biogenic activity
=== (&)
- =— F6 [&-]
= - | ¢—— Labelled as low angle
o 5 planar, could be larger scale
o = X g hummocks?
A= =
- 630 g Q F3a [FA2 .
Py
= - ¥ (=]
__ = =
== == g
- a ¥ P
o |2 % F2a @
= - = ey




Spur Doucette
3-10-77-2w5

Logged by:

Ground: 0.00 m

Date Logged: July 10, 2020

KB: 0.00 m

Remarks:
1%] w
] & S
o = 2
boulder | Z G ]
————cobble |z =} ‘S
——————pebble [S [ 4] a ]
————granule | 2 = a2 7]
= = < 8 <
) _I__sa"d o S o] T n »
silt S| = 0 o ] ]
E vemf clay S 2 o] % ‘S ‘S
= [111 = < g S |8 REMARKS
Paa s —
B 11
&z
==
7
B
i)
- 560 _ enan
Sid
= e 10a |FA3
Sid
@ P an
Iﬁ" 3b [¢—— Possible siphonichnus trace,
__ possible fluid structure
562 XHXHHHR [¢—— Upper limit of concretion
—== 7
=
HHHHHH 6 Dark viscous oil (only 8cm
- 564 - == thick) beneath carbonate
cemented interval
Lower limit of concretion
- 566 S
[~ . 10a [¢é—— Broken up clasts consisting
" of laminated sandstone and
AAR cnsas massive appearing clay rich
sands (potentially kaolinite).
i Potentially push
=
- 568 - A
== e
= Setan Ery
wid &
- W
| i e | B
==
. wa =
=== =
L 570 f FA3
i *
- Eh
» e L=
- F] =]
= " R 3b
T an
Py
e Sete=
5724 r— =
K
= =
P =
Y (=]
___ & = E ¢——Massive appearing
- {l Eard sandstone with structureless
3 * mudstone overlaying sands
.. -
i
[ an
=
574 _ *®
===
.-u-
s *
[ ry E3 n
5 Py =
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6-15-77-4w5
Date Logged: August 23, 2018
Logged by: Cole Ross
Ground: 0.00 m  KB: 0.00 m
Remarks:
=
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= - HI
g & z|g|zg
E - S|5|=z
boulder |Z 5 ElZ1]8
cobble  |= 2 - 5122
pebble | [ ) 2 AR
————granule |2 o =4 @« ale|e
0 sand g 3 ] @ <|E|E ™
& silt = & Q e} wlala o
& vemfy qay |5 g o} £ clglel @
= [ = Z g S FACIES | £ |8 | 8| & REMARKS
T
= = [&-]
- % (&)
= ¥
e @
Sid Py = F3a
=9
500 N (&)
W =
P * -
== = [@°]
= n = n
. P
. S = - Lo
id
! Py ;kn F2a BB [¢——Reddish tinge could be the
Sid M [ @] result of iron alteration (there
Py ; is some pyrite present).
5921 Py 2
=
ey [&°]
=
=z
= @
< F2b
= (@]
%
= (@]
= an [©°]
= G
59 = 6]
— F6 G
=i G
==
T ¢— Bioturbation remains
B 7 - =1 prevalent in much of the
- sandier material. Oil staining
= = FA1 g is present in both
Py % — bioturbated material and
? (@) interpretted storm influenced
|- 506 = sand deposition. Bl likely
doesn'timpact reservoir
= quality, grainsize likely the
reason HC content
299 py m @ (") increasing in unbioturbated
strata.
focccd
~ = Lo
=z F2b ¢—— The high bioturbation
== » destroys the physical
. structures therefore only Bl
|- 508 - == is recorded
= = 4——HC stained HCS bedset
=3
K 2
= ¢— Although silty mud
i = concentration is diminishing
E o . [ 5] upwards, Bl still remains
b= high. (Zoophycus is
i » diminutive)
T = L4
- = s
|-600— o g
= 0 (o
il = G
i =
- — F2a (@]
pis = ER [¢——Mottled fabric due to intense
.-.; n - bioturbation
jii =
= 0 (@]
602 '4“ [i5°]
a silty shale
* (@]
Sid
- Sid a
P
L L]
= —
[&°]
=
604 = L=
=1 F3a |FA2
K
< (o)
= g
- = R
. 8t &)
an
ca=a= ==
|- 606 4 = g %
contact
WAB
2 [¢— Heavily oil stained wabiskaw

member
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Date Logged: July 20, 2018
Logged by: Cole Ross
Ground: 0.00 m  KB: 0.00 m
Remarks:
e
=
g
z|s
@ 8|4
g
] g FIERES
= & E|l2|8
———== & g glz|z
—_— a
£ & 4} g g % g
< E|E
R g z q g glglg| g
B . Bl ¢ g £ Slg(g| ¢
g | | l = = 2 S Faaes | S| B8 | B z REMARKS
wa
N ] | ¢——Bedding is very faint. some
diagenetically altered beds
seem to presever some faint
B bedding traces. Appears like
it could be unidirection
current flows based on
574 F7 P foreset stacking. hard to tell
3-N core view
] Great example of high
organic content found within
some of these intervals.
= 4 Abundant interval with
medium sized wooden
clasts and very high organic
enntent
Possibly a sub-facies
] contact where
| 576 predominantly massive
576
sands meet unidirectional
flow
[ |¢—— TS cut at this depth
L == F6
578 e F7
[::]
=]
~ F6 [
e FA2|
=} /1
(o]
580
= Lo | ¢———TS cut at this depth,
appears massive
2]
wa
F7
= W aee
|- 582 .
~
—_— M e
~ |=
_ wa
]
i @
584 = q
A b B (]
+ F6 |¢—— Unknown trace along
bedding plane (Scolicia?)
=z | ¢—— Thin section cut at this
Ceed depth
-+ wd
F7 (=]
L 5664
- @
(-]
- F6
= = @
F3b @R |[¢——Rip up clasts appear to be
» imbricated, they are fairly
588 == 3 q (=" sporadic, occuring in an
inteval a few cm thick.
@ an
i @ q a F7 [ra3 Py
- Eard ¢—— Sporadic small mud rip up
& q F3b clasts
. @ | Sotty cemented streaking
=z == throughout
590 @ F10a . o—:g:gr:{\ue fip up clasts
F4 =
L —_— (-]
| ® F7 FA1 (-]
] an
L 502 F4
(-]
asea | #E OB @B [¢——Good bedding plane of
* =8 Phycosiphon? abundant
L q F6 bed
= o 4 @
< i = b
| so4] * = FA2
Sid Py ® F3a EB (¢ Sideratized interval with faint
~ [&-] iding preserved including
Py - a pyrite nodule
S T 2
- 1 . normally graded bed sets
= ) il & (&) with the upper muddy
*® portions opportunistically
S colonised by chondrites and
= ¥ (") ohvcosiohon
Sideratized interval with
|-596 1 ™ some bedding structure
= * presarved
=
—
L F2a
= = @
Py = FAL
<= K n
- 593 A e
= (=)
== S S =
: 1 ¥ F2b @
- < = L]
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Date Logged: August 21, 2018
Logged by: Cole Ross

Ground: 0.00 m  KB: 0.00 m
Remarks:

boulder
cobble
pebble
granule

sand

silt
mfv clay
[l [

BIOTURBATION INDEX
PHYSICAL STRUCTURES
ACCESSORIES
ICHNOFOSSILS

FACIES ASSOCIATION

FACIES

METERS
—<
0

DEPOSITIONAL ENVIRONMENT

DEPOSITIONAL COMPLEX

PHOTOS

REMARKS

4

Wl e .

F7
wid

FAl1
700

F6

F7

=z —m- F6

- 702 o F3b | ra3

F7
mumae FAL

+w

F6

00

onii =}
+w

- 704
F3b FA3

anr F7

F6 | FAL
F7
s F6

—706—

F7

eee ee @ eeee @

e e GEeee

4¢—— Very faint remnants of
original bedding are seen,
low angle planar but
extremely faint and sporadic
so classified all as massive
appearing

4¢—— Patchy cemented/stained
section

4¢—— Angular contact between oil
stained sands (lower) and
cemented interval (top).
Interesting, the sides of the
core are stained on one side
within cemented interval
(edge of cemented zone? or
HC vertical miaration)
Small beds conatining

0-\_slinhtlv coarser material

Unknown trace (possible
rosselia)
Sand is fairly "soft" breaks
apart easily, loosely
consolidated

4¢—— Mud appears to be thinly
laminated

4¢—— Thin imbricated pebble sized
clasts

¢—— Mud drapes?. bioturbated
muddy interval within
massive annearina sands
Tight zone ends at this point

¢——Tight interval, cemented,
contains a dense orange
mineral
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6-32-074-25w4
Date Logged: June 25, 2018
Logged by: Cole Ross
Ground: 0.00 m KB: 0.00 m
Remarks:
= é
I=3 = b |
= 5 -] Z
e : H
] 2 S =4 E racaes | = REMRRKS
- [¥=———Discussion that maybe
i
. == F3a
g = o=
- e = p @B [+ unnoum udemzea taces
. = that arc cominant
+ S s b thes inraneal
e x| F9 o= R Shyeasiphor
Sia + ] = o858 1o Coour 38 @
Secondary bromroat
=" e}
_— sideratizec intar/al vith
F7 akolthose burcwe. Thees
wih
overlying sand (oassively
[ e netyherd
e
e ~ostion
b
@ |N\_EmSraiees
staincd bul alsc fairly
=) disarticulsted
- [4—— Rounded mud ciast prasent,
- F3b | tvery low aLantiys
- w
s
=
(="
=
m
= L2
@ F7
——. =
= .~ l¢—— otenuaty Cryone
P « Biolurt o
- (="
m
a
m
|- seo -
P [
= A 8 produmeanily obcurd
e ---
= +——potenus: “Cryphe
» & [ e
" 1 * [4——— Sand aopuars rmassive
|-sez+ - F7 (=]
(="
| =]
(&)
riteraal hat
F6 L= containe docont
-se1 » Iy le—— Un«ncrn race imuddy oval
by gouc he Rosselis bhultiy
+——— £2nde appear
Mty Stuctre e
F3b it TG 10 o evderce
. J o osa (could potentialy be
Zryohec biotebanan but no
F7 SVKIONTE SugEosts this aside
from the ataen
o J stroatures
|-ses - F6
*~
F7
~n F6 L=
|- ses
%
|0 ¢ 14p up clasta are am
= % (couk: ks b
[ == but appear massive,
i; rounded an:
2 domesod)
_ 2= s
=721 Q @B | Core is faity disart et
— [4———This area appesrs to be tight
- {ighter color, more
dHlagenstical
- - (="
|- 574 q F4
< =
| < o=
: (=
576+
- <=
o~ P (o)
£z F6
-
- (=) A Dok o
= x BRSNS IR Cotaine &
o arge quantcy of
Sid == dizgonaticzlly siterec grains
_ Py == {pinkien in celor) airilar to
5784 a b3 O % aleng
g * “hat akso
a i ol HaTes.
37 2z [sppears 10 be a rosseli
Y B Lol DUID B Nat camain Other
- E anr F3a racos isch IOSGITIRI
5 a
55 i
planar sancs fransiton
X Zi0 & more maaes
| se0- WMo appuaieg sand
S —
hy @ L Pinkish grains present slong
sie = x bedding sursce:
=
. > (=
sia Py =,
= q »
=
sz =
= F2b < i
= = M (=" have boen siderateod
e X
Sid =~ g ©EB [¢—— Sharp centact betwesn
ot nand AlSG
B e £
= m EYCnosiphon W
&= Same adctons! Sand hiled
= s
» it bereseen
—a Py * oslic sands huve boon
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Spur Mitsue 6-36-75-6W5

Logged by:
Ground: 0.00 m
Remarks:

KB: 0.00 m

Date Logged: February 19, 2020
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pebble
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sand
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r clay

METERS
—x<
—
—3
<

BIOTURBATION INDEX

PHYSICAL STRUCTURES

ACCESSORIES

ICHNOFOSSILS

REMARKS

Facies

Facies Association

- 660

- 662

- 664

- 666

- 668

670

-672-

Py

EA2

R

)

oo

L vy

Py

g

¢

-

g

P ¢

P

299

u o 2( @m
i W

7
?
=
B
7
B
;;
=
mx

¢ B 5 5

8 %

3% 8¢ g8

£

[

@

g

1@ £

4¢—— Thin interbedded silty sand

nredominantlv mud
—~——SP1

4¢—— Grainsize decreasing

"\_ upwards with increasing
mud content
AS
~"3p5
¢——SFM SP 6 XRD
¢——SP7

SP 8 Vis 1

Heaviest hydrocarbon

staining within this facies
interval

SP 9

SP10

‘Ysm 1 o

small 1mm pinkish siderite

0\_nﬁllﬁls alona beddina nlanes
SP 12 XRD

4——SP 13 SEM

¢——SP14

SP15 XRN
Thick 30cm intervals of
unbioturbated low angle
planar to hummocky cross
stratified sandstones with
thinner 2-15cm thick

bioturbated mudstone beds
SP16 Vis 2
SP17

¢——SP18

¢——SP19Vis 3
(tgslggs filled vertical fracture

4¢—— Zoophycus may also be
Spirophyton

¢—SP21

4¢—— Core quite broken up

¢—— SP22 XRD SEM

44— Intense bioturbation has
precluded any physical
sedimentary structure
identification
Thin low angle planar
inferred HCS of a
tempestite. Above and
below are pervasively
bioturbated muddy
sandstones

Heavily bioturbated
mudstone intervals above
thin sandstone beds

Faint evidence of low angle
bedding, convergent beds.
Interpreted as remnant
tempestite sands. Most of
which have been completely
bioaenicallv reworked

SP24

2b

2a

FAl1
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Date Logged: August 31, 2018

Logged by: Cole Ross

Ground: 0.00 m

KB: 0.00 m

Remarks:
—
=
w
z |
[%] o w
In] v z|&g|&
[=) =) S|l ==z
boulder |Z& 3] ElE 8
cobble z a 9 é = =]
P— ) £ @ = o| 2|2
———————granule [T | e~ n al S| S
0 sand g 6 8 E < E E w
& r silt = =2 v} o] vl ad|a o
= 0 i} = = |99 =
L—J vemfy clay o > () T O a - o
= 1 |_ @ z 2 S FACIES | £ | B |8 | & REMARKS
Py [ &=
F10a cn
Py
- 584 - L { M. s &
= e P [ i5"]
S Gs
Py | T G
- 7] [ @]
Caras EB |¢—— Subrounded unbiotubated
PR % mud clasts
A F10a [ &)
- 586 el 4 (&)
P G
sooe B
B N PR F7 FA3
cocs (@]
wa T 8 |¢—— Large organic rip up clasts
(57 deposited along a rough
bed
588
F10a G
F10b E
= 4¢—— These appear to be small
scale cycles, where we see
ER coarsening upwards
590 F10a repeating capped by thin
wa mud laminae and overlain by
mamas 8 fine arained sands
St Abundant organic material
oo i i
i F10b including large wood clasts
wd E along bedding planes
- . [ @*]
k F10a E
(@]
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7-11-74-1W5
7-11-74-1w5

Logged by: Cole Ross
Ground: 0.00 m

Date Logged: August 16, 2018

KB: 0.00 m

Remarks:
=
4
w
2la
(%]
In| o = g I~
Q = [l B =
boulder |Z ] E|&|S
cobble |z =1 Sl=]| 2
e [7) 9 8 | =
pebble | & i 7 222
grazule § it g 8 2 S S
v san | = l: (7]
& silt 5 3 ] S ala|a o
= vemfyv clay '6 9 [} % (=} g g (<)
2 [[11] & S < S FACIES | & |8 | & | & REMARKS
£
. - =
i
H
] 4 (-]
- ==
i = ! P
Py * (@]
Lt
M =
mx
|- 608+
H K = F3a 4¢—— Abundant asterosoma
o traces present throughout
* E8 much of the upper core
H = [ @°]
E— oy i
-]
* FA2 o
Py s ¢—— Reddish tinge present again
ey -
|- 610 Py # n = base of core)
F6
= (")
=
B8 F3a
- = @
= F6 4¢— Oil stained very fine grained
sands
N = (@]
612
] = F3a Lo
o © G
—_— ————- =
=
5
= (-]
=
614 % [ -]
= F2b [FA1
=]
m o
=
- Py E =
B ¢— Very spotty HC staining
= ¢—— Mottled texture difficult to
= » (-] differentiate specifc traces
N Py st _F2a g ¢—— Large vertical structure,
I = burrow fill butirregular
i = [@~] pyritization and infill could
- = (&= lend to a physical structure
. e (unknown)
T H [ @} Very faint glauconitic sands
mmm- - present within the silty
() muds. even see some glauc
H [=°] in one of the skolitho traces
= (very faint) gloss surface
[ 2°] evidence is nresent =
618+ = = HC staining occurs only in
coarsest sands, not present
i e in silts (saturating along
= lenticular sand beds)
E (=" This siltstone appears
= P massive, potentially a
= = K cemented or tight interval as
— = Pe ) HC saturation is minimal
. 1 4 Hydrocarbon saturation
H 4
H g * occuring along sandy beds
I [@*] with some original bedding
= structures oreserved
| 520 E [ @-] appears to be 3 dominant
0 [ F3a |FA2 e lithologies present (silt, mud,
L1111} sand) with the sand
N R occuring in larger beds
® ——— = increasina in size unwards
Bedding intervals consisting
R i o E [ @-] of fine-very fine graned
sands overlaying
e @ 4-\_himurha'ed muds
i1} Sand content increasing
Py k 5 [@-] upwards with the uppermost
: = section containing
|- 622 s E predominantly sand with
on [ @"] some distinct bedding
(hummock?) tempestite
= E denosit
: » P'5"] Pvritized burrow
= ¥ Q\Reddgsh iron stainina
| * 8 Reddish tinge to the beds,
= a8 plus an overall very dense
Py =9 feel. Could have iron
= alteration
. wa PY * G
H Py - &= 8
624+ =
H #F
-
2= (-]
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Date Logged: October 10, 2018

Logged by: Cole Ross
Ground: 0.00 m
Remarks:

KB: 0.00 m

METERS

DEPTH SCALED IMAGES

PHYSICAL STRUCTURES

BIOTURBATION INDEX
ACCESSORIES
ICHNOFOSSILS

FACIES

FACIES ASSOCIATION

DEPOSITIONAL ENVIRONMENT

DEPOSITIONAL COMPLEX

PHOTOS

REMARKS

| 530

e

gfe 0

A0 0

F3a

0=

F2b

L

FA4

[¢—— THin bed of organic material
that has since broken apart.

Amm thick
|~ Possible diplo? unsure

—— Good example of HCS in
addition there is HC staining
stil present in these upper
sands

532

L 534

I 536

| 5384

I 540

L5424

L 544

| 546

| 5484

I 550

552

| 5544

=
>}
=
-
=

0

F6

=
=

F9/11}

Gl

F8

AR

o~

F7

F6

F7

| F6 |

F7

| F7 |

F6

| F7 |

F6
F7

F6

F6

F7

F6

F7

F6

FA2

¥

¥ xE X QD

P

L2

25
= gm
R K
2

*6

3
9

b

+v

F5

F5

F4

FA1

0@ 0zee
| Be=c @

08

=

s o= 0¢
0

ﬁ

F4

F2a

+v

L)

F2b

FAL

F2b

[¢—— The same rip up clasts that
have been spotted at the
base of the Clearwater unit
have been observed again

at fon

Appears like clay or mud
beds punctuating sand
beds. Appears that the
muds are slighly bioturbated
and burrows are filled with
the sand material between
the mudiclay

¢——This is a great example of
the cemented stringers
showing not being laterally
continuous. THis core cut
through the edge of a
cemented zone, you can
even see the transitional
halo around the tight streak
Also worth noting that there
are fractures with
staininn noficad throuahont
Low angle parallel beds
appear fuzzy (Potentially
crypiic)

l—— Looks like swaley bedding
but anly occurs in small
intervals

—— Heavily oil stained material
some faint bedding seen on
alarger scale

|¢——Looks flaser with some
small beds of silt but the
sands are predominantly
massive appearing. no real
good bed definition aside

from the small "U"s of silty
.-\_ material
Berthierine presence
ed

iminishe

[¢——Berthierine cement
abundant

[¢—— Appears to have abundant
berthierine cement, cannot
really see any bedding
structures

[——looks like fluid muds
deposited batween sand
beds. Mud contain either

"\_smal rounded clay or

muddy tea .

Small miici rin nn clasts
Berthierine cement appears
10 be oresent

[~ Small mud fip up clasts
(These have been seena
bunch throughout the study

area)
Vertical and horizontal
fractures vith oil staining
within cemented interval
wavy low angle sandstone
almost masswe appearing
with only mud traces.
obsered disrupting bedding
features

Tight cemented interval,
does appear to preserve
some of the bedding which
anoears almost foreset fike
Great rosselia traces, some
contain secondary
bioturbation by ohveosinhon
Looks like hardground
boring passively infiled
(Glauc surface?) trace
appears 1o be skolithos,
could also be a
diplocraterion present as
well (Dumhell shane
Bedding not really present,
almost convolute appearing
Could be a soupy substrate

| ¢—— Pyritized rosselia bulb?

[¢——Patchy oilstaining in partially
diagentticaly akered
material. all sandstone with
some patchy sit beds
typically bioturbated
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Logged by: Cole Ross
Ground: 0.00 m

Date Logged: August 29, 2018

KB: 0.00 m

Remarks:
=
=
w
2|
(%] [e} w
In] v z|g|&
Q =] Sl=Z|=
boulder |Z B E[&]8S
cobble |z 3 P = el
pebble |9 g B = AEIE:
——agranule | » = a S| o
sand a 2 Q Q 2 ElE I
] & =4 3 & @ 8
== & % i 2 g8 g
5 vemfy clay ’5 > Q T 3] R o
= (111 I_ 3 S 2 g FRCIES | £ | &8 [ 8| & REMARKS
&
a (=]
==
R = [©°]
=
=
H
i F3a | ™2 B
522 <
d = ("]
== *« (2]
: =
= - -
= = @
e
LT F6 @
- 524
o
= e F7
==
J==
6 [¢— Thin shaley or muddy beds
(5" contain small rounded mud
clasts (could be traces)
(@]
526 @s
H 4
- [E°]
FA2
[&°]
= 4 (o]
- 528 »
Py +|
= (5
—= y| F3a [5°]
= £y +
S @
L 4 ; )k E
5 =
T o = @
#
- 530 = Sid " =
i *
. Sid @
i
-
E=3
= - Sid
Sid (@]
N
i *
=
532 ] = ER |¢—Looks like a relatively sharp
_ pesced o) contact that seperates a
: = siltier bioturbated interval
= 8 i ¥ F2b (below) to a muddier less
. N [@"] colonized interval (above)
R I = X (&)
HHESS N
4 [¢—— Area consists of colonized
] +
T 8 F6 @@ beds punctuated by wavey
N = low angle (perhaps HCS on
— 7 small scale?) with low Bl.
534 Lo == 3 [&°] Could suggest rapid
2z sedimentation intervals
=Z wmo E followed by hiatuses
=
— FA1
= g Q F2b
. : * @
== m Ge [—— Small erosive events that cut
Py . off the bioturbated intervals
200 ~ and deposit low bioturbated
H) silty/sandier intervals with
= P low anale beddina
536 K Labelled as interbedded, no
= = mottled feature but
P bioturbation is intense and
0 + (-] has destroyed original
== sedimentary structures
L - & )| F22 .
== +
- E8 |¢——Apparent contact between a
[T} ("] more mud dominated shale
o vs a higher silt content and
= ‘-\‘ more pervasive bioturbation

Fissile mudstone that is
moderately bioturbated
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8-27-75-26w4
Date Logged: August 8, 2018
Logged by: Cole Ross
Ground: 0.00 m  KB: 0.00 m
Remarks:
-
=
H
3|3
5|49
3
g § 8|52
boulder |Z G = E 8
[ cobble |= =1 9 slala
———————peboe |S g ) 2 2|2
e [ g g 5|8
sand = =
el ==& 2 | 3 | & HEHEE:
e vemfy clay 5 2 & £ ARAES 3
] =3 ES =] S Sl&|&
= [ |_ D z b3 2 FAQES | £ |8 [&| F REMARKS
::)
(&=}
F7 FA4,
(000 a6 0% 0% %0 0% ] F8 @8 |« Subangular to subrounded
clasts that appear to be
- 4 P ey show faint
laminations predominantly
(7] unbioturbated. Some clasts
have diminutive planolies
= traces potentialy
- 764
(-]
[¢—— Thin section cut at this
- @ depth
FA2
- 766+ F7
@
768 @ it
8 o]
(-]
]
(=]
=z FA3 (51
19 [F3b | |¢—— Thin section cut at this
depth
(=]
] =]
F7
=z [@°]
=]
7724 -
[=-]
]
< F6_|rA2] & |« Coarser material that may
- 4 be the result of an
a abundance in organics?
o~ W
(=]
|- 774 ] (=]
[ (=]
" 9 —
E7 Thin section cut at this
- depth
(=]
- 776+ L
N @
[¢—— Thin sectio cut at this depth
(=)
g s q @
- oy 9
775 =e =~ < F3b
s FA3] @R |e——Wavy bedding dark muds
@ F7 [¢——Faint remains of low angle
bedding but predominantly
= Sutns = P massive appearing
]
R F3a l——Aside from organic debris
= (-] along bedding plane,
ol e 5
780 ? (="} deposited on a low angle
F3b
..... = [=-]
L4 b l«——Silty beds could be
- .~ F3 colonized but difficult to see
] - FA2 (-] in unslabbed core
o (=]
-~ = F7 @
L
L 752 = _—
rrd F3a =]
— =
- b4 +—— Spotty cementation interval
= F4 @ through massive appearing
sand
F6 (=]
784+
* (=]
o~ (-]
] q o [¢——Oil stained sand:
il stained sands appear
- F4 L massive, cemented material
5 reserves some traces
= FA1] which could be prevalent
5] @ throuahout -
q (-] -Oppurtunistic colonization of
-~ this mus
@ this mud bed
- 786+ 5 (Phycosiphon?)

F7 | —— Sporadic silty "blobs" could
be rosselia traces poorty
preserved

- 4 F4 @B ¢ spottyimeguiar comenistion
(small patches of unstained
S @ tinhter matenial)
= Sharp contact between
- muddy/sitty marine material
= - (5"} and massive appearing
788 = q F3a b sands with spotty
cementation
(=]
Cosmoraphe and planolites
gl P seen in muddier intervals not
" oo 80 much in the silty aands

Very dense massive
appearing material (Fe
rich?)




9-05-75-25W4
9-5-75-25w4

Date Logged: July 6, 2018
Logged by: Cole Ross
Ground: 0.00 m  KB: 0.00 m

Remarks:
-
f] &
cobble z =8 v
2 £ i} a8
granule | @ 2 a
9 sand é 3z 2 § Q
& L R =1 B @ g g
E vemfy clay 5 § g z )
] 1]
= [ = =< & FACIES | & REMARKS
— T -
possible fiuid muds?
Fil | @ relatively massive with sand
F8 Ve trge clast th
‘ery large clasts seen in this
Vdewa (=] interval. One of the clasts
| 586 appears like a large mud
(-] bed with lenticular bedding
F7 but upon closer inspection it
appears to be dispiaced as
a clast. Also has trapped
smaller pebble sized grains
- — o between itself and
== F11 underivina sands
= clasts seen oriented in an
apparent imbrication
pattern, clasts are a mixture
of mud clasts, chert, and
588 F7 oraanic wd rlasts
rine’
Laminated mudstone
present between sand
packages. Interesting to
note that the HC content
- A gradually decreases towards
mud bed but right about the
F6 E mud is highly stained
material
= Thin section cut at this
o denth
590+ Appears as though there
P may be a cemented (tight)
streak at this depth. The
SuEes core is slightly lighter in color
F7 and has a contact above
that s oil stained whereas
- this infarval (10cmi is not
ited core reveals a sight
slabbed insight into true
o bedding of core {low angle
lamination
possibly crosscutting beds
592 p— {difficult to discern in
unslabbed core)
- F3b
- | é—— Thin section cut at this
=
1 (-] depth
@R [¢——possible bertherine cement
594+ 7
& |+ Wev laminated mud
_ —= interval roughly 2 cm thick
F3b] @
| 506 — (-]
F7
=, @@ [¢——2cm mud lamination present
@8 [¢——Thin section cut at this
epth
| ¢—— potential bertherine cements
598 = @
F6
- F7
600
= o
= F6
L X
@B (¢ Thin secton cut at this
= | 8 depth
| ¢—— Dramatic increase in
I Hydrocarbon content, also
appears (o contain organic
| 602 = 14 gﬂi clasts.
i - - o
pon F3b [¢—— Circular mud filed burrows
T b @ seen on bedding planes or
cut surfaces
@8 |[¢——Unknown mud clasttrace
{Could be a poory
preserved Rosselia)
604 . F7
=
_ @B |« Thin secton cut at this
depth
* (-]
606 = =
. F4 [—— Sporadic cementation in
= addttion to lack of
= observable bedding. Also
LI o 'some wispy organics and
F 9 = silty units with potential
— ohveosinhon
== Mostly bedded sandstones
= with some muddier intervals.
5} that contain some
— = bioturbation .
- 608+ = Because the core is
» unslabbed. it is difficult to
= discer the bedding type.
an Appears to be high angle to
b F6 w anala tabuilar haddina
== ™ patchy cementation
- A = obscures bedding
= . observations but appears to
: have faint low angle planar
Py beds in additon to sections
* that apnear massive
610 i Q L4 Because the core is full
Py L F2 diameter. its difficult to
= a identify the type of structures
4 " oresent
L Py sharp contact between
interbedded fine grained
| = Po) sandisitt with bioturbatied
q miids and avarlvina sands
= = Mottled texture
o § [¢—— Low angle (possibly wavy
] F2a bedded) with darker
] ’_\—lammanons of fine grained

carhonaceous material
Mottied texture
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9-07-75-25W4
9-7-75-25w4

Date Logged: July 12, 2018
Logged by: Cole Ross

Ground: 0.00 m

Remarks:

KB: 0.00

METERS

BIOTURBATION INDEX

PHYSICAL STRUCTURES

FACIES ASSOCIATION

ACCESSORIES
ICHNOFOSSILS

FACIES

DEPOSITIONAL ENVIRONMENT

DEPOSITIONAL COMPLEX

PHOTOS

REMARKS

|-574

576

- 580

582

| 584

| 586

- 585

590

|- 5924

| 504

- 596

598 -

Sid

g

fad

8 0xf ¢ 0x

Yex 0 xw

F3a

FA4|

*0f) 02 0802 0

F2a

[¢——Unknown trace, could be a
teich, the spreite are present
itis quite robust

[¢—— COME BACK TO REVISE
SED STRUCTURES
\PRESENT INTHIS
MATFRIAI
Unknown trace, possible
rhizocoralium

wd

wid

e

i

wid

85 [ xsfse) =@ ¢ ¢
@

= F9

F7

F7
F1l

FA3/

F7

F3b

v

00

F3b

I

F7

F3b FA3)

F7

== F3b

F6

FA2
F7

F3b

F7 FA3|

F3b

Individual trace identification
is challenging but it does
appeara to be quite
bioturbated
Muds aimost appear to have
a high clay content. Could
have some clays mixed in
with the finer nrained sands
Mattled anbearance
Angular muds show
laminatians
Large wooden clasts with
heavilv clauconitized interval
Skalithos appear to be filed
with glauconttized sands
Could this potentially be a
gloss surface? Substrate
ol not have heen hard?
Intersting feature. Expecting
to see a lag depostt.
Appears that there is a very
hard clast or interval that the
coring tool struggled to core
into. The rock contains.
scrapes and gouges where
tool intizlly tried to core but
had to re enaace
Could indicate a cemented
interval. No HC stainin
appears tighter, transitions
back into coarser material

ave
S aut
Interesting section. Sand is
upper fine to lower medium
grained. Some rounded
clasts around 2cm long are
seen at the base before a
section of lost core that
apparently appears to be
fissile muds or organic
shales with some addtional
clasts. Could these be clasts
that broke up upon coring?
or tnuely fissile shale
Core is quite disarticulated
here, potentially some
missing core but is all
hnmonenons sands
Cleaned core has circular
trace with different colored
fil Could he 5 thalass
Unknown bedding could be
olanar tabular?
Bedding is observed, could
be low angle planar. Doesn't
pear hummocky or cross

e

cutting
Small organic clasts on a
bedding plane with one
large (dom long) mud
“clast?"

[ ¢—— Does appear to have some
bedding to it, difficult to
discern bedding type.

|¢——Bedding is not paraliel,
cross cuttng beds seen in
3D core view. Review with
Murray o figure out type of
bedding and make changes
within other logs

[ ¢——Bedding coud be low angle
planar butis difficult to tell

[¢——Muds are finely laminated
with sitty sand (seems to be
unbioturbated)

|[¢—— Potentially a TS cut at this
depth

[¢—— Could potentailly be a
current ipple but the
laminae appear to be
parallel in the 3 dimensional
unslabbed view
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CVE 3B9-7 9-7-76-1'

9-7-76-1w5
Date Logged: June 7, 2019
Logged by: Cole Ross
Ground: 0.00 m KB: 0.00 m
Remarks:
c
2
=1
S o
= g s}
£ o
= 2
z E @ E] <
F g E | 8 | 3
o H 32 2 4 o 9
& 2 @ T o 5]
|~ =] 3 (© ©
: = = 2 w w REMARKS
o=
=
*
o 2a |FAl
- = =
=) =
i~
Gi >
N -= | 9 [ras
Py =
=,
| ¢—— Bioturbaton not observed
wehin thie et ne
750+ Nudstcne dossn't lock a
8 fegular fissie marne shake.
mud tself doos not have any
bedcng bin does contain
orgarc matoris
7824
[-784 i l¢—— Large Sem wide foating
Cast
(>4
| 7eo] x 7
o FA3 some small cementation
- interes
IhGEA38 tor macaronicnnus
but is vory difficult to
| distinguieh. Thia could all be
Bl 6. listod this small interval
a8 possibly contanng
- macaronichnus but thers
ks could be a more of this.
sandbocy boturbated by
|55 mace
[ Sancatones appesr masewe
- but cou potentialty have
= macaronizhnus, very afcu
- T drape. appesrs 1o have
o poi
FA2 This s also represented 23 =
- 5 Kek in e logs on the GR
: [\ 5% Riam
. Appeats ihe thoro might 5o
|- 7004 s6me macaronkhnus races
® but couic also be just
B poohisaymidiodd rou
x traces as the Blisn't very
high
7oz 7
- l¢——Very hycrocarmon
slightly coarser graned than
ones &
. Possible depostional
| 705 3b irenment contact?
le—— Scme mua crapes
- - colonisec by sporadic tace
..
8 planciitss. phycosiphon. But
|79 ? zon
7 T hisiy
- i Tk mud drapes in
additon to abuncant
organc matens depostec
along bedcng surfaces
7 P [¢——very small fant traces. likey
et arsmeR e
muc drapss
Abundant phytodetrta nch
P 6 beds wit~ abundant pnk
798+ ~ araine .
< &2MEnted tight strask
~n »
~= " 5
F x FA2
=
*
PN L4
l+——Pink grans present atong
|-2004 bedcrg surfeces
= 3a [+—— Opportuniste coonssaton of
= beds punctusts
nbioturl
T = e of
= phytocetntal materis!
occuring aong boddi
= rtace of mierpreted
P * tompestito “thin®
i D =
202 3
.
=
2a
| ey &
=
o=
m
m
=
_=n Py = 2 l¢—— Appesrs to be cemented
=
Py = %
<
P
% x~ 3a
-~
- [¢—— Comented bed. possidly a
Cast |nteresting soft
|-2054 scc mon: coformaton withn
Toe claat b 16 var Iafae
== Cemented (TIGHT)
Py =
Py X 6
" FAT| e
unboturbated hes
- ut are relatvery
P e
|-2o0s =
=
- e [ e——Smal comented interva
wehin this box, cemente
_ = 2zone contains bicturbation
= zb 1 bedeng coes not
B8 @ppear to be affected by
=
la10 =
contars 3 nico zoophreus
=
tace
»
- %
‘“—' e
~ 1
=S
o ey - !
l-a12- ...~ 3 a F AZ
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9-24-75-1W5
9-24-75-1w5

Logged by: Cole Ross
Ground: 0.00 m

Date Logged: August 20, 2018

KB: 0.00 m

Remarks:
=
=
w
Z |
wv w
s 8 z|g|2
(=) =] o = =
Z b E = o
z ] AE=E
peoe  |S| B @ 2 AELE:
—————————granule = L2 = a Q10| o
5 2 S S 2|E|E
) sand 2 S Q ' = = w0
& | silt =] = Q o ] 818 ]
T vemfyv clay '5 9 o % o|l &g | & o
2 LT 3 Z > S Factes [ & |8 | 8| Z REMARKS
- s
672 ge =
. F3a &
FA2
- = = k @ ¢—— Small mud rip up clasts
= ﬁ (appears this interval is
I~ 7 sliahtlv sideratized)
ij F2b qxAppears to be a large
i [} vertical burrow (unlined) with
= secondary bioturbation by
= b phycosiphon
674} * B | F2a (]
" y (7]
P w
y . [@"]
-] - b |Fraa e
T | P @
=
= G |— Rip up clasts are the small
Py — F9 L&) mud balls that have been
B g seen in other cores
- 676
F6
F8 [ER |¢—— Some rip-up clasts display
chaotic bedding
| ) F6 m
F8 ER |[¢—Rip up clasts appear to
contain some phycosiphon
F7 traces
::::: ¢—— Cemented (tight) interval
- 678 I F’;3 g with organics deposited
F3b @ o along swale like bedsets
F7 | r2
(@]
- 680+
(@]
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10-05-76-24W4
10-5-76-24w4

Logged by: Cole Ross
Ground: 0.00 m

Date Logged: August 13, 2018

KB: 0.00 m

Remarks:
=
=
w
§ >
| z|8|2
a o|lsS|E
boulder |Z E E|2|8
e |B] B 2 2 8122
granule E E g § 2 E E
2 o E 3 2 5 ola|z| 8
& silt E & o (=} i 2
& vemfy clay 15 z g E g g g 2
= [ @ & < e FACES | £ [& |8 ] & REMARKS
=
% @G |+ Interesting that the traces
F4 are whats being sideratized.
- 752 = could there have been water
mataR washing prior to
* cementation?
Appears to be heavily
E [&°] diagenetically altered, lots of
—_ F6 pinkish grains. Could also
- - = (") have undergone some
cementation as it appears
== = quite tight and a lot of the
— e (o] traces appear masked or
= ] 5 F3a disrupted
750
Sid =
K FAL
Py =
= (-]
- Sid =
Eid F2a @@
n
7564 =
* (=]
= (&)
=
*
- F2b - ¢— Bioturbation obscures
n ﬁ [©°) bedding identification
== Sid = [&7] (mottled)
= F6 pu
2]
758 1 (-]
= F2b g
- =
|- 760-
- o o
|- 762 focccd
=
g F3 g [é—— Some great zoophycus
——m—e a examples
= == 3
R - - (2]
== wd (]
4 =
¥
== F6 [¢é—— Sand appears slightly oil
764 g stained. Potentially a calcite
P ék- cement present. |
* = @
| — |8 = Lo
sid [}
AR m
= Sid
Sid
| 705! i FA2 (&)
Sid = F3a (e
_\ T = BB [¢—— Some of the muds at the top
L . = of the graded beds are
sid Py — sideratized
T = |¢—— Small scale cycles of normal
Sid py = [ graded bedding with
| 768 = bioturbation exisn‘_ng in
uppermost muddier part of
== LL L L] the bedset
Sidusans (-]
=
Sid * (-]
— =
3] F2a
(&)
=
F3a @
770 ;-zz
-]
" = (")
Py S F2a
- Py
=)
an
Py ~ (2]
=
m [
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10-7-77-4W5

10-7-77-4w5

Logged by: Cole Ross
Ground: 0.00 m

Date Logged: August 22, 2018

KB: 0.00 m

Remarks:
-
=
w
Z |
(%} o w
| . AEE
[=} > o S =
boulder |Z 5 ElZ218
cobble = =2 S -
9 g 2
pebble S = ] = ol2|2
granule g ‘3 4 & & S S
9 = |8 3 2 g ala|g] 8
& silt = 5 a e wlo|o E
= vemfy clay 5 > o = s} sl g o
= [ = z 2 S FAaCIES [ & | B | B | & REMARKS
F6 . [¢—— Thil i t at thi
in section cut at this
- (@] depth??
= 2z F3b [5)
- s
s Q—_Phylod_etrital content
e F6 - increasing
T [©@°]
- 610 =B
i = | F3a =
’)";: [ ()
hk * ?f F12 E [¢—— Great example of the mud
- - - P cracks, can see vertical
wd = t] cracks as well as the
;’: bedding surface itself.
I (-] includes what appears to be
a root network beneath the
= . * =8 mud
612 _— =
= (=]
[ v k
# E (@]
L . * —
= @
an
FA3 Es
- =
==
=]
614 [ h . [
=
* = F3a E8
[ mE a [&°]
- 4 ¥
* (@]
=9
(@]
=
wa * 4
616 Sid m = [&°]
8
2 .
i sigeeee M| K g [&-]
id H =
un,
E's
= (o]
v
618 *
* (@]
Py
b
- (@]
o 57
2 A
K z pe) some potential sideratization
(iron related possibl
* F2a Ga possibly)
an = E8
555 i L4 5]
= [¢—— Zoophycus traces are quite
an g % diminutive, cosmoraphe are
quite small as well
= | F2b [
3
L =
==
an
=
=
=]
- 622 - F7 FA2
F6 l¢—— Oil stained low
= angled-massive appearing
- - = sands
* i Oil stained pellet lined trace?
- or just irregular shaped
nodule (could be
@ onhiomornha)
@ F3a spotty HC staining, the
6244 = facies appears to be an
alteration of storm deposited
= = (=] sands between siltier
colonized material
= Labelled as a siltstone, very

fine grained, could be
diagenetically altered sands
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10-19-75-25w4

Date Logged: July 26, 2018
Logged by: Cole Ross
Ground: 0.00 m
Remarks:

KB: 0.00

METERS

BIOTURBATION INDEX

PHYSICAL STRUCTURES

ACCESSORIES

ICHNOFOSSILS

FACIES

FACIES ASSOCIATION

DEPOSITIONAL ENVIRONMENT

DEPOSITIONAL COMPLEX

PHOTOS

REMARKS

|-646

|-648 -

|-650

[
=
*»
*
=
*
]

=0 R0 OF 00 O A

3
G

30

sB oy 8
v v

£¢

F3a

FA2

F2b

F2a

[¢—— Small sandier interval

example of
hummocky bedding with
sideratized rip up clasts
(these are the same type of

that were little mud balls

|-652-

| 654

|- 656 -

|-658 -

|- 660

|-662 -

|- 664 -

|- 666 -

|- 668 ~

|-670

2 D2
L]

®)
a

>
a
1OU—D—p

wd

g

+v

F2b

FA4

F9

F7

F6

F11

F6

F11

FA3

F7

F6

F7

FA2

F6

F7

F6

F7

F6

F10a

F7

F6

F3b

F7

F6

FA2]

F7

F7

IF10a |

FA1

l¢——sSand seen in this sittier
muddier material is
alauconitized
Glauconitized sands with
sideratized fip up clasts

|¢—— This area was broken up
into a facies because its the
occurrence of a cemented
zone (not a facies) but worth
noting. It has a very slight
green tinge which could be
the altered product of
glauconttization which
neeirs ahove
Bedding appears (o be low
angle planar but the
binturhation affects it sliahty
Mud does not appear to be
graded at allits just
alternating between irregular
bedding layers or upper fine
grained matenal and
mudstones
Some silty organic laminae
within the broken piece of
serubbed corm
‘Seemingly massive fissile

mud

This piece of core appears
to have some siderite
alteration, there are also
some rounded mud clasts
that have been previously
tnought of as traces (these
lean more towards being
roundad mid claste)

low angle bedded features
that are predominantly muds
(Ao pontain hintirbationt
TS cut at this denth

Some spotty cementation
occuring along a presumed
beddina olane
Carbonaceous maternal
along bedding plane?
appears trough like.. most
massive still tho

Bedding is still apearing
mostly massive, some very
faint low angle bedding may

be nresent
TS cut at this depth

|¢—— Organic material occurs
along bedding surface that
seems trough cross like-
however the evidence for
this is few and far between

|[¢——Bedding was selected as
low angle but itis quite
challenging to see. Only
noticed due to organics

concentratng along planes
that annear Iow anale olanar
Large. irregular trace fossil.

need to consult

|[¢——Some grains are quite dark
and elongate {could be
reworked phytodetritus due
to intense bioturbation?
Cryptic?)

[¢——Large rounded clasts seen
at base of section. Sitting
within a partially cemented
N\ ot ot et
[4~—Gradational increase in HC
content

|¢—— Cementing destroys
boddina strictiras
Cemented interval beginning
at the top of this section

[¢—— TS cut at this depth
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10-19-78-24W4

10-19-78-24w4

Date Logged: August 14, 2018
Logged by: Cole Ross
Ground: 0.00 m  KB: 0.00 m

Remarks:
E
=
w
z |
%2} w
I} & 2|2
fa) 5 AR RS
boulder |Z& B = z 8
cobble = a ) é i) o
pebble  [© = @ = ol 2|2
— E 7 = @ a
granule |2 I~ I A19 1|9
sand ) - o o < |E|E
9 2 4 S \ ' " = = [%]
& silt = 5 a o 213|4g o
[= vemfy clay 5 > Q = O|& | o
i = T o] S 2w | & T
= [LL1] & a < 2 FACIES | £ |6 |6 | & REMARKS
418 i
=
an 4¢—— Muddier intervals are
S — typically monospecifically
_____ (@] bioturbated by phycosiphon
= . = (abundant)
*H
[ it .
Sid,_._. = [ ¢—— Some sideratized mud
E horizons
- [@"]
420 fececd » F3a
= X FA2/ %
== FA3
W= (@]
Py =
[ . &
*
=
an
=
=]
422 ﬁ’
* [ ©-]
=1
an
P R
4 a (-]
L=
= = * — EB  |¢—— Some sort of vertical burrow
= G that has undergone
secondarv bioaenesis
P m Laminations are preserved
Y o F2b R that consist of silty to very
an fine grained sands, and silty
|- 424 = Es Q-\— muds
Py FA1 High degree of bioturbation
Py = F2a (5] has evenly mixed silts and
- -
I3 - laminated or interbedded
Y = i, (but once was nresumablv)
- Gl f EW |¢——Gloss surface? very trace
mx = =7 amounts of glauconite seen
* R passively infiling burrows
. — = into the interpreted "firm"
Y F3a siltv substrate .
i = FA2 NSand content increasing
|- 426 fesesy [5"]
" = =
et = 4¢—— Rounded rip up clast of
= Ge e\_cemented sands
F6 [@°] some very faint low angle

"fuzzy appearing” low angle
planar beds

Sands appear to be HC
stained from the massive
sands, leading into more
spotty oil staining above in
the silty/muddier intervals




MRTN A TOP

10-20-74-4W5
10-20-74-4w5

Date Logged: August 17, 2018

Logged by:

Ground: 0.00 m

KB: 0.00 m

Remarks:
wv
> w
= g 5
boulder | 5 -g
cobble = ch 9 S
—————pebble 'g I @ = S
————granule |k b = a Q
5 sand g 3 3 [ < %)
& silt = = 4] S 4 =4
&5 vemfyv clay '6 > S % ° O
= 1111 & z 2 S FACIES | @ z REMARKS
= F6
= - (@]
il o F3 FA2 [ ®°]
—
- e B a e
== £
¥ =
T = z
== -
=z -
714 = F2a
= [®°]
= [ @]
E % ¢—— Shell fragment
=
B T Ef = » E8 [¢— Very large burrow, sand
3 F2b filled with sideratized lining.
= occurs along bedding plane
= which shows 3-D network of
burrow
|- 716 = 1nn, F4 L&) ¢—— sedimentary structures
=z w = =8 g;si:’ri:)yed by biogenic
eSS FAL Y
=
1, ER
== |4 [ &-]
-1 x ¥ oF2b
= o z &l
= J @
=
=]
L 715 3] e ' ! !
E8 [¢—High degrees of bioturbation
fececd i
L= - [&- destroy physical structures
n
== [}
o - L =8
- F2a
= 4¢—— Likely the deepest marine
part of the core
m == L&) Not purely shale, there
| 720 = appears to be a silt and
Gl n sand component that has
= G2 been churned in through
» binaenic reworkina
= 3 g apparent clay or
= ) mineralogical change.
= — A n Py [@-] heavilv affected bv water
Py 59 by Fossil (likely bivalve shell)
= founded at the contact
4 = mz ER between biotubated
Py s sands/silts and the silt/mud
: oy Shell fragments scattered
= = (e throuahont
- 722 Py = Base of silty altered zone
g Py samam 3K F3a [ @°] contains some small shell
H = g frags
i B
=
— I n [ @°]
. = = k
H o=
i = Lo
= o
: = [ @]
|- 724 = — c8
= = E
= = F6 |Fa2 | a
= = - = ER
- |4
=
. n * 4¢— Called skolithos as internal
= E & structure appears
altered/massive (could be
nn, [ =] ;
- = c8 diplo)
rv2s N E G 4¢—— Lenticular bedding, sands
= within the beds contain
. = 3 a8 :
H ] some form of current driven
e p deposition
+ = | ®°]
=~ -~
R F3a
] = =]
" T |em ¥
: —— = (=]
= T =
- 728 ] = P - . é) ¢—— Possible syneresis
& = n,
= (=)
i = Smse= = EB (¢ Beds alternate between
I~ T s, normally graded beds with
< [ bioturbation, and
& n unbioturbated current driven
- A =

sand with organic detritus
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Date Logged: March 21, 2019

Logged by:
Ground: 0.00 m

Remarks:

SY313W

- 570
L 572
574
- 576 -
- 578
_—
- 582 -]
- 584 -
- 586 -

MRTN B TOP
MRTN A TOP




10-33-78-21W4
10-33-78-21w4

Logged by:
Ground: 0.00 m

Date Logged: August 30, 2018

KB: 0.00 m

Remarks:
g g
a
boulder |Z E
cobble |z =] 9
pebble |© [ il =
granule |2 n 2 a
0 sand o Q o &
4 sit s g A S <}
L—_’ vemfy clay 5 > (o) ]Z: o
z [LL1 3 S = g Z REMARKS
an
i
Sid [&°]
==
- =
" F
ok 3a | a2 i
=
3801 Sid "
. ¢—— Core in poor condition
Sid (extremely broken up)
Py focecd
=
- - o (=)
= ¢—— Small round pyrite clast,
= could be thalass burrow that
F2a has been altered
- 382 focced
L1}
=
focecd
FA1
=
" O I F2b A
ﬂ (5] ¢—— Large vertical thalass? or
Sid A7 an skolithos that burrows
almost the entire length of
m core box (75cm)
- 384 202 F2a G | Coreis poorly preserved,
g has alteration product
. covering surface
MRTN A Top i = =
N sid =]
A . an o
B = » EB |¢+——Hemiperites
#H [&°]
—~
- = . BB |[¢—— Great evidence of fault with
- 386 H e B disnlacement shown
- 999 ¢—— There is evidence of a fault
= P z (") in two sections of this core,
here and about 30cm
— = above. slight offset is
L == ;‘ [&°] noticed
== X X (] Muddy beds are colonized
— Sid = g bv a variance of traces
B - This area that shows some
—— current bedding also
. [ch aonears to be tiaht
388 - mn Sharp erosive contact with
=' [y storm currents above (tough
E = to tellin core but looks
= ? F3a m2| @ hummocky)
I H g = .
] - "
B o
fececd E
| 390 i = X (-]
g™ =]
Py =
fceed
R @
=
L - .
=
5 = [&°]
H i
=
293
Py == (-]
392 ] 000 focced .
Py
=
an T
= ¢—— Small heavily oil stained
[ Gid i, sand interval
== ("]
WBSK MRKR (?)F == = o e e o o e e
Wabiskaw Top £y —
| 394 AR g ¢—— Cemented interval (likely
Wabiskaw WAB calcitized zone) oil staining
diiminishes ranidlv .
MRKR absent in Heavily oil stained wabiskaw

northern core

sands

()



MRTN B Top

MRTN A Top

11-01-76-2W5
11-01-76-2w5

Logged by:

Ground: 0.00 m

Date Logged: August 20, 2018

KB: 0.00 m

Remarks:
=
=
w
2|
1%} o w
w & =
g = gls|z
boulder & b E|Z 8
————cobble |= > Slala
(————pebble |S 3 [ ] 8 | =
P = = w 7 = =
—————granule E 2 g 8 g 5|9
2 A 1 2 g 2|5|5| 8
b vemfy clay S ; é = g g & (:E
= (L1 a £ < = FACIES | £ |8 | 6| & REMARKS
w (7]
e * F3a
1
*
" E (&7
id (5]
m FA2
* (@]
=
')'T: = F2a
m &
822 K £R
=
=
(@]
- F2b
Py *
—| = (@]
- = F3a
o M2 &
4—— Gradational increase in mud
824 - == F4 s upwards that increase in
P bioturbation with great
= ] phycosiphon fraces at the
5] i - F2b top of the mud. This is
oy S capped by an even split of
— lenticular sands muds
- = F4
e 8 =
= FA1
K
826 =
*
i feceed
i 4—— Spotty oil staining
| i == throughout this sandier
= material
K
0 *z
[&°]
F2b
- 828 =
- (2] [¢—— Bioturbation is high enough
that it has destroyed the
= (5] physical sed structures and
&= accessories
| an (@]
i (@]
= F2a
~=ﬁ- = (@]
|- 830 - -] g
= [4—— Tight streak, silty with some
= lenticular sand beds that are
= on F3a oil stained
=
- 7 (2]
-]
=z = [ @]
= — =
= 0 F6 (@]
P (2]
832 Y L
. = =
Y
5 ¥
o = = @ 4— Silt content appears to be
_ = FA2 B onkanpears i oo,
ﬂ decreasing, phytodetritus is
* increasing as is grainsize
- = {sverv fine Zagd{; -
== ome mud beds contain
Sid 2 = L] significantly more
wd
= bioturbation than others
I-834 e fecccd
Py B _ |F3a
. - G
Y
L - = . ER |¢— Sandier portions of the
E graded beds show storm or
e hummock like (small scale)
=== bedding
Py - ER |¢—— Some mud beds are
| 836 Iz biturbated (Bl 4) some that
Py (2 normally grade are not
Py 5| * (@] bioturbated at all
= (@]
Pu i = 4—— Glauconitized siltstone

(wabiskaw?)




MRTN A Top

11-26-76-24W4

11-26-76-24w4
Date Logged: August 14, 2018
Logged by: Cole Ross
Ground: 0.00 m  KB: 0.00 m
Remarks:
s
&
w
Z |
) AR
> w & =
ol S g|s|=
boulder |Z B E|&|8S
cobble |z =) 9 S22
pebble |2 = il = o223
———granule | n = a g S |9
g _C—a |5] & a & ol&la| 8
A w
E vemfy clay 5 4 ] £ o g g 'C_>
= [ 3 & 2 S FACIES | & |8 | & | & REMARKS
752 —
H
= F4
(@]
== F6
- - @
This material appears to be
== F2b tight, there are some
(2} bedding planes where oil
= FA1 has migrated into, or is the
| 754 — (") last to be forced out
F2a Faint traces can be made
o out in the silt, could be
% altered muds that preserved
= faint traces after alteration
= =1 k Ga occured
| i Massive fine-very fine
-t — F2b G grained sands that appear
= mas;ive_w_ith high amounts
‘:; (2] of oil staining
- F2a
qEE =
T (&) 4¢—— So heavily bioturbated that
2.2 no physical structures
= G remain. everything is heavily
= . ] Cn' Ga churned up.
Py F3a
L=
& (@]
gu f
758 Y B [&"]
=
g =
e = F6 &
W 7 =
— 0 = -’o- F3a €2 ¢—— Silty beds, looks almost
'g G altered or cemented. seems
. = F6 to e wuite tight with HC
H * i staining only occuring along
- 760 = ("] bedding planes
Py =
- w
: = ! FA2
| : [ &
[ Py —
: B
= %
=
- 762 . m K ER |¢——Large asterosoma, or
convolute beddina
: F3a @B | Riential bailand pilow
= = [ 5°] structures
L=
[ Py (@]
= =
=== E (@]
: Py = Ga
=
7644 < Py ==
4¢—— Top of this box is inferred to
= i .. "
e be "push
- (N *
B B H = E@ |¢——sands appear to be
o= B3 - [©°] normally graded with some
i (5] "hummock like" beddina
Sid q\—Ap;:vears to be heavily
= sideratized or iron altered
mud
- 766 = F2a
=
an
H 4¢— Silt beds are moderately
H i F1 (@] bioturbated between the

bioturbated muds/siltstones.
Some faint bedding is
noted, probably hummocky




102/11-29-074-25W4
11-29-074-25w4

Logged by: Cole Ross
Ground: 0.00 m

Date Logged: June 15, 2018

KB: 0.00 m

Remarks:
<
g 8 £
5 = g r
g I g £
= 2 £ S FACIES & REMARKS
-
-
THIN SEGTION TAKEN AT
FA2 =3 seenis
£ s e
PSR St Beaain
e
HE A
L
572
L s7a-
T —
i gimene b by
sl
- *
»| F7
FA3 f——cemantaa ugnier zone
iy ooy S
e U el
| s7e | o
I Toe—
FG Phyto detritus.
=
L R ——
flout s ol
SR arare £ Sz
b b fee
AP g e
- L
abundant 'pr-vt
Flobl [\ I
| <7 TN
. it
- - S x abundant urqamc demwl
F6 A ok s i ihe
b ot b
_ b Ey G
- b e ey s
S ey o
s e
F7 fe— i secrion cuT AT
L
|- 580 appears to be. nrucmrelea-
Ak
el
o X j¢—— O
< T
A R *= muddier interval
i F7
o overlain by hummocky cross.
g A TR
S e G
7 by
e
- F7 i g
oo | F6 T ——
o
— == F6
- F7
=~
F6
T
STt o,
IEE—————
i iy e 8
A
e o
% F6 Sochihanaus oram)
= P —
L g s
i -
Lo
o v i o
e d
L so- »
F4 FEEn e it
P FA1 ihe Bodding planes have a
i
e
L b i i
= b b s
- =t e e R (RN
R
T
- ibaiad
| 500
EETII oo o
e
|5 F6
- 3
= |F3a|
- n sharp contac een
F6 T s
it
- ERGA cotoniing the
o e
8 FA2 d T
502 b > S o
- F3
oy > a
- R
-
sia —
=




11-30-074-25W4
11-30-74-25w4

Date Logged: June 19, 2018
Logged by: Cole Ross
Ground: 0.00 m  KB: 0.00 m
Remarks:

gl B
=] =]
boulder |Z 3]
cobble = - ] 9 5
pebble |S x ] = -
granule |2 n = 2 ]
< - S
%) 2 3 2 2 -
& = g a S 2 3
E @ w = P =
| o > Q £ 2 o
= = z < =] FACIES | & z REMARKS
i} 4—— **This core has undergone
toluene HC saturation
F7 FA2 testing**
[¢— This core is all disarticulated
632
|- 634
|- 636
|- 638
] i
- F7
m | 4— Thin section was cut at this
-6404 2 (oo = | sesas depth
F6
wd
(@]
- b |7
4
+ g 6 (@]
B [4— Thin section cut at this
Feso4  EEEEEEEEE | | meme F7 dlopli
- F6
- [ = » FA2| @B |¢—— potential lag deposit? heavy
4 > : ;
bioturbation with some
pebble size clasts,
‘wd additionally organic content
present
6444 {0 == | meeas F7
Y s L&)
B
i F6 '¢—— Appears that a thin section
was cut at this depth
(@]
~6461 @ 2 (&)
—~ F7
]
~ F6
]
""" F7 ER |¢——Some traces seen along cut
wyre surfaces of the core
F6 (unknown trace)




MRTN B Top

12-17-074-24W4
12-17-074-24w4

Date Logged: June 19, 2018

Logged by
Ground: 0.00 m

Cole Ross

Remarks:

KB: 0.00 m

METERS

BIOTURBATION INTENSITY

PHYSICAL STRUCTURES

ACCESSORIES
ICHNOFOSSILS

FACIES

Facies Association

PHOTOS

REMARKS

|-s66-|

|-s6s-|

|-570

|-572

|-574

|-s76

|-s78

|- 580

|-s82-]

| 54|

|-se0-{

|-s88-{

|50

|-502

|54

|- 506

|- 5908

0

[}
AU

FA4

0 7 4 ==

FA3
F103|

F10b)

Sidews

F7
® FA3

¥ F3b

FA2

FA3

F3b

| F4
. F6
F7

\
‘
\
R

F4

+v

| F6

Py

F4

L)

FA1

H* 0 0

L ==

+v

0

]
F3a

)

>
2
sv

F2a

G
sv

2y
v.

9

F3a

@ o § ¥

Py

E2a!

f”/u/%/’f/’:f”r”g///ﬂ

Some of the sand that is
lenticularly bedded in the
muddier marine section is

ard substrate with passive
il (skolithe
Intervals of coarse lag

throughout the sands as the

sands beain finina uoward

This interval contains.

oarser sands with pebbles

and smaller cobbles, it also

contains some mud layers

beneath these coarser

steralthet could contein

some mi

{éndistinguishable)
ioturbation

Pebbies fanging from <tem

to over 6em are seen

intorvals throughout the top

of the sand.

typically seen with coarser

i< with minimal

oraanic mater
Siratiir G155 Sands very HC
aturated relative to rest of
This sand appears
redominantly massive or
siructureless with moderate
ol =
Cooks ke a thin section was.
cut at this denth
d has been scrubbed,
gt see sloo s knre
umber of plugs cut from
this core throughout the
eservoir sands
This unit is heavily
cemented, itis also
laminated with phytodetritus
throughout most of the
in addition to this thre are a
few rouded clasts. Could be
walev
3¢ thick organic material
at the top of the ol stained
rganic interva is.
laminated with some sand
siiahily at
Fine cors s heaviy broken
up into small pieces. Pieces
are almost entirely
R fection was cut hare
il stained sand that

o
4

‘appears massive or
structureless.

|¢—— harenaparietis
|¢—— poor core quality

|¢—— Core appears to b
massive, itis oil stained and
overall core is in pore
con

|¢—— Core has been scrubbed, is

altered mineral laminations.
attop

|¢——sSand has been toluene

sands it appears to be
massive. Grainsize appears
to be upper fine maybe even
lower medium

|¢——Sand appears to b
predominanty massive. s
worth noting that the
rip up clasts seen in gy

uence below decrease
dramatically in this next unit

Abundant organic clasts
th the

phytodetrital faminations.
Altered pinkish grai
oceur in abundance in ¥~
inter

Tis Could mark the
transiton from 1 shoreface
sand to another

Fossibie Rhizo?

|¢—— Alot of the mud clasts
appear o be rip up clasts.
Some appear lined which
could indicate that they may
be a trace’
a!lochlhnneus Gastthatis

likely could be related to
higher bioturbation than

oot
Faintunknown trace at top
of s
Smail xammanons of attered
(oinkist

bsering small (Scm thick)
streaks of cemented
mater
Uhknown trace, could be
lossellla bitt poorty

smau "5em mud clasts are

mlalad o e irace o are st
Fhin coal debris is not
present in laminae, rather in
fine wispy distributions

ahered pinken grains in
laminations throughout the
sand (These could be
diagenetically altered fecal
pellets)

Unnown burrowin races in
interval, al
comams a rice diagnol

phycamphun s intense,
almost completely

uommmes the interval when
Skalllhos are very small,

onld be notential Inckeia
Zoophynus traces are quite

2
G

F2b
»|F2a

F2b
'F2a

Sid py

*8

f«0000==H0f00x0f 00@ 0=10

$ ¢ @

Large burrow seen within

sideratizad interval

Lined
cviidrich

Low ‘Sngle possibi
hummocky cross nmamg

could ndiate tempestts

posit with the top unit

being colonized / sightly

sderatzed

skolthos of ‘possible

mal still contains some.
Darger Burrowd contains
secondary bioturbation most
kel by chondl

ow angle bedding and
ey o

Phytodetritus indicate
Potential tempostite

nnarass/onn ) that
contains secondary
; bioturhation




MRTN B Top

13-26-75-26W4

13-26-75-26w4

Logged by: Cole Ross
Ground: 0.00 m
Remark

Date Logged: August 3, 2018

KB: 0.00 m

METERS
_!}_‘
)

BIOTURBATION INDEX

PHYSICAL STRUCTURES

FACIES

ACCESSORIES
ICHNOFOSSILS

FACIES ASSOCIATION

DEPOSITIONAL ENVIRONMENT

DEPOSITIONAL COMPLEX

PHOTOS

REMARKS

|- 786

I-788-

- 790

|- 792

794

- 796

798

I-800

802

-804

- 806

I-808-

F11

z
I

>

F8

F7

FA3)

] F3b

F7

FAY

F6

wra

= F7

33 F6

F7

F3b

F7

A3

F3b

F7

A2

F3b

F7

+v

F4

[

FA]

F7

F6

FA2)

Izl @

F3a

=
=
8

F2B

=
*
*
m

bad
=
*

F3a

0¢

¥ W
*
4

Py F2a
Py
Py

L]

PE = =
30

FA1

F——This section cut at this dopth
Muds are laminated,
lenticular-fike bedding
Some bioturbaton can be
seen but it is difficult to

a0
Shell fraoments?

Coal fragments occur at the
uppermost part of the
coarse grained matrix
suonored (Connlomerate)
Lined burrow. could be
ovhiomarmha

Sharp color change noticed,
returns back to normal
sands above this thin

interval
Unknown traces

——Wavy low angle bedded
siltstone with phytodetrital

‘-\_ material above the bedding
surface
Large burrow trace, appears
to be lined. Can't really see
pellet shape but overall
morphology of trace and
size, called ophiomorpha.
Couild be larne eviindrichnis
Fracture running oblique
through the core, with some
fluid cementation occuring

(Calcite)
Thin section cut at this

denth .
Large Scm long 1.5 cm thick
piece of wood found in
highly organic fich bed

—— Mudstone bed (6cm theik)
relatvely structureless
possible an escape trace?
which would indicate rapid

deposition of the mud bed

or unsuitable conditions.

TS cut at this denth

Sporadic small rip up {mud)
clasts
Base of laminated sity mud

bed apears to contain
organic bed

Faint races can be seen
within the massive
appearing sands. They
seem larger than
macaronichnus, Could be
planos with same fll as
surronding material masking

them
Small horizon of rounded to
sub rounded clasts. Again,
some have a sand filled
center so are these coated
grains or potentially traces?
cylindrichnus at oblique
annla or nalannnhvens
Sporadic laminations of silty
or organic rich detital
material forming thin beds

—— interval with small

subangular to subround
‘-\_muc clasts. could be lining
of hurrows?
=TS cut at this denth
Tght streak, partially

cemented with spotty
staining upwards

¢——very faint bedding
"\_ preserved, could be cryptic
bin
Oppurtunistic colonization of
muddier intervals
‘\(Zh(\ndmﬂi and nhveosinhon
Diminutve teichichnus also
present

¢—— Appears to be a mixture of
siit mud and sand with an

.-\_mcreaslng sand content in

i iowards direchon

Organic material can be
found along the bedding
planes which is ikely a
repesentation of tempestite
events dumping organic rich
sediment into the marine
environment

—— Very dense (siderte)?
alteration interval

¢——Seems lke an abundance of
asterosoma present

810

o

F2b

B %
g
Ead

(]

Gl

FA2|

[
+¥ 4V

[N

F3a

b4 »| F6

+—— potentialy also diminutve
zoophycus

| ¢—— Large skolithos trace that
runs about 45cm into the
sity/muddier material and is
filled by oil stained sands
found above




13-31-074-25W4
13-31-074-25w4

Date Logged: June 22, 2018
Logged by:

Ground: 0.00 m  KB: 0.00 m
Remarks: Full Diameter (unslabbed)

METERS
BIOTURBATION INDEX
PHYSICAL STRUCTURES
ACCESSORIES
ICHNOFOSSILS

Facies Association
PHOTOS

FACIES REMARKS

F9

|- 5744 E2
|[¢—— Thin section cut at this

FA4) depth

F6

[¢—— Rounded floating clasts that
are >2cm seenin a
laminated interval. there is
also significant amounts of

around these

6 intervals representing higher

anarav

Massive cobble to boulders

crosscut by core, core only

I F7 |FA3] preserves slices of matenial

[&] but gives evidence to their
large size (transgressive
lacy?

Sem-- F3b Thin wispy organic

< itus is deposited

[ along bedding planes that

F7 appear o be frough cross

FA2) bedded but due to the lack

of complete bedding planes,

F6 caution should be used

before determining the

o= F8

576

|-578

meses F7 relatively planar, could
almost be wawy badding
THin section cut here

waseer [¢—— This cemented interval aiso
F6 includes horizontal
FA3 laminations of organic clasts
R and phytodetritus. The
e clasts are well rounded
This is a highly cemented
interval. Interestingly
calcitization is seen in the
lower part of the sample,
appears fibrous
perpindicular to the cut of
core (See ohoto
Massive organic clasts
(almast entire width of core)
Thin wispy organic layer
made up of phytodetrital

| 580

@gee

o~- F7

raee F6/10b

wd T

ee e @

582

material
Gradual transition into
cemented intarval
Thin section cut at this
depth

F7

L 584 -

[¢—— Cutting surfaces show that
the cementation
decreasing upwards, with
more sand content present
above than below. Above

this gradational cementation
zone is deeply saturated
core
This interval appears to be

F6

- 586 -

FA2)
tiaht and cemented
Thin section cut at this
depth

F7 | ¢—— High HC saturation and
toluene testing makes the
units appear structureless.
Bedding is predominantly

abscured
[4~— Thin section cut at this
depth

|- 588 +

- F6

L T—— F7

F6

|- 590+

F3b

|¢—— The above material appears
F6 (&) to be either "push” mixed in
with driling mud or just pure
driling mud with cuttings
(logged as missing core)

|- 592+

F7

[¢—— Thin section cut here
|- 594 - T

——— A (=)

[¢——Because itis full diameter
core a lot of the bedding
FA1l appears to be low angle

laminar, could actually be
i swaley or hummocky? need
F4 [ \.n e "
Rip up clasts within oil

stained sands below contact
and lighter tighter material

| 596

above

Relatively sharp contact

F7 between lower cemented
whiter zone and overlying

HC stained sands

Transition from darker to

lighter colored sands with rip

up clasts along the bedding

planes

|- 598 <
F4
e g Thin phytodetrital
laminations occur
throughout the lighter
-~ coloured sands. could be a
cemented interval
Transition from stained
sands into low angle laminar
sands with whiter
laminations




MRTN C Top

MRTN B Top

13-36-76-7W5

13-36-76-7w5
Date Logged: August 21, 2018
Logged by:
Ground: 0.00 m  KB: 0.00 m
Remarks:
S
g £ 5
mee 2 B i o g
o | § g g <
2 @ 8l 8 2 5 2
& vemry S E g & ]
g |||I| ,_‘y 2 E g S FACIES E
< = a,
] H FAL
= = [Fe]
&
- F1I
I-638
F7
I 1 ~o
640 ~
F7
] FA3,
FA2
|-642 —
= | == | F6 |
- Gl :. ?E
:2 T e g F3a
|-644 =
g 8 [Fe
|- 646 -
648
|- 650
I-652
I-654
656 -
I-658 .
- *® A= F3b
F = FA2
b F3a
|-e60-{ =
- i
=
na
o = F2b
Rl
0 L4
|-662 < : % F6
= = F8
I o B o F6
=% F7 |FAl
1 F6
Eal . * = F5
= F6
[ T
F5
F6
|- 666 * .
IS F5




MRTN A TOP

WBSK MRKR

WBSK (?)

Pekisko

14-08-77-8W5
14-8-77-8w5

Logged by:
Ground: 0.00 m
Remarks:

Date Logged: September 5, 2018

KB: 0.00 m

°
H
i
BIOTURBATION INDEX

ETES
=
=

¢

PHYSICAL STRUCTURES

ACCESSORIES
ICHNOFOSSILS

Facies

PHOTOS

REMARKS

|-674

==

x

|-676

678+

680

|- 682

L 684

LLLARA AR

HARHRR

4
o
+

P e

@

v

oo

0o @ oo 00EZ @0

®@ 0 0

[c]

Py

Py
Py

Py

Py *

®@ ©® 2@ © @ * @

p=@e

v

3a

FA2

2b

2a

ge

Alternating between tight
and not tight material. This
shows up on the wireline as
a density spike (drop in
porosity) Assuming that the
lithology is the same but this
material was preferentially
altered because of a higher
sand content (and possibly
an initially higher porosity

Interesting contact where
sand/silty mudis cut by what
appears to be a tight
cemented silty sand. Trace
assseblage seems to be
different as well

- 656

| 665

690

(e

Py " @
Py

Py

”
sid ? "

2a

FAl

where units below contains
significantly less sit and
traces/bioturbation is difficult
to identify vs above where
significant Bl is noticed as
well as an increase in
grainsize

[¢—— Small very thin beds of sitty
material noticed within
muddy unit

|- 692
-

L 694

o i

Py

Py

Py

0= HE RHoO

2a

L 696

|- 698

soco

g Eﬁq

[¢—— Fissile shales that have
broken up within the box

—— — - — -

[¢—— Core is very mud stained,
when scrubbed a swelling
clay inhibits viewing
features. Some muds didnt
appear bioturbated at all but
could be small scale traces.
(helminthopsis)

with higher ol staining

above before shale/muds

depasited ahove
C\\-Patchv HC siaina

No longer s oil stained.
could be water washing or
gassy at the surface of this
formation (log doesn't
suggest this)

[¢—— White specks seen
throughout are interpretted
as being calcareous
alterations. The siltier beds

and fractired
Skeletal fragments? calcite
grains??

'seen within this formation is
‘\_also apparently calcitized
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Facies Association

ACCESSORIES
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PHOTOS
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§

|-604 -

|- 606 -

|- 608 -

|-610

|-612

614

|-616 -

618

620

|-622+

624

|-626 -

|-628+

Nice example of caiciized
fault in the upper muds.
Bedding is quite complex in
this upper mud zone. THe
bedding was described as
hummacky elimbina rinbles
These muds are
unbioturbated which is also
something worth noted. If
bioturbation is present then
itis very obscure. The beds
almost appear like a thicker
Lpuckaqe of the laminated

» F11
e F8

¥
by
>
o
B

muds seen lower down in
the core
The contact between the
sand and the silty muds is
F7 very sharp, unusually, no
large clasts are seen iike in
other cores
thin pebble lag deposit is
seen on the bedding plane
between the oil stained
sands and the overtying
FA2 organic muds. (mud plug of
a channel?) or is this a true

nsaression
Thin section cut at this

[ @] danth (hiiskv)

These sands appear to be
predominantly massive
There is no phyto detritus
apparent on bedding
planes. One piece was
slabbed for an apparent thin
section, even the slabbed
piece appears 1o be massive

[«—— Trough cross bedding is
difficult to identify but some
beds appear to be
crosscutting when followng
along the full diameter of the
core. some organic clasts

wa T [ preserved alon bedding
= F7 planes as well

[¢—— Bedding is difficult to icentty
due 1o the full diameter core.
the beds appear 1o be cross
cutting, could show weak

e evidence for trough cross

bedding?

F6

& FA3

le—— Small wood clast seen along

iding plane
muds appear to
be parallel wavy in nature.
Mud bed interals are quite
thin {few mm's)

F3b

= B8 |¢——Bedding appers laminaed
E7 and wavy in a 3em thick
mud bed capping the sand

FA2

F6 @8 [¢——Bedding structures difficuit
o note but beds are not
parallel and appear to be
F7 trough like. That being said
only indications of bedding
seen are within wispy silty
stringers not in the sand

i
m
&
]

itsal

Thin section cut at this
denth

Highly saturated section

bnut 20em thick
thin laminated mud
Appears to be pnmarily
massive sands
Unknown traces? on the
bedding planes. Traces are
sand filled occuring in siiter
material with carbonaceous.
debris nerrby. Could be
obique angles of
diplocraterion traces? or
rrhans nlanns at an anale
Rounded elongate mud
clasts (beginning to call this
its own facies- it is
reoccuring. there is no real
grain sze change but
definite locations where the
mud clasts are present vs

4 i FA3
: 76

F3b

+v W

F7

v
l

F4

not
rounded mud clasts nip up
clasts with some organic
clasts. could be traces but
its more likely rounded mud

0%

F7

REE) FA1 e
L4 Small mud rio_ uo clasts
Bedding is difficult to see but
it appears that some beds.
are cross cutting others. It
could potentially be
hummacky or trough cross.
‘ha rara is toliena claanand
Unknown trace seen along
F4 beddina olane

Hydrocarbon stained zone

situated between two
>t cemented intervals
5 {Unstained, lighter color.

F7
Fa

\
’
v
0
e

it

ticht)

Small rounded mud clasts
{could be traces as some
appear to be sand filled)
calling them small mud rip
10 clasts for now
Additional traces seen that
are unknown

Cemented region. slabbed
piece looks almost like
microcrystaline limestone
{most likely some sort of
CaC03 weathering or fault
iniected fluids

Annears 10 he crustaline
Predominantly sand with
some muddy intervals that
are oppurtunistically
colonized by chondrtes

F6

==

FA2
F3a

*x0 > x

|¢—— The bioturbation creates a
relatively mottied texture:
Some faint normal grading
can be seen with sands
transitioning into muds on
small scale bedding
changes

2
@ BC2GCG CR CR B
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g Y 3
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F6 |ra3
== FlF10b s
Bn
(&)
F6
F7
o
F6
~ ——
-
FA2
F7
- F10
F7
F10
F7
[t FA3] =
- |w
=

FA2

~
<=
~ L=
L —
@

wa T F10b|

F7

¢

FA3

- F6
<
»
-
~ *
-
= W
*
<
Q % 5 e
= FA
n F3a
-
s (=]
-

| @3¢

|¢—— Sand between
carbonferous beds typically

indicates either low angle
planar or trough cross

high organic material
osiled in
A ieval apbears to  have

present throughout t
contain ol staining

Bedding appears to be low
angle planar, may be larger

on a smaller scale is seen
above

¢—— N bioturbation has been
seinct e sands.

ostly structursioss

il ol saturation. Bl ¢

be 0 or cryptic (6)

[ osly disighiatons seich
i to moder:
staining

|¢—— 4cm thick zone with

distributed throughout

|¢—— This region has small
<5mm diameter) patterns
throughout the sand. Goukd

{Plancites or thaiassinoides)

[¢—— Hydrocarbon stained zone
does not show bedding or

[~ I 88iion to rip up clasts
that are carbon based, there

is aleo large >4om rounde
fio up cla
[——o Th:ck vl o

-arbonaceous debris with
Sacnionsl phytodetrial
laminae throughout

¢—— Bioturbation index for this
region is
Fydrocarbon staining

l«—— Carbonaceous intervals
contain additional coarser
grains (pinkish color) altered
fecal pellets potentially

|¢—— Atternating low angle planar
sands with massive
appearing sands.

|¢—— These carbonaceous debris

carbonaceous just >3cm in
length

|[¢—— This unit appears massive,
hydrocarbon staining is.
decentand obscures.
bedding/traces

|¢—— Sharp contact between silty
is and what appears to
be a bertherine cement

Large (>5cm wide)
carbonacaous rin o
Fin Sarbonacecus laminae

N often accompanied
nkis!
o

planoltes, HC staining
"\_makes it difficult to identify if
linina is oresent
SiifGnits are thin

N -
oot ey

(>5cm) with thiner
carbonaceous laminae
throtahout

This contact is inclined with

trough cross bedding below
and larger scale low angle
bedding above (look:
almost like 2 dune)

This urit contains faint
bedding (roughly planar) on
bedding planes is fine
grainec organic detrital

Eomad between
bloturbated lower tan

Upper
greyish (tighter) sands.
Material above this point
Could te wave reworking
(laminated)
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Date Logged: June 26, 2018
Logged by: Cole Ross
Ground: 0.00 m  KB: 0.00 m
Remarks:
w
gl £
a =1 =
boulder |Z 5 2
cobble > = 9 =
pebble (O E (] = g
———agranule |2 2 a ] @
sand g Fd Q Q 4 P
] 2 =4 3 @ S ]
silt = = [ o L_) » o
E g & g £ g g
g I— HI 2 g g FACIES | & | X REMARKS
@ &
EZ FA4
cooe
|- 638
G F8 BB |+ Large clasts are present at
this interval, Roughly 10cm
thick package of clasts that
B B &8 (2] are large (some the width of
ST core and a few cm thick)
f P5) [¢—— Vertical fractures running
smmes through core (thin) calcite
i) ! filled
| 640 I Large fracture runs through
o ! [5°] this cemented interval. The
[ fracture is natural because
hydrocarbons are present
FA3
F7 along the fracture but not
within the cemented interval
= = B itself .
This interval contains some
cementation, is lighter in
color and unstained unlike
the maioritv of this samnle
Thin section cut at this
|-642 depth
B
pt [©°]
A F6
i)
FA2
Py -esas - @
644
] [¢— Thin section cut at this
depth
. - F3b
(@]
L4
F7
L 646 = Tt
F6
- F3b
: » FA3/| @@
e FA2
B s
- 648 e
B F7 [¢— Thin section cut at this
depth
- ] [©°]
= F6
’ il F3b
650 == | E8
|~__ L4 F7
- — F6
EEE e FA3
|- 652 F3b
(]
| F6 L2
[~ 7 |
A5
| ra ("]
(=]
F7
654 FA1
| & —ama-
'f ) F4 ﬁ
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Date Logged: October 9, 2018
Logged by: Cole Ross
Ground: 0.00 m  KB: 0.00 m
Remarks:
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3
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a o}
o] g MEE
a8 s S|z
= B E|Z2|8
= 3 slz|2
5] I ) a 2|2
gl & g 2 K
3 2 < 2
9 g 3 2 g SIEIE| 8
E Bl 2 8 2 slglg| &
i S £ 8 ] . Sla|&| €
S 5 E < S acies [ £ |8 | 8| & REMARKS
K
=
el BR
==
=
P é‘ F2b
= =
= = FAd
-
MRTN C TOP [~ £2a
1
= o F6
=~ F9
- e i Orange mud layer. (Could
) » (3] be a large clast that was
= 4 - cored through) contains
'| #2 F6 ‘some burrowing from
—_— overlying sediment so it was
T deposited prior to the unit
| 510 L. above
o Vertical fractures present
l F7 within this top unit, has oil
staining so fracturing was
» natural and not result of
4 corina
- = Subrounded clasts floating
== 2 within fine grained sands.
- ¥ F6 Some green (glauc) clasts
- - present at the top of lag
before fine grained glauc
] sand interval above
|-512 Low angle beds are not
F7 crisp beds. This could be an
example of cryptic
] bioturbation creating a
2z "Fuzzv" beddina structure
- 3% Curved edge of cemented
B 7 == base could indicate the
# F6 dae of cement interval?
Ether berthierine cement or
- some burrows present
= within the low angle sands
|-514
F7 |FA2] l+——B2dding structures "Fuzzy”
B or barely noticeable, at base
B called massive appearing
[} » above there is very faint low
4 angle planar-wavy bedding
] potentially
| F6
|-516 = F7
|‘” F6
e l¢—— Interesting feature, coarser
bed contains less oil
L] F7 staining
518+ | F6
:: ]
F7
]
520
= F6 [¢—— Appears to be a silty
colonized interval (not
- oo laminated silt with irregular
= cor
‘ = F7
|- 522 FG
F7
L F6
- P R
= =~
== I
524 F7
]
ol § A |¢—— Small scale (10-15cm)
= cycles where coarser sand
- Saaad *z is deposited (appears
et F6 massive) fines upward into
4 s unstained bioturbated(?)
material
A .~
M|—f e 2 F10a Scattered floati
- one cattered floating rip up
|- 526 L= N\ chsts
T 4 2isolated hareniporites
. traces
. [ B3 entirely cemented,
- Q shows up as cemented
= 2 inferval on loa
- 0 = Amost appears to have root
| —— Q traces but there is no iron
b T » staining, they just appear to
l Q * be branching downward
L d features could be traces
=z S=e=n = F4 Un-named trace fossil
528+ & " # FA1] l¢—— Small mud rip up clasts
- within a short (Sem) interval
)
Q |¢—— Bedding is quite poorly
8 preserved. Could be a result
= 4 of bioturbation, or a
=~ 2 diagenetic alteration that has
~ made bedding difficult to
il o
=z ?
- 5304 k) q
MRTN C2 TOP L b some muddy rounded rip up
= clasts
[ ] " [
[->-]
—— Rarthierine Clav nresent
5} - F4 |FA1 e hacties (ot otre it
|-532- ) aresult of drying core or
K natural structure)
L *
L4 ¢ ninkish altered arains
Silty bioturbated intervals
punctuate the oilstained VF
grained sands. The Bedding
appears wavy but is altered
by BI
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Remarks:
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|-562—
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----- L4
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s F7
- FA3
- 566 sia
Sid
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|- 568+ ssoe
MRTN C3 TOP
|-570- F7
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o =
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""" F5
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Logged by: Cole Ross

Remarks:

Date Logged: June 6, 2019

Ground: 0.00 m  KB: 0.00 m
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Facies Association

REMARKS

|-612

614

|-616

¢

F10a

F7

FA3

[¢—— Cement starts at this contact
(had to take off tight
markers to get other sed
structures on)

F3b

ds appear massive
aside from a few bedding
surfaces but they are
sporadic and appear "fuzzy"

which could be the resultant
of the HC staining

|-618

|- 620

F7

[¢—— Contact apparent - lack of
and sudden

e g

F6

F7

FA3

increase in oil saturation,
grainsize variability is minor
(medium lower to medium
(some larger clasts viewed
under so sorting

0

@ ¥ Xur
v

a0 @
56 6

a
]

+v

o 2
@

F3a

FA2

may be poorer in overlying

unify

These are listed as

thalassinoides, however

they could be

macaronichnus

(harenaperites)

Pink grains associated with
raanic material

Trace fossils appear to be

diminutive

4-\ Core seems fairly light,

could consist of organic

|-622

|-624

|- 626 -

|- 628

|-630

I-632

l 634

F11

F6

¥ ox

F10b

F6

ied

F10b

F6

F10b

F6

FA3

\_zmmm!s of ovrite present
Great pyritized
thalassinoides burrow

[¢—— Apparent pyritized thalass
burrow
4~ 2px 35 cm thick
carbonaceous dominated
interval with large 5cm wood
clasts present. moderate
degree of pyritization also
present within increased
oraanic inferval
3cm thick carbonaceous
bed, looks compressed to
the point the organics look
amalgamated

[¢—— Anundant phytodetritus and
wood fragments deposited
along muttiple bedding
surfaces

4

F10a

4

+v

F10a

phy y
structures difficult to
observe, potentially
oscillatory bedding but
beddina is verv faint

Pink grains along

interpreted bedding surfaces

|¢—— Abundant pink grains
associated with organic

detrital material found within
‘-\_ihls hox X
Carbonaceous laminae

deposited along bedding

F3a

surfaces, also appears to be
\amund oraanics and sits

Abundant pink grains along
bedding surfaces

[¢—— Interpretted rosselia burrow,
secondary colonisation by
phycosiphon

F6

g0 x0¢

Flae =0

% am || %

@ i i

F3a

1
*0x00 =

F2a

FA2

g fip up clasts look
almost imbricated, possibly
base of temnestite

First observance of pink
clasts, very fine organic
detritus also bresent

sandier material appears to
be cemented

First occurence of oil
stained sand. Deposited
within what appears to be a
tempestite (low bi, hes
interpretted as bedding
structure)

2
&

;[0
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Date Logged: June 11, 2019
Logged by: Cole Ross
Ground: 0.00 m  KB: 0.00 m

Remarks:
c
0
> o o
sl 5 =
boulder |Z 5 2
—————cobble [z =
————pebble |S I3 ] a 2
———————granule |E b 2 a <
—= [ 3 2 g P
E silt 5 8 a S o
E vemfy day |5 £ s} £ S
S | | | | | |— = z < S FACIES | & REMARKS
=
* F2a
X
72b
= = P
Gl i FA4 d example of a glossi
= surface
= o M Fo
Gl
== | ¢—— Fairly "rubbelized" but looks
Gl
|-740 = ol F8 like interbedded HCS beds
with laminated mudstones
== Gl F9 joning into
glauconitized interval
L F7
FA3
= [¢—— Possible contact as we go
A
from mud
|- 742 F7 drapes and heavy organic
content to a completely
_F‘Fa massive sandstone
L— FA2
=
. » F7
= H | Appears to be a fracture
= F6 thats been filled in with
|- 744 calcite
FA3
= = F3b
wate" F7 |¢—— Sands appear massive but
bedding planes have some
| 746 relatively large oganic
phvtodetrital material
|¢—— Massive sands could
contain crvofic hiotirbation
== Organic material is seen
[::] with pink grains observed
- -l commonly when organics
L = are high
F6 | FA2 |¢——Macaronichnus traces
observed (assume that this
= 2 sand is completely
- 748 =4 = biogenically reworked
e however must consult thin
sections to confidently
4
+ describe these as cryplic
hioturbation)
i Bedding appears to be
B faintly low angle planar
F7 otherwise massive
sandstones
[¢—— Listed as an inclined contact
— but almost appears
undulatory. Base of
wd = cemented nodule? The
secan ! cementation in the overlying
sandstone doesn't appear
comolete
| e F6 cemented sandstone below
B heavily oil stained sandstone
F7 (upper fine grained
2]
F3b
752 = F6
XA § . By
F3i b [¢—— Tight cemented interval with
abundant organic material
both above and below
- F7
2]
— F6 l¢—— High degree of oil staining
‘within this 15 cm interval.
754 ] slightly coarser sands
F3b observed (upper fine)
kil
2]
F7
® =
_ F6
« |F3b
=
756 T ,
wd [¢—— Organic material appears to
a FA3 be scattered throughout
F7 most of this sand, if notin
_— bedding planes, then just
= sporadically very fine grains
- 4 ' distributed throuahout
w Very faint circular traces
observed, potentially
= F3b macaronichnus traces but
==~ % very difficult to see
| 758 e [ ¢—— Abundant organic detrital
an material and pink grains.
BE F7 Bedding appears chaotic to
B oscillatory that trends
] . upwards to a more HCS
— 1 AP tvne beddina
. o an - F3b Sandstone appears massive
* but is also partially
na K cemented
=N Y
= * N
=
- 760-] I
an F3a |[¢— Silty mudstones are often
= quite bioturbated but are
. a by variably thick
= sandstone intervals which
» N often have a low BI (0-1)
[ = = indicating alternating periods
= NN F6 ofquiet and rapid depos
XXXRRE waan L4
= FA2 [¢—— Low angle planar
CEMENTED sandstone
Rl with phytodetrital laminae
762 - K * F3a and pink grains
1=
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Logged by: Cole Ross
Ground: 0.00 m

Date Logged: June 7, 2019
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Remarks:
<
K]
g ]
gl s 3
s B <
=
3 g 2 ] o]
g e8| @ .
«
2 g g 2 £ kS
2 g a 2
¥ 8l % g S |mas| & REMARKS
i
. T2a
L7764 M fsiad
*F9
|| F3a| ras
=
(st F6
'FIT] Je—— Bioturbation not observed
within his micstona
780+ F7 Mudstons doesnt look fike a
regular fissile marine shale,
You can almost make out
F8 Piiveas bessd on how
Rip p Clasts with what
i - looks like a fluid mud, the
mud itself does not have any
bedding but does contain
organic material
I-782 F7
784 % le—— Large 5cm wide floating
7864 *~
some smal cementation
ntervais
Evidence for macaronichnus
but is very dif
- 4 distinguish. This could all be
BI6, sted this smallnterval
as possibly containing
— macaronichnus but there
ould be a lot more of this
sandbody bioturbated by
I-785-1 F3b macs
[¢—— Sandstones appear massive
- but could potentiallty have
= macaronichnus, very difficult
F7 W drape, appears to have
-4 || a grain size change at this
x~ point ffom fine upper 1o ine.
This s also represented as
0\_klck in the logs on the GR
2t Res Ioas
= F3b Appears like there might be
700+ @ Some macaronichnus traces
but could also be jus
seldom thalassinoides
traces as the Bl isn't very
792
=1 le—— Very hydrocarbon stained,
slightly coarser grained than
F6 sandstones
=1 below. Possible depositional
- - F7 environment contact?
F11
I le—— Some mud drapes
- - F 10 b colonised by sporadic trace
fossit, teichichnus,
§ [ planoites. phycosiphon. But
Svaral tha Bl is e low
= Filghy ol stained sandstone
F7 een mu
- 796 < thin zone but res quality
likelv hinh)
- fem thiek mud drapes in
e addition to abundant
organic material deposited
along bedding surfaces
i 7 2 |¢——very small faint traces, likey
macaronic
F6 ot ud drapes
Abundant phytodetrital rich
% beds wih abundant pink
. arains.
‘Cemented tight streak
le—— Pink grains present aiong
|-s00- bedding surfaces
le—— Opportunistic colonisation of
the mud beds punctuated
by mostly unbioturbated
= sandatones
o4 3 [N\ ERrn S o of
phytodetrital material
occuring along bedding
face of nterpreted
* F3a tempestite “thin*
|- 802 =
L *
*
I
ur)
-804 = [e—— Appears to be cemented
I P Al
- 3 F2b
=
L - g
»
~ | g F3a
- — J¢—— Cemented bed, possibly a
clast.Interesting soft
| 806 = Fe6 FA2 iment deformation within
= [\_the ciast but it s very tarae
== F—= Cemented (TIGHT)
o NLEE] preserved bedding appears
- Py r— o be hummocky. cemented
section contains
| o F6 [ \riowmion
Fieauiy bioturbated muds
L) < punctuated by
s unbioturbated hcs
- sandstones but are relatively
= in
|- 808 =
o
= an
- @ FA1 Je—smal cemented interval
= within this box. cemented
L — o F2b Zone contins biotubatien
= and bedding does nol
] appear to be affected by
= Sight increase i o staining
within the interpres
}s10 ! tempestite, which also
contains a nice zoophycus
trace
L
i 5
{RE
A N
|-8124 -
= F3a| FA2
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Date Logged: June 12, 2019
Logged by: Cole Ross
Ground: 0.00 m KB: 0.00 m
Remarks:
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S
g Q o
= B 2
3 2 g
2 & g z z
2 é 3 § g 2
& g S
E B £ B |omaes| &8 s
| csa-| =
==
-3
|- 686 -{ =
. o
okl SN
_— F3a [FA2
*
Py -
|-688 -
*
=
- |¢——Increase in tempestite bed
thickness. lo i
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deposited along low angle
nlanar bads
Patchy cementation, no
sharp contacts like seen in
other core. associated with

F3a

+v

FA3

Faint circular traces, look
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Partially cemented sands
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[¢——very faint bedding, heavy oil
staining

[¢——Faint low angle planar beds
| ¢—— Abundant siderte grains

along low angle planar
beddina surfaces
[¢——Faint low angle planar beds
| ¢—— Abundant siderite grains

along low angle planar
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l—— bedding appears fuzzy, may
be cryplic
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siderite grains
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combined flow ripples
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[¢——Potentially climbing ripples.
Appear siightly oscillatory

[¢—— siderite pellets in additon to
phytodetrital material
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observe due to the high
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lower amounts of
phytodetrital materia,
although it may be very fine
grained and disseminated
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Large vertical trace?

uniined, sand filed, if it is a

trace, likely a vertical

thalassinoides or skolthos

unbioturbated oil stained
sandstones with
interbedded pervasive!

microhimmacks
preservation of storm beds,
low BI normally graded beds.
erosively overlying

rvasively bioturbated silty
mudstones
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- =0 denth (unlikelv)

Large circular burrow, could
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I altered arains
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