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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 API 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 



2The Sedimentology and Stratigraphy of the lower Cretaceous Clearwater Formation at Marten Hills and Nipisi, Alberta, Canada. by Cole Liam Ross

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.

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. 
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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-



4The Sedimentology and Stratigraphy of the lower Cretaceous Clearwater Formation at Marten Hills and Nipisi, Alberta, Canada. by Cole Liam Ross

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 Mannville 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-
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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-



6The Sedimentology and Stratigraphy of the lower Cretaceous Clearwater Formation at Marten Hills and Nipisi, Alberta, Canada. by Cole Liam Ross

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 21W4-8W5, 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.
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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 (BI) (Reineck, 1963; Taylor and Goldring, 1993). This semi-quantitative method describes sedimentary 

fabrics ranging from unborrowed media, which is assigned a BI of 0, to pervasively bioturbated, or biogen-

ically homogenized media, which is assigned a BI 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-
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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). 

1

2

3

4

5

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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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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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 
from UWI 10-35-74-25W5, 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 C interval 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 10-10-77-02W5 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 
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 (BI 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 14-08-77-08W5, depth 691.7m; C) F2a: 
Pervasively bioturbated silty mudstone with robust Asterosoma, Cosmorhaphe, and Phycosiphon in addition to heavily bioturbated tempestites. UWI 02/15-09-76-02W5, 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 10-20-74-4W5, 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 BI 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 (BI 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; Mánga-

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 (BI 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 (BI 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 (BI 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 (BI 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 (BI 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%, BI 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 (BI 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 (BI 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 (BI 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 (Föllmi 

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 BI 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 (BI 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 (BI 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 BI 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). BI is interpreted to be high (BI 6) due to the cryptic 

bioturbation with more robust traces mentioned above representing only a small fraction of the total 



33The Sedimentology and Stratigraphy of the lower Cretaceous Clearwater Formation at Marten Hills and Nipisi, Alberta, Canada. by Cole Liam Ross

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 (BI 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 (BI 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.
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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 10-07-77-04W5, 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 (BI 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 (BI0-1). 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 BI 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 

et al., 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 BI. Observable 

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

of Cylindrichnus, Diplocraterion and Arenicolites. In addition, “mantle and swirl” biogenic structures are 



41The Sedimentology and Stratigraphy of the lower Cretaceous Clearwater Formation at Marten Hills and Nipisi, Alberta, Canada. by Cole Liam Ross

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 (BI 0-3) aside from the thin (centimetre-scale) colonisation intervals interpret-

ed as “doomed-pioneers” (Föllmi 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 (BI 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-Björklund, 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. 



44The Sedimentology and Stratigraphy of the lower Cretaceous Clearwater Formation at Marten Hills and Nipisi, Alberta, Canada. by Cole Liam Ross

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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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.
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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. FA1 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 (BI 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 (BI 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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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 (BI 2-4) with 

sandstone intervals displaying a paucity in biogenic reworking (BI 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. 

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). FA1 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 (BI 1-4) within the mud-dominated beds, and low (BI 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 (BI 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 FA1 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 (BI 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-



57The Sedimentology and Stratigraphy of the lower Cretaceous Clearwater Formation at Marten Hills and Nipisi, Alberta, Canada. by Cole Liam Ross

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-

quent 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. 
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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 
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(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. 

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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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 
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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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 06-36-75-06W5, 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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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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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 FA1. 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 (BI 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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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 BI 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, Föllmi 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-

quent 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 C and 

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 (08-10-75-02W5, 
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 06-15-77-2W5. 

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 BI was moderate to low (BI 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-

quence 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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APPENDIX



MRTN A Subsea Map
Structural surface picked on marine flooding surface MRTN A (see lithostratigraphic figure 3)



MRTN A Isopach Thickness Map
Isopach thickness map from Wabiskaw marker to top of MRTN A



MRTN B Subsea Map
Structural surface picked on marine flooding surface MRTN B (see lithostratigraphic figure 3)



MRTN C Subsea Map
Structural surface picked on marine flooding surface MRTN C (see lithostratigraphic figure 3)



MRTN C “Lower” Gross Sandstone Map
Base of MRTN C base sandstone to top of MRTN C2



MRTN C “Upper” Gross Sandstone Map
Base of MRTN C3 (excluding flooding surface) to top of MRTN C Sandstone


















































































































